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ABSTRACT
Introduction: Currently, restorative dentistry has been moving toward minimally invasive approaches. Significant advances in materials and adhesive systems have occurred, for which there is still a need to integrate this information. Objective: To summarize the scientific evidence regarding the different types of adhesive systems, emphasizing their evolution and clinical performance. Methods: This integrative review study used the Health Sciences Descriptors (DeCS/MeSH) “Dental Cements,” “Adhesives,” “Dentin,” “Composite Resins,” “Dental Materials,” “Longevity,” and “Tensile Strength,” adapted for the databases PubMed/MEDLINE, SciVerse Scopus, Web of Science, Latin American and Caribbean Health Sciences Literature (LILACS), and grey literature (Google Scholar), aiming to select clinical trials without a time restriction on publication. Results: Of the 431 studies identified, 22 were included in the final sample. Most focused on evaluating adhesive systems applied in composite resin restorations in non-carious cervical lesions (NCCLs), totaling 19 investigations. A smaller number of studies evaluated adhesive systems in restorations classified as I to III or in unspecified cavities. The publication period ranged from 2001 to 2025, with the highest concentration of studies in 2020. The clinical samples showed wide variation, ranging from 90 to 234 NCCLs, with participants distributed into two to five experimental groups. Regarding adhesive systems, there was a predominance of the use of eighth-generation universal adhesives, especially Scotchbond Universal/Single Bond Universal, which were the most frequently investigated. Final considerations: The appropriate choice of the adhesive system, combined with the correct execution of the technique, is decisive for the clinical quality of composite resin restorations.
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1 INTRODUCTION
Adhesive bonding to dentin is established from the demineralization promoted by acid etching, which predominantly exposes the intertubular collagen network (Alomran et al., 2025; Polesso Patias et al., 2025). This exposure allows the infiltration and diffusion of the hydrophilic primer monomers (Porto et al., 2023), followed by the polymerization of the hydrophobic monomers present in the adhesive system (Hardan et al., 2023). As a result, the hybrid layer is formed (Cadenaro et al., 2023), enabled by micromechanical interlocking and relative resistance to acid attack, whose main objective is to promote sealing of the adhesive–dentin interface before the insertion of the composite resin, reducing permeability to bacteria, endotoxins, fluids, and electrolytes (Alam et al., 2024).  
However, this adhesive interface behaves as a semipermeable structure, susceptible to nanoleakage phenomena and hydrolytic degradation over time (Dhami et al., 2024). Hydrolysis corresponds to a chemical process in which water promotes the cleavage of covalent bonds in the polymer (Amin et al., 2022), especially ester bonds, resulting in progressive material loss and impairment of adhesive strength (Lopes et al., 2022). 
Additionally, the penetration of water at the nanometric scale at the base of the hybrid layer may interfere with the proper polymerization of the adhesive system (Porto et al., 2023), favoring the leaching of residual monomers (Cadenaro et al., 2023). These events are associated with clinical manifestations such as postoperative sensitivity, greater biofilm retention, and the potential development of secondary carious lesions (Forville et al., 2025). 
Thus, advances in dental materials and adhesive techniques have been widely investigated with the aim of preventing or reducing hydrolytic degradation of the adhesive interface (Naupari-Villasante et al., 2023). Modifications in the composition of adhesive systems, including changes in monomers (Ren; Wang; Zhu, 2025), incorporation of antimicrobial agents (Cadenaro et al., 2023) and desensitizers (Porto et al., 2023), as well as the optimization of solvents (Porto et al., 2023), represent promising approaches to increase adhesion durability and promote greater clinical longevity of restorations (Amin et al., 2022).
In these cases, adhesive systems play a role in bonding restorative materials to dental structures, becoming indispensable for the success and longevity of contemporary restorative procedures (Porto et al., 2023). Their main function is to establish an effective bond between the resin material and the dental substrate (Alomran et al., 2025), ensuring marginal integrity and stability of the restoration over time (Patias et al., 2025).  
Enamel and dentin present structural and compositional particularities that directly influence adhesion mechanisms, which reinforces the importance of proper selection of the adhesive system (Dhami et al., 2024). Thus, historically, throughout the evolution of adhesive systems, the first generations were based on the assumption that acid etching of dentin was not indicated due to the potential risk of injury to the pulpal tissue (Bordina et al., 2022).  
For adhesive restorations to present adequate clinical performance and longevity, several factors must be considered, including the quantity and quality of the remaining dental tissue (Delgado et al., 2025), as well as the composition and performance of the adhesive system used (Barceleiro et al., 2022). The correct interaction between these elements is essential to prevent failures such as marginal microleakage, damage to pulpal tissue, impairment of restorative adhesion, and the occurrence of postoperative sensitivity (Ren; Wang; Zhu, 2025).  
Constant technological innovations in adhesive dentistry, such as the development of self-etch systems and the incorporation of nanoparticles into restorative materials, have the potential to improve the effectiveness of dental treatments (Arandi et al., 2023; Bordina et al., 2022; Patias et al., 2025). However, such advances require continuous scientific investigations and discussions regarding their clinical applicability. One of the main challenges of adhesive dentistry is to promote and maintain a stable and long-lasting bond between synthetic materials and biological substrates while respecting the particularities of the adhesive process (Alomran et al., 2025).  
In this context, studies have been conducted with the aim of improving the properties of dentin adhesives (Naupari-Villasante et al., 2023; Bordina et al., 2022; Patias et al., 2025), considering that failures in adhesion may favor marginal infiltration and the development of postoperative sensitivity (Delgado et al., 2025; Porto et al., 2023). Currently, there is a need to base dental clinical practice on scientific evidence, encouraging the rational use of adhesive systems according to the specificities of each clinical situation. Therefore, the objective of this study was to summarize the scientific evidence regarding the different types of adhesive systems, emphasizing their evolution and clinical performance.
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2.1 Study design and protocol
This is an integrative literature review. For the conception of the study, the following guiding question was formulated: “How has the clinical performance of different types of dentin adhesives evolved, and what are their impacts on bond strength, tensile strength, pigmentation, restoration longevity, and indication in resin restorations?” Subsequently, combinations of the Health Sciences Descriptors (DeCS/MeSH) “Dental Cements,” “Adhesives,” “Dentin,” “Composite Resins,” “Dental Materials,” “Longevity,” and “Tensile Strength” were adapted for each database searched through the use of the Boolean operators “AND” and/or “OR.”
2.2 Databases and search strategies
To identify the studies to be included in this review, an electronic search in PubMed/MEDLINE, SciVerse Scopus, Web of Science, and Latin American and Caribbean Health Sciences Literature (LILACS), in addition to gray literature (Google Scholar), was designed in order to locate the greatest number of studies related to the topic. The search was conducted between August 30, 2025 and December 3, 2025 and updated on January 8, 2026.  
The PICO strategy (Costa-Santos; Pimenta; Nobre, 2007) was used to classify the articles as follows: participants involved (P) – patients undergoing dental restorations with composite resin and/or dentin adhesive systems; intervention (I) – use of different types of dentin adhesives; control (C) – control group; and outcome (O – outcomes) – bond strength, pigmentation/color stability, longevity of restorations, and clinical indication in composite resin restorations.
2.3 Study eligibility criteria
Randomized clinical trials with a minimum follow-up time of 24 months were included, published without distinction of language or publication time frame, aiming to compare the clinical evolution of adhesive systems over the years, provided that they were peer-reviewed and reported clinical performance data, considering bond strength, staining/color stability, and longevity of restorations, following the criteria of the International Dental Federation (FDI), Cvar/Ryge, and/or the United States Public Health Service (USPHS).
On the other hand, studies that did not address the clinical performance of dentin adhesives applied in composite resin restorations were excluded, as well as those that did not clearly report the adhesive technique implemented. Additionally, literature reviews (narrative or integrative), in vivo and in vitro studies, research reports, pilot studies, cross-sectional studies, case reports, case-control studies, cohort studies, studies focused on primary teeth, theses and/or master’s or doctoral dissertations, editor’s notes, duplicate studies, conference proceedings, epidemiological studies, opinion articles, and those unavailable in full text were excluded. Studies that did not highlight a standardized evaluation criterion in the dental literature were also disregarded in the final sample.
2.4 Data synthesis
Subsequently, an Excel™ matrix (version 2021) was created beforehand to facilitate data mapping, with the following variables of interest to the study tabulated: author/year, location, sample, design, and outcome. To summarize the essential elements of each tabulated study, a descriptive analytical framework was employed to examine the content of each article. Figure 1 was developed to clearly illustrate the lengthy methodological process involved in the database search.
RESULTS
The search carried out in the databases resulted in the identification of a total of 431 studies from various sources. After a careful analysis of titles and abstracts, 22 randomized clinical trials were selected to compose the final sample of the review. Of these, 19 studies focused on the evaluation of adhesive systems in the context of restoration with composite resins in non-carious cervical lesions (NCCLs) (Omoto et al., 2025; Naupari-Villasante et al., 2023; Haak et al., 2022; Oz; Dursun; Ergin, 2022; Albuquerque et al., 2020; Costa et al., 2020; Paris-Matos et al., 2020; Ranjitha et al., 2020; Manarte-Monteiro et al., 2021; Oz; Ergin; Canatan, 2019; Loguércio et al., 2018; Boushell et al., 2016; Zander-Grande et al., 2014; Moosavi et al., 2013; Perdigão et al., 2012; Zander-Grande et al., 2011; Wilder et al., 2009; Swift et al., 2001a; Swift et al., 2001b). 
Only 3 focused on other types of classification, such as classes I to III, or restorations of unspecified cavities (Naupari-Villasante et al., 2024; Castro et al., 2022; Pena et al., 2016).
The year of publication ranged from 2001 (Swift et al., 2001; Swift et al., 2001b) to 2025 (Omoto et al., 2025), with the highest concentration of publications in 2020 with 4 studies (Albuquerque et al., 2020; Costa et al., 2020; Paris-Matos et al., 2020; Ranjitha et al., 2020). The country that produced the most publications on the topic, based on the adopted search strategy, was Brazil, with a total of 10 studies (Omoto et al., 2025; Naupari-Villasante et al., 2024; Naupari-Villasante et al., 2023; Castro et al., 2022; Albuquerque et al., 2020; Costa et al., 2020; Paris-Matos et al., 2020; Loguércio et al., 2018; Zander-Grande et al., 2011), followed by the United States (Boushell et al., 2016; Perdigão et al., 2012; Wilder et al., 2009; Swift et al., 2001a; Swift et al., 2001b).  
The minimum sample was 90 treated NCCLs (Naupari-Villasante et al., 2024; Castro et al., 2022) and the maximum was 234 NCCLs (Oz; Dursun; Ergin, 2022). Participants were divided into a minimum of 2 (Naupari-Villasante et al., 2024) and a maximum of 5 groups (Oz; Dursun; Ergin, 2022). Regarding adhesive systems, Scotchbond Universal / Single Bond Universal (8th generation) proved to be the most prevalent in the analyses among the included authors (Table 1).
Table 1 – Prevalence of adhesive systems in the included studies.
	Adhesive system
	N of studies
	Bond generation
	Type of system

	Scotchbond Universal / Single Bond Universal
	N= 6
Omoto et al., 2025; Naupari-Villasante et al., 2024; Castro et al., 2022; Haak et al., 2022; Oz; Dursun; Ergin, 2022; Swift et al., 2001a,b
	8th generation
	Universal

	OptiBond (FL, Solo, Dual Cure, All-In-One)
	N=5
Perdigão et al., 2012; Wilder et al., 2009; Swift et al., 2001a; Swift et al., 2001b; Moosavi et al., 2013
	4ª, 5ª e 7ª
8th generation
	   Conventional

	Futurabond U
	N=4
Manarte-Monteiro et al., 2021; Naupari-Villasante et al., 2023; Paris-Matos et al., 2020; Albuquerque et al., 2020
	8th generation
	Universal

	Xeno (III, IV, V+)
	N=3
 Boushell et al., 2016; Pena et al., 2016; Zander-Grande et al., 2014
	7th generation
	Self-conditioning (1 step)

	Prime & Bond (2.1 / XP Bond)
	N=2
 Swift et al., 2001a; Swift et al., 2001b
	5th generation
	Total acid conditioning

	Clearfil (SE Bond / Universal Bond Quick)
	N=2
Pena et al., 2016; Oz; Dursun; Ergin, 2022
	6th and 8th generation
	Autocondicionante / Universal

	Tetric N-Bond Universal
	N=1
Loguércio et al., 2018
	8th generation
	Universal

	GLUMA Universal
	N=1
Oz; Ergin; Canatan, 2019
	8th generation
	Universal

	All-Bond Universal
	N=1
Oz; Ergin; Canatan, 2019

	8th generation
	Universal

	Adhese Universal
	N=1 
Manarte-Monteiro et al., 2021

	8th generation
	Universal

	G-Premio Bond
	N=1 
Ranjitha et al., 2020

	 8th generation
	Universal

	Dental Universal One-Step (Bisco)
	N=1 
Zander-Grande et al., 2011

	8th generation
	Universal

	Adper Prompt L-Pop
	N=1
Zander-Grande et al., 2014

	6th generation
	Self-conditioning (2 steps)


Table 2 presents the main findings of the selected studies, including author, objective, type of trial, and most relevant results. This organization allows for direct comparison of parameters such as clinical efficacy, adhesive strength, durability, and application protocols of the adhesive systems, in addition to providing a clearer interpretation of the data.
Table 2 – Summary of the studies included in the research, highlighting the author/year, country, adhesive, sample, time, groups, dentin pretreatment, evaluation criteria, and results.
	[bookmark: _heading=h.hu4qle9yr01d]Author/year
	Country
	Bond
	Sample and time
	Groups or methods implemented
	Evaluation criteria
	Results

	[bookmark: _heading=h.doh3l7q3paw5]Omoto et al. (2025)
	Brazil
	Scotchbond Universal Adhesive.
	N=40 and 200 CNCs
 
4 years;
	Restorative adhesive with and without selective acid etching of enamel, resin-modified glass ionomer cements, and EDTA as an acid pretreatment.
	Retention, marginal integrity, marginal discoloration, surface texture, wear, secondary caries, anatomical shape, surface pigmentation, color, and marginal adaptation to gingival inflammation.
	Selective acid etching of the enamel resulted in less loss of retention with the universal adhesive.

	[bookmark: _heading=h.t8ue1896ebjy]Naupari-Villasante et al. (2024)
	Brazil
	Single Bond Universal.
	N=45 and 90 
Class I and II restorations;
36 months.

	Wet dentin group or dry dentin group divided equally (n = 45).
	FDI and USPHS.
Postoperative sensitivity, fracture and retention, marginal pigmentation, marginal adaptation, and caries recurrence.
	There was no difference in the parameters evaluated, regardless of the method used.

	Naupari-Villasante et al. (2023)
	Brazil
	Futurabond U (Voco).
	N=50 and 200 CNCs;
5 years 
	Four adhesive strategies (n = 50 in each): total acid etching; selective enamel etching + total acid etching; total acid etching with dry dentin; and total acid etching with moist dentin.
	FDI and USPHS.
Postoperative sensitivity, fracture and retention, marginal pigmentation, marginal adaptation, and caries recurrence.
	Satisfactory clinical performance after 5 years, regardless of the bonds strategy.

	Castro et al. (2022)
	Brazil
	Single Bond Universal.
	N=45 and 90;
Class I and II restorations;
12 months. 
	Wet dentin group or dry dentin group divided equally (n = 45).
	FDI.
Sensitivity, marginal discoloration, marginal adaptation, fracture, and recurrent caries.
	No significant differences were observed between the groups.

	Haak et al. (2022)
	Germany
	Scotchbond ™ 
Universal 
	N=22 and 
3 years 
	Self-etching (SE), selective enamel etching (SEE), or total-etch (TE) modes. OptiBond™ FL total-etch adhesive (OFL, Kerr) served as a control.
	FDI.
Sensitivity, marginal discoloration, marginal adaptation, fracture, and recurrent caries.

	The SBU-SEE group showed the most effective performance. Clinical assessment and QMA were correlated, however, QMA detected differences between the groups earlier, after 6 months, thus being a valuable extension of the clinical assessments.

	[bookmark: _heading=h.dvpbjs8owc0t]Oz; Dursun; Ergin, 2022
	Turkey
	Clearfil Universal Bond Quick and Clearfil SE Bond.
	N=34 and 234 CNCs;
24 months

	CUQ-SE/ CUQ-SLE/ CUQ-ER: Clearfil Universal Bond Quick (self-conditioning, selective or total acid); CSEB: Clearfil SE Bond (self-conditioning); TBU-ER: Tetric N-Bond Universal (total acid).
	USPHS.
Retention, marginal adaptation, marginal discoloration, secondary caries, postoperative sensitivity, color and surface texture matching.
	The universal "no-waiting time" adhesive demonstrated clinically acceptable performance in both selective enamel etching and total acid etching modes.

	Manarte-Monteiro et al. (2021)
	Portugal.
	FuturabondU e AdheseUniversal.
	N=30 and  210 CNCs;
2 years 
	.Total acid conditioning and self-conditioning
	FDI.
Marginal pigmentation, marginal adaptation, caries, and postoperative sensitivity.
	The FuturabondU group did not perform as well as the Adhese Universal group due to its functional properties.

	[bookmark: _heading=h.uzus0qixsul0]Albuquerque et al. (2020)
	Brazil
	Futurabond U.
	N=50 and  200 CNCs;
18 months 
	Total acid etching (SEE), selective enamel etching + total acid etching (SET), acid etching and rinsing with dry dentin (ERDry), and acid etching and rinsing with wet dentin (ERWet).
	FDI.
Retention/fracture, marginal adaptation, marginal pigmentation, postoperative sensitivity, and caries recurrence.
	The clinical performance of Futurabond U was not dependent on the adherence strategy used.

	[bookmark: _heading=h.ig73vkp24wnn]Costa et al. (2020)
	Brazil
	Single Bond Universal.
	N= 33 and 156 CNCs;
2 years
	Total acid etching; Dentin pretreatment with 0.1% EGCG + total acid etching; Self-etching; and dentin pretreatment with 0.1% EGCG + self-etching.
	FDI.
Marginal pigmentation, marginal adaptation, caries, and postoperative sensitivity.
	There was no difference in the parameters evaluated, regardless of the method used.

	Paris-Matos et al. (2020)
	Brazil
	Scotchbond.
	N= 39 and
200 restorations;
5 years.

	U-ERm: total acid etching + moist dentin; SU-ERd: total acid etching + dry dentin; SU-Set: selective enamel etching; and SU-SE: self-etching.
	FDI and USPHS.
Retention/Fracture.
	Universal adhesive in the total acid etching strategy was better when compared to the self-etching strategy.

	Ranjitha et al. (2020)
	India
	G-Premio Bond.
	N=50 e 100 CNCs;
12 months 
	Two groups. Selective conditioning and self-conditioning.
	USPHS.
Marginal pigmentation, marginal adaptation, caries, and postoperative sensitivity.
	Selective conditioning showed better performance than the group with self-adhesive conditioning.

	Oz; Ergin; Canatan, 2019
	Turkey
	 GLUMA Universal
Single Bond and All-Bond Universal
	N=20 and 155 CNCs;
24 months
	GSE/GSL/GER: GLUMA Universal (self-conditioning, selective or total acid); ASE/ASL/AER: All-Bond Universal (self-conditioning, selective or total acid); SBE: Single Bond 2 (control, total acid).
	USPHS.
Retention/fracture.
	GLUMA Universal and All-Bond Universal adhesives showed better results in total acid etching and selective etching modes.

	Loguércio et al. (2018)
	Brazil
	Tetric N-Bond Universal.
	N=49 and 192 CNCs;
18 months

	ER - Total acid conditioning (no preparation); SE - total acid conditioning (no preparation); ER+RO; e SE+RO. 
	FDI.
Roughness.
	Applying the adhesive system before or after the restoration did not affect the roughness.

	Boushell et al. (2016)
	USA
	Xeno IV, Xeno III e XP Bond
	N=39 and 120 CNCs;
6 years
	Prior to the adhesive procedures, the NCCLs were roughened. No beveling was performed on the enamel and no mechanical retention was created.
	USPHS.
Retention, marginal discoloration, marginal adaptation, sensitivity, and secondary caries.
	Similar clinical performance after six years of use.

	Pena et al. (2016)
	NE
	 Xeno V(+) e Clearfil SE Bond
	N=28 and
112 cavities;
24 months

	Fifty-six cavities were restored with each adhesive system and divided into two subgroups (with and without conditioning).
	USPHS.
Retention, marginal integrity, marginal pigmentation, caries recurrence, and sensitivity.
	The clinical efficacy of the restorations was considered acceptable for both one- and two-step self-adhesive systems, with or without selective enamel etching.

	Zander-Grande et al. (2014)
	NE
	Adper Prompt L-Pop  e Xeno III (XE).
	N=30 and 124 CNCs;
24 months.

	Active and passive application in both adhesive systems.
	FDI.
Enamel retention and pigmentation.
	Active application improved retention rates of both adhesives after 24 months and minimized marginal pigmentation at the enamel margins.


	Moosavi et al. (2013)
	Iran
	Optibond FL, Optibond Solo Plus e Optibond All-In-One.
	N= 30 and 90 CNCs;
18 months
	Active application in both adhesive systems.
	USPHS.
Marginal discoloration.

	No differences were observed between the three adhesive systems.

	Perdigão et al. (2012)
	USA
	Adper Scotchbond Multi-Purpose; Adper Single Bond Plus;
Adper Scotchbond SE;
Adper Easy Bond.
	N=39 e 125 CNCs;
18 months.
	Three-step adhesive with total acid etching; Two-step adhesive with total acid etching; Two-step self-etching adhesive; and One-step self-etching adhesive.
	USPHS.
Sensitivity and pigmentation.
	Marginal enamel defects were more prevalent in self-etching adhesives.

	Zander-Grande et al. (2011)
	Brazil
	Dental Universal One-Step (OS) e Adesivo Adper Single Bond (SB) Plus.
	N=40 and 160 CNCs;
24 months

	 Universal One-Step Dental Adhesive System (OS) with rewetted dentin; OS with dry dentin; Adper Single Bond (SB) Plus Adhesive with rewetted dentin; and SB with dry dentin.
	USPHS.
Retention, marginal discoloration, marginal adaptation, sensitivity, and secondary caries.
	The ethanol/water-based adhesive performed better overall than the acetone-based system.

	Wilder et al. (2009)
	USA
	OptiBond Dual Cure.
	N=100 CNCs;
12 years.
	In half of the lesions (group A), the authors conditioned only the enamel; in the other half (group B), they conditioned both the enamel and the dentin.
	Modified USPHS.

Retention and pigmentation.

	Excellent performance and was not affected by acid etching of the dentin.

	[bookmark: _heading=h.ps5vbsr8ga0k]Swift et al. (2001)a
	USA
	OptiBond Solo e  Prime & Bond 2.1.
	N=3 and 101 CNCs;
18 years.
	The enamel was not beveled, nor was any mechanical retention applied.
	USPHS.
Retention and pigmentation.
	Both adhesives provided Class V retention rates exceeding those established by the FDI.

	[bookmark: _heading=h.dk5w0am9jzfh]Swift et al. (2001)b
	USA
	OptiBond Solo e Prime & Bond 2.1.
	N=33 and 101 CNCs;
36 months
	The enamel was not beveled, nor was any mechanical retention applied.
	Cvar/Ryge.
Retention and pigmentation.
	Single-component adhesives evaluated in this study provided excellent clinical retention in Class V restorations lacking mechanical retention.


Legend: NCCLs = Non-Carious Cervical Lesions; NE = Not Specified; FDI = International Dental Federation; USHPS = US Public Health Service; Source: Author (2026), based on tabulated studies.
After tabulating the data, synthesis was performed through thematic analysis. This synthesis was carried out by integrating the findings from the review of the 22 studies, following the structure proposed by Braun and Clarke (2006). The process involved comparing results, evaluating data feasibility, and analyzing the role of the techniques employed. The comparison was structured into eight axes: retention, marginal integrity, marginal discoloration, surface texture, wear, secondary caries, surface pigmentation, and marginal adaptation to gingival inflammation. 
In general, the retention of restorations in NCCLs proved to be clinically satisfactory in most studies, regardless of the adhesive system used (Swift et al., 2001a; Swift et al., 2001b; Boushell et al., 2016; Naupari-Villasante et al., 2023). However, a consistent trend of better performance was observed when selective enamel acid etching or total acid etching was used, especially when compared to the exclusively self-etch mode (Paris-Matos et al., 2020; Ranjitha et al., 2020; Oz; Ergin; Canatan, 2019; Omoto et al., 2025). Strategies involving active adhesive application, as well as ethanol/water-based systems, also demonstrated higher retention rates throughout clinical follow-up (Zander-Grande et al., 2014; Zander-Grande et al., 2011).
Marginal integrity showed stable behavior over time, with low rates of clinically relevant failures (Pena et al., 2016; Omoto et al., 2025). Adhesive strategies involving selective enamel acid etching showed a lower incidence of marginal defects, particularly at enamel margins (Haak et al., 2022; Omoto et al., 2025). In contrast, self-etch systems, especially single-step ones, showed a higher frequency of marginal irregularities, although without significant clinical impact in the short and medium term (Perdigão et al., 2012; Pena et al., 2016). The active application technique also contributed to better outcomes for this criterion (Zander-Grande et al., 2014).
Marginal discoloration was a recurrent finding, but it was predominantly classified as clinically acceptable (Moosavi et al., 2013; Boushell et al., 2016). The data indicate a greater tendency for marginal pigmentation when self-etch systems were used without selective enamel etching (Perdigão et al., 2012; Ranjitha et al., 2020). On the other hand, the use of selective or total acid etching was associated with a lower occurrence of discoloration, especially in medium- and long-term evaluations (Oz; Dursun; Ergin, 2022; Omoto et al., 2025). Nevertheless, studies did not identify statistically significant differences among the adhesive strategies tested (Castro et al., 2022; Naupari-Villasante et al., 2024).
The results suggest that the adhesive strategy, the moment of adhesive application, and the type of acid etching did not significantly influence surface roughness throughout the clinical follow-up (Loguércio et al., 2018). Thus, changes in this parameter appear to be more related to the restorative material and the functional conditions of the oral environment than to the adhesive technique itself.
Wear showed a low incidence and minimal progression in the included studies, with no clinically relevant differences between the different adhesive systems or conditioning strategies (Omoto et al., 2025).
The occurrence of secondary caries was rare in all studies, regardless of the adhesive system, conditioning strategy, or follow-up time (Boushell et al., 2016; Costa et al., 2020; Castro et al., 2022; Naupari-Villasante et al., 2023).
Surface pigmentation showed behavior similar to marginal discoloration, with higher frequency in self-etch systems without selective enamel etching (Perdigão et al., 2012; Ranjitha et al., 2020). Active adhesive application and selective etching contributed to reducing this effect (Zander-Grande et al., 2014; Oz; Ergin; Canatan, 2019). Despite this, the observed changes were considered clinically acceptable (Moosavi et al., 2013; Swift et al., 2001a).
Marginal adaptation associated with gingival inflammation proved to be adequate in most of the evaluated restorations, with no consistent evidence of impact from the type of adhesive or the conditioning strategy (Omoto et al., 2025; Naupari-Villasante et al., 2024). The findings suggest that the gingival response is more related to local factors, such as biofilm control and the marginal positioning of the restoration, than to the properties of the adhesive system used (Haak et al., 2022).
4 DISCUSSION
Among the factors that may lead to failure of the adhesive bond are inadequate acid etching, limited operator experience, and the incorrect selection or execution of the technique (Loguércio et al., 2018; Omoto et al., 2025). For this reason, researchers have proposed modifications to the application protocols of adhesive systems to reduce degradation of the interface, including adjustments in the force applied during adhesive application and the use of chlorhexidine on dentin after acid etching (Wilder et al., 2009; Boushell et al., 2016).  
In the present review study, the adhesive systems used showed satisfactory clinical performance over time, regardless of the generation or the number of steps involved. Conventional total-etch adhesive systems, self-etch systems, and universal adhesives demonstrated comparable success rates at different follow-up periods, including medium- and long-term evaluations, which highlights the clinical predictability of these materials throughout their technological evolution (Swift et al., 2001a; Swift et al., 2001b; Wilder et al., 2009; Boushell et al., 2016).  
When comparing generations of adhesive systems, it was observed that multi-step adhesives, particularly those based on total-etch strategies, showed consistent performance regarding retention and marginal stability, even after prolonged follow-up periods (Swift et al., 2001a; Swift et al., 2001b; Perdigão et al., 2012). In parallel, one- and two-step self-etch systems, representing newer generations at the time, also demonstrated acceptable clinical performance, although some studies reported a higher frequency of marginal defects in enamel when used without selective acid etching (Perdigão et al., 2012; Pena et al., 2016).  
According to Nagarkar; Theis‐Mahon; Perdigão (2019), the success of Adhesive Dentistry depends on stable and durable adhesion between different substrates. To achieve this objective, different adhesive systems have been developed and can be classified as conventional, self-etch, or universal. Universal adhesives, representing the most recent generations, have been widely evaluated under different etching strategies, including self-etching, selective enamel etching, and total-etch approaches (Omoto et al., 2025). These systems showed satisfactory clinical performance regardless of the adopted protocol, maintaining retention and marginal adaptation throughout the follow-up period (Figure 2) (Albuquerque et al., 2020; Naupari-Villasante et al., 2023; Castro et al., 2022; Naupari-Villasante et al., 2024).  
However, in the synthesis of data, studies that directly compared application modes indicated better performance of universal adhesives when associated with selective enamel etching or total-etch strategies, particularly regarding retention and marginal behavior in enamel (Paris-Matos et al., 2020; Ranjitha et al., 2020; Oz; Ergin; Canatan, 2019; Omoto et al., 2025).  
Differences related to chemical composition were also observed. Ethanol/water-based systems showed superior clinical performance when compared with acetone-based adhesives, highlighting better clinical stability over time (Zander-Grande et al., 2011). In addition, universal adhesives with different functional properties demonstrated variations in clinical performance even when applied under similar protocols, indicating that the adhesive generation alone does not determine its clinical behavior (Manarte-Monteiro et al., 2021).  
Regarding discoloration and marginal staining, it was observed that self-etch adhesives, especially single-step ones, showed a greater tendency toward marginal changes in enamel when compared with systems associated with selective or total acid etching (Perdigão et al., 2012; Ranjitha et al., 2020; Oz; Dursun; Ergin, 2022). Even so, several studies reported no statistically significant differences among the evaluated systems, including universal and self-etch adhesives, even after prolonged clinical follow-up (Moosavi et al., 2013; Castro et al., 2022; Naupari-Villasante et al., 2024).  
Technical aspects related to the application of adhesive systems also influenced clinical outcomes. Active application was associated with better retention rates and less marginal staining, regardless of the generation of adhesive used (Zander-Grande et al., 2014). On the other hand, the condition of dentin at the moment of application, whether dry or moist, did not significantly influence the clinical performance of universal or conventional adhesives, as demonstrated in different studies (Zander-Grande et al., 2011; Albuquerque et al., 2020; Naupari-Villasante et al., 2023; Naupari-Villasante et al., 2024).  
Taken together, the data indicate that the evolution of adhesive systems across their generations has resulted in materials with predictable clinical performance, with specific differences associated with etching strategy, chemical composition, and application technique, while clinical outcomes have remained largely stable over time (Swift et al., 2001a; Perdigão et al., 2012; Paris-Matos et al., 2020; Omoto et al., 2025).  
The literature indicates that most adhesives, except self-etch systems, cannot completely penetrate the entire extent of demineralized dentin, leaving exposed collagen regions susceptible to water infiltration (nanoleakage) and consequent degradation of both the resin material and the organic dentin matrix (Oliveira-Rocha et al., 2025). Even when adequate impregnation of collagen fibrils occurs, the interface remains vulnerable to deterioration due to the hydrophilic nature of adhesives (Boushell et al., 2016; Costa et al., 2020).  
Over the last three decades, adhesive systems have been developed with the aim of maximizing micromechanical retention, similar to that obtained in enamel after acid etching (Castro et al., 2022; Naupari-Villasante et al., 2023). However, the abundant presence of dentinal fluid and the pressure it exerts make it difficult for hydrophobic systems to adhere to the dentin substrate, which is naturally hydrophilic (Naupari-Villasante et al., 2024). In addition, the smear layer represents an additional barrier, preventing direct contact between the adhesive and dentin. To overcome these limitations, multi-step adhesive systems were introduced: acid etching removes the smear layer; the primer promotes partial dehydration and the permeation of hydrophilic components into dentin; and the adhesive provides mechanical strength to the hybrid layer and greater durability of the bond (Loguércio et al., 2018).  
As a result, dental adhesives have been simplified over time to become easier to use, thanks to rapid application and the availability of products that are less technique-sensitive (Naupari-Villasante et al., 2024). Subsequently, simplified adhesive systems emerged, in which the primer and adhesive are combined in a single application step, as well as self-etch adhesives, which chemically react with the organic and inorganic components of dentin and simultaneously copolymerize with the composite resin (Loguércio et al., 2018; Omoto et al., 2025).  
Single-bottle systems were designed to simplify the adhesive technique; however, studies demonstrate that they present a greater degree of nanoleakage at dentin interfaces and greater susceptibility to degradation when compared with two-bottle systems (Oliveira-Rocha et al., 2025). The degradation of the adhesive interface also affects the dentin component. Acid etching, especially with phosphoric acid, exposes collagen fibrils and may cause some degree of denaturation, making collagen susceptible to deterioration (Loguércio et al., 2018; Omoto et al., 2025).  
Endogenous enzymes known as matrix metalloproteinases (MMPs) are present in the extracellular matrix of mammalian tissues, including human dentin, and play an important role in the remodeling and degradation of different types of collagen (Castro et al., 2022; Naupari-Villasante et al., 2023). In addition to the action of water, recent studies suggest that degradation of the interface also involves enzymatic mechanisms. MMPs with gelatinolytic activity (MMP-2 and MMP-9) and collagenolytic activity (MMP-1, -8, -13, and -18) are found in latent form within the mineralized dentin matrix and may also be present in saliva or secreted by odontoblasts (Loguércio et al., 2018; Omoto et al., 2025).  
These factors may trigger a sequence of events during adhesive procedures. Acid etching exposes collagen fibrils and releases MMPs, which, as cation-dependent proteins, use residual calcium in the medium or calcium released from the mineralized portion of dentin at the base of the demineralized zone for their activation. This process promotes degradation of collagen fibrils that are not impregnated by the adhesive. Furthermore, the presence of MMPs and calcium in saliva may contribute to degradation, especially in clinical situations in which cavity margins are located in dentin or cementum (Boushell et al., 2016; Costa et al., 2020).  
Despite the advantages offered by self-etch and universal systems in terms of simplicity and reduced clinical time, their effectiveness may be influenced by factors such as dentin hydration and the presence of collagen that is not fully disorganized (Boushell et al., 2016). Additionally, stabilizing agents such as chlorhexidine have demonstrated potential to prolong the durability of restorations by inhibiting hybrid layer degradation and increasing the longevity of adhesive bonds.  
Challenges related to the complexity of the adhesive process, the need for adequate removal of the smear layer, and the effectiveness of dentin demineralization still persist. Nanotechnology offers potential to improve the properties of composites and adhesives; however, issues of biocompatibility still need to be investigated. Therefore, the continuous development and improvement of adhesive systems are essential to overcome the challenges of dental practice and promote improvements in patients’ oral health.  
Despite the significant advances in adhesive dentistry, continuous research on the performance and durability of adhesive bonds over time remains essential. These investigations should consider the interactions between adhesive systems and dentin, clinical variability, adhesion mechanisms, and the evolution of restorative materials, with the aim of making treatments more predictable, durable, and capable of providing high-quality restorations.

5 CONCLUSION
[bookmark: _heading=h.v4cs965hi2bn]The appropriate choice of adhesive system, combined with the correct execution of the technique, is crucial for the clinical quality of composite resin restorations over the years, influencing aspects such as bond strength, color stability, longevity of the restorative material, and broad clinical indication. In the included studies, adhesive systems incorporating nanoparticles demonstrate greater penetration into the dental substrate, increasing the contact area and adhesion efficiency. These data reinforce the importance of considering the specific characteristics of each adhesive system when planning restorative interventions, ensuring predictable and long-lasting clinical results.
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