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Abstract

This in vitro study evaluated the effects of remineralizing products on enamel microhard-
ness and the shear bond strength (SBS) of composite resin to enamel. A total of 110 human 
premolars were allocated to five groups, with 100 teeth allocated for microhardness and SBS 
testing (n = 20 per group) and 10 for scanning electron microscopy (SEM; n = 2 per group). 
The groups were sound enamel, demineralized enamel, casein phosphopeptide–amorphous 
calcium phosphate with fluoride (CPP-ACPF), 5% sodium fluoride (NaF), and NovaMin. 
Enamel demineralization was induced using 0.5% citric acid twice daily for three days. 
NaF varnish was applied once for 5 min, whereas CPP-ACPF- and NovaMin-containing 
products were applied twice daily for seven days. Composite bonding was performed using 
Clearfil S3  Bond Universal. Enamel microhardness, SBS, and failure modes were assessed 
using Vickers hardness testing, a universal testing machine, and stereomicroscopy, respec-
tively. Demineralized enamel exhibited the lowest microhardness (202.61 ± 15.77 VHN) 
and SBS (11.81 ± 3.69 MPa). All remineralizing products significantly increased both 
parameters compared with demineralized enamel (p < 0.05). However, microhardness 
remained significantly lower than that of sound enamel (p < 0.001). SBS in the NaF group 
did not differ significantly from that of sound enamel (p = 0.175), whereas the CPP-ACPF 
and NovaMin groups exhibited significantly lower values (p < 0.05). No significant SBS 
differences were observed among the remineralizing product groups (p > 0.05). Adhesive 
failure was most frequent in the demineralized enamel group (50%), although the overall 
distribution of failure modes did not differ significantly among the groups (p > 0.05). The 
tested remineralizing products improved enamel microhardness and immediate composite 
bond strength compared with demineralized enamel, without significant differences in SBS 
among the products.

Keywords: enamel remineralization; surface microhardness; shear bond strength; sodium 
fluoride; CPP-ACPF; NovaMin

1. Introduction
Demineralization of dental hard tissues occurs when acid exposure disrupts the bal-

ance between mineral dissolution and deposition, resulting in progressive mineral loss. 
Acidic challenges may arise from bacterial metabolism or dietary sources, potentially com-
promising enamel integrity and mechanical properties. Therefore, preventing enamel 
demineralization and promoting remineralization are important objectives of contemporary 
minimally invasive dentistry [1]. Under normal oral conditions, demineralization and 
remineralization exist in a dynamic balance. However, when the local pH decreases below 

Appl. Sci. 2026, 16, 10873 https://doi.org/10.3390/app162110873

https://crossmark.crossref.org/dialog?doi=10.3390/app162110873&domain=pdf&date_stamp=2026-11-03
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-8430-1710
https://orcid.org/0000-0001-8604-5768
https://doi.org/10.3390/app162110873


Appl. Sci. 2026, 16, 10873 2 of 18

the critical threshold, mineral dissolution may exceed mineral deposition. Remineraliza-
tion involves the deposition of calcium and phosphate ions within demineralized enamel, 
contributing to mineral recovery and improved mechanical properties [2]. Beyond conven-
tional remineralization strategies, biomimetic approaches have demonstrated that calcium 
phosphate-based mineral deposition can contribute to the reconstruction of enamel-like 
structures [3].

Various agents have been developed to enhance enamel remineralization. Among 
these, fluoride remains the most widely used and extensively investigated remineraliza-
tion agent [4]. Topical fluoride products, including toothpastes, mouthwashes, and var-
nishes, are commonly recommended for the prevention and management of early enamel 
lesions [5,6]. Fluoride promotes remineralization and reduces enamel solubility by facili-
tating the formation of fluoridated apatite. Compared with hydroxyapatite, fluoridated 
apatite exhibits greater resistance to acidic conditions [6]. Although fluoride is effective 
and safe when appropriately administered, excessive exposure may increase the risk of 
dental fluorosis, particularly during tooth development [7]. Consequently, alternative and 
complementary remineralization agents have received increasing attention.

Casein phosphopeptide–amorphous calcium phosphate (CPP-ACP) is a remineraliza-
tion system that stabilizes calcium and phosphate ions, maintaining their availability for 
mineral deposition on enamel surfaces [8]. The incorporation of fluoride into this system re-
sults in casein phosphopeptide–amorphous calcium phosphate with fluoride (CPP-ACPF), 
which provides calcium, phosphate, and fluoride ions simultaneously [9–11]. The availabil-
ity of these ions may promote mineral deposition and the formation of more acid-resistant 
fluoridated apatite structures, potentially contributing to enamel remineralization [12].

Calcium sodium phosphosilicate (NovaMin) is another bioactive material investigated 
for enamel remineralization. Upon contact with an aqueous environment, NovaMin un-
dergoes ion exchange, releasing calcium, phosphate, and sodium ions while increasing the 
surrounding pH [13]. These reactions may promote the precipitation of a hydroxycarbonate 
apatite layer on the tooth surface. Because this mineral phase resembles the apatite found 
in natural dental tissues, NovaMin has been proposed as a potential agent for restoring 
mineral content in demineralized enamel [2,4,13].

The remineralization potential of these agents has been investigated using several 
analytical methods, including quantitative light-induced fluorescence [14,15], laser fluo-
rescence [11], micro-computed tomography [16,17], and surface microhardness measure-
ments [4,17]. Among these methods, the Vickers microhardness test is frequently used 
to assess changes in the mechanical properties of enamel following demineralization and 
remineralization procedures. Since enamel microhardness is closely associated with its 
mineral content, changes in hardness may provide an indirect indication of mineral loss 
or recovery [18]. Previous investigations of biomimetic remineralization strategies have 
also highlighted the importance of material composition and enamel surface conditions in 
determining mineralization outcomes [19,20]. However, previous studies have reported in-
consistent findings concerning the relative effectiveness of different remineralization agents, 
potentially due to variations in enamel substrates, demineralization models, application 
protocols, and adhesive strategies [21].

In addition to their effects on enamel mechanical properties, the influence of remineral-
ization treatments on subsequent adhesive procedures is clinically relevant, as differences in 
adhesive strategies may contribute to variations in bond strength outcomes reported across 
studies. Changes in enamel surface characteristics following remineralization may affect 
acid-etching patterns, resin infiltration, and the resulting bond strength. This consideration 
is particularly important when restorative or orthodontic bonding procedures are required 
after remineralization treatment [22–25]. Although the potential benefits of fluoride var-
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nish, CPP-ACPF, and NovaMin on enamel microhardness have been widely investigated, it 
remains unclear whether these benefits are accompanied by corresponding improvements 
in composite resin bond strength. Understanding this relationship is particularly relevant 
when adhesive restorations are planned following remineralization treatment.

Therefore, the aim of this in vitro study was to evaluate the effects of three remineraliz-
ing products (5% NaF varnish, CPP-ACPF, and NovaMin) on enamel surface microhardness 
and the shear bond strength of composite resin to enamel subjected to an erosive deminer-
alization challenge.

The null hypotheses were that (1) the different remineralizing products would not 
significantly affect enamel surface microhardness and (2) the different remineralizing 
products would not significantly affect the shear bond strength of composite resin to enamel.

2. Materials and Methods
2.1. Study Design and Sample Size Calculation

This in vitro study was approved by the Ordu University Non-Interventional Clinical 
Research Ethics Committee (Approval No. 220, 20 December 2024) and conducted in 
accordance with the principles of the Declaration of Helsinki. Written informed consent 
was obtained from all participants before tooth extraction, permitting the use of their 
extracted teeth for research purposes.

The sample size was calculated using G*Power software (version 3.1.9.7; Heinrich Heine 
University, Düsseldorf, Germany). Based on a one-way analysis of variance (ANOVA), an 
effect size of 0.40, a significance level of 0.05, and a statistical power of 85%, the minimum 
required sample size was determined to be 90 specimens (n = 18 per group). To account 
for potential specimen loss during preparation and testing, the sample size was increased 
to 100 specimens (n = 20 per group), with an additional 10 specimens (n = 2 per group) 
being allocated to qualitative SEM evaluation, resulting in a total of 110 teeth. A schematic 
overview of the experimental design is presented in Figure 1.

2.2. Specimen Preparation
A total of 110 sound human premolars extracted exclusively for orthodontic purposes 

were obtained from 110 donors aged 13–18 years, with only one tooth collected from each 
donor. Ten teeth were reserved for qualitative surface evaluation using scanning electron 
microscopy (SEM; n = 2 per group), while the remaining 100 teeth were used for quantitative 
microhardness and shear bond strength (SBS) measurements (n = 20 per group).

All extracted teeth were examined under magnification. Teeth exhibiting caries, restora-
tions, developmental enamel defects, hypoplasia, extraction-related damage, or signs of 
abrasion, erosion, or attrition were excluded. Teeth extracted for periodontal reasons were 
also excluded. Residual periodontal tissues and calculus were removed using an ultrasonic 
scaler. The teeth were subsequently polished with fluoride-free prophylaxis paste and 
disinfected in 0.5% chloramine-T solution for seven days [4]. The teeth were collected over 
approximately three months. Following disinfection, the specimens were stored in distilled 
water at 4 °C for a maximum of four months before preparation, with the storage medium 
replaced weekly, in accordance with ISO/TS 11405:2015 recommendations [26].

The teeth were sectioned approximately 3 mm below the cementoenamel junction 
using a diamond separating disc under continuous water cooling. Each tooth was then 
sectioned mesiodistally into buccal and lingual halves. Buccal specimens were allocated 
to SBS testing, whereas lingual specimens were used for microhardness measurements. 
This approach allowed microhardness and SBS measurements to be performed on separate 
enamel surfaces obtained from the same tooth.

https://doi.org/10.3390/app162110873

https://doi.org/10.3390/app162110873


Appl. Sci. 2026, 16, 10873 4 of 18

Figure 1. Summary of the study design.(a) Extracted premolars; (b) sectioning 3 mm below the 
cementoenamel junction; (c) buccolingual sectioning of crowns; (d) standardization of the enamel 
test surface; (e) specimens embedded in acrylic resin.

Both buccal and lingual enamel surfaces were sequentially polished using silicon car-
bide abrasive papers (600–3000 grit), followed by water-based diamond polishing pastes 
(1–0.25 μm), to obtain standardized surfaces for shear bond strength and microhardness 
measurements, respectively [27]. Based on the average mesiodistal and cervico-occlusal 
dimensions of the collected premolars, a 3 × 3 mm area was identified as the maximum flat 
enamel surface that could be standardized across specimens. Two layers of acid-resistant 
nail varnish were applied to the surrounding enamel, leaving the designated experimen-
tal window exposed and preventing exposure of adjacent surfaces to the experimental 
treatments. For shear bond strength testing, the 3-mm-diameter composite cylinders were 
positioned centrally within the exposed window.

The specimens were randomly assigned to five experimental groups (n = 20 per group) 
using a computer-generated random number sequence without stratification:

Group 1 (Sound enamel): Positive control without demineralization.
Group 2 (Demineralized enamel): Negative control subjected to demineralization 

without subsequent remineralization treatment.
Group 3 (CPP-ACPF): Demineralized enamel treated with MI Paste Plus (GC, Leuven, 

Belgium).
Group 4 (NaF): Demineralized enamel treated with 5% sodium fluoride varnish 

(Profluorid Varnish, VOCO, Cuxhaven, Germany).
Group 5 (NovaMin): Demineralized enamel treated with Sensodyne Repair & Protect 

(GlaxoSmithKline, Brentford, UK).

2.3. Demineralization Protocol
Specimens in Group 1 were maintained as sound enamel controls and were not sub-

jected to demineralization. Specimens in Groups 2–5 were exposed to 0.5% citric acid 
(pH 2.68) for 30 min twice daily over three consecutive days to induce erosive enamel 
demineralization, as described in previous enamel research [22]. Following each acid expo-
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sure, the specimens were rinsed with distilled water and stored in artificial saliva between 
demineralization cycles. After completion of the demineralization protocol, the specimens 
were evaluated using DIAGNOdent (KaVo, Biberach, Germany), with readings between 
10 and 25 used as an additional assessment criterion, based on the approach described by 
Shirani et al. [28].

Artificial saliva was prepared by dissolving sodium chloride (NaCl, 1.280 g/L), magne-
sium chloride hexahydrate (MgCl2 ·6H2 O, 0.125 g/L), potassium chloride (KCl, 0.095 g/L), 
potassium acetate (CH3 COOK, 1.508 g/L), calcium chloride (CaCl2 , 0.167 g/L), potas-
sium phosphate tribasic trihydrate (K3 PO4 ·3H2 O, 0.386 g/L), and phosphoric acid (H3 PO4 , 
0.05 mL/L) in distilled water to obtain a final volume of 1000 mL. The final pH was adjusted 
to 6.97 ± 0.2 [29].

The pH of the solutions was monitored every 24 h using a digital pH meter (Mettler-
Toledo GmbH, Schwerzenbach, Switzerland). All solutions were renewed daily throughout 
the experimental period.

2.4. Application of Remineralization Agents
The remineralizing products and their compositions are presented in Table 1.

Table 1. Remineralizing products used in the study.

Group Category Commercial Product Composition Lot Number

3 CPP-ACPF GC MI Paste Plus® , 
Leuven, Belgium

Pure water, glycerol,
CPP-ACP, d-sorbitol, CMC-Na, 

propylene glycol, silicon dioxide, 
titanium dioxide, xylitol,

phosphoric acid, sodium fluoride 
(900 ppm fluoride),

flavoring, sodium saccharin,
ethyl p-hydroxybenzoate,

propyl p-hydroxybenzoate,
butyl p-hydroxybenzoate

2301171

4 NaF

Voco Profloroid
Varnish,

VOCO Gmbh,
Cuxhaven, Germany

Sodium fluoride (5%) (22,600 ppm 
fluoride), ethanolic colophony. 2310668

5 NovaMin
Sensodyne Repair & 
Protect® , Middlesex, 

UK

Glycerin, PEG-8, hydrated silica, 
Calcium sodium phosphosilicate 

(NovaMin),
cocamidopropyl betaine,

sodium methyl cocoyl taurate, aroma, 
titanium dioxide,

carbomer, silica, sodium
saccharin, sodium fluoride (1450 ppm 

fluoride), limonene

20965KWB

Following the demineralization procedure, specimens in Group 2 received no rem-
ineralization treatment and served as the negative control. Throughout the seven-day 
experimental period, specimens in Groups 1 and 2 were maintained in artificial saliva at 
37 °C without the application of any remineralizing products.

In Group 3 (CPP-ACPF), MI Paste Plus (GC, Leuven, Belgium) was applied to the 
exposed enamel surfaces using a microbrush to form a thin layer covering the entire exposed 
area. The product was applied for 4 min twice daily for seven consecutive days, according 
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to the manufacturer’s instructions. Following each application, the paste was rinsed off 
with distilled water.

In Group 4 (NaF), 5% sodium fluoride varnish (Profluorid Varnish, VOCO, Cuxhaven, 
Germany) was applied once to the demineralized enamel surfaces using a microbrush 
in a thin layer sufficient to cover the entire exposed enamel area. The varnish was left 
undisturbed for 5 min, after which its surface was moistened with distilled water to facilitate 
setting, without removing the varnish [30]. The specimens were then stored in artificial 
saliva at 37 °C until completion of the seven-day experimental period.

In Group 5 (NovaMin), Sensodyne Repair & Protect toothpaste (GlaxoSmithKline, 
Brentford, UK) was mixed with deionized water at a ratio of 1:3 using a laboratory blender 
(FTDS11, SCI Finetech, Seoul, Republic of Korea) [31]. Each specimen was immersed in 
2 mL of the prepared suspension for 4 min twice daily for seven consecutive days.

Following each CPP-ACPF and NovaMin treatment, the specimens were rinsed with 
distilled water and stored in artificial saliva at 37 °C. CPP-ACPF and NovaMin treatments 
were performed twice daily for seven consecutive days, whereas NaF varnish was applied 
only once. At the end of the seven-day experimental period, the specimens were cleaned us-
ing an electric toothbrush (Oral-B Precision Clean, Procter & Gamble, Cincinnati, OH, USA) 
and distilled water for 10 s per specimen, with an estimated brushing force of approximately 
2 N, to remove residual deposits. Following toothbrushing, the specimen surfaces were 
covered with moist cotton to prevent dehydration until the adhesive procedure. Adhesive 
procedures were performed 24 h after completion of the seven-day treatment period.

2.5. Scanning Electron Microscopy
Following completion of the experimental protocols, enamel surface morphology was 

qualitatively assessed using SEM. Two specimens from each experimental group (n = 10 in 
total) were coated with gold–palladium (Au–Pd) to improve electrical conductivity and 
minimize charging artifacts.

The specimens were examined with a scanning electron microscope (SU-1510, Hitachi, 
Tokyo, Japan) at an accelerating voltage of 15 kV, with secondary electron (SE) imaging 
under high-vacuum conditions. The working distance ranged from 8.0 to 9.6 mm, and 
images were obtained at magnifications of 1000× and 2500×. Representative SEM images 
are presented in Figure 2.

Figure 2. Representative scanning electron microscopy (SEM) images of enamel surfaces in the exper-
imental groups at 1000× (A–E) and 2500× (F–J) magnifications: sound enamel (A,F), demineralized 
enamel (B,G), CPP-ACPF (C,H), NaF varnish (D,I), and NovaMin (E,J). Scale bars: 50 μm (A–E) 
and 20 μm (F–J).
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2.6. Surface Microhardness Measurement
Lingual enamel specimens were fixed to wax blocks with their polished surfaces po-

sitioned parallel to the indenter. Surface microhardness was measured using a Vickers 
hardness tester (Duramin, Struers, Germany), whose calibration was verified with a refer-
ence hardness block before testing.

A load of 300 g (2.94 N) was applied for 15 s at 40× magnification. Three indentations 
were made at standardized locations on each specimen, including the right, central, and 
left regions of the exposed enamel surface, with a minimum center-to-center distance of 
200 μm. Irregular or defective indentations were excluded and repeated. The mean of the 
three valid measurements was calculated and expressed as the Vickers hardness number 
(VHN). All measurements were performed by an investigator blinded to the experimental 
group assignments.

2.7. Shear Bond Strength Test
Buccal enamel specimens were embedded in acrylic resin, ensuring that the exposed 

enamel surfaces were positioned parallel to the loading axis. All specimen preparation and 
adhesive procedures were performed by a single operator to ensure procedural consistency.

The enamel surfaces were etched with 35% phosphoric acid (K-Etchant Syringe, Ku-
raray Noritake, Tokyo, Japan), rinsed, and air-dried according to the manufacturer’s in-
structions. Subsequently, a universal adhesive system (Clearfil S3 Bond Universal, Kuraray 
Noritake, Tokyo, Japan) was applied according to the manufacturer’s instructions and 
light-cured for 10 s using an LED curing unit (Elipar S10, 3M ESPE, St. Paul, MN, USA, 
1200 mW/cm2 ) after verifying the light irradiance with a radiometer.

A transparent polyethylene tube with an internal diameter of 3 mm and a height of 
2 mm was positioned perpendicular to each enamel surface, providing a bonding area of 
7.07 mm2 . Composite resin (Clearfil Majesty Esthetic, Kuraray Noritake, Tokyo, Japan) was 
inserted into the mold and light-cured for 20 s.

The compositions and application procedures of the phosphoric acid, adhesive system, 
and composite resin are provided in Table 2.

Table 2. Information on materials used for shear bond strength testing.

Material Material Type Composition Application Manufacturer/LOT

Clearfil™ Majesty 
Esthetic

Nanohybrid 
composite resin

Bis-GMA, TEGDMA,
hydrophobic

aromatic
dimethacrylate,

Silanated barium glass filler,
prepolymerized

organic filler.

Place the composite 
resin gradually. 

Polymerize for 20 s.

Kuraray Noritake, 
Tokyo, Japan

6U0250

Clearfil S3 Bond 
Universal

Universal
adhesive

10-MDP, Bis-GMA, HEMA,
Hydrophobic

dimethacrylate, 
Camphoroquinone, Ethyl 

alcohol,
Water, Silanated
colloidal silica

Apply for 10 s
using an applicator. 

Squeeze into light air 
for 5 s.

Polymerize for 10 s.

Kuraray Noritake, 
Tokyo, Japan

870068

K-Etchant Syringe Etching agent
35% phosphoric acid, Water,

Colloidal Silica,
Pigment

Apply for 30 s. Rinse 
with water for 60 s. 

Lightly air dry.

Kuraray Noritake, 
Tokyo, Japan

880271

Following polymerization, the specimens were stored in distilled water at 37 °C for 
24 h. The polyethylene tubes were then carefully removed using a scalpel.
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SBS was measured using a universal testing machine (Autograph AGS-X, Shimadzu 
Corporation, Kyoto, Japan). A 0.5-mm-thick loading blade was positioned as close as 
possible to the composite–enamel interface, and shear force was applied at a crosshead 
speed of 0.5 mm/min until failure occurred.

The SBS values were calculated by dividing the maximum failure load (N) by the 
bonded surface area (mm2 ) and were expressed in megapascals (MPa).

2.8. Failure Mode Analysis
Following SBS testing, the fractured surfaces were examined using a stereomicroscope 

(SMZ25, Nikon, Tokyo, Japan) at 30× magnification. Failure modes were classified as 
adhesive (<20%), cohesive (>80%), or mixed (20–80%) based on the amount of composite 
resin remaining on the enamel surface and the location of fracture. All cohesive failures 
occurred within the composite resin, and no cohesive fractures within the enamel were 
observed. Before failure mode assessment, the examiner was calibrated through repeated 
evaluation of selected specimens to ensure consistency in classification. The examiner was 
blinded to group allocation throughout the evaluation.

2.9. Statistical Analysis
Statistical analyses were performed using SPSS software (version 22.0; IBM Corp., 

Armonk, NY, USA). The normality of the data was assessed using the Shapiro–Wilk test, and 
homogeneity of variance was evaluated using Levene’s test. Microhardness and SBS data 
satisfied the assumptions of normality and homogeneity of variance (p > 0.05). Therefore, 
differences among experimental groups were analyzed using one-way ANOVA, followed 
by Tukey’s post hoc test for pairwise comparisons. Additionally, mean differences with 
Tukey-adjusted 95% confidence intervals and Hedges’ g effect sizes were reported. Failure 
mode frequencies were analyzed using two-sided Fisher’s exact tests, comparing each group 
with the remaining groups combined for each failure category. Bonferroni correction was 
applied for 15 comparisons, with the adjusted significance threshold set at p < 0.0033. For 
all other statistical analyses, the significance level was set at α = 0.05.

3. Results
Table 3 presents the enamel surface microhardness values of all groups. A statisti-

cally significant difference in microhardness was observed among the groups (p < 0.001). 
In Group 2 (demineralized enamel; 202.61 ± 15.77), microhardness values were signifi-
cantly lower than those of the sound enamel group and all remineralizing product groups 
(p < 0.001). Although microhardness values in the remineralizing product groups were 
significantly higher than those in demineralized enamel, they remained significantly lower 
than those in the sound enamel group (p < 0.001). Among the remineralizing product 
groups, the highest microhardness value was observed in Group 4 (NaF; 292.78 ± 15.12). 
No statistically significant difference was found between Group 4 (NaF) and Group 3 
(CPP-ACPF; 280.04 ± 18.25) (p = 0.081). However, the microhardness value of Group 4 was 
significantly higher than that of Group 5 (NovaMin; 260.88 ± 16.55) (p < 0.001). Overall, the 
microhardness values followed the descending order: sound enamel > NaF > CPP-ACPF > 
NovaMin > demineralized enamel. Representative Vickers indentation images from each 
experimental group are presented in Figure 3.
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Table 3. Surface microhardness results and pairwise comparisons.

A. Surface Microhardness

Group Mean ± SD (VHN) F p-Value *

G1: Sound enamel
(Positive control) 314.08 ± 11.32 a 

G2: Demineralized enamel
(Negative control) 202.61 ± 15.77 b 

G3: CPP-ACPF paste 280.04 ± 18.25 c 148.087 <0.001
G4: NaF varnish 292.78 ± 15.12 c 
G5: NovaMin toothpaste 260.88 ± 16.55 d 
B. Pairwise Comparisons (Tukey HSD)

Comparison Mean Difference
(95% CI) Hedges’g p-Value

G1–G2 111.47 (97.77 to 125.17) 7.96 <0.001
G1–G3 34.04 (20.34 to 47.74) 2.20 <0.001
G1–G4 21.31 (7.61 to 35.01) 1.56 <0.001
G1–G5 53.20 (39.50 to 66.90) 3.68 <0.001
G2–G3 −77.43 (−91.13 to −63.73) −4.45 <0.001
G2–G4 −90.16 (−103.86 to −76.46) −5.72 <0.001
G2–G5 −58.27 (−71.97 to −44.57) −3.53 <0.001
G3–G4 −12.74 (−26.43 to 0.96) −0.75 0.081
G3–G5 19.16 (5.46 to 32.86) 1.08 0.002
G4–G5 31.89 (18.19 to 45.59) 1.97 <0.001

Data are presented as means ± SD. (A) One-way ANOVA followed by Tukey’s post hoc test; different 
lowercase superscript letters indicate statistically significant differences (p < 0.05). (B) Pairwise mean 
differences with Tukey-adjusted 95% confidence intervals (CIs) and Hedges’ g effect sizes. Mean 
differences were calculated as the first group minus the second group. * Overall ANOVA p-value.

Figure 3. Representative Vickers indentation images of the experimental groups: (A) sound enamel, 
(B) demineralized enamel, (C) CPP-ACPF, (D) NaF varnish, and (E) NovaMin. Images were selected 
from specimens exhibiting microhardness values close to the mean values of their respective groups.

Table 4 presents the shear bond strength (SBS) values for each group. Statistically 
significant differences in SBS were detected among the groups (p < 0.001). The lowest 
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bond strength was observed in Group 2 (demineralized enamel; 11.81 ± 3.70), which was 
significantly lower than the values observed in the sound enamel and remineralizing product 
groups (p < 0.05). The highest bond strength was observed in Group 1 (sound enamel; 
21.24 ± 3.84). In all remineralizing product groups, the SBS values were significantly 
higher than those of the negative control group (demineralized enamel) (p = 0.001 for 
CPP-ACPF; p < 0.001 for NaF and NovaMin). When compared with the positive control 
group, no statistically significant difference was observed between Group 4 (NaF) and 
sound enamel (p = 0.175). In contrast, Group 3 (CPP-ACPF) (p = 0.004) and Group 5 
(NovaMin) (p = 0.024) exhibited significantly lower SBS values than sound enamel. No 
statistically significant differences in SBS were detected among the remineralizing product 
groups (p > 0.05).

Table 4. Shear bond strength results and pairwise comparisons.

A. Shear Bond Strength

Groups Mean ± SD (MPa) F p-Value *

G1: Sound enamel
(Positive control) 21.24 ± 3.84 a 

G2: Demineralized enamel
(Negative control) 11.82 ± 3.70 b 

G3: CPP-ACPF paste 16.77 ± 2.87 c 15.405 <0.001
G4: NaF varnish 18.48 ± 4.58 ac 
G5: NovaMin toothpaste 17.47 ± 4.36 c 
B. Pairwise Comparisons (Tukey HSD)

Comparison Mean Difference (95% CI) Hedges’g p-Value

G1–G2 9.43 (5.99 to 12.87) 2.45 <0.001
G1–G3 4.47 (1.03 to 7.92) 1.29 0.004
G1–G4 2.77 (−0.67 to 6.21) 0.64 0.175
G1–G5 3.77 (0.33 to 7.22) 0.90 0.024
G2–G3 −4.96 (−8.40 to −1.51) −1.47 0.001
G2–G4 −6.66 (−10.10 to −3.22) −1.57 <0.001
G2–G5 −5.66 (−9.10 to −2.21) −1.37 <0.001
G3–G4 −1.70 (−5.15 to 1.74) −0.44 0.644
G3–G5 −0.70 (−4.14 to 2.74) −0.19 0.980
G4–G5 1.00 (−2.44 to 4.45) 0.22 0.927

Data are presented as means ± SD. (A) One-way ANOVA followed by Tukey’s post hoc test; different 
lowercase superscript letters indicate significant differences (p < 0.05). (B) Pairwise mean differences 
with Tukey-adjusted 95% confidence intervals (CIs) and Hedges’ g effect sizes. Mean differences 
were calculated as the first group minus the second group. * Overall ANOVA p-value.

Table 5 summarizes the distribution of failure modes among the experimental groups. 
Adhesive failure was most frequent in Group 2 (demineralized enamel; 50%), whereas 
mixed failure predominated in the other groups. Stereomicroscopic examination revealed 
that all cohesive failures occurred within the composite resin, with no cohesive enamel 
fractures observed. Following reanalysis using two-sided Fisher’s exact tests, no statistically 
significant differences in failure mode frequencies were detected between individual groups 
and the remaining groups combined after Bonferroni correction (adjusted significance 
threshold: p < 0.0033). Selected stereomicroscopic images illustrating different failure 
modes in the experimental groups are presented in Figure 4.
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Table 5. Distribution of failure modes among experimental groups.

Group Adhesive n (%) Cohesive n (%) Mixed n (%)

Group 1: Sound enamel 3 (15%) 3 (15%) 14 (70%)
p-value 0.387 0.554 0.208

Group 2: Demineralized enamel 10 (50%) 1 (5%) 9 (45%)
p-value 0.006 0.065 0.328

Group 3: CPP-ACPF paste 4 (20%) 4 (20%) 12 (60%)
p-value 0.774 1.000 0.802

Group 4: NaF varnish 2 (10%) 8 (40%) 10 (50%)
p-value 0.144 0.030 0.625

Group 5: NovaMin toothpaste 5 (25%) 5 (25%) 10 (50%)
p-value 1.000 0.759 0.625

Data are presented as n (%). Each group was compared with the remaining groups using two-sided 
Fisher’s exact tests. Bonferroni-corrected significance threshold: p < 0.0033 (0.05/15).

Figure 4. Representative stereomicroscopic images illustrating different failure modes following 
shear bond strength testing: (A) sound enamel (cohesive failure), (B) demineralized enamel (adhe-
sive failure), (C) CPP-ACPF (mixed failure), (D) NaF varnish (mixed failure), and (E) NovaMin 
(mixed failure).

SEM examination revealed morphological differences among the experimental groups 
(Figure 2). Sound enamel exhibited a relatively smooth and compact surface, whereas dem-
ineralized enamel showed an irregular, porous surface with prominent prism-like structures. 
Following treatment, enamel surfaces treated with CPP-ACPF exhibited granular surface 
features, NaF-treated surfaces exhibited irregular grooves and relatively compact areas, and 
NovaMin-treated surfaces showed a heterogeneous surface with residual porosities and 
smoother regions. These observations were qualitative and descriptive and did not provide 
direct evidence of mineral deposition or changes in enamel mineral composition.

4. Discussion
Various remineralizing approaches, including fluoride-based products, bioactive 

glasses, nanohydroxyapatite, and calcium phosphate systems, have been investigated to 
improve the properties of demineralized enamel [15,22]. These approaches may enhance 
enamel surface microhardness and resistance to acidic challenges by promoting conditions 
favorable for remineralization. Beyond their potential effects on enamel surface proper-
ties, their interaction with adhesive procedures is clinically relevant, particularly when 
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composite restorations are planned following remineralizing treatments. Therefore, the 
bonding performance of treated enamel and the compatibility of remineralizing products 
with adhesive systems remain important considerations [22,31,32].

This study was conducted in vitro to ensure controlled and standardized experimen-
tal conditions. In vitro models are widely used to evaluate the efficacy of remineralizing 
products under reproducible conditions, typically using either bovine or human enamel. 
However, bovine enamel differs from human enamel in several aspects, including greater sur-
face roughness, lower hardness, higher carbonate content, lower fluoride concentration, and 
smaller, irregular enamel prisms, all of which may influence experimental outcomes [33]. 
To avoid these potential confounding factors, human enamel specimens were selected in 
the present study.

Premolar teeth were selected because they are commonly extracted for orthodontic 
purposes and are generally free of caries and restorations, allowing the use of relatively 
standardized human enamel specimens. Furthermore, their availability facilitated spec-
imen collection while minimizing prolonged storage before preparation. In the present 
study, erosive enamel demineralization was induced using repeated citric acid exposures 
with artificial saliva storage between cycles, based on a previously reported experimental 
approach [22].

In the first step of this study, the effects of remineralizing products on enamel surface 
microhardness were evaluated with a Vickers microhardness test, one of the most widely 
used and reliable methods for this purpose [18]. The findings of the study revealed that 
demineralization and remineralizing treatments significantly affected enamel microhard-
ness; therefore, the first null hypothesis was rejected. Microhardness in demineralized 
enamel was significantly lower than that in sound enamel (p < 0.001). This outcome was 
expected due to the surface alterations associated with erosive demineralization, consis-
tent with findings from previous studies [27,34]. SEM images (Figure 2B,G) showed an 
irregular, porous surface morphology with altered enamel prism structures following dem-
ineralization. However, these qualitative observations do not provide a direct quantitative 
assessment of mineral loss.

All three remineralizing products significantly increased enamel microhardness com-
pared with demineralized enamel; however, values closest to those of sound enamel were 
observed in the NaF varnish group (Group 4). Similarly, Imren and Güven reported sig-
nificantly greater surface microhardness recovery with conventional 5% NaF varnish than 
with the untreated control following citric acid-induced enamel erosion [30]. This outcome 
may be explained by the high fluoride concentration of NaF varnish (22,600 ppm), which 
may favor the formation of fluorapatite through the substitution of hydroxyl ions within 
enamel crystals. In addition, the deposition of calcium fluoride (CaF2 ) on the enamel 
surface at high fluoride concentrations (≥300 ppm) may have contributed to the observed 
increase in microhardness [35]. However, the formation of specific mineral phases was not 
directly investigated in the present study. Furthermore, the observed differences among 
the products may also be related to variations in their application protocols.

In the present study, microhardness in the CPP-ACPF group (Group 3) was significantly 
higher than that in demineralized enamel (p < 0.001), consistent with the findings of Shetty 
et al. [34], and no significant difference was found between the CPP-ACPF and NaF varnish 
groups (p = 0.081). This may be associated with the ability of GC MI Paste Plus® , a 
product containing CPP-ACPF, to release calcium and phosphate ions at the enamel surface, 
potentially creating conditions favorable for remineralization. In addition, its fluoride 
content (900 ppm) may contribute to fluoride-mediated mineral interactions [11,16].

NovaMin, one of the tested remineralizing components, crystallizes in an aqueous 
medium to form hydroxycarbonate apatite, which is chemically and structurally equivalent 
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to hydroxyapatite [13]. Bologa et al. reported that a single application of NovaMin at 
concentrations higher than 3% can block at least 75% of the opened pores and resist acidic 
environmental factors [36]. In our study, the significantly higher microhardness in the 
NovaMin group (Group 5) compared with demineralized enamel supports the effectiveness 
of NovaMin in blocking the porous structure on the enamel surface. SEM observations of 
the NovaMin-treated enamel (Figure 2E,J) revealed a heterogeneous surface morphology 
with residual porosity, indicating that the surface alterations were not uniform.

Despite the significant improvements observed with all remineralizing products, mi-
crohardness values remained lower than those of sound enamel (p < 0.05). This finding 
may be related to the severity of the experimentally induced erosive challenge and the 
relatively short treatment period, as both the characteristics of the demineralization model 
and the duration of remineralizing treatments may influence enamel microhardness recov-
ery [37]. Previous studies have also suggested that longer application periods may enhance 
remineralization outcomes [2]. Although the NovaMin group exhibited significantly lower 
surface microhardness values than the NaF and CPP-ACPF groups, this finding should 
not be interpreted as evidence of lower overall remineralization efficacy. Since subsurface 
mineral recovery and penetration depth were not evaluated, the comparison of remineraliz-
ing products was limited to changes in surface microhardness. Although DIAGNOdent 
measurements were used as an auxiliary criterion during specimen selection, they did not 
provide a quantitative assessment of enamel mineral loss or lesion depth.

Remineralizing products can alter enamel surface characteristics such as microstruc-
ture, mineral composition, and surface energy, all of which play critical roles in adhesive 
bonding [24]. However, studies on the bonding of adhesive resin to remineralized enamel 
remain limited [24,35,38,39]. In the second step of this study, the effect of remineralizing 
products on the bond strength of composite resin to enamel was investigated. The findings 
revealed significant differences in shear bond strength among the experimental groups, 
leading to the rejection of the second null hypothesis. The demineralized enamel group 
exhibited significantly lower bond strength than sound enamel (p < 0.001). This reduction 
in bond strength may be attributed to the loss of interprismatic minerals and alterations in 
enamel surface morphology, which may compromise the adhesion of adhesive monomers 
to demineralized enamel and reduce the bonding ability of adhesive resins [40]. SEM 
images revealed disruption of the enamel prism structure and morphological alterations in 
demineralized enamel (Figure 2B,G). In contrast, intact enamel displayed a homogeneous 
and smooth appearance (Figure 2A,F). Additionally, adhesive failure was numerically more 
frequent in demineralized enamel (50%), consistent with the lower bond strength values 
observed in this group.

All remineralizing products significantly increased bond strength compared with 
demineralized enamel, consistent with previous reports [22,24,41]. This improvement may 
be related to partial restoration of mineral content and surface integrity, which are essential 
for effective adhesive bonding [38].

In the present study, no significant difference was found among the remineralizing 
products in terms of bond strength (p > 0.05). Although the CPP-ACPF and NovaMin 
groups exhibited significantly lower SBS values compared with sound enamel, no statis-
tically significant difference was observed between the NaF varnish and sound enamel 
groups (p = 0.175). Fluorapatite and calcium fluoride (CaF2 ) crystals have been reported 
to partially or completely fill interprismatic spaces, altering the enamel surface’s wettabil-
ity. Such changes may reduce bond strength and increase susceptibility to water-related 
degradation [35,42]. Since all three remineralizing products tested in this study contain 
fluoride at varying concentrations (Table 1), fluoride-related mineral deposition may have 
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influenced the SBS values observed in the treated groups. However, the formation of these 
mineral phases was not directly investigated in the present study.

A possible explanation for the bond strength values observed in the remineralizing 
product groups may be related to the etch-and-rinse adhesive protocol used in this study. 
Following remineralization, mineral deposition within enamel prisms has been reported 
to occur heterogeneously, with greater accumulation in the peripheral prism regions [43]. 
This differential mineral distribution may increase the contrast between prism core and 
periphery during phosphoric acid application, potentially resulting in a more pronounced 
Type I etching pattern and enhanced micromechanical retention [28]. The application of 
35% phosphoric acid for 30 s may therefore have standardized the heterogeneous enamel 
surface created by remineralization and facilitated consistent resin infiltration across groups.

In addition, the etch-and-rinse system may effectively remove superficial calcium 
fluoride deposits, promote micro-retentive patterns, and improve adhesive wettability by 
reducing the contact angle between the adhesive and enamel surface [23,44]. Although the 
NaF varnish group exhibited SBS values comparable to those of sound enamel, the decrease 
in bond strength compared with sound enamel remained significant for the CPP-ACPF and 
NovaMin groups. This difference may be related to potential variations in the depth of min-
eral deposition associated with CPP-ACPF, NovaMin, and NaF treatments [45]. However, 
the penetration depth of these products was not directly evaluated in the present study. 
Since high fluoride concentrations have been reported to cause rapid mineral precipitation, 
leading primarily to superficial remineralization [46], the removal of superficial deposits 
during phosphoric acid etching may have contributed to the SBS values observed in the 
NaF varnish group.

Shalaby et al. reported that increasing nano-chitosan concentrations in glass-ionomer 
cement did not consistently improve bond strength, with higher concentrations resulting 
in reduced values [47]. Similarly, in the present study, NaF varnish produced the highest 
enamel microhardness among the remineralizing products but did not demonstrate signifi-
cantly greater bond strength than the other remineralizing products. These findings suggest 
that improvements in material-related or enamel surface properties do not necessarily 
translate into proportional improvements in adhesive performance.

Arslandaş Dinçtürk et al., based on FE-SEM analysis, reported that self-etch application 
produced fewer surface alterations and shallower etching patterns compared with etch-
and-rinse groups [48], and that limited resin tag formation and reduced micromechanical 
interlocking could potentially lead to lower SBS values [49]. Conversely, although the etch-
and-rinse strategy may enhance micromechanical retention, it has also been reported to 
induce demineralization of the superficial enamel layer and increase long-term susceptibility 
to acid challenge and caries risk [50]. Therefore, some studies have proposed self-etch 
systems as a more conservative alternative capable of providing adequate adhesive bonding 
performance [50,51]. The absence of a direct comparison between adhesive strategies 
represents a limitation of this study.

The limitations of this study include the absence of thermal cycling, the lack of quan-
titative assessment of enamel mineral loss and lesion depth, and the absence of repeated 
toothbrushing simulation. Furthermore, SEM observations were qualitative, and no elemen-
tal or crystallographic analyses were performed to confirm mineral deposition or changes in 
enamel composition. Future studies incorporating SEM-EDX analysis may provide further 
insight into elemental changes associated with remineralizing treatments. Additionally, 
variations in demineralization protocols, remineralization durations, and adhesive strategies 
across studies complicate direct comparisons. Since SBS was evaluated after only 24 h of 
water storage, the findings reflect immediate bond strength and cannot establish long-term 
adhesive durability. Future studies incorporating artificial aging procedures are therefore 
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necessary. Moreover, the remineralizing products were applied according to their respective 
recommended protocols. While NaF varnish was applied once, CPP-ACPF and NovaMin 
were applied twice daily for seven days. Therefore, differences in application frequency 
and fluoride concentration should be considered when interpreting the comparative effects 
of these products.

As all tested products contained fluoride and fluoride-free controls were not included, 
the individual contributions of CPP-ACP and NovaMin could not be isolated. Enamel 
polishing may have altered natural surface characteristics, and neither the thickness of 
the removed enamel layer nor surface roughness (Ra) was measured. The 1:3 dilution 
of the NovaMin-containing toothpaste may have influenced fluoride availability, and the 
immersion protocol did not fully reproduce clinical application conditions. The absence 
of baseline microhardness measurements, the use of a single adhesive system, the limited 
number of specimens examined by SEM, and the limited statistical power for failure mode 
comparisons should also be considered when interpreting the findings.

Another important limitation affecting the clinical applicability of the findings is 
the short treatment period. In the present study, the effects of short-term remineralizing 
treatments on erosively demineralized enamel were evaluated, which may be relevant when 
restorative treatment is planned following remineralization. However, in clinical practice, 
patients generally use remineralizing agents for longer periods, which may alter the effects 
of these pretreatments on bond strength.

Nevertheless, Oda and Güler reported that the application of remineralizing products 
at different time intervals (1, 15, and 30 days) did not produce a significant difference in 
SBS and that bonding performance remained stable over time [52]. Although longer clinical 
application periods may influence remineralization outcomes, further studies evaluating 
the effects of extended application durations on bond strength are required.

5. Conclusions
Within the limitations of this in vitro study, the following conclusions can be drawn:

1. The tested remineralizing products significantly increased the surface microhardness 
of artificially demineralized enamel. However, microhardness values remained signifi-
cantly lower than those of sound enamel.

2. The tested remineralizing products significantly increased the shear bond strength of 
composite resin to demineralized enamel. However, no statistically significant differ-
ences in bond strength were observed among the remineralizing products.

3. The observed changes in enamel surface microhardness and bond strength suggest 
that remineralizing treatments may influence the mechanical properties and adhesive 
performance of erosively demineralized enamel. However, these findings reflect short-
term outcomes under the specific experimental conditions and application protocols 
evaluated.
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