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ABSTRACT
The aim of this study was to evaluate the effect of several remineralization agents on artificial 
enamel lesions. Sixty orthodontically extracted, caries-free teeth were embedded in acrylic blocks, 
exposing the buccal surfaces and these surfaces were standardized with SiCi sandpaper 
(800,1000,1200 grit). Initial laser fluorescence and microhardness values from the samples were 
measured and recorded. The samples were exposed to a demineralization solution for 72 h to 
create artificial caries. The teeth were divided into six remineralization groups: Ozone, nano-HAP 
gel, Ozone  +  nano-HAP gel, Nano-HAP gel  +  Ozone, Fluoride varnish, and a negative control 
group, followed by a 7-day pH cycling process (18-h remineralization, 6-h demineralization in 
a day). After pH cycling, microhardness and laser fluorescence measurements were repeated. 
Following that; a post-treatment cycle was performed 7 days to assess the long-term effects of 
remineralization treatments. According to the obtained data, the initial microhardness values 
showed no significant differences between groups (p > 0.05). Statistical analysis revealing 
a significant difference between demineralization and remineralization processes (p < 0.05) and 
the most significant microhardness increase was seen in the nano-HAP gel  +  Ozone group (p >  
0.05). Laser fluorescence measurements showed that lesion size decreased in all groups. However, 
after the post-treatment cycle, the nano-HAP gel  +  Ozone group was found to have the lowest 
microhardness (p > 0.05), indicating that although this combination provided the best reminera
lization, its effect was not permanent over time.
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Introduction

Dental caries is a chronic condition that remains pre
valent in society despite significant advancements in 
dental science (Sicca et al. 2016). The equilibrium 
between demineralization and remineralization of hard 
tissues of the teeth is crucial; any disruption of this 
balance favoring demineralization triggers caries forma
tion. The cycle of these demineralization and reminer
alization processes determines the prognosis of carious 
lesions (Sezer and Kargül 2020). During demineraliza
tion, minerals such as calcium and phosphate are dis
solved from the tooth structure. Conversely, 
remineralization refers to the process through which 
these lost minerals are reincorporated into the tooth 
tissue (Fontana et al. 2010). This remineralization pro
cess is initiated by the precipitation of calcium and 
phosphate ions from saliva onto the tooth surface, 
allowing the enamel tissue to recover its lost minerals 

(Taştan, Güler and Aytaç Bal 2021). Over the past 30  
years, there has been a significant increase in under
standing tooth decay and its progression. Throughout 
this period, numerous studies (Fontana et al. 2010; Moi, 
Tenuta and Cury 2008; Sezer and Kargül 2020; Taştan, 
Güler and Aytaç Bal 2021) have been conducted by 
dental professionals to maintain the demineralization- 
remineralization balance within the tooth. The primary 
objective of these studies was to halt the demineraliza
tion process through minimally invasive treatment pro
cedures and subsequently initiate remineralization. This 
approach enhances the durability of the tooth’s hard 
tissues and preserves both aesthetics and functionality.

Fluoride is the most widely used and proven effective 
remineralization agent for the prevention of dental car
ies formation and progression (Moi, Tenuta and Cury  
2008). The fluoride ion in the oral environment exhibits 
caries-preventive and remineralizing effects due to its 
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various properties. These include inhibiting plaque for
mation, preventing acid production by microorganisms 
within the plaque, reacting with hydroxyapatite in 
enamel to form a more caries-resistant fluorapatite 
compound, and facilitating the precipitation of calcium 
(Ca) and phosphate (PO4) ions onto the tooth surface. 
While fluoride can exert its effects both systemically and 
topically, it is well-established that topical fluoride 
applications are more effective (Moi, Tenuta and Cury  
2008). Among the most commonly used topical fluoride 
applications are fluoride toothpastes, dental flosses, and 
mouthwashes, which are suitable for individual use. In 
contrast, fluoride solutions, gels, and varnishes are 
designed for professional use. Numerous studies in the 
literature have demonstrated that various materials, 
either used alone or in combination with fluoride, are 
highly effective in reducing initial carious lesions. 
Fluoride varnishes are particularly recommended as 
the most suitable topical fluoride agents for professional 
application, especially for individuals at high risk for 
caries. This is because fluoride varnishes adhere to the 
tooth surface for a longer duration time compared to 
other agents and serve as a slow-release fluoride reser
voir (Mishra et al. 2017).

There are some factors that limit the use of fluoride 
and fluoride compounds, which are highly effective in 
caries prevention and are considered the gold standard. 
The enamel protection potential of fluoride is approxi
mately limited to the 30-micron outer surface of the 
tooth, and it has been reported that mineralization or 
regeneration in the subsurface layer of the lesion may 
not be fully achieved with such treatments (Alkilzy et al.  
2018). Therefore, in recent years, researchers have 
focused on the development of more effective and safe 
agents with remineralization properties.

Ozone, a triatomic molecule composed of three oxy
gen atoms, exists in the environment as a gas. Due to its 
instability, ozone gas cannot be stored, and its half-life 
varies with changes in temperature and pressure depend
ing on ambient conditions. In nature, ozone is formed 
when activated oxygen atoms, generated from the photo
lysis of diatomic oxygen molecules, react with additional 
oxygen molecules (Taştan, Güler and Aytaç Bal 2021). In 
dentistry, ozone is utilized as an alternative treatment 
option for the remineralization of initial carious lesions 
and is available in both gaseous and liquid forms. Its 
applications include preventing caries on root and occlu
sal surfaces, providing bactericidal effects, and mitigating 
dentin sensitivity (Baysan and Lynch 2004; Dähnhardt 
et al. 2008). Ozone’s strong oxidizing properties enable it 
to open dentinal tubules affected by carious lesions, 

thereby facilitating the penetration of remineralization 
agents into the dentin (Azarpazhooh et al. 2009).

Hydroxyapatite is a calcium phosphate compound 
and is one of the various forms of calcium phosphate 
found in nature. It is, however, the most stable and 
least soluble form. Hydroxyapatite nanoparticles 
typically range from 1 to 100 nm in size, with parti
cles derived from these dimensions exhibiting vary
ing activities. The increased surface area and reduced 
size enhance the material’s hydration, thereby 
improving its physical and chemical properties. The 
synthesis of nano-hydroxyapatite (nano-HAP) is 
technically demanding, involving methods such as 
sol-gel synthesis, solid-state reactions, co- 
precipitation, wet chemical precipitation, and hydro
thermal reactions. Due to its structural similarity to 
the inorganic components of bone, the use of hydro
xyapatite in dentistry is steadily increasing (Bordea 
et al. 2020). Nano-hydroxyapatite (nano-HAP) is 
considered one of the most widely used biocompati
ble and bioactive materials. Nanoparticles of hydro
xyapatite show morphological and crystallographic 
similarities to HAP crystals found in tooth enamel 
and thus penetrate into the enamel microstructure 
and restore tooth structure and surface composition 
(Huang, Gao and Yu 2009).

Nano-HAP is utilized for the remineralization of 
dentin and enamel affected by caries. In the early stages 
of caries, hard tissue loses mineral ions due to acid 
attacks from bacterial metabolism, while the collagen 
network remains largely intact. Remineralization efforts 
aim to restore the organic structure by directly deposit
ing minerals or using nanoparticles as carriers to facil
itate the recovery of ions lost during carious processes 
(Bordea et al. 2020). For caries prevention, nano-HAP is 
incorporated into toothpastes to supply ions that miti
gate demineralization and promote remineralization. 
These nanoparticles can infiltrate onto pores and form 
a protective layer on the tooth surface (Souza et al.  
2015).

The aim of this study was to evaluate the remi
neralizing effect of various remineralizing agents on 
artificial caries lesions by laser fluorescence and 
Vickers microhardness measurement methods. It 
was aimed to evaluate whether the application of 
ozone gas before nanohydroxyapatite gel would 
increase the penetration of nanohydroxyapatite gel 
by evaluating the individual and combined effects 
of nano-HAP gel and ozone, which have become 
popular recently. In this direction, the null hypoth
esis of the study is: “The application of ozone gas 
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before nanohydroxyapatite gel increases the reminer
alization in artificial caries.”

Materials and methods

Ethical approval was received for the study from 
Bezmialem Vakıf University Dentistry Ethics 
Committee (Grant Number: 2024–270).

For this study, 60 orthodontically extracted teeth with
out caries, fracture or restoration were embedded into 
acrylic blocks with the buccal surfaces on top and 
exposed. The samples were standardized by smoothing 
the surfaces with 800, 1000 and 1200 grit silicon carbide 
sandpaper. Initial values of laser fluorescence and micro
hardness of samples were recorded with FluoreCam 
(Therametric; Indianapolis, IN, USA) and Vickers micro
hardness device (HMV-2; Shimadzu, Japan).

A demineralization solution developed by Amaechi 
(Amaechi 2019) consisting of 314.2 mg/L Ca (NO3)2 
·4 H2O, 174.18 mg/L KH2PO4, 1225 mg/L CH3COOH 
with the pH adjusted to 4.5 using 1 M KOH was used. 
The remineralization solution (artificial saliva) was 
composed of 3.8 mg/L Mg2+ (MgCl2·6 H2O), 84.36 mg/L 
(PO4)3 − (K2HPO4/KH2PO4) 50 mg/L Ca2+ (calcium 
lactate), 0.05 mg/L fluoride, 625 mg/L KCl, 400 mg/L 
carboxymethylcellulose, and 2000 mg/L methyl4- 
hydroxybenzoate, with the pH adjusted to 7.2 using 1  
M KOH. Then samples were divided into 6 groups, 
tested materials are shown in Table 1.

Group 1: ozone

2.100 ppm ±10% concentration of ozone gas, ozone 
generation system was used with a silicone applicator 
cups to prevent any air contact of the teeth during 40  
seconds of application (n = 10).

Table 1. Groups.
Groups Group 1: Ozone (HealOzone, Curozone, KaVo, Biberach, Germany)

Group 2: Nano-HAP gel (Biodent Medikal, Istanbul, Turkey)
Group 3: Ozone (HealOzone, Curozone, KaVo, Biberach, Germany) + Nano-HAP gel(Biodent Medikal, Istanbul, Turkey)
Group 4: Nano-HAP gel(Biodent Medikal, Istanbul, Turkey) + Ozone(HealOzone, Curozone, KaVo, Biberach, Germany)
Group 5: Fluoride varnish (Proshield, President Dental Germany)
Group 6: Control group (Non-treated)

Table 2. The pH cycle (Chen and Huang 2009).

10:10-12:00
Remineralization Solution

10:00-10:10

Application of Remineralization Agent

08:00-10:00

Demineralization Solution

14:10-16:00
Remineralization Solution

14:00-14:10
Application of Remineralization Agent

12:00-14:00
Demineralization Solution

18:10-08:00
Remineralization Solution

18:00-18:10
Application of Remineralization Agent

16:00-18:00
Demineralization Solution
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Group 2: nano-HAP gel

Nano-HAP gel was applied on the specimen for 1 min at 
500 rpm with a slow speed handpiece using a rubber cap 
under dry conditions, according to the manufacturers’ 
instructions (after hydrochloric acid application, nano- 
HAP gel was applied) (n = 10).

Group 3: ozone + nano-HAP gel

2.100 ppm ±10% concentration of ozone gas, ozone 
generation system was used with a silicone applicator 
cups to prevent any air contact of the teeth during 40  
seconds of application. Then, Nano-HAP gel was 
applied to the specimen for 1 min at 500 rpm with 
a slow speed handpiece using a rubber cap under dry 
conditions, according to the manufacturers’ instructions 
(n = 10).

Group 4: nano-HAP gel + ozone

Nano-HAP gel was applied to the specimen for 1 min at 
500 rpm with a lowspeed handpiece using a rubber cap 
under dry conditions according to the manufacturers’ 
instructions. Then 2.100 ppm  ±  10% concentration of 
ozone gas ozone generation system was used, and sili
cone application cups were used to prevent air contact 
with the teeth during ozone application and ozone 
application was performed for 40 seconds (n = 10).

Group 5: fluoride varnish

Fluoride varnish was applied onto the specimen with 
a micro-brush under dry conditions. It was allowed to 
be absorbed for 4 min and was then air-dried according 
to the manufacturers’ instructions (n = 10).

Group 6: control group (non-treated)

The samples were placed in a shaking incubator with the 
buccal surfaces facing upwards and kept in the demi
neralization solution for 72 h to create an artificial caries 
lesion.

pH cycle was performed for 7 days with 18 h of remi
neralization and 6 h of demineralization as shown in 
Table 2 (McKnight-Hanes and Whitford 1992).

After the pH cycling, FluoreCam and microhardness 
measurements of the samples were repeated. Following 
the remineralization measurements, for 7 days (post 
cycle) without any treatment stages to evaluate the per
manence of the treatments, and then microhardness and 
FluoreCam measurements were performed.

The data obtained were analyzed using SPSS 
Statistics Version 25.0 (IBM SPSS Statistics 25.0, IBM 
Corporation, Armonk, NY, USA) software using 
repeated measures analysis of variance and Bonferroni 
test for pairwise comparisons. In addition, the delta 
difference between demineralization and remineraliza
tion was calculated using one-way analysis of variance 
and Tukey test for pairwise comparisons. p < 0.05 was 
accepted for significance level.

Results

According to the obtained results (Table 3), there 
were no significant differences between initial (T0) 
microhardness values of the samples (p > 0.05). After 
the demineralization process (T1), microhardness 
values of all groups were decreased (p < 0.05). The 
laser fluorescence results (Table 4) between T0 - T1 
showed that artificial enamel lesions were increased in 
all tested material groups. A statistically significant 
increase was observed in the microhardness values of 
all tested material groups after the remineralization 
process (T2) (p < 0.05), and supporting these results, 
a decrease in lesion sizes was observed in the laser 
fluorescence measurements performed after reminera
lization. After remineralization processes, microhard
ness values of all groups except the negative control 
group returned to their initial microhardness values. 
The most notable increase in microhardness values 
with the remineralization treatment was observed in 
the group receiving nano-HAP gel + Ozone treatment, 
but this increase was not statistically significant. 
When the durability of remineralization treatments 

Table 3. Hardness values of initial, demineralization, remineralization and post-cycle treatments.
Initial (T0) After demineralization (T1) After remineralization (T2) Post-cycle (T3) p

Ozone 259.13  ±  21.70B 198.46  ±  17.96bA 251.02  ±  24.71bB 248.24  ±  18.83B <0.001
Nano-HAP Gel 271.16  ±  22.52B 193.28  ±  18.60abA 253.54  ±  52.03bB 265.33  ±  23.93B <0.001
Ozone + Nano-HAP Gel 267.70  ±  35.09C 187.56  ±  20.96abA 266.71  ±  32.48bBC 234.68  ±  30.77B <0.001
Nano-HAP Gel + Ozone 256.75  ±  26.14B 168.93  ±  19.61aA 269.32  ±  57.19bB 233.96  ±  29.04B <0.001
Fluoride varnish 249.06  ±  19.72B 191.16  ±  12.78abA 257.93  ±  45.93bB 240.82  ±  27.20B <0.001
Control 275.47  ±  21.51C 194.76  ±  18.35bA 193.13  ±  27.57aA 239.21  ±  17.09B <0.001
p 0.182 0.011 0.002 0.066

aDifferent lowercase letters indicate statistical difference between columns. 
bDifferent uppercase letters indicate statistical difference between rows.
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was evaluated following the post cycle, the nano-HAP 
gel + Ozone group showed the lowest hardness results.

According to the statistical result of the delta differ
ence between demineralization and remineralization, 
a non-significant difference was found in the micro
hardness measurements in the nano-HAP gel + ozone 
treatment. (p = 0.589  ±  0.282) (Table 5).

According to the data obtained from the FluoreCam 
measurements, there was a decrease in the lesion size in 
all remineralization treatment groups. The highest 
decrease in the lesion size (− 79%) was obtained in the 
Nano-HAP Gel + Ozone group (Table 4).

Discussion

Numerous studies have assessed the remineralization 
efficacy of various materials on extracted teeth (Burwell, 
Litkowski and Greenspan 2009; Chen and Huang 2009; 
Faller, Eversole and Yan 2010; Huang et al. 2013; 
Karlinsey et al. 2011; Reynolds 1997). This study aimed 
to determine the remineralization effects of different 
remineralization agents. According to the results, no sig
nificant difference was found between the effectiveness of 
the tested materials. Since no difference was found 
between the microhardness values of the samples treated 
with ozone and nano-HAP gel after the remineralization 
process, the null hypothesis of the study, “The application 
of ozone gas before nanohydroxyapatite gel increases the 
remineralization in artificial caries”, was rejected.

This study aimed to determine how the single and 
combined use of materials available in the market for 
remineralization therapy affects the success of reminerali
zation, utilizing modern diagnostic methods. The null 

hypothesis established at the beginning of the study was 
as follows: The sequence of applying nano-hydroxyapatite 
gel and ozone in combination to the tooth surface alters 
the remineralizing effect of ozone. According to the results 
obtained from this study, all remineralization groups 
increased hardness and were statistically significant, how
ever combined application of ozone and nano-HAP gel 
results were similar on remineralization in the order of 
application; therefore, the null hypothesis was rejected.

Based on the microhardness results of the study, the 
lowest remineralization was observed with the single appli
cation of ozone gas (0.276  ±  0.197), while the highest 
remineralization amount was seen with nano-HAP gel +  
ozone (0.589  ±  0.282), followed by ozone + nano-HAP gel 
(0.436  ±  0.294). Although the differences between the 
obtained microhardness values were not statistically signif
icant, the combination of ozone and nano-hydroxyapatite 
gel appears to be effective in remineralizing on deminer
alized tooth surfaces. Grocholewich et al. (Grocholewicz 
et al. 2020) conducted an in vivo study assessing the effects 
of nano-HAP, ozone, and their combined application on 
initial enamel caries on the approximal surfaces of premo
lars and molars. Their findings support the results of the 
present study indicating that ozone and nano-HAP gel, the 
combined application, promote more remineralization on 
initial caries

The least value obtained by the control group highlights 
the importance of remineralization agents on initial enamel 
lesions. These results could provide a robust foundation for 
the use of agents such as ozone and nano-HAP gel as 
chemical dental treatment. Additionally, the effectiveness 
of fluoride varnish applications in remineralization pro
cesses is demonstrated (He et al. 2016; Mohd Said, 
Ekambaram and Yiu 2017). These findings offer valuable 
insights for future research.

Ozone exerts its effects by attacking glycoproteins, 
glycolipids, and other amino acids disrupting enzy
matic control systems in cells. Consequently, cell 
membrane permeability increases, leading to mem
brane expansion and ultimately cell death. It is 
hypothesized that the oxidative effect of ozone 
removes glycoproteins from demineralized areas, facil
itates increased diffusion of calcium and phosphate 

Table 5. Percent changes in microhardness values between 
demineralization and remineralization treatments (%).

Ozone 0.276  ±  0.197ab

Nano-HAP Gel 0.323  ±  0.294b

Ozone + Nano-HAP Gel 0.436  ±  0.294b

Nano-HAP Gel + Ozone 0.589  ±  0.282b

Fluoride varnish 0.357  ±  0.265b

Control − 0.007  ±  0.119a

p <0.001

Table 4. Percent changes of lesion size with FluoreCam values of initial, demineralization, remineralization and post-cycle treatments 
(%).

Initial(T0)/Demineralization(T1) (∆) Demineralization(T1)/Remineralization(T2) (∆) Remineralization (T2)/Post Cycle(T3) (∆)

Ozone 426% − 64% 49%
Nano-HAP Gel 377% − 33% 1%
Ozone + Nano-HAP Gel 234% − 72% 28%
Nano-HAP Gel + Ozone 405% − 79% 104%
Fluoride 364% − 13% − 42%
Control 251% − 16% − 19%
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ions, and thereby supports the remineralization of 
lesions (Baysan and Lynch 2007). Although the current 
study data show that ozone alone has the lowest remi
neralization efficacy, its significant oxidative effect, 
when combined with another remineralizing agent, 
substantially supports remineralization. Erçin et al. 
(Erçin et al. 2024), in their in vitro study, found no 
statistical difference between the surface hardness 
values of the group treated with ozone alone and the 
control group, whereas groups with combined applica
tions of ozone and remineralizing agents exhibited 
significantly higher surface hardness values, support
ing the findings of the present study. The reason for the 
lowest hardness value obtained with ozone alone might 
be low amount of minerals in the pH cycling model 
since porotic areas left need to be filled with for the 
adequate remineralization value. Additionally, if the 
study is done as in vivo, minerals from saliva could 
provide minerals for the remineralization process.

Nie et al. (Nie, Li and Hu 2007) applied distilled water, 
fluoride, and ozone treatments to teeth with initial carious 
lesions. Evaluation of the fluorescence images of the lesions 
showed no significant difference between the deionized 
water and ozone groups, with fluoride being the most 
effective treatment. According to the present study, ozone 
and fluoride treatments showed similar remineralization 
efficacy with pH cycling. On the other side, a significant 
drop on remineralization values was observed in the fluor
ide group after a 7-day post-acid challenge, whereas the 
ozone group did not show such decline. The surface enamel 
layer contains a higher amount of fluorapatite because 
fluorapatite becomes highly saturated at pH levels of 
4.5–5 and contributes to remineralization. Different fluor
ide compounds result with increased fluoride uptake on the 
surface enamel layer but may be less effective in the body of 
the lesion. According to the FluoreCam values in the pre
sent study, it can be thought that the lesion values in the 
fluoride-applied group decreased more than the control 
group, which may be due to the higher fluoride concentra
tion in the superficial layer and the fact that FluoreCam 
measurements are based on light scattering from the sur
face layer of the lesion.

The current study is an in vitro study and cannot fully 
mimic oral conditions due to the absence of many external 
factors such as saliva and bacteria that are found in the 
human mouth and have great effects on remineralization 
and demineralization. At the same time, the remineraliza
tion activity in our study was evaluated for only 7 days, and 
therefore only the short-term activities of the tested mate
rials could be evaluated. Further studies are needed to 
evaluate the long-term effects of the materials and the 
permanence of this activity.

Conclusion

According to the results of this study, all tested reminer
alization agents showed efficacy. In this in vitro study, 
where 7-day remineralization conditions were evalu
ated, it was concluded that ozone application before 
nano-HAP gel did not show any positive effect. To 
eliminate possible bias due to sample size, future studies 
with larger sample sizes and longer effects are needed.
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