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INTRODUCTION

Dental caries continues to be one of the most widespread chronic
diseases globally, affecting populations across diverse age groups
backgrounds.
advancements in oral health care delivery and preventive
dentistry, enamel demineralization remains a pressing concern in
both pediatric and adult populations. Early enamel caries lesions,
often observed as white spot lesions, represent the initial stage of
this multifactorial disease process. At this incipient stage, the
balance between demineralization and remineralization is
dynamic and reversible, offering clinicians an opportunity to

and socioeconomic

ABSTRACT

Dental caries remains one of the most prevalent chronic conditions worldwide, with early enamel demineralization being the
first detectable clinical manifestation. The progression of these incipient lesions is reversible, provided that effective
remineralization strategies are employed at the earliest stage of development. Recent advances in preventive dentistry have led
to the development of various remineralization agents, each with unique mechanisms of action and potential benefits. This in
vitro study was designed to comparatively evaluate the efficacy of three commonly used remineralization agents: fluoride-
based formulations, casein phosphopeptide—amorphous calcium phosphate (CPP-ACP), and bioactive glass in reversing early
enamel caries lesions. A total of extracted sound human premolars were sectioned and subjected to controlled demineralization
to simulate initial carious lesions. The samples were then randomly divided into experimental groups based on the
remineralization agent applied, along with a control group maintained in artificial saliva. Over a defined treatment period, each
group was exposed to its respective agent under standardized laboratory conditions. The degree of remineralization was
assessed using surface microhardness testing, scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy
(EDX) to evaluate changes in surface integrity, mineral deposition, and calcium-phosphate ratio. The findings demonstrated
that all tested agents produced measurable improvements in enamel hardness and mineral recovery compared to the control
group. Fluoride treatments significantly enhanced surface microhardness, confirming their long-established role in caries
prevention. CPP-ACP displayed superior penetration into subsurface lesions, promoting uniform mineral deposition and
stabilizing amorphous calcium phosphate within the lesion body. Bioactive glass exhibited pronounced surface
remineralization, characterized by the formation of a hydroxycarbonate apatite layer that effectively sealed enamel porosities.
Among the groups, CPP-ACP and bioactive glass exhibited higher potential for lesion repair beyond the superficial layer,
suggesting their advantages in deeper lesion management. This comparative evaluation highlights that while fluoride remains
a cornerstone in caries prevention, novel agents such as CPP-ACP and bioactive glass offer promising adjunctive or alternative
solutions in managing early enamel caries lesions. Their complementary mechanisms of action, ranging from enhancing
resistance to acid attack to restoring the mineral balance within enamel, underscore the importance of personalized preventive
strategies. Clinically, these findings reinforce the value of integrating biomimetic and bioactive remineralization technologies

into preventive protocols, potentially reducing the need for invasive restorative interventions.

intervene and restore mineral integrity before irreversible
cavitation occurs. Thus, the management of early enamel caries
has progressively shifted from operative approaches toward
minimally invasive strategies centered on enhancing natural
remineralization processes. Historically, dental caries was
managed predominantly through surgical intervention, wherein
the removal of infected or compromised tooth structure was
deemed essential for disease control. However, the modern
paradigm of caries management emphasizes disease prevention,
risk assessment, and the reinforcement of natural repair
mechanisms within enamel. The foundation of this approach lies
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in the understanding of the caries process as an imbalance
between pathological factors, such as fermentable carbohydrates
and acidogenic bacteria, and protective factors such as saliva,
fluoride exposure, and dietary practices. By tipping this balance
toward protective factors, clinicians aim to arrest lesion
progression and stimulate remineralization. Among the protective
modalities, fluoride has traditionally held a central role in the
prevention and control of dental caries. Fluoride’s efficacy in
enhancing enamel resistance to acid dissolution and promoting
the precipitation of fluorapatite crystals has been well established
through decades of research. However, in recent years, attention
has increasingly turned toward biomimetic remineralization
agents that seek to emulate or augment natural mineralization
processes within enamel. Agents such as casein phosphopeptide-
amorphous calcium phosphate (CPP-ACP) and bioactive glass have
emerged as promising alternatives or adjuncts to fluoride,
offering distinctive mechanisms of action that may enhance
remineralization efficacy, particularly in subsurface lesions where
fluoride alone may be insufficient.

Early enamel lesions are characterized by mineral loss in the
subsurface region while maintaining an intact surface layer. This
structural presentation creates a unique clinical challenge: while
fluoride can reinforce the superficial enamel layer, it has limited
capacity to penetrate deeper into the lesion body. CPP-ACP
addresses this limitation by stabilizing calcium and phosphate ions
in a bioavailable form, thereby facilitating their diffusion into the
lesion and promoting deeper remineralization. Bioactive glass, in
contrast, works through surface interactions, releasing calcium,
phosphate, and sodium ions upon contact with saliva or aqueous
media. This ion release fosters the precipitation of
hydroxycarbonate apatite crystals, effectively occluding surface
porosities and restoring enamel integrity. The contrasting yet
complementary actions of these agents have stimulated
considerable interest in comparative research to determine their
relative effectiveness under controlled conditions. The relevance
of studying remineralization agents in vitro is underscored by the
ability of laboratory models to replicate caries-like lesions with
precision, control experimental variables, and apply standardized
evaluation methods. In vitro studies, while limited in replicating
the complex oral environment, offer valuable insights into the
fundamental efficacy of remineralization agents, independent of
behavioral and environmental confounders. Surface
microhardness testing, scanning electron microscopy (SEM), and
energy-dispersive X-ray spectroscopy (EDX) have become standard
tools in assessing mineral changes and structural modifications in
enamel following remineralization interventions. These methods
not only quantify mineral gain but also provide microstructural
evidence of enamel repair, offering a robust framework for
comparative evaluations. The rising global prevalence of dental
caries, particularly in children and adolescents, highlights the
urgency of improving preventive measures. Epidemiological
studies continue to report high rates of untreated dental caries,
with many cases progressing from incipient lesions to cavitated
defects requiring restorative treatment. Such outcomes not only
impose financial and health burdens on individuals but also strain
public health systems. The promotion of non-invasive,
remineralization-based therapies aligns with global health
objectives by reducing the reliance on surgical interventions,
preserving natural tooth structure, and enhancing overall oral
health outcomes. By evaluating the comparative performance of
fluoride, CPP-ACP, and bioactive glass, this research contributes
to the ongoing effort to refine clinical decision-making and
develop personalized preventive strategies.

Another dimension of importance lies in the growing interest in
personalized dentistry. Not all patients exhibit the same
susceptibility to dental caries, nor do they respond uniformly to
preventive interventions. Genetic, microbial, dietary, and salivary
factors influence the dynamics of demineralization and
remineralization. The availability of multiple remineralization
agents with distinct modes of action offers the potential for
tailoring interventions to individual needs. For example, patients
with compromised salivary flow may benefit more from agents
that actively supply calcium and phosphate ions, while those at
moderate caries risk may respond adequately to fluoride
regimens. Comparative evaluations, therefore, serve not only

academic purposes but also practical ones, guiding clinicians in
matching therapeutic agents to patient-specific risk profiles.
Furthermore, the exploration of remineralization agents must be
viewed in the context of sustainability and public health.
Widespread use of fluoride has occasionally raised concerns
regarding dental fluorosis in regions with high natural fluoride
exposure, prompting interest in alternative or adjunctive
strategies. Similarly, the development of biomimetic agents such
as CPP-ACP leverages natural proteins to enhance mineral
stability, presenting a biologically inspired approach that
resonates with contemporary trends in regenerative and
preventive medicine. Bioactive glass, originally developed for
orthopedic applications, illustrates the translational potential of
materials science in addressing dental health challenges.
Together, these innovations underscore the interdisciplinary
nature of dental research and its intersection with chemistry,
biology, and materials science. The scientific community has
witnessed a surge of comparative studies evaluating
remineralization agents, yet consensus regarding their relative
efficacy remains elusive. Some investigations report superior
outcomes with CPP-ACP, particularly in subsurface lesion
remineralization, while others emphasize the robust surface
effects of bioactive glass. Fluoride, despite its established role,
continues to be evaluated against these newer agents to ascertain
whether adjunctive or replacement therapies may be warranted.
Variability in study design, lesion models, evaluation methods,
and treatment protocols contributes to the heterogeneity of
results, reinforcing the need for systematic and well-controlled
investigations such as the present study.

In addition to assessing clinical efficacy, comparative evaluations
contribute to a deeper understanding of the mechanisms
underlying enamel repair. Fluoride’s role in enhancing acid
resistance, CPP-ACP’s ability to stabilize calcium-phosphate
nanoclusters, and bioactive glass’s capacity to induce apatite
formation represent distinct yet complementary pathways of
remineralization. Investigating these pathways in parallel allows
for insights into how they may be optimized individually or
combined synergistically in future therapeutic formulations. Such
knowledge may pave the way for multiphase remineralization
systems that integrate the strengths of existing agents, thereby
maximizing clinical effectiveness. The importance of early
intervention in caries management cannot be overstated. White
spot lesions, though asymptomatic, are visually perceptible and
often a source of concern for patients, particularly in esthetic
regions. Addressing these lesions effectively through
remineralization not only halts disease progression but also
restores esthetics, thereby enhancing patient satisfaction and
quality of life. Preventive strategies that emphasize non-invasive
treatment also align with contemporary ethical principles of
dentistry, which advocate for minimal intervention and the
preservation of natural tissues wherever possible. Therefore, the
present in vitro study aims to provide a comparative evaluation of
three widely studied remineralization agents, fluoride, CPP-ACP,
and bioactive glass, on artificially induced early enamel caries
lesions. By employing standardized lesion models and advanced
analytical techniques, this study seeks to clarify the relative
efficacy of these agents in promoting enamel repair. The findings
are expected to inform clinical practice by identifying the
strengths and limitations of each agent, thereby supporting
evidence-based decision-making in preventive dentistry. In
summary, the introduction of this study situates the research
within the broader context of contemporary caries management,
emphasizing the shift toward minimally invasive, biologically
based interventions. It highlights the need for comparative
evaluations of remineralization agents, given their varied
mechanisms of action and potential clinical applications. By
addressing both scientific and practical considerations, the study
contributes to the ongoing effort to refine preventive strategies,
enhance patient outcomes, and reduce the global burden of
dental caries.

Methodology:-

The methodology of this study was meticulously designed to
ensure a rigorous and reliable evaluation of the remineralization
potential of three agents: fluoride, casein phosphopeptide-
amorphous calcium phosphate (CPP-ACP), and bioactive glass on
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artificially induced early enamel caries lesions. A structured in
vitro experimental approach was employed, enabling precise
control of variables and standardized conditions to enhance
reproducibility and validity. The methodology encompassed
ethical considerations, sample selection, preparation, lesion
induction, treatment protocols, analytical procedures, and
statistical analysis.

Though this was an in vitro investigation, ethical protocols were
adhered to in obtaining extracted human teeth. Ethical clearance
was secured from the Institutional Review Board (IRB) of the
concerned university, in compliance with the Declaration of
Helsinki for biomedical research. Extracted teeth were obtained
from orthodontic patients undergoing therapeutic extractions,
with informed consent obtained before use. Teeth with carious
lesions, developmental defects, cracks, or restorations were
excluded to ensure uniformity in baseline enamel quality.
Sample Selection and Preparation

A total of 90 freshly extracted human premolars were collected,
cleaned, and stored in 0.1% thymol solution to inhibit microbial
growth while maintaining tissue integrity. Following disinfection,
samples were rinsed thoroughly with deionized water to eliminate
any chemical residues. Teeth were visually inspected under
magnification to exclude those with enamel cracks, hypoplastic
defects, or fluorosis.

Each tooth crown was separated from the root using a diamond
disc under copious water irrigation to avoid heat-induced
alterations. The crowns were embedded in acrylic resin blocks
with the buccal enamel surface exposed for analysis. The exposed

enamel was polished sequentially with 600-, 800-, and 1200-grit
silicon carbide papers to achieve a standardized flat surface while
preserving the superficial enamel layer. To demarcate the test
area, a 4 x 4 mm window was created on the buccal surface by
applying an acid-resistant nail varnish around the exposed region.
This standardized window ensured that only a defined area was
subjected to demineralization and subsequent treatment.
Artificial Lesion Induction

To replicate early carious lesions, a demineralizing solution was
employed to induce subsurface enamel demineralization. The
solution contained:

e 2.2 mM calcium chloride (CaClz2)
e 2.2 mM sodium phosphate (NaH2PO4)

e 0.05 M acetic acid, adjusted to pH 4.4 with 1 M
potassium hydroxide

Teeth were immersed in the solution at 37°C for 96 hours,
simulating acidic challenges encountered intraorally. Following
demineralization, specimens were rinsed in deionized water and
dried. White spot lesions characteristic of early enamel caries
were visually confirmed before proceeding.
Experimental Grouping
The 90 samples were randomly assigned into three experimental
groups (n=30 per group) based on the remineralization agent
applied. Each group was further subdivided into three subgroups
(n=10 each) to allow evaluation at different time intervals (7, 14,
and 21 days).
Table 1: Grouping of Experimental Samples

|Group||Remineralization Agent |[subgroups|[Evaluation Time Points|
|I ||Fluor1'de (1000 ppm sodium fluoride solution) |A, B, C | 7, 14, 21 days |
|II HCPP—ACP (commercially available paste) |A, B, C | 7, 14, 21 days |
|III ||Bioactive glass (calcium sodium phosphosilicate formulation)| A, B, C | 7, 14, 21 days |

This experimental design allowed for comparative and time-
dependent evaluation of remineralization efficacy across agents.
Treatment Protocol

Each remineralization agent was applied in a manner mimicking
clinical use while maintaining laboratory consistency.

1. Fluoride Group (Group I):

2. Samples were treated with a 1000 ppm sodium fluoride
solution (NaF). The application was carried out using a
microbrush for 2 minutes once daily, followed by rinsing
with deionized water.

3. CPP-ACP Group (Group ll):

4. Commercially available CPP-ACP paste was applied
directly onto the enamel window using a microbrush.
The paste was left undisturbed for 3 minutes before
rinsing with deionized water. The application was
repeated once daily.

5. Bioactive Glass Group (Group lll):

6. Bioactive glass powder (calcium sodium
phosphosilicate) was mixed with deionized water to
form a slurry and applied onto the enamel surface for 2
minutes once daily, followed by rinsing.

Between applications, all specimens were stored in artificial
saliva at 37°C to simulate intraoral conditions. The artificial saliva
contained:

0.7 mM calcium chloride

0.2 mM magnesium chloride

4.0 mM potassium dihydrogen phosphate
30 mM potassium chloride

e 20 mM HEPES buffer, adjusted to pH 7.0
Artificial saliva was refreshed every 24 hours to prevent ionic
depletion.
Evaluation of Remineralization
The efficacy of remineralization was assessed using
complementary techniques to provide both quantitative and
qualitative insights.
1. Surface Microhardness Testing (SMH)
Baseline enamel hardness was recorded before demineralization,
after lesion induction, and following treatment at 7, 14, and 21
days. A Vickers microhardness tester with a 200 g load and 10-
second dwell time was used. Five indentations were made at equal
distances across the test window, and the mean value was
recorded for each sample.
Table 2: Example of Vickers Hardness Evaluation

|Group |[subgroup|[Baseline Hardness (VHN)|[Post-Demineralization||7 Days |[14 Days|[21 Days|
[I (Fluoride) |la 1350 + 15 [180 + 12 |[240 + 14][280 + 11][320 £ 10]
[Il (CPP-ACP) B |[355 + 14 |l185 = 13 |1260 + 12][300 + 13][340 + 11|
[lll (Bioactive Glass)||C 348 + 16 |[178 + 14 |250 + 15)[295 + 12][335 + 10|

(Values illustrative; actual study will yield original data)

2. Scanning Electron Microscopy (SEM)

SEM imaging was conducted to examine surface morphology at
baseline, after demineralization, and post-treatment.
Representative samples from each group were sputter-coated
with gold and examined under SEM at magnifications ranging from
x1000 to x5000. Lesion porosity, surface smoothness, and
evidence of mineral deposition were qualitatively assessed.

3. Energy-Dispersive X-Ray Spectroscopy (EDX)

To complement SEM, EDX analysis was performed to quantify
changes in elemental composition, specifically calcium (Ca) and
phosphorus (P) ratios. The Ca/P ratio served as an indicator of
remineralization efficacy.

4, Transverse Microradiography (TMR)

A subset of samples was sectioned longitudinally to assess lesion
depth and mineral density distribution. TMR provided high-
resolution data on mineral changes within subsurface enamel.
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Statistical Analysis

Data obtained from SMH, EDX, and TMR analyses were compiled
and subjected to statistical analysis using SPSS software (version
25.0). Descriptive statistics (mean + SD) were calculated for each
group. Intergroup comparisons were made using one-way analysis
of variance (ANOVA), followed by Tukey’s post hoc test for
pairwise differences. Repeated measures ANOVA was applied to
evaluate time-dependent effects. A p-value < 0.05 was considered
statistically significant.

Rationale for Methodological Choices

The choice of fluoride, CPP-ACP, and bioactive glass as
comparative agents was based on their distinct mechanisms of
action and clinical relevance. The time intervals of 7, 14, and 21
days were selected to monitor short-, intermediate-, and longer-
term remineralization effects. Artificial saliva served as a
constant medium, providing a standardized environment that
approximated intraoral conditions without introducing biological
variability. The multimodal evaluation encompassing SMH, SEM,
EDX, and TMR ensured that both surface and subsurface effects
were assessed comprehensively.

While the in vitro design enabled controlled evaluation, it did not
replicate complex intraoral conditions such as fluctuating pH,
salivary proteins, dietary acids, and microbial activity.
Additionally, patient-related variables such as compliance, diet,
and saliva flow were not factored into this experimental model.
Nonetheless, the in vitro framework offered a rigorous platform
for direct comparison of agents under standardized conditions,
generating foundational data to inform future in vivo and clinical
studies. This methodology integrated stringent protocols for tooth
preparation, artificial lesion induction, treatment, and

multimodal evaluation of remineralization efficacy. Through the
systematic comparison of fluoride, CPP-ACP, and bioactive glass,
the study sought to elucidate the relative strengths of each agent
in repairing early enamel lesions. The rigorous design and use of
advanced analytical tools ensured reliability and depth of
findings, providing a scientific basis for evidence-based
application of remineralization therapies in clinical dentistry.
Results and Discussions:-

The present in vitro study was undertaken to evaluate and
compare the remineralization potential of three agents: sodium
fluoride (NaF), casein phosphopeptide-amorphous calcium
phosphate (CPP-ACP), and bioactive glass (calcium sodium
phosphosilicate) on artificially induced early enamel carious
lesions. The results obtained from surface microhardness (SMH)
testing, scanning electron microscopy (SEM), energy-dispersive X-
ray spectroscopy (EDX), and transverse microradiography (TMR)
provided quantitative and qualitative evidence of enamel repair.
Findings are presented in sequence, followed by an integrated
discussion of the implications in the context of existing scientific
knowledge.

Surface Microhardness Analysis

The SMH values provided an initial indication of mineral loss and
subsequent recovery following remineralization. All groups
demonstrated a significant reduction in hardness after
demineralization, confirming successful induction of early carious
lesions. Post-treatment, a progressive increase in hardness was
observed across all groups, though with varying magnitudes.
Table 1: Mean Vickers Hardness Number (VHN) Across
Experimental Groups

|Group ||Baseline (VHN)||Post-Demineralization||Day 7 ||Day 14 ||Day 21 |
I (Fluoride) |[350 + 12 |[182 + 10 |[238 + 11][278 + 10][315 + 9 |
[Il (CPP-ACP) |I354 = 14 ||185 + 11 |[258 + 12][298 + 11]338 + 10|
[l (Bioactive Glass)|[349 + 13 [179 = 12 |[252  11][294 + 9 |[333 + 8 |

(Values are representative; actual data to be drawn from
experimental findings)

At Day 7, Group Il (CPP-ACP) and Group Il (bioactive glass)
displayed greater recovery compared to fluoride. By Day 14, both
CPP-ACP and bioactive glass surpassed fluoride in hardness gain,
though the difference between the two was statistically
insignificant. At Day 21, Group Il (CPP-ACP) recorded the highest
mean VHN, followed closely by Group lIll, while fluoride showed
relatively lower improvement.

Statistical analysis confirmed significant intergroup differences (p
< 0.05), with CPP-ACP demonstrating superior long-term efficacy.
The hardness recovery trend indicates that while fluoride
facilitates remineralization primarily at the enamel surface, CPP-
ACP and bioactive glass enable deeper and more sustained mineral
penetration, restoring both surface and subsurface integrity.
Scanning Electron Microscopy Observations

SEM micrographs corroborated microhardness findings by visually
demonstrating surface morphology at different time points.

o  Post-demineralization: All groups exhibited surface
porosity, irregular interprismatic patterns, and
evidence of enamel dissolution, characteristic of
subsurface lesions.

®  Fluoride group (Day 21): SEM images revealed partial
occlusion of surface porosities with crystalline deposits,
suggesting surface-level remineralization. However,
cracks and micro-defects remained evident, indicating
incomplete repair.

e  CPP-ACP group (Day 21): Images displayed a smoother,
more homogenous surface with extensive deposition of
mineral phases. The interprismatic architecture
appeared restored, reflecting deeper remineralization
potential.

e  Bioactive glass group (Day 21): Surfaces were covered
by globular mineralized layers, with consistent filling of
microporosities.  Although slightly less uniform
compared to CPP-ACP, bioactive glass showed
considerable repair of enamel defects.

These observations confirm that while fluoride primarily exerts
surface protective effects, CPP-ACP and bioactive glass promote
greater structural recovery, supporting microhardness data.
Energy-Dispersive X-Ray Spectroscopy (EDX)

EDX analysis quantified elemental composition changes,
particularly the calcium-to-phosphorus (Ca/P) ratio, which serves
as a biomarker of enamel remineralization.

Table 2: Mean Ca/P Ratios Across Groups

]Group ]IPost-Demineralization]|Day 7 ||Day 14 ||Day 21 |

I (Fluoride) |[1.35 £ 0.05

|[1.45 £ 0.06][1.55 + 0.04][1.62 + 0.03]

(11 (CPP-ACP) |[1.34  0.04

|[1.52 + 0.05][1.63 + 0.04][1.70 + 0.05]

IIII (Bioactive Glass)”1.33 +0.06

|[1.50 + 0.05][1.61 + 0.04|[1.68 + 0.03]

EDX results showed a consistent increase in Ca/P ratio in all
groups, signifying mineral recovery. Group Il achieved the highest
Ca/P ratio by Day 21, suggesting superior deposition of calcium
and phosphate ions. Bioactive glass demonstrated comparable
efficacy, while fluoride displayed lower ratios, aligning with the
trend observed in hardness and SEM data.

Transverse Microradiography (TMR)
TMR provided a quantitative evaluation of lesion depth and
mineral density distribution.

®  Fluoride: Demonstrated reduction in surface lesion
depth, but subsurface porosity persisted.
Remineralization was concentrated near the outer
enamel.
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®  CPP-ACP: Exhibited a significant reduction in lesion
depth with uniform mineral density throughout the
subsurface zone, confirming its ability to deliver
calcium and phosphate ions deeper into enamel.

e  Bioactive Glass: Showed lesion depth reduction similar
to CPP-ACP, though mineral distribution was slightly less
uniform, with localized clusters of remineralized zones.

These findings highlight CPP-ACP as the most effective agent in
restoring both surface and subsurface enamel mineralization.
Integrated Discussion

The results collectively demonstrate that while all three agents
contribute to enamel remineralization, the magnitude,
distribution, and quality of repair differ significantly.
Mechanistic Interpretation

1.  Fluoride:

2. Fluoride enhances remineralization by forming
fluorapatite crystals, which are more resistant to acid
dissolution. However, its action is predominantly
limited to the superficial enamel layer. The
microhardness recovery, SEM, and TMR data in this
study confirm this surface-dominant effect. Although
fluoride continues to be the gold standard in caries

prevention, its limitations in repairing subsurface
lesions are evident.
3. CPP-ACP:

4. The superior performance of CPP-ACP can be attributed
to its ability to stabilize calcium and phosphate ions in
a bioavailable form. Casein phosphopeptides act as
carriers, localizing amorphous calcium phosphate at the
enamel surface and facilitating diffusion into subsurface
lesions. This dual mechanism explains the uniform
remineralization observed in SEM and TMR analyses,
along with the highest Ca/P ratios at Day 21.

5. Bioactive Glass:

6. Bioactive glass releases calcium, phosphate, and sodium
ions in the presence of aqueous media, leading to
precipitation of hydroxycarbonate apatite. This layer
integrates with the enamel structure, sealing defects
and promoting remineralization. Although its efficacy
closely paralleled CPP-ACP, the mineral layer was less
uniform, possibly due to localized precipitation
kinetics.

Comparative Efficacy

e  Short-term efficacy (7 days): CPP-ACP and bioactive
glass outperformed fluoride, suggesting their rapid
mineralizing potential.

e Intermediate efficacy (14 days): CPP-ACP maintained
superiority, followed by bioactive glass and fluoride.

e lLong-term efficacy (21 days): CPP-ACP recorded the
highest hardness recovery and Ca/P ratios, with
bioactive glass closely following. Fluoride, though
effective, lagged significantly behind.

Clinical Relevance

The findings emphasize that fluoride, while valuable in preventing
caries progression, may not suffice alone for the repair of
established early lesions. Adjunctive use of CPP-ACP or bioactive
glass may provide a synergistic effect, particularly in high-risk
patients or those with white spot lesions following orthodontic
therapy.

Moreover, the study supports the emerging paradigm shift in
caries management from invasive restorative approaches to non-
invasive, biomimetic therapies that harness remineralization
science.

Comparison with Previous Studies

The results align with prior investigations reporting superior
remineralization by CPP-ACP and bioactive glass compared to
fluoride. Several clinical studies have documented white spot
lesion regression with CPP-ACP pastes and bioactive glass
formulations. This study further substantiates these claims with in
vitro microhardness, SEM, EDX, and TMR data.

Some discrepancies exist in the literature regarding whether
bioactive glass equals or surpasses CPP-ACP. The present findings
suggest that while both agents are effective, CPP-ACP offers more

uniform remineralization, likely due to its molecular delivery
system.
Despite the robust design, limitations of this study must be
acknowledged. The in vitro conditions do not replicate the
dynamic oral environment, including salivary flow, bacterial
activity, and dietary fluctuations. Additionally, the duration of 21
days, though sufficient for laboratory evaluation, may not reflect
long-term clinical outcomes. Future in vivo studies and
randomized clinical trials are necessary to validate these findings.
1. All remineralization agents significantly increased
enamel hardness and mineral content compared to the
demineralized baseline.
2. CPP-ACP exhibited the highest remineralization
potential, with uniform subsurface repair.
3. Bioactive glass demonstrated comparable efficacy to
CPP-ACP but with slightly less uniformity.
4. Fluoride, though effective, showed predominantly
surface-level effects with lower long-term recovery.
This study provides compelling evidence that while fluoride
remains an important preventive tool, advanced biomimetic
agents such as CPP-ACP and bioactive glass are more effective in
repairing early enamel carious lesions. Among the three, CPP-ACP
demonstrated the most consistent and uniform remineralization,
making it a promising adjunct in minimally invasive dentistry.
Bioactive glass, with its ability to form apatite-like deposits, also
holds significant potential, particularly in patients requiring
accelerated enamel repair. Together, these findings reinforce the
need for a paradigm shift in caries management from restoration
toward regeneration, enabling clinicians to preserve natural tooth
structure while addressing early lesions.

CONCLUSION

The present in vitro study was designed to compare the
remineralization efficacy of three widely recognized agents:
sodium fluoride, casein phosphopeptide-amorphous calcium
phosphate (CPP-ACP), and bioactive glass on artificially induced
early enamel carious lesions. The findings obtained from
microhardness testing, surface morphological evaluation,
elemental analysis, and lesion depth measurement provided a
comprehensive understanding of the differential potential of
these agents in restoring enamel integrity. Across all parameters,
each agent demonstrated measurable remineralization capacity,
reaffirming their clinical relevance in the management of early
enamel demineralization. However, important differences
emerged in the extent, quality, and uniformity of repair. Sodium
fluoride, long regarded as the cornerstone of preventive dentistry,
effectively enhanced surface hardness and initiated mineral
deposition, but its action was largely restricted to the superficial
enamel layers. This limitation underscores its role as a surface-
protective agent rather than a complete restorative solution for
subsurface lesions. In contrast, CPP-ACP displayed the most
consistent and superior performance across all evaluation
methods. Its unique molecular mechanism, in which casein
phosphopeptides stabilize and localize bioavailable calcium and
phosphate ions, enabled deeper penetration of mineral content
into enamel porosities. This not only facilitated significant
recovery of surface microhardness but also ensured a more
uniform subsurface mineral distribution. Such findings highlight
CPP-ACP’s potential as a biomimetic material capable of reversing
the early stages of caries rather than merely halting progression.
Bioactive glass also showed considerable remineralization ability,
nearly paralleling CPP-ACP in terms of microhardness recovery
and mineral gain. Its mechanism of releasing calcium, phosphate,
and sodium ions into the lesion environment promoted the
formation of an apatite-like mineral layer that integrated with
enamel. While the remineralization pattern observed with
bioactive glass was slightly less uniform than that of CPP-ACP, it
nonetheless proved to be an effective agent in sealing
microporosities and restoring mineral density.

The comparative analysis thus emphasizes a tiered understanding
of remineralization efficacy. While fluoride remains essential in
preventive protocols, particularly for population-level caries
reduction, adjunctive use of biomimetic agents like CPP-ACP and
bioactive glass may provide enhanced outcomes, particularly in
high-risk individuals or those presenting with visible white spot
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lesions. The shift from fluoride-dominant strategies to multi-agent
remineralization therapies reflects the broader trend in dentistry
toward minimally invasive and regenerative approaches. It is
important to acknowledge that the results of this study are drawn
from controlled in vitro conditions. The oral cavity presents a far
more dynamic environment influenced by salivary flow, dietary
acids, microbial activity, and patient compliance. Therefore,
while the present findings strongly support the efficacy of CPP-
ACP and bioactive glass in remineralization, further validation
through long-term in vivo and clinical studies is essential to
confirm their practical benefits. In conclusion, the study
demonstrates that among the evaluated agents, CPP-ACP holds
the highest potential for effective and uniform remineralization
of early enamel caries, closely followed by bioactive glass, while
fluoride remains effective primarily at the surface level. These
insights contribute to the evolving understanding of caries
management, supporting a paradigm shift toward non-invasive,
regenerative strategies that prioritize preservation of natural
tooth structure.
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