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ABSTRACT:  

Background: Early enamel lesions are potentially reversible because demineralization and 
remineralization are dynamic processes influenced by calcium, phosphate, fluoride, saliva, 
and topical remineralizing agents.[1–8] Objective: To compare the simulated 
remineralization performance of a negative control, a fluoride-based synthetic agent, two 
natural remineralizing agents, and a combination/test formulation using enamel 
microhardness, surface roughness, lesion depth, and percentage remineralization.[9–16]  

Methods: Two hundred synthetic enamel-specimen records were equally allocated to five 
groups (n=40 each). Baseline microhardness, post-demineralization microhardness, post-
treatment microhardness, surface microhardness recovery, surface roughness, lesion 
depth, mineral loss, remineralization percentage, final pH, and treatment duration were 
analyzed. One-way ANOVA with Tukey post-hoc testing was used for between-group 
comparisons.  

Results: Mean post-treatment microhardness ranged from 235.13 ± 13.21 VHN in the 
negative control to 298.02 ± 11.71 VHN in the combination/test group. Overall 
differences were significant (F=132.27, p<0.001). Remineralization percentage also 
differed significantly among groups (F=45.68, p<0.001), with means of 65.88 ± 5.04%, 
78.00 ± 4.91%, 74.06 ± 4.80%, 76.25 ± 5.11%, and 79.37 ± 5.04% for G1–G5, 
respectively. Lesion depth differed significantly (F=32.90, p<0.001), whereas final 
roughness showed a smaller but statistically significant overall difference (F=2.55, 
p=0.040).  

Conclusion: In the synthetic dataset, the combination/test formulation produced the 
highest post-treatment microhardness and remineralization percentage, while the negative 
control showed the least favorable mineral recovery. These findings are hypothesis-
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generating and require validation using a real, prospectively designed in vitro experiment 
with identified natural agents, standardized protocols, and independent specimen-level 
measurements. 

 

INTRODUCTION 

Dental caries begins with an imbalance between mineral loss and mineral gain at the tooth–biofilm interface. Early enamel 

lesions can remain noncavitated and potentially reversible when environmental conditions favor mineral deposition over 

dissolution.[1–2] Fluoride remains the most extensively supported anticaries agent because low concentrations can inhibit 

demineralization and enhance remineralization by modifying the mineral phase and promoting formation of less soluble 

fluoridated apatite.[3–8] The search for additional remineralization strategies has expanded beyond conventional fluoride. 

Calcium- and phosphate-based systems, including amorphous calcium phosphate, casein phosphopeptide-amorphous calcium 

phosphate (CPP-ACP), functionalized tricalcium phosphate, and related technologies, aim to increase the local availability of 

mineral ions at subsurface lesions.[9,17,25–27,33–35] Systematic reviews indicate that CPP-ACP can improve enamel 

microhardness and surface characteristics, although comparative evidence remains heterogeneous and does not establish that 

it should replace fluoride as the standard of care.[25,26,37,50] Bioactive glass is another approach based on ion release and 

formation of mineral phases at the tooth surface. Laboratory studies have demonstrated improvements in microhardness, 

surface roughness, mineral recovery, and lesion characteristics after exposure to bioactive glass formulations.[13–

20,32,36,37,50] Recent work has also examined fluoride-containing bioactive glasses, hydroxyapatite-containing formulations, 

and combinations designed to enhance ion availability.[13,32,36,42,50] Natural remineralizing agents are of interest because 

plant- and food-derived compounds may provide mineral ions, polyphenols, buffering activity, or other physicochemical effects 

that influence enamel repair. However, natural products are highly heterogeneous with respect to composition, concentration, 

pH, and mechanism. Comparative laboratory studies are therefore necessary before claims of superiority can be made.[21–

24,46] Surface microhardness is commonly used as a quantitative surrogate for changes in mineral-related mechanical properties, 

while profilometry provides information on surface roughness. Lesion depth and mineral-loss measurements can complement 

these techniques by characterizing the extent of demineralization and subsequent recovery.[10–12,22,28–31,38–42] The present 

study compares five treatment groups in a synthetic 200-specimen dataset: a negative control/artificial saliva group, a fluoride-

based synthetic remineralizing agent, two natural remineralizing agents, and a combination/test formulation. The objective was 

to determine whether the experimental groups differed in post-treatment microhardness, surface microhardness recovery, 

surface roughness, lesion depth, and percentage remineralization. 

MATERIALS AND METHODS 

Study design and dataset 

The supplied workbook contains 200 synthetic enamel-specimen records intended for methodological and statistical practice. 

It explicitly states that the data do not represent observations from actual participants or specimens and that the experimental 

unit is a specimen/tooth sample. Five groups contain 40 records each. Accordingly, this manuscript is a statistical simulation 

draft rather than a report of a completed laboratory experiment. 

Experimental groups 

G1 (40 specimens): Negative control / Artificial saliva. 

G2 (40 specimens): Fluoride-based synthetic remineralizing agent. 

G3 (40 specimens): Natural remineralizing agent 1. 

G4 (40 specimens): Natural remineralizing agent 2. 

G5 (40 specimens): Combination / test formulation. 

Outcome measures 

Recorded outcomes included baseline Vickers microhardness number (VHN), post-demineralization VHN, post-treatment 

VHN, surface microhardness recovery percentage, baseline/post-demineralization/post-treatment surface roughness (Ra, µm), 

lesion depth (mm), mineral loss percentage, remineralization percentage, final pH, and treatment duration in days. The dataset 

also contains specimen identifiers and treatment-group labels. 
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Statistical analysis 

Continuous variables were summarized as mean ± standard deviation. One-way analysis of variance (ANOVA) was used to 

compare the five groups for post-treatment microhardness, surface microhardness recovery, post-treatment roughness, lesion 

depth, and remineralization percentage. Tukey honestly significant difference testing was used for pairwise comparisons when 

the omnibus ANOVA was significant. Paired comparisons between baseline and post-demineralization, and between post-

demineralization and post-treatment microhardness, were examined descriptively using paired t tests. Statistical significance was 

set at p<0.05. Because the dataset is synthetic, these tests are demonstrations of the intended analytical workflow rather than 

evidence from an actual experiment. 

RESULTS 

Figures 

 

Figure 1. Mean surface microhardness (VHN) at baseline, after demineralization, and after treatment across the five 

experimental groups. Values are derived from the synthetic 200-specimen dataset. 

 

Figure 2. Mean remineralization percentage across the five experimental groups. Higher values indicate greater calculated 

recovery in the synthetic dataset. 
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Figure 3. Mean lesion depth after the experimental remineralization protocols across the five groups. Lower values indicate 

shallower residual lesions. 

 

Figure 4. Mean post-treatment surface roughness (Ra, µm) across the five experimental groups. Lower Ra indicates a 

smoother enamel surface. 

 

Figure 5. Relationship between post-treatment surface microhardness and calculated remineralization percentage in 

individual synthetic specimens. 
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Graphical interpretation of findings 

Figure 1 demonstrates the reduction in surface microhardness following demineralization and subsequent recovery after 

treatment in all groups. The largest mean post-treatment hardness was observed in G5, followed by G2 and G4. Figure 2 shows 

the highest mean calculated remineralization percentage for G5, followed by G2, G4, G3, and G1. Figure 3 shows that G5 had 

the lowest mean lesion depth, whereas G1 had the greatest residual lesion depth. Figure 4 shows the lowest post-treatment 

surface roughness in G5, with G1 showing the highest mean roughness. Figure 5 provides a specimen-level visualization of the 

relationship between post-treatment hardness and calculated remineralization percentage. 

Figures 1–5 should be interpreted together with Tables 1–4 and the inferential statistics. All figures are descriptive visualizations 

of the supplied synthetic dataset and do not represent measurements from actual human clinical specimens. 

ADDITIONAL FIGURE 

 

Figure 6. Post-treatment surface microhardness (VHN) by experimental group. Values represent group means calculated 

from the supplied 200-specimen synthetic dataset. G1, negative control/artificial saliva; G2, fluoride-based synthetic 

remineralizing agent; G3, natural remineralizing agent 1; G4, natural remineralizing agent 2; G5, combination/test 

formulation. 

 As shown in Figure 6, G5 demonstrated the highest mean post-treatment microhardness, followed by G2, G4, G3, and G1, 

supporting the group differences reported in the statistical analysis. 

GROUP CHARACTERISTICS 

The dataset contained 200 records distributed equally across five groups (40 per group). The treatment groups were a negative 

control/artificial saliva group (G1), a fluoride-based synthetic remineralizing agent (G2), natural remineralizing agent 1 (G3), 

natural remineralizing agent 2 (G4), and a combination/test formulation (G5). 

Group Treatment n Post-treatment VHN, mean 

± SD 

G1 Negative control / Artificial 

saliva 

40 235.13 ± 13.21 

G2 Fluoride-based synthetic 

remineralizing agent 

40 290.30 ± 15.46 
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G3 Natural remineralizing agent 

1 

40 264.04 ± 13.85 

G4 Natural remineralizing agent 

2 

40 279.67 ± 14.00 

G5 Combination / test 

formulation 

40 298.02 ± 11.71 

Table 1. Treatment groups and post-treatment microhardness. 

MICROHARDNESS 

Post-treatment microhardness differed significantly among the five groups (F=132.27, p<0.001). G5 had the highest mean 

value (298.02 ± 11.71 VHN), followed by G2 (290.30 ± 15.46 VHN), G4 (279.67 ± 14.00 VHN), G3 (264.04 ± 13.85 VHN), 

and G1 (235.13 ± 13.21 VHN). Tukey analysis showed significant differences for all pairwise comparisons except G2 versus 

G5 (p=0.090). 

Group Post-treatment VHN SMHR (%) Final Ra (µm) Remineralization (%) 

G1 235.13 ± 13.21 115.11 ± 26.26 0.64 ± 0.09 65.88 ± 5.04 

G2 290.30 ± 15.46 130.00 ± 0.00 0.65 ± 0.09 78.00 ± 4.91 

G3 264.04 ± 13.85 129.99 ± 0.04 0.63 ± 0.11 74.06 ± 4.80 

G4 279.67 ± 14.00 130.00 ± 0.00 0.61 ± 0.11 76.25 ± 5.11 

G5 298.02 ± 11.71 130.00 ± 0.00 0.59 ± 0.10 79.37 ± 5.04 

Table 2. Principal remineralization outcomes across groups. 

SURFACE MICROHARDNESS RECOVERY 

Surface microhardness recovery showed a significant overall group effect (F=12.86, p<0.001). The control group had a mean 

recovery of 115.11 ± 26.26%, whereas G2, G3, G4, and G5 each had approximately 130% recovery. Tukey testing demonstrated 

that G1 differed significantly from every treatment group (all p<0.001), while the four active treatment groups did not differ 

significantly from one another. Because several treatment values were capped at 130% in the supplied synthetic dataset, this 

outcome should be interpreted cautiously. 

SURFACE ROUGHNESS 

Post-treatment surface roughness showed a modest overall difference (F=2.55, p=0.040). Mean Ra values ranged from 0.59 ± 

0.10 µm in G5 to 0.65 ± 0.09 µm in G2. However, none of the individual Tukey pairwise comparisons reached statistical 

significance after multiplicity adjustment; the closest comparison was G2 versus G5 (p=0.0504). 

LESION DEPTH AND REMINERALIZATION 

Lesion depth differed significantly among groups (F=32.90, p<0.001). Mean lesion depth was greatest in G1 (0.82 ± 0.11 mm) 

and lowest in G5 (0.58 ± 0.10 mm). Tukey testing showed that G5 had significantly shallower lesions than G1, G2, G4, and 

G3, while G2 and G4 did not differ significantly. Remineralization percentage also differed strongly among groups (F=45.68, 

p<0.001). G5 had the highest mean remineralization (79.37 ± 5.04%), followed by G2 (78.00 ± 4.91%), G4 (76.25 ± 5.11%), 

G3 (74.06 ± 4.80%), and G1 (65.88 ± 5.04%). 

WITHIN-GROUP MICROHARDNESS CHANGES 

G1: baseline versus post-demineralization p=7.1e-21; post-demineralization versus post-treatment p=3.6e-23. 

G2: baseline versus post-demineralization p=2.72e-20; post-demineralization versus post-treatment p=2.4e-31. 

G3: baseline versus post-demineralization p=3.57e-19; post-demineralization versus post-treatment p=5.82e-30. 
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G4: baseline versus post-demineralization p=6.3e-20; post-demineralization versus post-treatment p=1.51e-32. 

G5: baseline versus post-demineralization p=1.03e-18; post-demineralization versus post-treatment p=2.28e-37. 

Across the synthetic dataset, demineralization was associated with a reduction in microhardness followed by recovery after 

treatment. The magnitude of recovery varied by treatment group, with the largest post-treatment values observed in the 

combination/test formulation and fluoride-based synthetic agent. 

DISCUSSION 

The principal simulated finding was a strong difference in post-treatment microhardness among the five groups. The 

combination/test formulation produced the highest mean VHN, closely followed by the fluoride-based synthetic agent. This 

pattern is consistent with the established principle that remineralization is promoted when calcium, phosphate, and fluoride are 

available at the lesion interface and when the solution is favorable for mineral precipitation.[3,6,9,13,17,25,33–35,42] 

The superiority of G5 over the negative control was also reflected in lesion depth and percentage remineralization. Experimental 

studies using bioactive glass, calcium phosphate systems, and fluoride-containing formulations have similarly used 

microhardness, mineral loss, lesion depth, profilometry, and imaging as complementary indicators of enamel repair.[18–20,28–

32,36,42,47–49] The fluoride group performed strongly, which is consistent with fluoride's well-established role in shifting the 

demineralization–remineralization balance toward mineral preservation and repair.[3–8,11,21] Contemporary evidence 

continues to support fluoride as the benchmark against which newer remineralization technologies should be 

compared.[5,6,21,37,43–45] The natural remineralizing groups showed intermediate performance in the simulated dataset. This 

is potentially relevant because natural agents may provide alternative sources of calcium, phosphate, polyphenols, buffering 

compounds, or biomimetic activity. Nevertheless, the present workbook does not identify the chemical composition of Natural 

remineralizing agent 1 or 2. Consequently, it would be inappropriate to assign a specific natural product or mechanism to either 

group.[23,24,46] Surface roughness demonstrated a different pattern from microhardness. Although the overall ANOVA was 

statistically significant, no Tukey-adjusted pairwise comparison was significant. This illustrates why reliance on the omnibus p 

value alone can overstate the strength of between-group evidence. Surface topography is influenced by demineralization, 

mineral precipitation, specimen preparation, polishing, and treatment chemistry, and should therefore be interpreted alongside 

mechanical and mineral outcomes rather than in isolation.[18,20,28–30,36,42] The SMHR variable deserves particular caution. 

The active groups were essentially identical at approximately 130%, while the negative control showed a lower mean. Because 

the dataset notes controlled synthetic variation and the values appear bounded, this endpoint may contain an imposed ceiling 

effect. In a real experiment, microhardness recovery should be calculated from independently measured baseline, demineralized, 

and post-treatment values using a prespecified formula and should not be artificially constrained. Recent systematic reviews 

continue to emphasize that remineralization technologies are promising but heterogeneous. CPP-ACP has demonstrated 

improvements in microhardness and surface characteristics in several analyses, yet comparisons with fluoride remain 

inconsistent.[25,26,37,50] Bioactive glass has also shown favorable laboratory effects, including improvements in microhardness 

and surface mineral deposition.[13,18–20,36,50] These observations support comparative laboratory research but reinforce the 

need for standardized protocols before ranking agents across studies. An important strength of the proposed design is the use 

of several complementary endpoints. Microhardness provides a mechanical surrogate, roughness describes surface morphology, 

lesion depth characterizes lesion geometry, and percentage remineralization summarizes mineral recovery. The use of multiple 

endpoints can reduce the risk of drawing conclusions from a single measurement, provided that primary and secondary 

outcomes are prespecified and multiplicity is addressed [51-55]. The major limitation is that the dataset is synthetic. It cannot 

establish that any natural or synthetic agent actually remineralizes human enamel, cannot estimate biological variability, and 

cannot be used as evidence of superiority. A publishable experimental study would require authenticated extracted teeth, 

ethical/biological source documentation where applicable, standardized preparation, randomized specimen allocation, blinded 

outcome assessment, defined demineralization and remineralization protocols, validated measurement methods, and complete 

material compositions. 

Finally, the distinction between specimens and participants should be maintained throughout the manuscript. The experimental 

unit in this dataset is a synthetic tooth/enamel specimen, not a human participant. The final paper should therefore use terms 

such as 'specimens,' 'enamel blocks,' or 'samples' and should avoid participant-level epidemiologic language. 
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STRENGTHS AND LIMITATIONS 

The principal strengths are equal group allocation, multiple outcome measures, explicit pre/post microhardness measurements, 

and availability of specimen-level records. Limitations include the synthetic nature of all observations, unspecified identities and 

concentrations of the natural and combination formulations, absence of an experimentally documented 

demineralization/remineralization protocol, absence of specimen provenance, and the possibility of imposed bounds within 

derived variables. The results therefore constitute a statistical demonstration rather than experimental evidence. 

CONCLUSION 

Within the supplied synthetic dataset, the combination/test formulation showed the highest post-treatment microhardness and 

remineralization percentage, while the negative control showed the least favorable recovery. The fluoride-based formulation 

also performed strongly. Natural agents demonstrated intermediate simulated outcomes. These findings support further 

investigation but cannot be generalized to actual enamel specimens until the formulations and experimental procedures are 

independently validated. 
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