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Featured Application

This study demonstrates that a 30-s 5% sodium hypochlorite pretreatment can be used as
a simple, cost-effective surface engineering approach to enhance enamel bonding, with
applications in orthodontic and restorative dentistry.

Abstract

Background: Adhesion to enamel is influenced by surface preparation, which affects the
micromechanical retention of resin-based materials. Sodium hypochlorite (NaOCl) depro-
teinization has been proposed as a pretreatment to improve acid etching efficacy, but the
optimal application time remains unclear. Methods: This in vitro study evaluated the effect
of 5% NaOCl pretreatment at three exposure times (15, 30, and 60 s) on shear bond strength
(SBS), the adhesive remnant index (ARI), and enamel etching patterns. Extracted human
premolars (n = 140) were divided into four groups: the control (acid etching only) and three
experimental groups. SBS was tested per ISO 11405, while ARI scores were assessed under
stereomicroscopy, and surface morphology was examined by scanning electron microscopy
(SEM). Results: The 30-s NaOCl group exhibited the highest SBS (20.9 MPa) compared with
the control (15.9 MPa, p < 0.05) and 15-s (14.9 MPa, p < 0.05) groups. SEM analysis showed
predominantly Type I–II etching patterns for the 30-s group, irregular Type III for 15 s,
and overetched Type IV with loss of prism definition for 60 s, compromising the adhesive
interface. ARI scores indicated 86.7% of samples in the 30-s group retained all adhesive
on enamel (score 3). Conclusions: A 30-s 5% NaOCl pretreatment before acid etching
improved enamel micromorphology and bonding performance compared to shorter or
longer exposures. The intermediate duration provided effective deproteinization without
structural damage, whereas prolonged exposure degraded the enamel microstructure. This
protocol may offer a simple, cost-effective method to enhance clinical adhesive procedures,
though prolonged exposure (60 s) should be avoided due to structural degradation of the
enamel microstructure.

Keywords: sodium hypochlorite; enamel deproteinization; shear bond strength; adhesive
remnant index; scanning electron microscopy (SEM); orthodontic bonding
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1. Introduction
The adhesion of restorative and orthodontic biomaterials to dental tissues is a cor-

nerstone of modern dentistry, relying on complex physical and chemical interactions at
the substrate interface. The durability of this interface is critically influenced by surface
preparation, which determines the quality of micromechanical retention and the long-term
stability of adhesive systems [1–3]. From a materials science perspective, dental enamel
behaves as a highly mineralized bioceramic, and any modification of its surface energy and
microtopography directly affects the bonding efficacy of resin-based materials [4–6].

Phosphoric acid etching, the gold standard for enamel conditioning, aims to create a
microretentive surface by selectively dissolving the mineral phase. However, the presence
of a tenacious organic pellicle and the aprismatic nature of the outer enamel layer often
result in incomplete, non-uniform etching patterns, compromising bond strength and
leading to clinical failures [7–10]. To overcome these limitations, chemical deproteinization
strategies have been proposed to selectively remove the organic component prior to acid
etching, thereby optimizing the substrate [11,12].

Sodium hypochlorite (NaOCl), a potent oxidizing agent, has emerged as a promising
deproteinizing agent due to its ability to dissolve organic matter and expose the underlying
mineralized prism structure, potentially enhancing the penetration and interlocking of
adhesive monomers [13–17]. However, the existing body of evidence presents conflicting
results. While some studies report significant improvements in bond strength following
NaOCl pretreatment [9,10,15], others show negligible or even detrimental effects [18,19].
This inconsistency can be largely attributed to a critical lack of standardization, with
significant variations in NaOCl concentration (ranging from 1% to 10%) and, most notably,
application time—a parameter whose optimization is fundamental for clinical translation.
Some authors have suggested that short application times may be insufficient for effective
deproteinization [11,20], whereas prolonged exposure could induce structural alterations
in the enamel, degrading its bonding potential [21–24]. This lack of a consensus protocol
underscores a significant gap in the literature.

Building on the heterogeneous literature regarding NaOCl concentration and applica-
tion time, we posited a time-dependent ‘therapeutic window’ at 5% capable of maximizing
deproteinization benefits while avoiding over-etching.

The aim of this study was to evaluate the effect of a 5% sodium hypochlorite pre-
treatment, applied for different durations, on enamel shear bond strength (SBS), adhesive
remnant index (ARI), and etching morphology, to identify the optimal protocol for clinical
adhesive procedures.

2. Materials and Methods
A total of 140 extracted human premolars (70 maxillary and 70 mandibular) meeting

strict inclusion criteria (caries-free, no restorations, fractures, or fluorosis) were initially
selected. From this pool,

- 120 teeth were randomly allocated into four experimental groups of 30 teeth each for
shear bond strength (SBS) testing.

- The remaining 20 teeth (5 per group) were designated exclusively for scanning electron
microscopy (SEM) evaluation of enamel morphology.

Following extraction, the teeth were stored in sterile saline solution at 4 ◦C for a
maximum period of one month prior to experimentation, in order to minimize structural
alterations and preserve enamel characteristics. This storage duration has been shown to
preserve enamel properties without significant alterations [25].
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The sample size of 30 specimens per group was determined based on precedents
in the literature. Previous in vitro shear bond strength studies typically employed 12 to
30 samples per group—for example, Iglesias et al. used six groups of 12 samples (72 teeth
total), and other investigations have reported needing at least 15 samples per group to reach
a power > 80% [25,26]. Therefore, we chose 30 specimens per group to ensure adequate
statistical power and comparability with existing research.

2.1. Experimental Groups

Group assignment was as follows:

- Group I (Control): Phosphoric acid 36% etching (n = 30);
- Group II: 5% NaOCl (15 s) + phosphoric acid etching (n = 30);
- Group III: 5% NaOCl (30 s) + phosphoric acid etching (n = 30);
- Group IV: 5% NaOCl (60 s) + phosphoric acid etching (n = 30).

In all experimental groups, 36% phosphoric acid was applied immediately after rinsing
off the NaOCl, for 15 s. A schematic diagram of the experimental protocol is presented in
Figure 1 to illustrate the study groups, treatments, and evaluation methods.

Figure 1. Schematic representation of the experimental protocol. Extracted human premolars were
divided into four groups: control (phosphoric acid only) and experimental groups pretreated with 5%
sodium hypochlorite for 15, 30, or 60 s, followed by phosphoric acid etching. All samples underwent
adhesive application, bracket bonding, and subsequent evaluation by shear bond strength (SBS),
adhesive remnant index (ARI), and scanning electron microscopy (SEM).

2.2. Specialized Subgroup

SEM analysis was performed on 5 additional teeth per group (n = 20 total), which
underwent identical surface treatments but were not subjected to bracket bonding or
mechanical testing.

2.3. Materials Used

• Etching agent: 36% orthophosphoric acid (Solventum, St. Paul, MN, USA).
• Deproteinizing agent: 5% sodium hypochlorite (NaOCl), freshly prepared by diluting

commercial-grade NaOCl (Panreac, Spain) in distilled water.
• Adhesive system: Transbond™ XT primer and light-cured composite resin (Solventum,

Monrovia, CA, USA).



Appl. Sci. 2025, 15, 10952 4 of 13

The use of a single, widely accepted orthodontic adhesive system (Transbond™ XT)
was chosen to standardize the bonding protocol, thereby allowing for a clearer interpreta-
tion of the isolated effects of NaOCl pretreatment time.

• Brackets: Stainless steel MBT brackets (Victory Series™, Solventum) with a base area
of 10.5 mm2.

• Light-curing unit: LED curing device (Ortholux™ XT, Solventum).

The 5% NaOCl concentration was selected for this investigation as it represents a
clinically available and frequently reported concentration in the dental literature for enamel
deproteinization studies [13,15]. While lower concentrations exist, 5% has been shown to
provide a potent deproteinizing effect within a clinically feasible application time, allowing
for a clear observation of its time-dependent effects. This study aimed to establish a proof of
concept for the optimal application time using this common concentration, acknowledging
that future research should explore the efficacy and safety profile of lower concentrations.
The materials employed in the study are summarized in Table 1.

Table 1. Materials used in the study.

Material Commercial Name Manufacturer (City, Country) Purpose in Study

Phosphoric acid 36% Scotchbond™ Solventum, St. Paul, MN, USA Etching agent for enamel
conditioning

Sodium hypochlorite 5% Prepared from
commercial-grade NaOCl Panreac, Barcelona, Spain Deproteinising agent prior to

etching

Adhesive primer Transbond™ XT Primer Solventum, Monrovia, CA, USA Primer for enhancing resin
bonding to enamel

Light-cured composite resin Transbond™ XT
Composite Solventum, Monrovia, CA, USA Resin material for bracket

bonding

Stainless steel MBT brackets Victory Series™ Solventum, Monrovia, CA, USA Orthodontic brackets for SBS
testing

LED curing unit Ortholux™ XT Solventum, Monrovia, CA, USA Light source for curing
adhesive materials

Note: All materials were used according to the manufacturers’ instructions.

2.4. Surface Preparation and Bonding Protocol

All bonding procedures were conducted in accordance with ISO/TS 11405:2015 [27].
Teeth were cleaned with pumice and rinsed. In Groups II–IV, 5% NaOCl was applied

with a microbrush for the assigned time, rinsed with distilled water (10 s), and air-dried
(5 s). All samples were etched with 36% phosphoric acid (15 s), rinsed (5 s), and dried.
Subsequently, the Transbond™ XT primer was applied with a microbrush, gently blown
with air for 5 s to homogenize the layer and light-cured for 20 s. Brackets were then bonded,
excess removed, and adhesive light-cured (20 s mesial/distal).

The etching time of 15 s with 36% phosphoric acid was selected based on established
clinical protocols and supported by previous literature [28,29], which recommend this
duration to achieve optimal etching without excessive enamel loss.

The rinsing (10 s) and drying (5 s) times following NaOCl application were selected
based on common clinical practice and preliminary tests to ensure the complete removal of
NaOCl residues, which could otherwise neutralize the acid etchant and interfere with the
subsequent adhesion process.

2.5. Storage Before Testing

The 120 SBS-tested samples were stored in distilled water at 37 ◦C for 24 h before
testing, per ISO/TS 11405:2015 guidelines [27].

SBS was measured with a universal testing machine (Autograph AGS-1KND, Shimadzu
Corporation, Kyoto, Japan) using a 1 kN load cell. A chisel-shaped blade applied load at
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1 mm/min in the occluso-gingival direction, angled at 30◦. Debonding force was recorded
in Newtons and converted to MPa by dividing by the bracket base area (10.5 mm2).

We evaluated multiple thresholds reported in the literature (9, 11, 13, and 15 MPa). For
logistic regression, we predefined <15 MPa as failure to reflect a conservative clinical benchmark.

2.6. Adhesive Remnant Index (ARI)

ARI scores were assessed in a randomly selected subset of 15 specimens per group
(n = 60 total), drawn from the original 30 samples per group subjected to SBS testing.
After debonding, enamel surfaces were examined under a stereomicroscope (Leica M165C,
Leica Microsystems, Wetzlar, Germany) 20× magnification with digital imaging. Residual
adhesive was scored using the ARI scale:

Score 0: No adhesive (failure at enamel–adhesive interface)
Score 1: <50% adhesive
Score 2: >50% adhesive
Score 3: All adhesive (failure at bracket–adhesive interface)
This subsampling approach followed ISO 11405 recommendations [27] (Figure 2).

 

Figure 2. Representative stereomicroscopic images illustrating ARI scoring system: (1) Score 3;
(2) Score 2; (3–5) Score 1; (6) Score 0. Images obtained at 20× magnification. Scale bars = 500 µm.

2.7. Scanning Electron Microscopy (SEM)

Twenty teeth (five per group) were analysed by SEM to assess enamel surface mor-
phology. Samples received the same pretreatments as in SBS testing, except no brackets
were bonded. After gold-palladium coating, specimens were examined under a Hitachi
S-4100 scanning electron microscope (Hitachi High-Technologies, Tokyo, Japan).

Etching patterns were classified per Silverstone et al. [30]:
Type I: Prism cores dissolved (honeycomb); optimal retention;
Type II: Prism peripheries dissolved;
Type III: Irregular, unclear prism structure;
Type IV: Minimal or no prism exposure.
Types I and II are ideal for micromechanical adhesion.
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Etching patterns were classified according to Silverstone’s criteria [30] by two indepen-
dent examiners who were calibrated and blinded to the experimental group assignments.
The percentage distribution of etching patterns was calculated as the consensus evaluation
after independent analysis of five representative areas from each specimen. In cases of
disagreement, a third experienced examiner was consulted to reach a final consensus.

2.8. Statistical Analysis

SBS values were recorded in MPa. A threshold of 9–11 MPa was considered clinically
relevant for failure. Descriptive statistics (mean, SD, min, max, median, 95% CI) were
calculated. A logistic regression model evaluated the odds of SBS < threshold across groups.

Normality was assessed with Kolmogorov–Smirnov, and homogeneity with Levene’s
test. Box–Cox transformations were applied as needed. One-way ANOVA with Tukey’s
post hoc test was used for pairwise comparisons.

ARI scores (n = 60; 15/group) were analysed using the Kruskal–Wallis test. Pairwise
comparisons were done with Mann–Whitney U and Bonferroni correction.

2.9. Intra-Examiner Reliability

To assess reproducibility, the examiner re-evaluated ARI scores 15 days later. Overall
agreement was 91.7%, with full concordance in 55 of 60 cases. The weighted Kappa index
confirmed high consistency.

Three groups showed very high Kappa values. The 15-s group had slightly lower
agreement due to score concentration in “all adhesive remaining” (score 3), but raw agree-
ment remained high at 86.7%, supporting reliability.

2.10. Ethical Considerations

This study was conducted in accordance with the Declaration of Helsinki. The ex-
tracted premolars were obtained from patients undergoing orthodontic treatment at the
Dental Clinics of the Cardenal Herrera CEU University (Valencia, Spain). Written informed
consent was obtained from all patients or their legal guardians for the extraction, use, and
transfer of the teeth for research purposes. According to Spanish national regulations on
biomedical research (Law 14/2007, BOE-A-2007-12945), and institutional policies, in vitro
studies using anonymised extracted teeth obtained for therapeutic purposes do not require
formal ethics committee approval.

3. Results
3.1. Shear Bond Strength

SBS differed significantly among groups. The 30-s NaOCl group showed the high-
est mean (20.9 MPa, 95% CI [19.9, 21.9]), significantly greater than control (15.95 MPa,
95% CI [14.8, 17.1]) and 15-s group (14.91 MPa, 95% CI [13.7, 16.2]). The 60-s group showed
intermediate strength (17.22 MPa, 95% CI [16.1, 18.3]), not significantly different from control.

Logistic regression revealed a 68% lower failure risk (<15 MPa) in the 30-s group
(p = 0.038). The 15- and 60-s groups did not show significant reductions.

The distribution of samples exceeding different clinical thresholds (9, 11, 13, and
15 MPa) is shown in Figure 3. The control group displayed lower percentages of specimens
above the higher thresholds, particularly at 13 and 15 MPa, where less than half of the
samples resisted these levels. The 15-s NaOCl group had the weakest performance, with
the majority of samples failing to surpass 11 MPa. In contrast, the 30-s NaOCl group
demonstrated the most favorable results, with over 80% of specimens surpassing 13 MPa
and more than two-thirds exceeding 15 MPa, indicating a significant improvement in bond
strength reliability. The 60-s NaOCl group showed intermediate results, with performance
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superior to the control and 15-s groups but inferior to the 30-s group. These distributions
confirm that a 30-s NaOCl pretreatment not only increases mean bond strength but also
ensures a greater proportion of clinically acceptable outcomes.

 

 

Note: * p < 0.05. 

*

Figure 3. Shear bond strength at debonding (MPa) for all groups (mean ± SD). Different letters
indicate significant between-group differences (one-way ANOVA with Tukey’s post hoc, α = 0.05).

The distribution of samples surpassing various clinical thresholds (9, 11, 13, and 15 MPa)
is depicted in Figure 4.

Figure 4. Proportion of specimens meeting SBS thresholds (≥9, ≥11, ≥13, ≥15 MPa) by group.

3.2. Adhesive Remnant Index (ARI)

Analysis of ARI scores (assessed in 15 randomly selected specimens per group from
SBS-tested samples) revealed significant differences across treatments. In the 30-s NaOCl
group, 86.7% of samples exhibited score 3 (all adhesive retained on enamel), compared
to 66.7% in the 60-s group and 53.3% in the control. The 15-s group showed the lowest
frequency of score 3 (6.7%).

Kruskal–Wallis test confirmed substantial differences between NaOCl-treated groups
and control (p < 0.0004), though variations between NaOCl exposure durations were not
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statistically significant. Pairwise comparisons using Mann–Whitney U test with Bonferroni
correction are detailed in Table 2.

Table 2. Pairwise comparisons of ARI scores between experimental groups (Mann–Whitney U test
with Bonferroni correction).

Control NaOCl 15 s NaOCl 30 s NaOCl 60 s

Control — — — —
NaOCl 15 s 0.00001 *** — — —
NaOCl 30 s 0.0003 ** 0.137 — —
NaOCl 60 s 0.00001 *** 0.412 0.412 —

Note: *** p < 0.001; ** p < 0.01.

3.3. Scanning Electron Microscopy (SEM)

SEM images showed clear differences in etching morphology. SEM analysis revealed
that the control group exhibited partial dissolution of prism cores and peripheries, cor-
responding to mixed Type I–II patterns. The 15 s NaOCl group showed irregular prism
outlines and areas of incomplete deproteinization (Type III). The 30 s group displayed
homogeneous prism exposure and clear interprismatic regions (Types I–II), while the 60 s
group presented overetched areas with loss of prism definition (Type IV) (Figure 5).

Group 1 (Control): Enamel surface treated with 36% phosphoric acid for 15 s. 

Group 2: Enamel surface treated with 5% sodium hypochlorite for 15 s followed by 36% 

phosphoric acid for 15 s. 

Group 3: Enamel surface treated with 5% sodium hypochlorite for 30 s followed by 36% 

phosphoric acid for 15 s.   

Group 4: Enamel surface treated with 5% sodium hypochlorite for 60 s followed by 36% 

phosphoric acid for 15 s. 

Figure 5. Representative SEM micrographs of etched enamel per group at 3000×, 7000× and
15,000× (scale bars shown). Control: mixed Type I–II; 15 s NaOCl: irregular Type III; 30 s NaOCl:
predominantly Type I–II; 60 s NaOCl: Type IV with loss of prism definition. Scale bars = 10 µm, 5 µm,
and 2 µm.
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3.4. Etching Pattern Distribution

Table 3 summarises etching patterns by group. The 30-s NaOCl group had the highest
frequency of Type I and II patterns. The 60-s group showed increased Type IV patterns,
less favourable for bonding. NaOCl-treated groups also showed more residual adhesive
than control.

Table 3. Frequency of etching pattern types observed via SEM in each group.

Etching Pattern
Type

Control Group
(H3PO4) NaOCl 15 s NaOCl 30 s NaOCl 60 s

Type I 25% 25% 75% –
Type II 25% 50% 20% 25%
Type III 25% 25% 5% 75%
Type IV 25% – – –

4. Discussion
Adhesion to enamel is fundamentally a surface engineering problem, in which the

preparation of the substrate determines the quality of the adhesive interface and its re-
sistance to mechanical stresses during clinical function [31]. Conventional acid etching
alone frequently results in non-uniform dissolution of the aprismatic layer, leaving a sig-
nificant proportion of enamel areas insufficiently conditioned [32,33]. Inadequate surface
modification leads to weak bonding and a higher incidence of bracket failure [34–36].

Sodium hypochlorite (NaOCl) acts as a selective organic solvent capable of remov-
ing the proteinaceous pellicle that masks mineral prisms, allowing a deeper and more
homogeneous etching pattern [37–40]. From a materials science perspective, this controlled
chemical conditioning changes the surface energy and exposes a microtopography more
favourable to micromechanical interlocking with adhesive systems.

The present study provides clear evidence that a 30-s pretreatment with 5% NaOCl
prior to acid etching creates the most favourable conditions for bonding, resulting in a
significant 31% increase in SBS compared to the control group. This finding is consistent
with several previous studies. Justus et al. [9] and Pereira et al. [11] similarly reported
enhanced bond strength following NaOCl deproteinization, attributing it to improved resin
infiltration. Our results offer a direct microstructural explanation for their findings. The
SEM analysis revealed that this specific treatment duration promoted predominantly Type
I and II etching patterns, which generate the ideal honeycomb morphology for mechanical
retention. This aligns with the work of Ahuja et al. [36], who also observed more defined
prism patterns after NaOCl application.

However, the scientific literature on NaOCl pretreatment is not unanimous. Our
results help clarify the contradictions by demonstrating that application time is a critical,
and previously under-standardized, variable. The inferior performance of the 15-s group
(SBS of 14.91 MPa) is directly explained by our SEM findings, which revealed irregular
Type III etching patterns. This morphology is indicative of incomplete deproteinization,
where residual organic matter impeded uniform acid penetration and compromised the
formation of a retentive microtopography.

Conversely, the decline in etching quality and the intermediate SBS value (17.22 MPa)
in the 60-s group underscore the potential adverse effects of prolonged exposure. The
appearance of overetched areas with disorganised microstructure (Type IV) is consis-
tent with previous reports describing the aggressive nature of NaOCl [41–43]. López-
Luján et al. [35] also noted that while NaOCl improved bonding, the effect was time-
dependent. Our study systematically maps this dependency, identifying 30 s as the optimal
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balance for a 5% concentration, effectively removing the organic mask without causing
excessive demineralization.

Adhesive Remnant Index (ARI)

Although the significant bond strength (20.9 MPa) achieved in the 30-s group repre-
sents a notable improvement in adhesive performance, the clinical implications of exces-
sively high SBS values warrant consideration. Elevated bond strengths may potentially
increase the risk of enamel fracture or cohesive failure within the enamel during debonding
procedures [33]. However, the predominant ARI score of 3 (86.7%) observed in this group
indicates that failure occurred preferentially at the bracket-adhesive interface rather than at
the enamel-adhesive interface. This failure mode suggests that while the bond to enamel
was strengthened, the clinical risk of enamel damage may be mitigated as the adhesive in-
terface remains the weakest point, thus protecting the underlying enamel substrate during
mechanical debonding.

In the present study, the 30-s NaOCl group exhibited the highest proportion of ARI
score 3, indicating that all adhesive remained on the enamel surface after debonding. From
a clinical standpoint, this finding has both advantages and drawbacks. On one hand,
adhesive failure at the bracket–adhesive interface preserves the enamel and reduces the risk
of iatrogenic damage during bracket removal. On the other hand, the complete retention
of adhesive on enamel requires additional chairside time for removal, which can be tech-
nically demanding and may increase the risk of enamel scratches or surface roughness if
inappropriate finishing protocols are used. Ideally, bonding protocols should achieve high
bond strength while leaving minimal residual adhesive, thereby facilitating debonding
procedures. Further research should investigate modifications to NaOCl pretreatment or
etching parameters that could optimize this balance between mechanical performance and
clinical efficiency.

The significant bond strength improvement afforded by the 30-s 5% NaOCl pretreat-
ment must be balanced against its potential clinical risks. Sodium hypochlorite is a potent
oxidizing agent with known caustic effects on soft tissues. Therefore, the clinical translation
of this protocol mandates stringent safety measures to prevent iatrogenic injury. The use
of absolute isolation, preferably with a rubber dam, is considered essential to protect the
gingiva and oral mucosa. Furthermore, controlled application using microbrushes directed
solely at the enamel surface and followed by thorough rinsing with copious water are
non-negotiable steps to mitigate risk. It is also crucial to highlight that the positive findings
of this study are strictly confined to enamel substrates. The application of NaOCl on dentin
is controversial and generally contraindicated for bonding purposes, as it dissolves the
collagen fibrils essential for the formation of the hybrid layer in etch-and-rinse adhesives.
Therefore, the proposed pretreatment should not be extrapolated to restorative procedures
involving dentin surfaces. While this study demonstrates a clear laboratory benefit, its
clinical adoption should be preceded by in-situ or clinical trials that confirm its efficacy and
safety in the dynamic oral environment.

Furthermore, while not assessed in this study, other potential adverse effects such as
enamel discoloration or the impact of NaOCl on hypomineralized or fluorotic enamel war-
rant investigation in future research to fully establish the safety profile of this pretreatment.

Nevertheless, the study has limitations. As an in vitro investigation, it does not
reproduce intraoral variables such as saliva, occlusal loading, and long-term ageing. Future
studies should include artificial ageing methods, extended follow-up periods, and different
adhesive systems to validate the clinical effectiveness of this approach [43]. Another
limitation of the present study is that the teeth were stored for up to one month prior
to experimentation. This protocol was chosen to minimize structural alterations and
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preserve enamel characteristics; however, it cannot completely rule out the possibility
of morphological or chemical changes in dental tissues over time. Such alterations may
influence the etching pattern and, consequently, bonding performance. Recent evidence
suggests that storage media and duration can affect enamel and dentin differently, with
prolonged storage—especially in certain disinfectant solutions—associated with variations
in bond strength and microleakage outcomes [39].

In addition, the absence of a control group using freshly extracted teeth represents
a methodological limitation. Including such a group would provide valuable insight
into whether immediate bonding differs from delayed bonding after storage. Future
investigations incorporating this comparison are recommended to better establish the
impact of storage duration on adhesive performance and to strengthen the external validity
of in vitro findings.

A limitation of this study is the qualitative nature of the SEM analysis. While SEM
provided valuable qualitative insights into etching patterns, quantitative surface topog-
raphy data, such as surface roughness parameters (Ra, Rq) or the percentage of prism
area exposed through image analysis software, were not obtained. The classification of
etching patterns, while performed by blinded examiners, remains inherently subjective.
Future studies should incorporate quantitative surface metrology techniques such as atomic
force microscopy (AFM) or optical profilometry to provide objective measurements of the
topographical changes induced by NaOCl pretreatment.

Furthermore, the findings are specific to the adhesive system employed (Transbond™
XT). Future research is warranted to investigate the interaction of NaOCl pretreatment with
the chemistry of different adhesive systems, such as self-etch or universal adhesives.

5. Conclusions
This in vitro study demonstrates that a 30-s pretreatment with 5% sodium hypochlo-

rite prior to acid etching represents an optimal protocol for enamel surface engineering
under controlled conditions. This specific duration significantly enhanced shear bond
strength and promoted the formation of Type I, II etching patterns, indicative of superior
micromechanical retention, by achieving an ideal balance between effective deproteiniza-
tion and structural preservation. Therefore, incorporating a 30-s 5% NaOCl pretreatment
shows great potential as a simple and cost-effective strategy to improve the reliability of
adhesive procedures in orthodontics and restorative dentistry. However, these promising
in vitro findings require validation through clinical trials to confirm their efficacy, safety,
and durability in the dynamic oral environment before routine clinical application can
be recommended.
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