
Background
Dental discolorations can be due to various factors and 
may require different treatment durations (1). At-home 
bleaching involves using a custom-fitted tray with a 
bleaching gel every day for a specified period under the 
supervision of a dentist (2).

Numerous techniques are available for bleaching vital 
teeth that rely on the direct application of hydrogen 
peroxide or its precursor, carbamide peroxide (3). The 
success of this technique depends on the peroxides’ ability 
to penetrate or diffuse into the enamel and dentin (4). 

Tooth whiteners are categorized into three classes based 
on the delivered peroxide concentration, including over-
the-counter (up to 10% carbamide peroxide), dentist-
dispensed (up to 20% carbamide peroxide), and in-
office (up to 45% carbamide peroxide or 40% hydrogen 
peroxide) gels (5).

Bleaching agents can drastically alter the morphology, 
composition, hardness, and even the fracture toughness 
of tooth surfaces (6). To lessen the negative effects of 
bleaching treatments, agents that decrease sensitivity 
and strengthen tooth enamel are professionally applied 
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Abstract
Background: Tooth bleaching may result in enamel demineralization and increased surface 
roughness. This study aimed to investigate the effects of at-home bleaching on enamel surface 
morphology and assess the potential of carbonated hydroxyapatite (CHA) as a remineralizing 
agent compared to casein-phosphopeptide-amorphous calcium phosphate nanocomplex (CPP-
ACP).
Methods: Extracted premolars were divided into four groups. Group 1 had no treatment, while 
group 2 was treated with 22% carbamide peroxide. In addition, group 3 was treated with 22% 
carbamide peroxide followed by remineralization with CPP-ACP, and group 4 was treated with 
22% carbamide peroxide followed by remineralization with CHA. After bleaching with 22% 
carbamide peroxide, remineralization agents were applied for seven days. Scanning electron 
microscopy (SEM) and energy-dispersive X-ray spectroscopy were used to evaluate surface 
morphology and elemental composition.
Results: There was a statistically significant reduction in calcium and phosphorus levels but an 
increase in carbon content in Groups 2, 3, and 4 compared to Group 1 (P = 0.000). Group 4 
(bleached and CHA-treated) had the highest carbon content (40.2 ± 0.9 wt (%)). SEM analysis 
revealed a smooth enamel surface in group 1, while group 2 (bleached) displayed increased 
surface irregularities. Groups 3 and 4, treated with CPP-ACP and CHA, respectively, confirmed 
significant mineral deposition on enamel surfaces.
Conclusion: Overall, at-home bleaching with 22% carbamide peroxide caused enamel damage 
and mineral loss. Both CPP-ACP and CHA demonstrated potential for remineralization following 
bleaching. 
Keywords: Tooth bleaching, Casein phosphopeptide-amorphous calcium phosphate 
nanocomplex, Tooth remineralization
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before, during, or after the procedure (7). Clinical trials 
have demonstrated the incidence of tooth sensitivity 
even when desensitizing and remineralizing products are 
applied, which may be attributed to structural changes in 
enamel and dentin (8).

Casein-phosphopeptide-amorphous calcium phosphate 
nanocomplex (CPP-ACP), a milk protein extract, has 
been extensively used due to its proven anticaries effects. 
Some tooth-whitening products incorporate amorphous 
calcium phosphate to reduce sensitivity, promote enamel 
remineralization after bleaching, and enhance tooth luster 
(1). By sealing dentinal tubules, CPP-ACP facilitates 
enamel surface remineralization, thus decreasing 
hypersensitivity. The efficacy of CPP-ACP relies on its 
ability to integrate nanocomplexes onto tooth surfaces 
and within dental plaque, thereby creating a reservoir of 
calcium and phosphate ions (9).

In dentistry, biomimetic approaches involve using 
bioinspired materials to replicate natural remineralization 
processes in damaged or diseased dental hard tissues 
(10). Hydroxyapatite, the main inorganic component 
of human bones and teeth, has been extensively studied 
in regenerative medicine since the mid-1900s due to 
its potential in various biomedical applications. It is 
rich in calcium and phosphate, which play a crucial 
role in promoting the remineralization of enamel that 
has been weakened by demineralization (11). The 
substitution of carbonate anions (CO₃²⁻) for hydroxyl 
or phosphate groups in the hydroxyapatite crystal 
structure creates unique physicochemical properties 
and structural complexities. Carbonated hydroxyapatite 
(CHA), a biomimetic material, has shown potential 
for remineralizing dental tissues. The incorporation of 
carbonate typically reduces crystallinity and increases 
solubility, enhancing biocompatibility, biomimetic 
mineralization, and resorption (12). 

While previous studies have explored how at-home 
bleaching affects enamel surface morphology (13), 
the efficacy of CHA as a remineralizing agent in this 
context remains largely unexplored, warranting further 
investigation.

Accordingly, this research seeks to assess the effects of 
carbamide peroxide bleaching on enamel microstructure 
and mineral content, as well as the potential remineralizing 
effects of CHA on bleached enamel.

Methods
To ensure adherence to ethical guidelines, the study 
protocol was reviewed and granted authorization by 
an Institutional Review Board (with reference number 
SRB/SDC/PhD/ENDO-2309/23/TH-081). CHA was 
synthesized through a precipitation technique, following 
a previously established protocol from our prior research. 
The process utilized calcium nitrate tetrahydrate and 
diammonium hydrogen phosphate as sources of calcium 
and phosphate, respectively, in a 1:0.6 M molar ratio. 
Sodium hydrogen carbonate was employed to supply 

carbonate ions. The mixture containing carbonate and 
phosphate was slowly added to the calcium ion solution, 
which resulted in the formation of precipitates. The 
resulting material was subsequently dried and then 
ground into a fine powder. The detailed characterization 
of this CHA has already been reported in our earlier 
publication (14).

Sample Preparation
This study adopted the methodological framework 
outlined by Melo et al (15). A total of 45 premolars 
extracted exclusively for orthodontic purposes were 
utilized in the study. The specimens were carefully 
inspected under 10x magnification, with those showing 
fractures, decay, or innate enamel defects being excluded. 
The teeth were stored in distilled water at 25°C until study 
initiation. To obtain standardized test specimens, the 
teeth underwent a three-step sectioning process using a 
laboratory trimmer (Marathon, Korea) equipped with 
a diamond disc (Marathon, Korea) operating at 400 
rpm. First, horizontal sectioning was performed at the 
cementoenamel junction. Subsequently, a mesiodistal 
cut separated the mesial and distal surfaces of the crown. 
Finally, a buccolingual cut isolated the buccal surface 
from the palatal/lingual surface, resulting in 40 samples 
measuring 3 × 3 × 3 mm ( ± 0.25 mm). Post-sectioning, 
the samples were cleaned ultrasonically in water and 
dried, and their dentin margins were coated with nail 
varnish to prevent bleaching agent leakage. The sample 
size calculation, performed using G*Power software, 
determined that 40 samples were required, with 10 samples 
in each of the 4 groups. This calculation was based on an 
alpha level of 0.05, a statistical power (β) of 0.9, and an 
effect size of 0.47. The samples were randomly assigned 
to four groups via simple randomization using a random 
number generator. Group 1 received no treatment, and 
group 2 was treated only with the bleaching agent. Group 
3 received the bleaching protocol followed by CPP-ACP, 
and group 4 received the bleaching protocol followed by 
CHA.

Bleaching and Remineralization Procedure
Before applying the bleaching agent, the samples were 
dried using sterile gauze. The bleaching agent, a 22% 
carbamide peroxide in a neutral pH gel (FGM Whiteness 
Perfect Home Bleach, FGM Productos Odontologicos 
Ltd. a, Joinville, SC, Brazil) of approximately 0.25 g, was 
applied to labial tooth surfaces using applicator tips. 
The entire enamel surface was covered to ensure even 
distribution. The agent remained on the surface for 4 
hours daily over 14 days. During and after treatment, 
specimens in groups 2, 3, and 4 were stored in artificial 
saliva (ICPA Wet Mouth, ICPA Health Products Ltd., 
Adarsh Industrial Estate, Andheri, Mumbai). Post-
bleaching, group 3 was treated with approximately 0.5 
g of 10% CPP-ACP (Tooth Mousse, GC, Tokyo, Japan), 
a commercial remineralizing agent. Group 4 received a 
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0.1 M CHA treatment using a homogenous suspension 
of CHA powder and distilled water. These agents were 
carefully applied for 3 minutes daily with a microbrush 
for 7 days. After each application, the samples were 
dried using sterile gauze and then immersed in regularly 
refreshed artificial saliva (ICPA Wet Mouth, ICPA 
Health Products Ltd., Adarsh Industrial Estate, Andheri, 
Mumbai). Table 1 details the composition of materials 
used in this study.

Micromorphological and Microanalytical Investigation 
Using Scanning Electron Microscopy-Energy-Dispersive 
X-Ray Spectroscopy
The samples’ surface morphology was evaluated using 
scanning electron microscopy (SEM). For SEM analysis, all 
samples were secured onto aluminum stubs. Subsequently, 
a uniform palladium-gold sputter coating was applied for 
two minutes. SEM imaging (TESCAN VEGA 3, Czech 
Republic) was performed at magnifications ranging from 
5000 × to 10000 × .

Quantitative EDX (D-12489, BRUKER Nano, GmbH, 
Germany) point analysis, in conjunction with SEM 
analysis, was conducted on the enamel surface to quantify 
the elemental concentrations (in weight percent) of 
calcium and phosphorus. EDX is frequently combined 
with SEM to enable elemental analysis with high spatial 
resolution. The method involves directing high-energy 
electrons onto a sample, resulting in the emission of 
characteristic X-rays. These X-rays are detected and 
analyzed to identify the elemental composition of the 
sample (16).

Statistical Analysis
Statistical analysis involved calculating means and 
standard deviations (SDs) for the weight percentages of 
calcium, phosphorus, and carbon using SPSS software 
(version 20.0, SPSS Inc., Chicago, IL, USA). A one-
way analysis of variance was employed to evaluate 
and compare the mean weight percentages of calcium, 
phosphorus, and carbon across the groups. Eventually, 
pairwise comparisons between groups were conducted 
using Tukey’s post-hoc testing, with statistical significance 
determined at P < 0.05.

Results 
The average calcium, phosphorus, and carbon levels 
were assessed in all four groups, the results of which are 
presented in Table 2. Group 1 (control) exhibited mean 

calcium and phosphorus levels of 31.5 ± 0.7 wt (%) and 
14.0 ± 0.6 wt (%), respectively. There was a statistically 
significant decrease in calcium and phosphorus values 
in all the other groups compared to sound enamel in 
group 1 (Table 2 and Figure 1). However, a statistically 
significant increase was found in the levels of carbon in all 
the groups except group 1 (P = 0.000). Group 4 (bleached 
and CHA-treated) had the highest carbon content with a 
mean of 40.2 ± 0.9 wt (%), followed by groups 2 (bleached) 
and 3 (bleached and CHA-treated) (P = 0.000). Post-hoc 
multiple comparisons of calcium, phosphorus, and carbon 
levels among different groups are provided in Table 3.

The SEM analysis of group 1 demonstrated enamel 
with a smooth and uniform surface topography 
(Figure 2A). Group 2 revealed a significant increase in 
surface irregularities following the bleaching procedure 
(Figure 2B). Compared to the other groups, SEM analysis 
showed a significant increase in the amount of superficial 
mineral deposits on the surfaces in groups 3 and 4. 
Figures 2C and 2D illustrate mineral distribution on 
bleached enamel remineralized with CPP-ACP and CHA.

Discussion
This study evaluated the remineralization potential of 
CHA on enamel that had undergone bleaching. The 
applied CHA was synthesized through precipitation and 
characterized as b-type CHA (14). The study employed 22% 
carbamide peroxide, a common at-home dental bleaching 
agent, which breaks down into hydrogen peroxide and 
urea (17). Vital tooth bleaching with carbamide peroxide 
often results in dentin hypersensitivity, possibly due to 
the diffusion of breakdown products through enamel 
and dentin to the pulp (18). As enamel lacks cells that 
may generate an extracellular matrix, apatitic crystals 
cannot spontaneously re-deposit in enamel and dentine 
after being disintegrated or abraded (19). Applying 
remineralizing agents post-bleaching has been proposed 
to mitigate the negative effects of the process (20).

CPP-ACP was chosen as a comparison due to its 
extensive research history and proven positive outcomes. 
The study utilized SEM and EDX for high-resolution 
surface morphology imaging and quantitative elemental 
analysis, respectively, providing a comprehensive 
assessment of morphological and compositional changes 
in the enamel.

Impact of Bleaching on Enamel
Surface analysis revealed damaged enamel areas in group 2 

Table 1. Composition of Materials Used in the Study

Material Composition

Whiteness Perfect bleaching gel (FGM Productos 
Odontologicos Ltd. a, Joinville, SC, Brazil)

22% carbamide peroxide, Carbopol, potassium hydroxide, sodium fluoride, glycerol, and deionized 
water

Tooth Mousse (“GC”, MI Paste, GC Corp., 
TOKYO, Japan)

Pure water, glycerol, Recaldent (CPP-ACP), D-sorbitol, CMC-Na, propylene glycol, silicon dioxide, 
titanium dioxide, xylitol, phosphoric acid, flavoring, zinc oxide, guar gum, propyl p-hydroxybenzoate, 
and butyl p-hydroxybenzoate

Artificial saliva (Wet Mouth, ICPA Health Products 
Ltd., Adarsh Industrial Estate, Andheri, Mumbai)

Water ,  g lycer in,  sorbi tol ,  propylene glycol ,  PEG 40 HCO, poloxamer,  sodium 
benzoate,  sodium CMC, f lavour ,  cety lpyr idinium chlor ide,  parabens,  xyl i to l ,  xanthan 
gum, disodium hydrogen phosphate,  and sodium dihydrogen phosphate
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(Figure 2A), which underwent bleaching only, supporting 
the concept that bleaching can demineralize enamel and 
potentially increase susceptibility to erosion and caries. 
Groups treated with remineralizing agents, such as 
CPP-ACP and CHA, demonstrated evidence of surface 
remineralization, indicated by crystal deposition around 
enamel prisms (Figures 2C and 2D). This suggests that 
while these agents may not fully reverse mineral loss from 
bleaching, they may offer some protective benefits. EDX 
analysis confirmed a statistically significant reduction 
in calcium and phosphorus levels in groups 2, 3, and 4 
compared to group 1, likely due to the demineralizing 
effect of hydrogen peroxide. Group 4, treated with 
CHA, exhibited lower calcium levels and higher carbon 
content than the other groups, yet represented tooth 
remineralization under SEM. This could highlight the 
successful incorporation of carbon into the hydroxyapatite 
structure by CHA, potentially affecting overall mineral 
content measurement, with remineralization possibly 
resulting from increased carbonate deposition on the 
bleached enamel. This framework can subsequently 
facilitate the deposition of minerals, such as calcium 
and phosphate, enhancing remineralization. Additional 
research into the precise composition of the remineralized 
layer would be valuable.

The significant decrease of calcium in all the groups, 
except in group 1, was due to the loss of calcium and 
phosphorus content due to bleaching. Ben-Amar et al 
utilized SEM to assess the impact of Opalescence home 
bleaching (10% carbamide peroxide) on enamel surface 
topography (21). Their findings revealed that bleaching 
caused superficial enamel defects (pitting), attributed to 
the presence of highly reactive hydroxyl radicals in the 
bleaching agent. These radicals facilitate the removal of 
organic components from the enamel, potentially altering 
its mechanical properties, including abrasion resistance.

The findings of the study are consistent with those 
of Melo et al (15), indicating that CPP-ACP and 
hydroxyapatite showed a more pronounced accumulation 
of surface deposits compared to formulations containing 
8% arginine or fluoride. The present study supports the 
findings of Godinho et al (22), demonstrating a decrease 
in enamel calcium and phosphorus content following 
bleaching procedures. They examined the effectiveness of 
post-bleaching remineralization strategies using casein-
phosphopeptide-amorphous calcium phosphate fluoride 
paste and xylitol-coated calcium phosphate fluoride 
varnish and reported that both agents successfully 
restored enamel surface morphology, with fluoride 
varnish underlining superior restorative effects.

Remineralization Potential of Carbonated 
Hydroxyapatite and Casein-Phosphopeptide-
Amorphous Calcium Phosphate
Casein phosphopeptides, derived from the proteolytic 
breakdown of milk proteins, such as αS1-, αS2-, and 
β-casein, contain a key cluster sequence, Ser(P)-Ser(P)-
Ser(P)-Glu-Glu, which helps stabilize the nanoclusters 
of ACP (23). ACP maintains a supersaturated state of 
calcium and phosphate ions on the enamel surface, 
thereby facilitating remineralization. The synergistic 
interaction between casein phosphopeptide and calcium 
phosphate components within ACP is believed to support 
this mechanism of action. 

Nagi et al (20) investigated the impact of different 
bleaching methods on enamel erosion. They treated 
enamel with 25% hydrogen peroxide, followed by an 
application of ACP gel, and used Nite White ACP, 
an at-home bleaching product with pre-incorporated 
ACP. Enamel treated with hydrogen peroxide and then 

Table 2. Elemental Analysis Data (wt%) for Each Group as Means ± SD 

EDX Elemental Analysis of Enamel Surfaces

Groups Mean Calcium Mean Phosphorus Mean Carbon

1 31.5 ± 0.7 14.2 ± 0.6 0

2 25.6 ± 1.0 9.4 ± 0.8 9.5 ± 0.7

3 26.5 ± 0.7 12.2 ± 0.6 6.4 ± 0.7

4 18.7 ± 0.2 7.8 ± 0.2 40.2 ± 0.9

Note. SD: Standard deviation; EDX: Energy-dispersive X-ray spectroscopy.

Figure 1. Mean Values of Calcium, Phosphorus, and Carbon Across the 
Four Groups. Note. CI: Confidence interval; ACP: Amorphous calcium 
phosphate; ChA: Carbonated hydroxyapatite. *Significant increase in the 
levels of calcium and carbon among the groups

Table 3. Post-hoc Multiple Comparisons of Calcium, Phosphorus, and 
Carbon Levels Among Different Groups

Intergroup Comparison
Post-hoc Multiple Comparisons (P < 0.05)

Calcium Phosphorus Carbon

1 2 0.00 0.00 0.00

1 3 0.00 0.00 0.00

1 4 0.00 0.00 0.00

2 3 0.06 0.00 0.00

2 4 0.00 0.00 0.00

3 4 0.00 0.00 0.00
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ACP gel represented a relatively smooth surface, with 
minimal pores and no visible etching. In contrast, enamel 
bleached with Nite White ACP displayed more significant 
morphological changes when subjected to erosion.

Group 4 showed a substantial increase in carbon 
content compared to other groups. The incorporation of 
carbonate ions into the hydroxyapatite structure leads to 
the formation of point defects and vacancies in the Ca-
sublattice and OH-sublattice, as well as microstrains in 
CHA nanocrystals. This increased defect concentration 
enhances the bioactivity of CHA samples (24). This could 
explain why CHA was able to remineralize enamel despite 
having lower calcium levels. Research has demonstrated 
that CHA can promote the deposition of a biomimetic 
apatite coating on enamel and dentine surfaces, potentially 
aiding in the remineralization process after teeth have 
undergone bleaching treatments (19).

Consistent with the findings of Rimondini et al 
(25), CHA displayed promising potential for dentin 
remineralization. They reported the material’s 
effectiveness in remineralizing dentin surfaces etched 
by orthophosphoric acid. They further concluded 
that CHA rapidly decreased exposed dentinal tubules, 
leading to mineralized tissue regeneration within hours. 
Its biomimetic properties allow it to adhere to tooth 
surfaces and promote mineral deposition, crucial for 
restoring bleaching-compromised tooth structure. The 
incorporation of ions, such as carbonate, zinc, fluoride, 
magnesium, and strontium, into hydroxyapatite has been 
shown to influence the formation, growth, alignment, and 
dissolution properties of the crystals (26).

Contemporary dentistry must adapt to evolving 
lifestyles and address challenges such as demineralization, 
which can result in significant oral health issues, including 

sensitivity, occlusal alterations, and potential tooth loss 
(27). This research underscores the potential adverse 
effects of at-home bleaching on enamel mineral content 
and suggests that both CPP-ACP and CHA may provide 
remineralizing benefits post-bleaching. Additional studies 
quantifying mineral deposition and composition would 
be beneficial. More research is needed to fully understand 
these agents’ effectiveness in restoring mineral loss and 
the specific mechanisms of CHA’s carbon incorporation.

Limitations of the Study
This study has some limitations, including the need for 
validation through larger sample sizes and extended 
observation periods to confirm the long-term efficacy 
of CHA and other remineralizing agents. In addition, 
the in vitro nature of the study limited its ability to fully 
replicate the oral cavity’s complexities, necessitating in 
vivo investigations to corroborate findings in a more 
clinically relevant context. Individual variations in 
enamel composition and response to bleaching and 
remineralizing agents were not considered, potentially 
affecting the generalizability of our results.

Conclusion
It can be concluded that 22% carbamide peroxide caused 
morphological alterations in enamel and decreased its 
calcium and phosphorus content. Nonetheless, the post-
bleaching application of the investigated remineralizing 
agents demonstrably restored the surface topography of 
the enamel and replenished its mineral content.
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Figure 2. (A) SEM Image of Intact Enamel (Group 1), (B) SEM Image of Enamel Exposed to Carbamide Peroxide (Group 2), (C) SEM Image of Bleached 
Enamel Remineralized With CPP-ACP (Group 3), and (D) SEM Image of Bleached Enamel Remineralized With CHA (Group 4). Note. SEM: Scanning electron 
microscopy; CPP: Casein-phosphopeptide; ACP: Amorphous calcium phosphate nanocomplex. (A) A smooth surface morphology can be observed. (B) The 
bleaching agent caused porosities, depressions, and superficial alterations
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