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Abstract 
This study aims to evaluate the remineralization effects of nano-hydroxyapatite paste on the early demineralized 

enamel under a simulated pH cycling model compared with fluoride paste. Enamel specimens were obtained from human 
premolars and embedded in acrylic resin blocks. All specimens were ground flat and subjected to demineralized for 7 
days to create the early demineralized lesion prior to the perpendicular sectioned through the surface for measuring 
mineral loss. Forty-eight specimens with an average of mineral loss were selected and randomly allocated to three groups 
(n=16): control (without treatment), nano-hydroxyapatite paste (10% HAP), and fluoride paste (1000 ppm NaF). Mineral 
loss (ΔZ) and lesion depth (LD) were analyzed using micro-computed tomography. All specimens were evaluated after 
assigned treatment and simulated pH cycling model for 7 and 14 days. Within the experimental group, mineral loss and 
lesion depth were examined at the period of 7 and 14 days with one-way ANOVA. All collected data were calculated for 
the resulting changes in mineral loss (ΔΔZ) and lesion depth (ΔLD) and analyzed between the experimental groups and 
times with two ways ANOVA. All statistical analyses were performed at a 5% level of significance. The results showed 
that the nano-hydroxyapatite paste and fluoride paste exhibited the ability to diminish mineral loss and lesion depth 
significantly after treated for 14 days. On the other hand, the control group showed progress in mineral loss and lesion 
depth after a period of 7 and 14 days. In conclusion, the use of nano-hydroxyapatite paste under the condition of pH-
cycling for 14 days promotes remineralization on early demineralized enamel in the same way as using fluoride paste. 
However, the different characteristics of remineralization should be observed.  

Keywords: Early demineralized enamel, Fluoride, micro-CT scan, Nano-hydroxyapatite, pH cycling model,  
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1.  Introduction 

Dental caries are the overall outcome of the cyclical demineralization and remineralization process, 
which continuously occurs between the biofilm and the tooth surface. The process of demineralization starts 
from acids obtained from bacterial carbohydrate metabolism, causing the dissolution of minerals at the tooth 
surface. Enamel is often the starting area of dental caries due to its being the outermost layer of the tooth. It 
is also a non-cellular tissue with the main component of 96% inorganics by weight. The rest is composed of 
organics and water. Hydroxyapatite is the main inorganic and the smallest subunit of enamel with prism 
formation ( ten Cate & Featherstone, 1 9 9 1) . The space between prisms and crystals is home to water and 
organics of proteins and lipids ( Odutuga & Prout, 1 9 7 4 ) . Additionally, it is a channel for the diffusion of 
organic acids and free ions from the outer part of the teeth in the demineralization and remineralization 
process ( Moreno & Zahradnik, 1 9 7 3 ) . Bacterial acids, therefore, utilize that channel to penetrate the 
subsurface and dissolve the minerals beneath the tooth surface, resulting in the enamel caries that start from 
non-cavitated lesions or white spot lesions and indicating the overall primary demineralization beneath the 
enamel subsurface. If not managed properly, the demineralization process continues over a long period of 
time until the adequate dissolution of minerals in the tooth surface is reached, which then develops into the 
cavitated lesion (Pitts, 2004). 

White spot lesions are the first signs of dental caries lesions which can be clinically detected with 
the naked eye. The clinical characteristics include intact surface and non-cavitated, but softened surface 
hardness. The softened surface hardness of these lesions results from the remineralization of subsurface 
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lesions accumulating on the area of the outer surface (Kidd & Fejerskov, 2004).  Thus, the examination of 
white spots is commonly observed by the changing color of lesions on humidity conditions. When the surface 
is wet, the lesions appear transparent due to the penetration of external water into the pores following the 
demineralization, with a refractive index close to the normal enamel. On the other hand, if the tooth surface 
is dry, the lesions become chalky white because of the remaining air-infiltrated pores with a very different 
refractive index from the enamel. 

The current approach of conservative treatment focuses on a reinforcement of non-cavitated lesions 
for the longest functional ability. It is a minimally invasive treatment, instead of an extension for prevention, 
by promoting remineralization and inhibiting demineralization prior to the development of lesions to the 
cavitated enamel, which has to lose the tooth structure from the removal of tooth decay and filling (Murdoch-
Kinch & McLean, 2 0 0 3 ) . In normal conditions, teeth can be remineralized by calcium and phosphate from 
saliva or biofilm with sufficient concentration to cause a supersaturate with respect to calcium and phosphate 
of hydroxyapatite crystals in the teeth, progressing to crystal formation on the old rather than new ones 
( Featherstone, 2 0 0 0 ) . However, it may not sufficiently lead to the overall remineralization in some cases 
because of a greater demineralization process. The use of agents to enhance remineralization or 
remineralizing agents is thus one of the methods to manage non-cavitated lesions or white spot lesions, 
focusing on the remineralization to the demineralized parts in the subsurface while maintaining their intact 
conditions ( Featherstone, 2008) . The examples of remineralizing agents include fluoride (Buzalaf, Pessan, 
Honorio, & ten Cate, 2011), casein phosphopeptides-amorphous calcium phosphate: CPP-ACP) (Cochrane, 
Cai, Huq, Burrow, & Reynolds, 2010), and nano-hydroxyapatite (Tschoppe, Zandim, Martus, & Kielbassa, 
2011; Yamagishi et al., 2005).  

Using fluoride in caries prevention is very common nowadays, regarding its control and preventive 
efficiency (Adair, 2006; Bruun et al., 1985; Bruun, Lambrou, Larsen, Fejerskov, & Thylstrup, 1982). Fluoride 
plays a role in protecting against dental caries through three actions of mechanism. First, it inhibits 
demineralization from the ion exchange between fluoride ions and hydroxyapatite crystal surface 
(Featherstone, 1999), forming fluorapatite crystals that possess higher resistance to dissolution than 
hydroxyapatite (Arends & Christoffersen, 1990). This crystallization process can occur even in the solutions 
with a small amount of fluoride (Featherstone, Glena, Shariati, & Shields, 1990). Second, the enhancement 
of remineralization with the oral pH value higher than 5.5 in combination with even a small number of fluoride 
ions can penetrate the precipitation of damaged crystals for fluorohydroxyapatite crystals formation 
(Featherstone, 1999), thus accelerating the remineralization process. Besides, fluoride also binds to the 
surface of partially dissolved crystals and attracts calcium ions to repair the crystal surface, making these new 
crystals more resistant to acids than the old ones (Featherstone, 1999). Lastly, the inhibition of the metabolic 
process of caries-causing bacteria is done through the intra-cellular enzyme inhibition with fluoride ions and 
the reduction of acid production outside the cells (Koo, 2008; Marquis, 1995; ten Cate & van Loveren, 1999). 

Although fluoride plays a significant role in the effective prevention of tooth decay, in line with 
widely extensive studies (dos Santos, Nadanovsky, & de Oliveira, 2013), the use of fluoride as a 
remineralization agent remains limited by its incomplete remineralization process, which is because fluoride 
causes the changes in the crystal structure, especially the surface layer of lesions (Silverstone, 1983), resulting 
in the blockage of fluoride permeability for subsurface remineralization with more difficulty (Kawasaki, 
1989; Lammers, Borggreven, & Driessens, 1990; ten Cate & Featherstone, 1991). Besides, fluoride intake 
above the optimal fluoride level from birth until the first 6 years can result in dental fluorosis to the permanent 
teeth (Lalumandier & Rozier, 1995). It also causes acute toxicity from excessive fluoride intake with probably 
toxic doses in children or a certainly lethal dose in adults (Whitford, 1990).    

Over the years, there have been more studies on hydroxyapatite nanoparticles, with biomimetic 
properties similar to hydroxyapatite crystals, the smallest subunit of the enamel layer in size, as well as 
chemical and crystal structures (Hannig & Hannig, 2010, 2012; Norberto Roveri et al., 2009). Calcium and 
phosphate of hydroxyapatite are important sources in the biomineralization process of hard tissues such as 
bones and teeth ( Nudelman & Sommerdijk, 2 0 1 2 )  by solubility and biocompatibility properties 
(Balasundaram, Sato, & Webster, 2006; Hu et al., 2007), with no toxicity and tissue inflammation. There are 
also nano-sized crystals, which help to increase the surface area of actions and adherences with a 
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concentration equal to micro-sized hydroxyapatite ( Ginebra, Driessens, & Planell, 2 0 0 4 ; Roveri & Iafisco, 
2 0 1 0 ) . Therefore, an application concept of synthetic hydroxyapatite is suggested for the prevention and 
treatment of early dental caries, using calcium and phosphate ions from synthesized crystals for the 
remineralization of crystals being damaged by the demineralization process in the enamel.       

Previous studies yielded the effectiveness of nanometer-grade synthetic hydroxyapatite crystals in 
the reparation and remineralization better than the micro-sized hydroxyapatite ( Huang, Gao, Cheng, & Yu, 
2011; Li et al., 2008). Currently, several studies are focused on the combination of nano-hydroxyapatite in 
oral care products to prevent dental cavities, such as toothpaste ( Esteves-Oliveira, Santos, Meyer-Lueckel, 
Wierichs, & Rodrigues, 2017; Tschoppe et al., 2011), mouthwash (Kim, Kwon, Choi, & Kim, 2007), and 
paste (Comar, Souza, Gracindo, Buzalaf, & Magalhaes, 2013; Souza et al., 2015). 

The nano-hydroxyapatite has two mechanisms of action in remineralization. First, it is a free source 
of calcium and phosphate ions based on intrinsic characteristics, such as size, chemical composition, and 
similar structures to enamel crystals, which are significantly important in the remineralization process, unlike 
the solely free ion solutions ( Huang et al., 2 0 1 1 ) . Huang et al. studied the effect of hydroxyapatite 
concentrations on the efficacy of remineralization. It was found that the increasing concentrations resulted in 
a higher rate and amount of nano-hydroxyapatite precipitation from calcium and phosphate ion depositions 
for the remineralization process. The nano-hydroxyapatite concentration of 10% could be the optimum 
amount for the remineralization of the early caries lesion in the enamel (Huang, Gao, & Yu, 2009). 

The second mechanism in the remineralization process of nano-hydroxyapatite is the ability to fill 
microscopic surface fissures in the surface of the demineralized enamel layer, causing the reduction of pores 
and defects (Huang et al., 2009). It can then inhibit the demineralization process by concealing the 
interprismatic space, which is an acid infiltrating channel to dissolve minerals in the subsurface (Li et al., 
2008). Additionally, the nano-hydroxyapatite surface layer is able to absorb calcium and phosphate ions from 
the remineralizing solutions into the enamel for precipitating reactions and promoting growth and nucleation 
of crystals (Li et al., 2008; Onuma, Yamagishi, & Oyane, 2005). The adhesion of nano-hydroxyapatite to the 
enamel surface is due to its biocompatibility properties and approximate size to crystals in the enamel layer. 
Li et al. showed that the synthetic nanohydroxyapatite of 20 nm possesses similar properties to the building 
block of natural enamel crystals, resulting in higher affinity between them. Consequently, the adhesion 
remains superior even going through ultrasonic cleansing with ultrasonic treatment (Li et al., 2008). However, 
the new apatite layer with high mineral deposits may prevent the diffusion of free mineral ions into subsurface 
lesions, leading to the incomplete remineralization process with nano-hydroxyapatite (Huang et al., 2011). 

Hence, the researchers are interested in using experimental nano-hydroxyapatite contained pastes 
due to their longer contact time with the teeth than toothpaste and mouthwash. In particular, it can be applied 
as home use rather than professional use. At present, few studies have compared the remineralization effects 
of nano-hydroxyapatite-containing pastes with different methods and measurements. The purpose of this 
study is to investigate the remineralization effects of experimental nano-hydroxyapatite-containing pastes on 
the early demineralized enamel under a simulated pH cycling model compared with fluoride-containing 
pastes, using direct mineral quantification. 

 
2. Objectives 

 To evaluate the remineralization effects of a nano-hydroxyapatite paste on early demineralized 
enamel under simulated pH cycling model compare with a fluoride paste. 

3. Materials and Methods 
3.1 Preparation of enamel specimens   

This study used human premolar teeth that were extracted for orthodontic treatment or tooth mobility 
from periodontitis. The study was approved for human research by the Faculty of Dentistry Human 
Experimentation Committee, Chiang Mai University, Thailand (Document No. 20/2562). 

Human premolars were extracted for orthodontic treatment or tooth mobility from periodontitis with 
intact crown, no crack line, or caries lesion were obtained for the removal of tissue debris and calculus at the 
crown and root surface by ultrasonic, then stored in 0.1% thymol solution (Caelo, Hilden, Germany). Eighty 
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enamel specimens of a cubic shape of 4 x 4 x 3 (width x length x thickness) cubic millimeters were obtained 
from the buccal and lingual aspect of the tooth’s crown, then the enamel specimens were embedded in acrylic 
resin blocks by custom-made mold. The enamel surface was polished using a grinding/polishing machine 
(MEGA Advance Co., Ltd., Shandong, China) at 600, 1000, 1500, and 2000 grits, respectively, with water 
for 1 minute at a speed of 100 rpm per each resolution to make the enamel into a flat surface with acrylic 
resin block surface. All of the polished specimens were cleaned with an ultrasonic cleanser (BioSonic UC125; 
Whaledent Inc, OH, USA) for 10 minutes. 

 
3.2 Artificial demineralized enamel formation  

The enamel specimen surface area was divided into three equal parts, with about 1.3 mm each in 
width, as the sound enamel control, the demineralized enamel control, and the treated enamel under pH 
cycling as shown in Figure 1. 

 

Figure 1  Enamel specimens were embedded in acrylic resin blocks with a flat surface. When viewing from above, the 
enamel specimen area was divided into three parts as the sound enamel control, the demineralized enamel control, and 

the treated enamel under pH cycling   
 
The center part was coated with nail varnish for the sound enamel control, then immersed in acetic 

acid buffer solution for the artificial demineralized enamel formation. The formula contained acetic acid 50 
mmol (mM), calcium chloride (CaCl2·2H2O) 2.2 mM, potassium dihydrogen phosphate (KH2PO4) 2.2 mM, 
and potassium fluoride 0.1 ppm, with pH 4.5 of 2 ml per specimens at 37°C for 7 days. A new solution was 
changed daily.  

 
3.3 Measurement of demineralized enamel   

After the artificial demineralized enamel formation, all specimens were cross-sectioned with a low-
speed precision cutting machine (IsoMet™; BUEHLER, Illinois, USA) with a thickness of 1 mm for the first 
measurement, using micro-CT cross-section radiography imaging to analyze mineral density. The variables 
were mineral density profile (MD) to calculate lesion depth (LD) and mineral loss (ΔZ). 

 
3.4 Measurement with micro-CT imaging  

The cross-sectioned specimen was then analyzed for mineral density, using micro-CT cross-section 
radiography imaging (microCT35; SCANCO Medical AG, Brüttisellen, Switzerland) with the enamel surface 
perpendicular to the X-ray beam. The X-ray beam was 70 kV at 114 μA. There were 4 pure hydroxyapatite 
slabs with a mineral density of 101, 211, 417, 790 milligram-hydroxyapatite per cubic centimeter 
(mgHAP/ccm) was scanned for setting to calibrate mineral density. 

After scanning the cross-sectioned specimen, a stack of 8-bit grayscale images in the TIFF format 
at 1,024 x 1,024 pixels and 5.0 μm voxel was quantitatively analyzed utilizing the imaging program (ImageJ; 
NIH, Bethesda, MD, USA). The grayscale value was changed to mineral density. The linear calibration curve 
obtained from the grayscale of pure hydroxyapatite was used for analysis. The calculated mean mineral 
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density values were defined for each depth as mineral density. The starting point of the depth axis was based 
on the enamel surface with the volume of interest at 100 x 200 x 1,200 cubic micrometers (thickness x width 
x depth), as part of the area to be measured.   

The quantitatively analyzed data provided a set of data as the mineral density of normal enamel 
control (MDB) and the artificial demineralized enamel formation (MDD). Both data of mineral density were 
calculated resulting in lesion depth (LDD) and mineral loss (ΔZD) after the artificial demineralized enamel 
formation. The amount of mineral loss was calculated from the area under the graph between the mineral 
density of normal enamel and the mineral density of artificial demineralized enamel formation. The lesion 
depth was determined from the depth range of mineral volume at 95% of the maximum mineral density 
(Arends, Dijkman, & Christoffersen, 1987) as shown in Figure 2. 

 

 
Figure 2 The mineral loss (ΔZ) The mineral loss was calculated from the area between the dashed curve for the mineral 
density profile of sound enamel and the solid curve for the mineral density profile of demineralized enamel. The lesion 

depth was determined from the depth range of mineral volume at 95% of the maximum mineral density 
 
3.5 Experimental and control groups  

Forty-eight specimens were selected from the mineral density data. The specimens for inclusion 
needed to apparently have an intact surface layer, with a similar average volume of mineral loss (ΔZD) from 
the statistical calculation by cutting off 10 percent over the upper and lower border of the group (Lippert et 
al., 2011).The remaining part of selected specimens coated with nail varnish on the sectioned site. Another 
part of the enamel surface was coated with nail varnish to be preserved as the control of artificially 
demineralized enamel as shown in Figure 1. Then, the specimens were randomly selected and divided into 3 
groups, with 16 specimens in each group, to test each remineralized agent-containing paste. Group 1 was the 
control group without treatment. Group 2 was the nH group with experimental nano-hydroxyapatite paste, 
containing 10% nano-hydroxyapatite (nanoX-im; Fluidinova, S.A., Moreira da Maia, Portugal). Group 3 was 
the F group with fluoride-containing paste, containing 1,000 ppm of sodium fluoride. 

All groups utilized the same method for the pastes, using a brush (Microbrush®; Microbrush® 
International, WI, United States). The paste was applied on the wet enamel specimen for 5 minutes to simulate 
the application onto the enamel surface in the oral cavity without spoiling or swallowing. After that, the 
specimens were put in remineralized solutions for another 25 minutes to simulate the paste retention on the 
teeth without eating or drinking during this period. Finally, the specimens were washed thoroughly before 
entering the simulated pH cycling.  
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3.6 Simulated pH cycling 
To evaluate the remineralization of all experimental groups, pH cycling was performed to simulate 

the cycle of demineralization and remineralization of the enamel in the oral cavity. The periods for 
remineralization solutions in each specimen were in accordance with the formula containing 130 mM of 
potassium chloride (KCl), 1.5 mM of calcium chloride (CaCl2·2H2O), 0.9 mM of potassium dihydrogen 
phosphate (KH2PO4), and 20 mM of HEPES buffer. The pH 7.0 was applied for a total of 19 hours, including 
acid buffer solution for demineralization period according to the above formula of 4 hours and 2 intervals of 
30 minutes each for applying the pastes as mentioned above. The first interval was done before the start of 
the demineralization period. The other interval was 12 hours apart from the first period. The solutions were 
replaced daily and repeated for measurement at 7 and 14 days. 

 
3.7 Measurement of remineralization 

The specimens were cross-sectioned to obtain a 1 mm thick enamel specimen. The treated enamel 
under pH cycling was evaluated by micro-CT cross-section radiograph imaging. The data of mineral density 
data of those specimens were obtained at 7 days (MD7) and 14 days (MD14) for the 2nd and 3rd measurements, 
respectively. The same setting was managed as the first measurement. The mineral density data of these 
specimens were compared with the sound enamel control to calculate the mineral loss and lesion depth at 7 
days (ΔZ7, LD7) and 14 days (ΔZ14, LD14). 

 
3.8 Data analysis and statistics  

The measurement of remineralization effect on the treated enamel under pH cycling was based on 
the variable values compared with the demineralized enamel control. The changes in mineral loss (ΔΔZ) and 
lesion depth (ΔLD) were obtained at 7 and 14 days as shown in Table 1, the variables for measurement in 
each step of this experiment. 

 
Table 1  The variables and calculation formula for measurement in each step of the experiment  

Variables 
After 

demineralized 
enamel  

After treatment 
7 days  

Changes in 7 days  
After treatment 

14 days  
Changes in 14 days  

Mineral loss  ΔZD* ΔZ7* 
ΔΔZ7 

(=ΔZ7 - ΔZD) 
ΔZ14* 

ΔΔZ14 

(=ΔZ14 - ΔZD) 

Lesion depth  LDD* LD7* 
ΔLD7 

(=LD7 - LDD) 
LD14* 

ΔLD14 

(=LD14 - LDD) 
*Mineral loss (ΔZ) and lesion depth (LD) calculated by enamel mineral density (MD) at those periods compared with 
mineral density profile of normal enamel (MDB) 

 
All experimental data were collected for statistical analysis using SPSS statistics software version 

20 (IBM Corporation, Armonk, NY, USA). The Shapiro-Wilk test was used for normal distribution tests in 
each group before analyzing the results. Within on experimental group, mineral loss (ΔZ) and lesion depth 
(LD) after artificial demineralized enamel formation, and treatment 7 and 14 days were analyzed using one-
way ANOVA with the Scheffe method. Changes in mineral loss (ΔΔZ) and lesion depth (ΔLD) after treatment 
for 7 and 14 days between the experimental group were analyzed using two-way ANOVA. All tests were 
performed at a 5% level of significance, with testing power at 80%.    

 
4.  Results and discussion  

Eighty specimens were prepared for mineral loss measurement by micro-CT analysis and observed 
the enamel surface in all specimens after artificial demineralized enamel formation. To select specimens with 
comparable and homogeneous demineralization, artificial carious lesions with intact surfaces were selected, 
and 48 specimens with a mean (±SD) baseline mineral loss (ΔZ) of  139,687.22 ± 26,593.20 mgHAP/m2 and 
a mean lesion depth (LD) of 245.60 ± 24.06 μm were chosen from the 80 specimens originally prepared. 
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Figure 3 shows an example of micro-CT imaging after the artificial demineralized enamel formation. 
The enamel formed a radiolucency layer of similar depth. The surface layer remained at the same level as 
that of the sound enamel. After using the paste with simulated pH cycling in each experimental group, the 
nano-hydroxyapatite paste and the fluoride paste increased the radiopaque in the subsurface layer over the 
period of use. The difference was that the fluoride paste had more radiopaque, starting from the innermost 
layer to the outermost layer, which resulted in the decreased depth of the radiolucency layer when compared 
with that after the artificial demineralized formation. The nano-hydroxyapatite paste had a depth of 
radiolucency layer similar to that before using the paste, with more radiopaque throughout the depth. The 
control group demonstrated more radiolucency with increased depth of the layer over the period of use and a 
lower level of the surface layer rather than sound enamel.  

 

 
Figure 3 An example of micro-CT images after demineralized enamel and treated enamel under pH cycling at 7 and 14 

days in each experimental group  
 
Measurement of mineral loss 
For the mean mineral loss after the artificial demineralization for 7 and 14 days within each group, 

the control group showed a statistically significant increase in the mineral loss at 7 and 14 days compared to 
that after the artificial demineralized formation. Whilst, the nano-hydroxyapatite paste, and the fluoride paste 
yielded a statistically significant decrease in the mineral loss at 7 and 14 days (or the reversal of 
demineralization) compared to that after the artificial demineralized formation as shown in Table 2. 

Regarding the comparison of mean change in the mineral loss at 7 and 14 days between the 
experimental group and the period of using the paste, it was found that the control group had a statistically 
significant increase of change in the mineral loss at the 14 days of simulated pH cycling. The nano-
hydroxyapatite paste and the fluoride paste with the remineralization process had different values of change 
in mineral loss between the groups and the period of use. At 7 days, the nano-hydroxyapatite paste yielded a 
statistically significant less decrease change in mineral loss than the fluoride paste, then a similar decrease at 
14 days with no statistically significant difference as shown in Table 3. 
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Table 2 The mean and standard deviation of mineral loss (mgHAP/m2) in the experimental group with simulated pH 
cycling at different periods   

Treatment 
group 

ΔZ (mgHAP/ccm)  

Demineralized enamel (ΔZD) day 7 (ΔZ7) day 14 (ΔZ14) 
control       123,260.28   ±    25,492.55   1       151,097.90   ±    24,628.33   2        173,402.85   ±    27,880.50   2  

nH       147,453.86   ±    23,623.54   1        113,785.95   ±    22,472.05   2          95,057.58   ±    23,651.39   2  

F       148,347.52   ±    23,995.18   1        123,118.17   ±    23,563.87   2        102,925.97   ±    26,161.19   2  

Different numbers mean statistically significant differences in the mineral loss in the same group (row) at different 
periods (p < 0.05)  

Table 3 The mean and standard deviation of change in mineral loss (mgHAP/m2) in the experimental group with 
simulated pH cycling at different periods   

Treatment group 
ΔΔZ (mgHAP/ccm) 

Δday 7 (ΔΔZ7) Δday 14 (ΔΔZ14) 
control 27,837.63 ±  5,469.05  D  50,142.57  ±  8,247.25  E  

nH -33,667.91 ±  3,436.31  B  -52,396.28 ±  6,710.49  A  

F -25,229.35 ±  5,037.03  C  -45,421.55 ±  6,609.59  A  

Different capital letters mean statistically significant differences in the change in the mineral loss in different groups 
and periods (p < 0.05)  

 
Lesion depth 
When considering the experimental group with increased lesion depth over the period of using the 

paste, it was found that the control group had a statistically significant increase in lesion depth at 7 and 14 
days compared to that after the artificial demineralized formation. The nano-hydroxyapatite paste and the 
fluoride paste were experimental groups with reduced lesion depth over the period of use. When comparing 
the mean lesion depth within the groups, the nano-hydroxyapatite paste exhibited a decrease in lesion depth.  
At 14 days, the lesion depth was lower compared with that after the period of demineralization and the 7 days 
of using this paste, with statistical significance. The fluoride paste had a continuously decreased lesion depth 
over time, with a statistically significant difference at the 3 periods as shown in Table 4.    

 
Table 4 The mean and standard deviation of lesion depth (micron) of the experimental group with simulated pH 
cycling simulations at different periods   

Treatment 
group 

LD (micron)  

Demineralized enamel (LDD) day 7 (LD7) day 14 (LD14) 
control 242.22 ± 24.25 1 274.39 ± 22.98 2 286.08 ± 27.19 2 

nH 246.59 ± 22.41 1 232.53 ± 22.13 1 204.49 ± 22.35 2 

F 247.98 ± 26.55 1 223.01 ± 25.54 2 197.66 ± 29.32 3 

Different numbers mean statistically significant differences in lesion depth in the same group (row) at different periods (p < 0.05). 
 

Table 5 The mean and standard deviation of change in lesion depth (micron) of the experimental group with simulated 
pH cycling simulations at different periods 

Treatment group 
ΔLD (micron) 

Δday 7 (ΔLD7) Δday 14 (ΔLD7) 
control 32.17 ± 6.50 E 43.87 ± 5.21 F 

nH -14.06 ± 2.18 D -42.09 ± 5.60 B 

F -24.98 ± 3.38 C -50.32 ± 7.11 A 

Different capital letters mean statistically significant differences in the change of lesion depth in different groups and 
periods (p < 0.05). 
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When comparing the mean change in lesion depth at 7 and 14 days between the experimental group 
and the period of use, it was found that the control group had a statistically significant increase change in 
lesion depth over time, unlike the nano-hydroxyapatite paste and the fluoride paste which showed a 
statistically significant decrease change in lesion depth over the period of use. At different periods of use, the 
fluoride paste demonstrated a statistically significant more decrease in lesion depth than that of the nano-
hydroxyapatite paste as shown in Table 5.  

In this study, micro-CT cross-section radiography imaging was used to measure the effectiveness of 
the paste to the early demineralized enamel with simulated pH cycling for the analysis of mineral loss and 
lesion depth of the demineralized enamel. Although the transverse microradiography technique is the gold 
standard method for determining mineral density volume (Ten Bosch & Angmar-Månsson, 1991), the micro-
CT cross-section radiography imaging with higher resolution as a three-dimensional radiography technique 
of non-destructive intervention can nowadays be applied to analyze mineral density ( Hamba, Nikaido, Sadr, 
Nakashima, & Tagami, 2 0 1 2 ; Neves Ade, Coutinho, Vivan Cardoso, Jaecques, & Van Meerbeek, 2 010) . 
Also, it can be used to analyze mineral loss and lesion depth similar to the transverse microradiography 
technique (Arends et al., 1987). Thus, micro-CT cross-section radiography imaging becomes another method 
to evaluate the mineral density of the teeth. 

The results of artificial demineralized enamel formation yielded all samples in this research as white 
spot lesions with intact outer surface and demineralized and porous subsurface, which are the characteristics 
of early demineralized enamel. The main factor causing these lesions in laboratory testing was acetic acid 
buffer solution which contained 0.1 ppm fluoride in the mechanism to inhibit demineralization. Fluoride binds 
to hydroxyapatite crystals at the enamel surface due to greater saturation of ion solution compared with 
fluoropathite crystals despite little concentration of fluoride ions ( ten Cate & Duijsters, 1 9 8 3 a, 1 9 8 3b). It 
formed an acid-resistant enamel layer that could dissolve minerals only in the subsurface and caused 
subsurface lesions.  

The simulated pH cycling in this study resulted in the artificial demineralized enamel formation of 
the control group demonstrated that the effects of measurement by micro-CT yielded an increase in mineral 
loss and lesion depth over time. The simulated pH cycling in this experiment caused the total mineral loss 
similar to a study by ten Cate et al. at the demineralization and remineralization periods of 3 and 21 hours, 
respectively, in the artificial demineralized enamel formation with continuous mineral loss ( ten Cate & 
Duijsters, 1 9 8 2) . It resulted from the demineralization period that used pH 4.5-free acid buffer solution to 
create the simulated acidic conditions from bacterial sugar digestion, causing the less saturated condition and 
dissolves fluorapatite at the surface layer of lesions after the artificial demineralized enamel formation ( ten 
Cate & Featherstone, 1991). The surface layer was partially dissolved and was responsible for the prevention 
of dissolved mineral diffusion in the subsurface. The acid buffer solution could therefore promote more 
demineralization in the lesion layer.      

Several studies reported that nano-hydroxyapatite possesses remineralization properties to the early 
demineralized enamel (Huang et al., 2011; Huang et al., 2009; Tschoppe et al., 2011). Nonetheless, there are 
few studies on the effects of nano-hydroxyapatite-containing pastes on the remineralization of demineralized 
enamel. Most of them demonstrated that the nano-hydroxyapatite-containing pastes could remineralize the 
primary demineralized enamel (Daas, Badr, & Osman, 2018; de Carvalho et al., 2014; Souza et al., 2015; 
Vyavhare, Sharma, & Kulkarni, 2 0 1 5 ) . The results of micro-CT in this study illustrated that the total 
remineralization could progress over the periods of using the paste under pH cycling due to the intrinsic 
properties of a nano-hydroxyapatite particle that could penetrate the pores in the demineralized enamel 
( Huang et al., 2 0 0 9 ) . It was also a source of calcium and phosphate-free ions, as an integral part of enamel 
remineralization ( Huang et al., 2 0 1 1 ) . As a result, the micro-CT could demonstrate greater radiopacity 
throughout the lesion depth, indicating the early remineralization close to the outermost layer before entering 
the inner lesion layer and according to a study by Huang et al (S. Huang, Gao, Cheng, & Yu, 2010) , due to 
the small size of nano-hydroxyapatite that penetrated and filled the defects and pores close to the outer layer 
rather than the inner layer of lesions, following the size and pore volume in each area of enamel caries 
(Featherstone, 2008). 
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The period of mineral loss in simulated pH cycling simulation also influenced the amount of calcium 
and phosphate ions released from nano-hydroxyapatite. Since the solubility of nano-hydroxyapatite was 
increased in the acidic conditions, it was consistent with a study that showed a significantly greater release of 
calcium and phosphate ions from nano-hydroxyapatite at pH 4 compared to pH 7. The increasing of free ions 
had positive effects on the remineralization of dental caries in both lesion depth and mineral volume (Huang 
et al., 2011), which ultimately may cause greater remineralization rather than demineralization. 

The fluoride contained paste would be able to promote the total remineralization when using in 
accordance with simulated pH cycling over time, which is because fluoride maintains the ability to inhibit 
demineralization by combining with hydroxyapatite to become fluorapatite of higher resistance to dissolution 
than hydroxyapatite. It also promotes remineralization by attracting calcium and phosphate ions to create 
crystals for replacement of the loss (Buzalaf et al., 2011; Robinson, 2009). The micro-CT images illustrated 
that the remineralization starts from the innermost layer of lesions to the outer layer, which is different from 
that of the experimental nano-hydroxyapatite containing pastes to cause early changes at the outer layer before 
penetrating the inner lesion. In a study on the chemistry of enamel caries by Robinson et al., it was found that 
during the period of early demineralization, the translucent zone and dark zone are areas of high carbonate 
and magnesium concentrations since both are unstable with easy dissolution (Robinson et al., 2000). Fluoride 
has the ability to penetrate the lesion layer through space and repair the crystals for carbonate and magnesium 
replacement (Robinson, 2009). It produces a more stable crystal appearance, with higher resistance to acids 
and greater hardness than hydroxyapatite ( Pajor, Pajchel, & Kolmas, 2 0 1 9) . Hence, there is a decrease in 
lesion depth in the experimental fluoride-containing paste over the period of use, with more statistical 
significance than the nano-hydroxyapatite paste. 

 
5.  Conclusion 

Following the scope of this study, the use of nano-hydroxyapatite paste under the condition of pH-
cycling for 1 4  days promotes remineralization on early demineralized enamel in the same way as using 
fluoride paste. However, the different characteristics of remineralization should be observed.  
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