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RESUMO

O monbémero 10-MDP (10-metacriloiloxi-decil-di-hidrogenofosfato) tem sido o mais
utilizado na formulagdo de sistemas adesivos autocondicionantes (SAA), porém,
estudos de revisdo com meta-analise comparando o seu desempenho adesivo ao
dente quando comparado aos adesivos contendo monémeros acidicos alternativos
ainda nao existem, sendo o objetivo desta dissertacdo. Para isso, duas revisoes
sistematicas com meta-andlise foram realizadas seguindo-se as recomendacfes do
PRISMA 2021. O estudo 1 esté registrado no PROSPERO sob n°® CRD42020175715,
cujo objetivo foi responder a seguinte pergunta: SAA contendo 10-MDP resultam em
melhor desempenho adesivo imediato a dentina e ao esmalte quando comparados
aos SAA sem 10-MDP? A busca (Ultima data: 30/06/2021) foi realizada no PubMed,
Scopus, Web of Science, LILACS, SciELO, IBECS e BBO. Por sua vez, o estudo 2
esta registrado no Open Science Framework (osf.io/urtdf), tendo o objetivo de
responder a seguinte pergunta: SAA contendo 10-MDP resultam em maior
estabilidade adesiva a dentina e ao esmalte apos envelhecimento simulado, quando
comparados aos SAA sem 10-MDP? A busca (Ultima data: 30/09/2021) foi realizada
no PubMed, Scopus e Web of Science. Os critérios de elegibilidade para ambos os
estudos foram: 1) desenho de estudo in vitro; 2) avaliacdo da resisténcia de unido a
dentina e/ou ao esmalte usando-se testes de microtracdo, microcisalhamento,
cisalhamento ou tracdo; 3) condicdo do substrato dentario (humano ou bovino) livre
de carie; e 4) presenca de pelo menos um grupo de adesivo contendo 10-MDP
(controle) e de pelo menos um grupo contendo outros tipos de mondémeros acidicos.
Para o estudo 2, um critério de inclusdo adicional foi utilizado: disponibilizacédo de
dados de resisténcia de unido apos envelhecimento simulado das amostras,
independentemente do método. Os estudos incluidos foram analisados de forma
gualitativa e por meio de analises quantitativas usando-se o programa RevMan 5.3.5
(para as meta-andlises pareadas) e o programa Metalnsight V3 (para as meta-
analises em rede). Relativo aos resultados do primeiro estudo, os dados de 206
artigos e de um total de 64 SAA foram analisados na meta-analise. O potencial
adesivo imediato foi favorecido na presenca de 10-MDP, em ambos dentina e
esmalte. Contudo, nas analises de subgrupo foi possivel identificar que o monémero
GPDM (dimetacrilato de glicerol fosfato) contribuiu com valores de resisténcia de
unido significativamente maiores do que o 10-MDP. De maneira geral, o desempenho
adesivo dos SAA dependeu do tipo de teste mecanico, tipo de substrato, composicao
acidica do adesivo, bem como da categoria de aplicacdo do material. Quanto aos
resultados do segundo estudo, as meta-analises envolveram os dados de resisténcia
de unido oriundos de 72 artigos e de um total de 56 SAA. O desempenho adesivo dos
SAA ap6s envelhecimento simulado foi semelhante entre os grupos, com os adesivos
contendo 10-MDP demonstrando capacidade de resistir a degradacao similar a
maioria das composicdes acidicas alternativas. A exce¢do se deu com 4 grupos em



especifico: mondémeros fosfatados sem identificacdo, 4-META (4-metacriloiloxietil
anidrotrimelitico), monémeros derivados do &cido sulfénico, e varios monémeros
acidicos misturados entre si (grupo misto). O desempenho adesivo dos SAA foi
favorecido na presenca de 10-MDP somente apds periodos maiores de
envelhecimento das amostras. O método de envelhecimento teve um efeito
importante na resisténcia adesiva dos SAA a dentina, com o armazenamento em meio
umido sendo mais prejudicial para as formulagdes derivadas do acido fosférico ou do
acido fosfonico, bem como da mistura entre varios monémeros acidicos. Quanto aos
demais métodos de envelhecimento testados (termo ciclagem, ciclagem mecénica e
combinacao entre varios métodos de envelhecimento), todos influenciaram os grupos
de maneira semelhante, apesar de se perceber uma leve tendéncia desfavorecendo
os adesivos com composi¢cdo acidica mista. Em esmalte, ndo houve diferenca
significativa entre os grupos, embora os SAA contendo derivados do &cido carboxilico
ou do acido sulfénico tenham demonstrado uma tendéncia a serem o0s piores agentes
adesivos para a formacdo de interfaces adesivas resistentes a degradacdo. A
estabilidade adesiva obtida com SAA depende da composicéo acidica do material,
sendo os sistemas constituidos por 10-MDP tdo adequados quanto a maioria dos
adesivos livres de 10-MDP. O método de envelhecimento parece ter um efeito
importante na durabilidade adesiva aos tecidos dentarios. Como conclusdo da
presente dissertacdo, € possivel perceber que a composicdo acidica dos SAA
influencia diretamente na resisténcia adesiva a dentina e ao esmalte, tanto em
periodos imediatos como apos envelhecimento simulado, demonstrando ser um
topico complexo e dependente de varios fatores associados ao protocolo adesivo.
Assim, a escolha de um agente adesivo deve ser realizada com cuidado, para assim
se obter o maximo desempenho possivel durante a restauracdo dentaria com
materiais adesivos.

Palavras-chave: sistemas adesivos autocondicionantes; adesao dentaria; mondémero

acido funcional; adesivos universais; dentina; esmalte



ABSTRACT

The monomer 10-MDP (10-methacryloyloxydecil dihydrogen phosphate) has been the
most frequently used in the formulation of self-etch adhesive systems (SEAS),
although review studies with meta-analysis comparing their dental bonding potential
as compared with adhesives containing alternative acidic monomers is yet missing,
being the purpose of this work. To that end, two systematic reviews with meta-analysis
were conducted following the PRISMA 2021 statement. The study 1 is registered at
PROSPERO under protocol n° CRD42020175715, which aimed to answer the
following question: SEAS based on 10-MDP result in greater immediate bonding
performance to dentin and enamel than SEAS without 10-MDP? The search (last date:
06/30/2021) was performed in PubMed, Scopus, Web of Science, LILACS, SciELO,
IBECS and BBO. Concerning the study 2, it is registered at Open Science Framework
(osf.io/urtdf), aiming to answer the following question: SEAS based on 10-MDP result
in greater bonding stability to dentin and enamel after simulated aging as compared
with 10-MDP-free SEAS? The search (last date: 09/30/2021) was conducted in
PubMed, Scopus, and Web of Science. The eligibility criteria for both studies were: 1)
an in vitro study design; 2) the evaluation of bond strength to dentin and/or enamel
using the microtensile, microshear, shear or tensile mechanical tests; 3) the sound
condition of dental substrates (human or bovine teeth without caries); and 4) presence
of at least one adhesive group based on 10-MDP (control) and one group comprised
of other types of acidic monomers. For study 2, an additional inclusion criterium was
considered: the availability of bond strength data derived from simulated aging of the
samples, regardless of the aging method. The included studies were analyzed with
gualitative and quantitative (RevMan 5.3.5 software for pairwise meta-analysis; and
Metalnsight V3 software for network meta-analysis) analyses. Regarding the results
from the first study, the data from 206 articles and a total of 64 SEAS were analyzed.
The immediate bonding potential was benefited from the presence of 10-MDP, at both
dentin and enamel substrates. However, in the subgroup analyses it was verified that
the monomer GPDM (glycero-phosphate dimethacrylate) contributed with bond
strength values significantly higher than 10-MDP. Overall, the bonding performance of
SEAS relied on the type of mechanical test, type of substrate, acidic composition of
adhesive, as well as of the application category of materials. Concerning the findings

from the second study, the meta-analyses consisted of bond strength data derived



from 72 articles and a total of 56 SEAS. The bonding performance of SEAS after
simulated aging was similar among the groups, with adhesives containing 10-MDP
showing an ability to resist degradation as similar as that from alternative acidic
compositions. The exception was observed with 4 specific groups: non-identified
phosphate monomers, 4-META (4-methacryloxyethyl trimellitate anhydride),
monomers derived from sulfonic acid, and varying acidic monomers mixed between
each other (mixed group). The bonding performance of SEAS was benefited under the
presence of 10-MDP only after longer aging of samples. The aging method showed
an important effect on the bond strength of SEAS to dentin, with the wet storage
demonstrating the most harming condition to formulations based on phosphoric acid
or phosphonic acid, as well as upon the mixture of varying acidic monomers.
Considering the aging methods tested (thermal-cycling, cyclic-loading and the
combination of varying aging methods), all methods influenced similarly the groups,
although it was verified a slight tendency non-favoring the adhesives with mixed acidic
composition. In enamel, there was not any significant difference between the groups,
although the SEAS based on carboxylic acid or sulfonic acid demonstrated a tendency
to be the worst bonding agents in terms of resistance to bond strength degradation.
The adhesive stability obtained with SEAS depends on the acidic composition of
materials, with the systems comprised of 10-MDP being as adequate as most of 10-
MDP-free adhesives. The aging method seems to have an important effect on the
bonding durability to dental substrates. In conclusion to the present work, it is possible
to observe that the acidic composition of SEAS may largely influence on the bonding
potential to dentin and enamel, even at shorter periods (immediate testing) as well as
after simulated aging, suggesting that this is a complex topic relying on several factors
associated to the bonding protocol. Therefore, the choice of a bonding agent should
be considered with caution, aiming to obtain the best performance during dental

restorative procedures involving the use of adhesive materials.

Keywords: self-etch adhesive systems; dental adhesion; acidic functional monomer;

universal adhesives; dentin; enamel
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1 INTRODUCAO

Os sistemas adesivos autocondicionantes (SAA) representam um dos mais
recentes avangcos em adesdo, compreendendo as 62, 72 e 82 geracOes de adesivos
dentarios. Estes diferem dos sistemas adesivos convencionais pois eliminam a etapa
de condicionamento com &cido fosforico prévio do substrato, ja que a presenca de
monoémeros 4cidos garante o condicionamento dental. De fato, 0 mondémero acidico
pode ser incluido tanto no primer como no agente adesivo, sendo entéo responsavel
por desmineralizar o substrato e realizar a concomitante infiltragcdo resinosa (SOFAN
2017). De maneira geral, os SAA sao materiais faceis de aplicar, menos sensiveis
guanto a técnica operatoria, e, nd0 menos importante, resultam em menos
sensibilidade pos-operatdria se comparados a estratégia convencional (VAN
MEERBEEK, 2020; VAN MEERBEEK, 2011).

Os SAA tém mostrado desempenho clinico favoravel e bons resultados de
durabilidade, principalmente quando aplicados em dentina. Por outro lado, a sua
capacidade adesiva no esmalte € mais complexa devido ao maior conteido mineral
presente neste substrato. Quando comparados a acidez dos adesivos convencionais
e ao padrdo de condicionamento obtido em esmalte, os SAA apresentam-se menos
acidicos, e, por isso, possuem um potencial de desmineralizacdo diminuido. Além
disso, eles apresentam uma composicao quimica geralmente mais hidrofilica, o que
pode favorecer a ocorréncia dos fenbmenos de degradacéo e a hidrolise da camada
adesiva (BOUSHELL, 2016; DE ASSIS, 2020; PEUMANS, 2010). Dentre todos os
ingredientes pertencentes a composicdo quimica dos SAA, o mondmero acido parece
ser o fator chave, ja que é responsavel por um mecanismo de adesao tripla, que

consiste em molhamento satisfatério da superficie, desmineralizacéo do substrato, e,



por fim, da ligacdo quimica a hidroxiapatita (VAN MEERBEEK, 2020). Os mondmeros
acidos mais frequentemente encontrados na formulagdo dos SAA derivam do &cido
carboxilico, como no caso dos mondémeros META, 4-AET ou MAC-10, bem como do
acido fosférico, tendo como exemplos os monémeros 10-MDP, MEP, PENTA, MAP
ou GPDM (SALZ, 2005; YOSHIHARA, 2018). Além disso, outros tipos de monémeros
também podem compor os sistemas adesivos contemporaneos, dentre eles o0s
monoémeros derivados dos &cidos fosfonico e sulfénico.

De acordo com o estudo de Feitosa e cols. (2014), caracteristicas como a
hidrofilicidade e o comprimento da cadeia espacadora dos mondmeros funcionais
desempenham um papel significativo na efetividade adesiva dos SAA, sendo estas
caracteristicas variaveis conforme o tipo de monémero. Atualmente, o0 monémero
funcional popularmente conhecido por 10-MDP (10-metacriloiloxi-decil-di-
hidrogenofosfato) é o mais utilizado em formulacdes autocondicionantes,
principalmente devido ao seu confirmado efeito na durabilidade adesiva ao dente
(PEUMANS, 2010) e, também, devido a sua adequada interacdo quimica com a
hidroxiapatita, sendo capaz de formar um sal estavel de 10-MDP-Ca (FEITOSA, 2014;
YOSHIDA, 2004; YOSHIHARA, 2013). Acredita-se que o excelente desempenho
deste mondmero acidico se deve a sua capacidade de desmineralizacdo suave e a
sua cadeia espacadora longa e relativamente hidrofébica, a qual separa o metacrilato
polimerizavel do grupo funcional fosfato (YOSHIDA, 2004; IONUE, 2005; VAN
LANDUYT, 2008). Mesmo que o uso do 10-MDP esteja associado ao aumento da
resisténcia de unido, ndo ha na literatura revisfes sistematicas que realizem uma
sintese efetiva dos estudos in vitro acerca do seu desempenho adesivo imediato e

apos envelhecimento simulado. Além disso, ndo h&a qualquer estudo de meta-analise
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comparativa entre materiais contendo 10-MDP e adesivos constituidos com outros
tipos de monémeros funcionais, sendo um tépico merecedor de investigacao.

Desse modo, o objetivo da presente dissertacao foi revisar a literatura por meio
de estudos de revisdo sistematica com meta-andlise para se averiguar o efeito do tipo
de mondmero acido na resisténcia de unido dos SAA a dentina e ao esmalte, focando
na comparacdo entre adesivos contendo 10-MDP com aqueles constituidos de

mondmeros acidicos alternativos.
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2 ARTIGOS

Esta dissertacdo é composta por dois artigos cientificos. O artigo | teve como
foco investigar o desempenho adesivo de sistemas adesivos autocondicionantes
contendo monémeros acidicos alternativos ao 10-MDP, em comparagdo com aqueles
adesivos constituidos pelo 10-MDP. Ainda, este primeiro artigo avaliou apenas 0s
resultados de resisténcia de unido imediatos a dentina e ao esmalte. Por sua vez, o
artigo Il teve como foco investigar o efeito da composi¢cdo acidica de sistemas
adesivos autocondicionantes apenas com resultados obtidos apés o envelhecimento
simulado das interfaces adesivas.

O artigo | foi submetido ao periédico Dental Materials e encontra-se publicado
(doi: 10.1016/j.dental.2021.08.014) (FEHRENBACH et al., 2021). O artigo Il ainda ndo
foi submetido para apreciacdo em qualquer periédico, tendo a previsao de ser
submetido ao periddico Journal of Dentistry. Os artigos foram formatados de acordo

com as normas dos respectivos periodicos.
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Abstract

Objective. The purpose of this systematic review and meta-analysis was to analyze
the literature on the bond strength of self-etching (SE) adhesives containing 10-MDP
or other acidic functional monomers, comparing the bonding performance of both
compositions.

Methods. This study is registered in PROSPERO (CRD42020175715) and it followed
the PRISMA Statement. The literature search was performed in PubMed, Web of
Science, SciELO, Scopus, LILACS, IBECS, and BBO from the starting coverage date
through 30 June 2021. Study eligibility criteria consisted of in vitro studies that
evaluated the bond strength (microtensile, microshear, tensile or shear testing) to
sound dentin/enamel of a minimum of two distinct SE systems, with at least one
material containing 10-MDP and one other being comprised of a distinct acidic
composition. Statistical analyses were carried out with RevMan 5.3.5 and using
random-effects models with the significance level at p < 0.05. Also, Bayesian network
meta-analysis (NMA) was conducted using Metalnsight V3 tool.

Results. From 740 relevant studies evaluated in full-text analysis, 210 were
incorporated to the systematic review and 206 in meta-analysis. The majority of
studies was classified as having medium risk of bias (56.7%), followed by low (35.2%)
and high (8.1%) risk of bias. Data from a total of 64 adhesive systems were collected,
which favored the 10-MDP-based group at both dentin (overall effect: 6.98; 95% CI:
5.61, 8.36; p < 0.00001) and enamel (overall effect: 2.79; 95% CI. 1.62, 3.96; p <
0.00001) substrates. Microtensile testing was more frequently used (73.4%) in the
included studies. Adhesives based on 10-MDP showed greater bonding performance
than adhesives comprised of monomers such as PENTA, 6-MHP, 4-META, 4-MET,
pyrophosphate esters, mixed composition or monomers derived from sulfonic acid
(p=0.01); whereas similar bond strength values were verified between 10-MDP-based
materials and those containing PEM-F, acrylamide phosphates, 4-AET, MAC-10, or
monomers derived from polyacrylic and phosphonic acids (p=0.05). Adhesives based
on GPDM were the only ones that resulted in greater bonding potential than the 10-
MDP-based group (p=0.03). Dental bonds in dentin were favored with the application
of 2-step 10-MDP-based adhesives; whereas in enamel the dental bonds were favored
for both 2-steps versions of adhesives, regardless of the presence of 10-MDP. Indirect
evidence from NMA revealed that 1-step 10-MDP-free and universal 10-MDP-free

adhesives seemed to perform worst in dentin and enamel, respectively.
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Significance. Adhesives containing 10-MDP showed higher bonding performance than
materials formulated with other acidic ingredients, although this result relied on the
type of mechanical testing, type of the substrate, acidic composition of the adhesive,
and the application category of the SE system. This review summarized the effects of
the foregoing factors on the adhesion to dental substrates.

Keywords: Dental bonding; Functional acidic monomer; Universal adhesives; Dentin;

Enamel
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1. Introduction
Self-etching (SE) adhesives represent one of the most recent advancements in
adhesive dentistry, comprising the 6™, 7", and 8" generations of bonding systems [1].
Overall, SE adhesives differ from the older versions (i.e., the 4" and 5" generation
systems — etch-and-rinse) since they incorporated the etching ingredients into the
chemistry of the primer solution or adhesive resin, resulting in the so-called acidic
primers and all-in-one adhesives, respectively. Notably, by eliminating the separate
etching step of enamel and dentin and the consequent rinsing and drying clinical
procedures typical of the etch-and-rinse strategy, SE adhesives are user-friendly, less
technique-sensitive, and importantly associated to the lesser occurrence of post-
operative pain [2, 3]. Despite their excellent bonding performance to dentin, the
adhesion ability of SE adhesives to enamel is more challenging, first because these
adhesives present lower acidity than the etch-and-rinse approach, reducing
demineralization and hybridization events; and second due to their more hydrophilic
composition (i.e., greater amount of solvent and functional monomers), increasing
degradation and hydrolysis phenomena. In light of increasing their bonding
performance to enamel, a new class of SE adhesives has been launched with the
promise of guaranteeing both chemical and micromechanical adhesion to any dental
substrate, namely the “universal”’, “multipurpose” or “multimode” adhesives [4]. By
concept, universal adhesives can be applied following the etch-and-rinse or self-etch
approaches, depending on the clinical condition and type of substrate. According to
recent studies [5-7], the clinical service of restorations bonded with SE adhesives is
adequate and comparable to those placed with etch-and-rinse bonding agents.
Among all the ingredients pertaining the chemical composition of SE adhesives,
the acidic monomer seems to be the key factor, since it is responsible for a triple
bonding mechanism that consists of surface wetting, etching, and chemical bonding
to hydroxyapatite [3]. Of note, the bond strength created with SE adhesives relies
directly on the type of acidic monomer, which may vary from polymerizable carboxylic
acids to acidic methacrylate phosphates [8, 9]. According to the study by Feitosa et al.
[10], features such as hydrophilicity and the length of spacer chains of acidic functional
monomers play a significant role on the bonding performance of SE adhesives.
Currently, the monomer 10-methacryloyloxy-decyl-dihydrogen-phosphate (10-MDP) is
the most relevant functional monomer used in SE formulations due to its confirmed

effects on the longevity of dental bonds [7] as well as due to its adequate and stable
17



chemical interaction with hydroxyapatite, i.e., it is capable of forming a water-insoluble
10-MDP-Ca salt [10-12]. It is believed that the excellent performance of 10-MDP as a
functional monomer relies on its mild-etching ability and the long and relatively
hydrophobic spacer separating the polymerizable methacrylate from the phosphate
functional group [11, 13, 14]. Even though the use of 10-MDP is associated with
increased bond strengths, it would be of utmost interest to systematically compare the
bonding performance of 10-MDP-based adhesives to other SE adhesives consisting
of different acidic monomers, especially targeting the application of meta-analysis.
From the best of our knowledge, there is not such study available in literature.

The purpose of this systematic review and meta-analysis was to analyze the
literature on the bond strength of SE adhesives containing 10-MDP or other acidic
functional monomers, comparing the bonding performance of both compositions. The
hypothesis was that adhesives based on 10-MDP would demonstrate greater bonding
potential to dentin/enamel as compared with 10-MDP-free adhesives.

2. Materials and methods

This review and meta-analysis was registered in PROSPERO under protocol number
CRD42020175715 and it was conducted in accordance with the guidelines of the
PRISMA Statement [15]. The research question was “Do self-etching adhesive
systems containing 10-MDP resin monomer as the acidic ingredient show greater
bonding performance to dentin and enamel than 10-MDP-free adhesives?”

2.1. Literature search and information sources

The literature search strategy was performed by two independent reviewers (J.F. and
C.P.l) in seven electronic databases: PubMed/MEDLINE, Scopus, ISI Web of
Science, LILACS, SciELO, IBECS, and BBO (Biblioteca Brasileira de Odontologia).
The search strategy was created based on Medical Subject Heading terms and
adapted for the other databases (Table 1). The last search was performed on 30%
June 2021, without any restriction of year of publication. The grey literature was not
searched in this review. The reviewers also hand-searched for this topic in the principal
periodicals specific to the area.

2.2. Eligibility criteria

For inclusion in this review, the in vitro studies must have evaluated the bond strengths
(to sound dentin and/or enamel) of at least two distinct SE adhesive systems, with at
least one of the materials containing 10-MDP and one other material being comprised

of a distinct acidic composition. Only studies that assessed the microtensile,
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microshear, tensile or shear bond strengths of adhesives, in MPa, were included;
studies that used human and animal (i.e., bovine teeth) substrates were included.
Studies focusing on deciduous and caries-affected teeth as well as material-based
substrates (e.g., resin composites, ceramics, metals) were not included. Studies
investigating the adhesion between orthodontic brackets and enamel or the bonding
performance of self-etch/-adhesive resin cements were also excluded. Lastly, studies
that presented bond strength data derived from aged conditions only, i.e., after
thermal-cycling or long-term water storage, as well as the evaluation of experimental
compositions only, were also excluded.

2.3. Study selection and data extraction

Duplicates were removed in EndNoteX9 (Thomson Reuters), followed by the
screening of titles and abstracts for relevance based on the eligibility criteria. In case
of disagreement, a third reviewer (E.A.M.) was recruited to reach consensus. Data of
interest from the manuscripts included were tabulated using Microsoft Office Excel
2013 spreadsheets (Microsoft Corporation, Redmont, WA, USA). The extracted
information were as follow: year of publication, sample size, substrate, surface
treatment prior adhesive application, bond strength test, materials with or without 10-
MDP, bond strength results (mean and standard deviation/SD values), mode of failure,
and additional tests performed (e.g., SEM evaluation). Partially missing data were
retrieved by contacting the corresponding author of the study via e-mail.

2.4. Quality assessment

The methodological quality of each included study was assessed by two reviewers
(J.F. and E.A.M.) based on the parameters suggested in a previous study [16]: random
sequence generation, sample size calculation, and attendance to the manufacturer’s
directions of use. Moreover, the coefficient of variation (CV) of the presented data was
calculated for each study and classified as low, medium and high, as demonstrated
elsewhere [4]. If the studies presented the parameter, the article received a “+”; if the
parameter was not mentioned, the article received a “~”; when there was a doubt
whether the presence or absence of the parameter, the article received a “?”. Articles
that reported on one item only were classified as having a high (H) risk of bias,
regardless of the CV rating; two items or three items associated to medium (20-40%)
or high CV (>40%), respectively, the article was classified as having a moderate (M)
risk of bias; last, the presence of two or three items associated to low CV (<20%)

resulted in the classification of the article as having a low (L) risk of bias.
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Disagreements between the reviewers in relation to quality assessment were resolved
by consensus.

2.5. Statistical analysis

The meta-analyses were performed using Review Manager Software version 5.3.5
(The Nordic Cochrane Centre, The Cochrane Collaboration, Copenhagen, Denmark).
The analyses were conducted using a random-effect model, and pooled-effect
estimates were obtained by comparing the mean difference between bond strength
values of 10-MDP-based and 10-MDP-free adhesives. The studies were grouped
according to the bond strength method (microtensile [uTBS], microshear [USBS],
tensile [TBS], or shear [SBS]) and type of substrate (dentin or enamel); data derived
from different sources of substrates (i.e., human or animal) were grouped together
within the same substrate condition. One additional set of meta-analysis was also
performed by comparing the bond strength data of adhesive systems containing 10-
MDP with those comprised of other functional acidic monomers, which were allocated
into six main groups: 1) phosphoric acid-derived; 2) carboxylic acid-derived; 3)
phosphonic acid-derived; 4) sulfonic acid-derived; 5) mixed composition; and 6)
unknown composition.

Bayesian network meta-analysis (NMA) was performed on bond strength data
of distinct adhesives comprised of 10-MDP or other acidic ingredients and classified
within the “two-step” (2-st), “one-step” (1-st) or “universal” application categories. To
that end, six subgroups of adhesives were designed: 10-MDP (2-steps; control); 10-
MDP (1-step); 10-MDP (universal); 10-MDP-free (2-steps); 10-MDP-free (1-step); and
10-MDP-free (universal). Separated analyses were conducted for dentin and enamel.
Network plots and league tables were derived using Metalnsight V3 [17] and using the
Markov Chain Monte Carlo method simulation [18], with 20,000 iterations for
adaptation. The Bayesian NMA was created using the random-effects model and the
estimates were given as mean difference (MD) with 95% confidence intervals (95%—
Cl). A p-value < 0.05 was considered statistically significant. Statistical heterogeneity
of the treatment effect among studies was assessed using the Cochran Q test and the
inconsistency I? test [19].

3. Results
3.1. Search strategy
Figure 1 summarizes the article selection process according to the PRISMA

Statement [15]. The literature search yielded 7,355 titles and abstracts in 30" June
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2021. After duplicates were removed and analysis of titles and abstracts was
conducted, 770 articles were selected to access the full-text. In total, 560 studies were
not included in the qualitative analysis based on eligibility criteria (503); no access to
the article (30); unavailability of data (20); and due to same data derived from other
included study (7). Two-hundred and ten studies fulfilled the eligibility criteria and were
included in the review [8, 20-228]. However, meta-analyses were conducted with a
total of 206 studies, whose main data (i.e., bond strength means, standard deviation
and number of samples/specimens tested) could be retrieved or were derived from
methacrylate-based materials [8, 20-33, 35-77, 79-94, 96-107, 109-228]. Additional
articles were not found from manual search of the principal periodicals specific to the
area.
3.2. Descriptive analysis
The studies included in the review were published between 1998 and 2021. Most
studies (68%) evaluated the bonding performance of adhesives using the microtensile
bond strength test. Human dentin accounted for 61.6% of the substrates gathered in
the review, followed by human enamel (17.3%), bovine dentin (12.2%), and bovine
enamel (8.9%). The majority of studies (54.3%) applied a #600-grit SiC abrasive paper
at the surface of dentinfenamel prior adhesive application; the other studies
considered a wider range of grit sizes of SiC, ranging from #80-grit to #1200-grit or a
sequence of SiC at varying final grits. Concerning the resin composites used to
prepare the restorations, the materials most frequently employed were purchased from
3M ESPE industry (e.qg., Filtek Z250, Filtek Z350, and Filtek Z100), followed by Kuraray
(Clearfil A-PX), Ivoclar-Vivadent (Tetric Ceram), Kulzer (Charisma), Dentsply (TPH),
VOCO (Grandio), and FGM (Opallis). Ten studies (4.8%) did not report on the
restorative material used. Most studies (52.9%) stored the samples in distilled water
at 37°C for 24 h, although other variants of this protocol were also reported, varying
the storage medium (tap water, deionized water, artificial saliva) or the
temperature/duration of storage. The majority of included studies reported on the
failure modes of the fractured adhesive interfaces (81%) and 67% performed
microscopic analyses in addition to the bond strength test. The results for the foregoing
aspects can be fully verified in Appendix A.

Figure 2 depicts the adhesive systems mostly used in this review, which were
allocated according to their acidic composition. Clearfil SE Bond (Kuraray) was the

adhesive most frequently investigated. From the list of adhesives containing 10-MDP,
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11 materials were used in total: five proprietary from Kuraray (Clearfil SE Bond, Clearfil
S3 Bond, Clearfil Protect Bond, Clearfil Liner Bond, and Clearfil Universal), two from
GC (G-Bond and G-Premio Bond), two from Ivoclar (AdheSE Universal and Tetric N-
Bond Universal), one from 3M ESPE (Scotchbond Universal), and one from Bisco (All
Bond Universal). The other adhesive systems were comprised of alternative acidic
monomers, derived from phosphoric acid, carboxylic acid, sulfonic acid, and
phosphonic acid monomers, or from a mixture of distinct acidic ingredients. Some
adhesive systems were classified within the “unknown composition” since the
information on their main acidic composition was not clearly supplied by the
manufacturer. In total, 52 adhesive systems were used and reported in at least two
distinct studies, whereas 12 bonding agents were reported only once in the review.
3.3. Risk of bias

According to the parameters considered in the analysis of bias (Figure 3), the majority
of studies were classified with low risk of bias in the items concerning sample
randomization (68%) and attendance to the protocols/instructions of the
manufacturers (95.7%); whereas in the other items of sample size calculation and
coefficient of variation, most of studies were classified with moderate risk of bias, i.e.,
96.7% and 51.4%, respectively. Overall, the majority of studies was classified as
having medium risk of bias (56.7%), followed by low (35.2%) and high (8.1%) risk of
bias, as presented in the Appendix B.

3.4. Meta-analyses

A global meta-analysis was not performed with all the 206 studies due to their
heterogeneous distribution, so that they were first allocated into subgroups according
to the type of bond strength test (microtensile, microshear, tensile or shear) as well as
per the type of substrate (dentin or enamel). Figures 4 and 5 show the meta-analysis
results obtained in dentin and enamel, respectively, having the mechanical test as
main variable factor. Overall, there was a significant difference between groups,
showing evidence that adhesives containing 10-MDP produced greater resin-dentin
and resin-enamel bonds than 10-MDP-free adhesives (p<0.00001). In dentin, the
mean differences between 10-MDP-based and 10-MDP-free adhesives were higher
when tested using uTBS and uSBS methods (p<0.0002), but not using TBS and SBS
tests (p=20.06). In enamel, the groups presented similar bond strengths when tested
with uTBS (effect size: 2.20, 95% CI: -0.68, 5.08; p=0.13), whereas the bonds were
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favored with the presence of 10-MDP when the uSBS, TBS, and SBS tests were used
(p<0.01). The heterogeneity was high for both set of analyses (I1°> 2 89%).
Meta-analysis according to the acidic composition of adhesives (Figure 6)
showed a significant difference between groups, favoring 10-MDP (p<0.00001).
Considering phosphoric acid-derived monomers, adhesives comprised of PENTA
(dipentaerythritol penta-acrylate phosphate), 6-MHP (6-methacryloyloxyhexyl
dihydrogen phosphate), pyrophosphate esters and unspecified phosphate esters
displayed lower bonding potential than the 10-MDP-based adhesives (p<0.01).
However, similar dental bonds were verified for materials based on PEM-F
(pentamethacryloxyethyl cyclophosphazen mono fluoride) or acrylamide phosphates
(p=0.05), and the presence of GPDM (glycero-phosphate dimethacrylate) resulted in
greater mean difference values than the 10-MDP group (effect size: 2.78, 95% CI:
0.20, 5.36; p=0.03). For adhesives containing monomers derived from carboxylic acids
such as 4-AET (4-acryloyloxyethoxycarbonylphthalic acid), MAC-10 (11-
methacryloyloxy-1, 10-undecanedicarboxylic acid) and polyacrylic acid, similar bond
strengths were verified as compared with 10-MDP (p=0.48), and significant lower
bonding potential for adhesives based on 4-META (4-methacryloxyethyl trimellitate
anhydride) and 4-MET (4-methacryloxyethyl trimetellitic acid) monomers (p<0.0002).
Concerning the other pairwise analyses in this set, phosphonic acid-derived materials
and 10-MDP-based adhesives performed similarly to each other (p=0.06), although
adhesives based on sulfonic acids, mixed composition and unspecified acidic
ingredients demonstrated lower bonding potential than those containing 10-MDP
(p<0.0001). Heterogeneity was considered high in this set of analyses (12 = 94%).
The NMA was conducted on studies grouped according to their acidic
composition (with or without 10-MDP) and application category (2-steps, 1-step or
universal), so that a total of 6 arms were compared to each other. Two sets of NMA
were created (Figure 7), one for data collected at dentin (Panel A) and one at enamel
substrate (Panel B). Most of the pairwise comparisons were between “10-MDP (2-
steps)” and “10-MDP-free (1-step)” groups, for both dentin and enamel. Direct
comparisons were performed with all arms in the dentin subgroup, whereas for enamel
there was a lack of four direct comparisons: two between “10-MDP (2-steps)” and
universal adhesives; and two between “10-MDP-free (universal)’ and 1-step
adhesives (Figure 7 — images a). The forest plot comparing individual adhesive

groups to “10-MDP (2-steps)’” demonstrated that the latter was associated to
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significantly greater resin-dentin and resin-enamel bonds, ranging from 4.93 to 11.32
MPa increment at dentin and from 1.05 to 7.26 MPa increment at enamel (Figure 7 —
images b); the only exception was verified with “10-MDP-free (2-steps)” group, which
resulted in similar resin-enamel mean difference to the control (effect size: -1.05, 95%
Cl: -3.31, 1.21).

The league-tables derived by the Bayesian model comparing the six adhesive
groups at both dentin and enamel substrates are shown in Figure 7 — images c. The
dental bonds were significantly greater with the application of 2-step 10-MDP-based
adhesives as compared to the other systems, except when bonding to enamel with 2-
step 10-MDP-free adhesives, which resulted in similar bonding potential than the 10-
MDP-based counterpart. Considering the findings from indirect comparisons, 10-
MDP-free adhesives categorized in the “1-step” and “universal” conditions seemed to
result in the lowest resin-dentin and resin-enamel bonds, respectively. Overall, node-
split model demonstrated statistical consistency between the estimates from direct and
indirect comparisons (p=0.06 for dentin and p=0.13 for enamel), which results are
shown in Appendices C and D; inconsistent results were verified only in comparisons
made at dentin and between the control and the “10-MDP (universal)’” and “10-MDP-
free (1-step)” groups (p<0.03).

4. Discussion

This is the first meta-analysis study comparing the bonding performance of SE
adhesives containing 10-MDP to materials comprised of other acidic monomers. Here,
our main goal was to verify whether 10-MDP would be an essential ingredient for the
predictable adhesion to dental substrates, as suggested by several studies in literature
as well as by the common sense of worldwide researchers. Information of a
considerable number of studies was gathered, making our findings solid and relevant
to the scientific community. Overall, dental bonds were favored under the presence of
10-MDP, although this result relied on the type of mechanical testing, substrate, acidic
composition, and application category, thus partially accepting the study’s hypothesis.
4.1. Effects of the type of bond strength test

Most of the analyzed bond strength data were derived from microtensile testing
(~65%), followed by shear (~20%), microshear (~12%), and tensile (3%) tests. It is
already known that microtensile testing gained popularity throughout the last two
decades due to its better accuracy in detecting differences between the bonding ability

of adhesive systems as well as because of its larger discriminative power than
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traditional shear test [229]. Taking into consideration microtensile data only, adhesives
containing 10-MDP presented greater bond strengths to dentin as compared to their
10-MDP-free counterparts (Figure 4), probably due to some inherent characteristics
that allow the formation of a strong hybrid layer with dentin. For instance, 10-MDP is
capable of establishing an intense chemical interaction with hydroxyapatite (HAp),
forming stable water-insoluble MDP-Ca salts, which protect collagen fibers from
degradation [230]. Remarkably, 10-MDP seems to possess three desirable properties
that may favor dental bonds: (i) the ability to form stable calcium salts; (i) an
equilibrium between hydrophilic and hydrophobic domains, producing adequate
wetting of the substrate; and (iii) copolymerization capacity [231]. Differently from the
results collected in dentin, the microtensile bond strengths to enamel were similarly
distributed between the two groups of adhesives (Figure 5), regardless of the
presence of 10-MDP. Enamel is indeed a more challenging substrate to achieve
effective resin-enamel bonds with SE systems, first because of the less acidic
composition of these adhesives, reducing the etching mechanism and the possibility
of forming adequate mechanical interlocking with the substrate; and second because
SE adhesives possess a hydrophilic composition that creates a physical unbalance
with the typically hydrophobic structure of enamel [3]. Our findings corroborate with
the literature since the bonding performance of SE adhesives in enamel is expected
to be lower than dentin [230], regardless the presence of 10-MDP, which seems to
result in less predictable bonds when applied to the highly mineralized enamel [9].
One interesting aspect of our findings relies on the higher resin-enamel bonds
when the 10-MDP-based adhesives were tested using tensile, shear and microshear
testing (Figure 5). In this case, essential characteristics inherent to the latter tests
should be considered before extrapolating our findings. First, “macro” tests like the
shear and tensile methods may result in a higher incidence of cohesive failures [232],
limiting the acquisition of data that are properly related to the adhesive interface zone.
Second, shear testing has no apparent value in the prediction of clinical performance
of dental adhesives [233], differing from microtensile data that shows well correlation
to clinical findings. Last, microshear testing has a less discriminating ability in
evaluating the adhesive performance of bonding agents than microtensile [234]. Thus,
from the pooled estimates of microtensile data, which seems to be the most relevant

condition when evaluating the bonding performance of dental adhesives, we can
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suggest that SE adhesives containing 10-MDP may perform better than the 10-MDP-
free counterparts if applied to dentin, but not when applied to enamel.

4.2. Effects of the source of the substrate

Most of the analyzed bond strength data were derived from human substrates (~79%),
followed by animal (bovine teeth) substrates. Despite the questionable reliability of
using animal teeth in bond strength experiments, a systematic review and meta-
analysis study [235] has already demonstrated the appropriateness of bovine teeth as
substitutes of human ones, for both enamel and dentin experimental designs. Worth
mentioning, subgroup meta-analysis comparing the bonding performance of 10-MDP-
based adhesives was favored as compared to the 10-MDP-free counterparts at both
human and bovine substrates (Appendix E), reinforcing the idea that bovine teeth are
adequate and may correlate well to human teeth.

4.3. Effects of the type of functional acidic monomer

From the 209 studies included in this review, a total of 64 different adhesive systems
were investigated (Figure 2), with Clearfil™ SE Bond representing the material most
frequently reported in the studies (~67%). This adhesive is a 2-step 10-MPD-based
system, and it was one of the first bonding agents containing 10-MDP launched in the
dental market, thus explaining its vast usage in several in vitro and clinical studies.
The patent on the original 10-MDP monomer was applied by Kuraray in 1981 [236],
and since then several products (e.g., dental adhesives, resin cements) were launched
having this monomer as the special acidic ingredient. The second adhesive system
most frequently reported in our review was Clearfil™ S3 Bond (~26% of the studies),
which is also manufactured by Kuraray; this adhesive represents a 1-step version of
SE systems, and it is also comprised of 10-MDP [237]. Meanwhile, other functional
monomers have been considered in the formulation of SE adhesives, especially those
derived from phosphoric acid (e.g., GPDM, PENTA, 6-MHP, PEM-F) or carboxylic acid
(e.g., 4-META, 4-MET, 4-AET, MAC-10, polyacrylic acid); no less important, other
functionalities such as phosphonic acid or sulfonic acid derivatives as well as a mixture
of distinct acidic moieties were also observed in this review.

Phenyl-P (2-methacryloxyethyl phenyl hydrogen phosphate) was one of the
pioneers in SE chemistry; it possesses a very acidic behavior (pH = 1.4), resulting in
enamel-prism contours that slightly resemble the keyhole enamel-prism structures
created by phosphoric acid (etch-and-rinse systems) [9]. Despite its higher etching

efficacy as compared to other monomers, Phenyl-P is capable of releasing enormous
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amounts of Ca*?ions from HAp, resulting in deep demineralization of dental substrates
[9, 238]. It is well understood that by using functional monomers with lower acidic
behavior (mild adhesives), the hybridization process may be benefited, since the
formation of water insoluble monomer-Ca salts are more prone to occur [3].
Considering the diverse acidic composition of adhesives identified in our review,
subgroup meta-analyses were performed on data derived from materials with
functional monomers that appeared more frequently in the studies.

One subgroup meta-analysis compared the bond strengths between 10-MDP-
based adhesives to those based on varying acidic ingredients (“mixed composition”
group). As shown in Figure 6, the results favored 10-MDP. Again, 10-MDP is
considered a unique monomer that combines etching ability to an intense chemical
bonding potential to HAp, forming 10-MDP-Ca salts that are hydrolysis-resistant,
making the adhesive interface stable over time (nano-layering mechanism) [239].
According to the study by Salz et al. [231], each acidic monomer has a specific pKa
value, and consequently specific etching efficacy and ability of dissolving HAp-based
tissues. Depending on the foregoing characteristics, functional monomers may
chemically interact with HAp following either an adhesion or decalcification route, a
process broadly known as adhesion-decalcification (AD) concept [2, 240]. Simply
speaking, acidic monomers with soluble Ca salts (e.g., Phenyl-P) tend to form hybrid
layers in the same fashion to the etch-and-rinse adhesive systems, creating
moderately thick interfaces with abundant collagen exposure, i.e., a consequence of
an intense decalcification process without adequate resin infiltration and chemical
bonding into the demineralized tissue. On the other hand, acidic monomers resulting
in stable Ca salts (e.g., 10-MDP) seem to produce less thick hybrid layers due to a
less pronounced etching mechanism, keeping collagen fibrils protected by HAp; this
process allows a “true” adhesion, adding strength to the adhesive interface [241].
Having this in mind, one may suggest that the mixture of several acidic monomers into
the same adhesive solution may result in a more heterogeneous composition, perhaps
potentiating the etching efficacy of the material and the decalcification process of HAp,
thus resulting in lower dental bonds. In our review, the SE adhesives allocated into the
“‘mixed composition” group were mainly comprised of resin monomers derived from
phosphoric and carboxylic acids. Besides the possible higher etching efficacy obtained
with the combination of those monomers, we may also suggest that hydrophilicity of

the adhesive is probably greater in heterogeneous mixtures like that [3], with
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hydrolysis being more feasible to occur, favoring the bond strength results towards the
10-MDP-based group.

In light of verifying the bonding effects of more homogeneous acidic
compositions, additional subgroup meta-analyses were conducted by comparing 10-
MDP-based adhesives to those comprised of one main acidic monomer. When the
adhesive was based on phosphoric acid derivatives, the bond strength results were
largely dependent on the type of monomer (Figure 6). For instance, the presence of
GPDM resulted in greater bonding potential than 10-MDP, being the only comparison
of our review that non-favored the latter class of adhesive; conversely, monomers such
as PENTA, 6-MHP, pyrophosphate, and unspecified phosphate esters produced lower
dental bonds than 10-MDP, whereas monomers like PEM-F and acrylamide
phosphates created similar mean difference values as compared with 10-MDP.

One may suggest that GPDM has the ability to form stable monomer-Ca salts
when applied to dentinfenamel, allowing an adequate hybridization and a better
bonding performance than 10-MDP. However, the etching efficacy of the former was
revealed to be higher than the latter [10, 242], which would impair the formation of
water-insoluble Ca salts; additionally, the inherent hydrophilic behavior of GPDM
would probably induce decalcification events to occur [10]. Thus, there is something
related to the chemistry of GPDM that makes this monomer interesting, as suggested
in the study by Wang et al. [242], in which an adhesive system based on GPDM
(Optibond XTR; Kerr) resulted in considerably greater immediate bond strength values
(~65% higher microtensile resin-dentin bonds) when compared to Clearfil SE Bond. It
was demonstrated that the former bonding agent created resin tags of 15-30 um in
length extending into dentinal tubules, probably due to its intense etching ability
resembling the resin tags obtained with etch-and-rinse systems. Here, hydrophilicity
of GPDM allowed its deep penetration into dentin, producing adequate resin infiltration
and the formation of a strong micromechanical interlocking [3]. No less important,
GPDM possesses two polymerizable groups capable of cross-linking with other resin
monomers, improving mechanical properties and polymerization of the adhesive layer
[243].

The other phosphate-based monomers analyzed in this review produced lower
bond strength values (in the case of PENTA, 6-MHP, pyrophosphate, and unspecified
phosphate esters) or an almost significantly lower bonding potential (in the case of

PEM-F) than 10-MDP. PENTA and 6-MHP are both mildly acidic monomers (like 10-
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MDP) [114, 244]. While 6-MHP has a linear structure, PENTA possesses a 3D spatial
molecule, having a shorter main chain with five vinyl groups that inherently increases
steric hindrance and viscosity characteristics [245, 246]. In theory, these monomers
were expected to chemically interact with HAp, since the presence of hydroxyls within
their phosphate groups could form coordinate bonds with cationic compounds derived
from HAp [245]. In this aspect, the lower bonding effectiveness of the latter monomers
may be related to the chemistry of the other adhesive ingredients rather than the acidic
monomers. Of note, acetone is a solvent typically found in the composition of PENTA-
and 6-MHP-based adhesives, and it may prevent chemical bonding of acidic
monomers to HAp, as suggested elsewhere [148, 247]. Concerning pyrophosphate
esters, they have a strong acidic behavior due to the presence of more than one
phosphate moiety per molecule and several hydroxyls, which may turn the resin
monomer hydrophilic and less capable of forming stable Ca*? salts [248]. PEM-F has
also a specific configuration, including 5 methacrylate-alkyl chains grafted onto a ring
structure (i.e., cyclophosphazene) and a fluoride functionality that aids in the
scavenging of Ca*? to intensify demineralization effects [248]. The only exception
occurred for the adhesives containing acrylamide phosphates, which demonstrated
similar dental bonds to the 10-MDP counterparts (Figure 6). Acrylamides have an
amide group in lieu of an ester group, impacting positively on the hydrolytic resistance
of materials [8, 249].

Concerning adhesives based on carboxylic acid derivatives, they were
allocated into five main acidic groups: 4-META, 4-MET, 4-AET, MAC-10, and
polyacryic acid. Compared to 10-MDP, statistically lower dental bonds were verified in
the presence of 4-META and 4-MET monomers, differing from the other monomers
that contributed for similar bonding mean values (Figure 6). 4-META and 4-MET are
both characterized by the presence of two carboxylic groups in each molecule,
rendering these monomers the ability to form Ca salts with HAp [250, 251]. They share
a similar molecular structure, although the molecular mechanics and molecular orbital
characteristics may largely differ between each other, owing these monomers with
intrinsic and unigue abilities to interact with HAp-based tissues [252]. One would
suggest that adhesives containing 4-META and 4-MET would perform properly as
bonding agents; however, several studies demonstrated their inferior bonding
performance to dentin and enamel [11, 131, 143, 148, 158, 206, 211], indicating a

lesser capability to create stable monomer-Ca salts, as verified by our findings. One
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main aspect should be considered here: 4-META and 4-MET are more hydrophilic
than 10-MDP [10], and taking into consideration that hydrophilicity increases the
acidity of SE resins [2, 3, 14], it is possible to assume that the etching efficacy of
carboxylic-based adhesives is greater than the 10-MDP-based counterparts, thus
limiting their adhesion ability to HAp [114]. On the other hand, the monomer 4-AET is
also a carboxylic acid-derived molecule with a divalent —(COOH)2 group, similarly to
the monomers discussed earlier, but due to its mild solubility in water this monomer
may penetrate beyond the superficial smear layer, establishing a chemical interaction
with dentin apatite and formation of Ca-carboxylate salts [253], and the similar bonding
performance with 10-MDP group.

The two other carboxylic acid-derived monomers that guaranteed similar
bonding potential to 10-MDP were as follows: MAC-10 and polyacrylic acid-
derivatives. The former resembles the molecular structure of 10-MDP, i.e., both
monomers have a spacer group containing 10 carbon atoms [254]; in turn, MAC-10 is
hydrolytically stable due to the hydrophobic behavior of the long carbon chain
separating the polymerizable group and the divalent —.(COOH). groups [248], which
may increase the possibility towards the formation of stable Ca-MAC-10 salts, in the
same fashion to 10-MDP. The latter class of monomers are derived from acrylic acids,
which are typically weak acids (pH > 3.0) [255], so that they have lower acidic potential
than other carboxylic acid monomers. One should note that acrylic acid derivatives are
capable of chelating with HAp, as it happens with the application of glass ionomer
cements to mineralized substrates [256]. It is noteworthy to suggest that the lower
etching ability of these monomers as well as their chelating ability to calcium can both
allow the formation of intricate hybrid layers (i.e., adhesion process prevailing over
decalcification), perhaps explaining their similar bond strength results as compared
with the 10-MDP group.

Despite all rationale discussed up to here, three last subgroup meta-analyses
in this set were also conducted. Some adhesive systems analyzed in this review were
comprised of sulfonic acid-derivatives or unknown acidic ingredients, which
demonstrated a lower bonding potential than 10-MDP-based adhesives. While we may
not give explanations regarding the “unknown composition” group due to the lack of
information supplied by the manufacturers on their acidic ingredients, we may tough
suggest that in the case of sulfonic acids, their high acidity would have contributed for

decreasing the bonding potential of the adhesives, since their etching aggressiveness
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is substantially greater than phosphonic acids, phosphorics acids and carboxylic acids,
in this order [249, 257]; of note, sulfonic acids have a greater capability to dissociate
into more protons while in solution [258]. Concerning adhesives based on phosphonic
acids, they did not differ from the 10-MDP group. Of note, phosphonic acids have been
interestingly considered for the formulation of SE systems over the past decade,
probably due to their superior hydrolytic stability and improved bonding potential to
mineralized tissues, as suggested elsewhere [249]. Originally, this type of acidic
monomer displayed low solubility in water, reducing its bonding ability to dentin, but
several efforts were made to improve solubility properties, enabling phosphonic acids
to perform their adhesion-promoting function with HAp [259]. It is worth mentioning
that monomers based on this acidic moiety have a ligand characteristic [260], since
the phosphonic acid group may undergo ionization in water, forming oxygen anions
that enhance bonding effectiveness [261], and according to our findings, in the same
fashion to 10-MDP.

4.4. Effects of the steps of application

It has been broadly accepted that 2-step SE adhesives perform better than the 1-step
versions, since the separate application of primer and resin bond solutions may create
a more appropriate etching and resin infiltration, contributing to stronger dental bonds
[229]. Despite some clinical studies demonstrate similar success and survival rates
when bonding composite restorations with both 2-step and 1-step SE systems [262],
laboratory data show almost unanimously a distinct trend, with the former adhesives
resulting in considerably greater bonding performance than the latter [263-265]. In our
review, we allocated all the bond strength data into six different groups aiming a
network meta-analysis, varying the groups in terms of the presence/absence of 10-
MDP as well as on their classification into a 2-step, 1-step, or universal modes of
application. Overall, we considered the 2-step 10-MDP-based materials as the gold
standard, as widely accepted in the SE approach [229], and according to data shown
in Figure 7, we confirmed the superiority of these adhesives when compared to the
other classes of materials, especially in dentin. This is an important finding that
highlights the enhanced bonding mechanisms achievable with the use of materials
that combine a 10-MDP composition with the separate application of primer and resin
bond, thus contrasting to the more simplified all-in-one systems. Here, the creation of
less permeable hybrid layers by using 2-step agents may guarantee an even resin

penetration within dentin as well as the formation of a homogeneous adhesive
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interface [3]; more importantly, the possibility of removing residual solvent molecules
during drying of the primer and before the application of the hydrophobic adhesive
coating layer, seems to strengthen the hybrid layer. This aspect was also observed
when comparing the 2-step 10-MDP-free adhesive group to the all-in-one groups, in
which the former resulted in overall greater resin-dentin and resin-enamel bonds,
suggesting that not only the presence of 10-MDP plays a significant role in dental
bonding, but also the type/classification and application protocol of adhesives.

Concerning the all-in-one materials, the adhesives based on 10-MDP
performed similarly to each other at both dentin and enamel, but they demonstrated
better bonding ability to dentin than the 1-step MDP-free group. Notably, the latter
displayed the worst bond strength potential of the study, so that 1-step adhesives that
lack in 10-MDP may not create the best scenario when bonding restorations to dentin
that require the most of adhesiveness (e.g., the case of non-retentive Class IV and
Class V tooth cavities). It is possible to understand that the highly hydrophilic content
of one bottle adhesives combined to their low acidic potential and possible immiscibility
between polar and nonpolar ingredients, make them the least reliable SE systems
available for use [3].

Interestingly, the groups consisting of universal adhesives demonstrated similar
bonding potential to dentin and enamel when compared to each other. However, and
different from findings collected in dentin, the universal 10-MDP-free adhesives
seemed to perform worst in enamel than in dentin, probably due to their more
heterogeneous composition and hydrolytic instability [255]. While at the one hand SE
adhesives are expected to work poorly in enamel due to an insufficient etching ability
as compared to the total-etch approach using phosphoric acid (i.e., the gold standard
in terms of enamel bonding [4]); at the other hand our findings reveal that universal
adhesives may benefit from the presence of 10-MDP. Nevertheless, estimates
comparing the bonding potential of 10-MDP-free universal adhesives to other versions
of adhesives relates to indirect comparisons obtained with the network meta-analysis,
since there is a lack of direct evidence comparing the foregoing groups. Thus,
interpretation of our findings should be considered with caution. As shown in previous
studies, other aspects can be also associated to greater bonding performance of SE
adhesives in enamel, including but not limited to the application of an extra
hydrophobic layer [266] and the selective etching of enamel with phosphoric acid prior

the application of the SE bonding agent [4, 267, 268]. Even so, enamel is still a
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challenging substrate when bonding dental restorations with SE adhesives [269],
regardless of the presence of 10-MDP, and this acidic resin monomer does not seem
to act as a determinant ingredient in this type of substrate.

4.5. Quality analysis of included studies

In our review, the majority of studies scored as having medium risk of bias (56.7%),
and this may be explained by the non-standardized protocols used in the bonding
procedures and due to the enormous variety of materials (e.g., adhesive systems,
resin composites) (Figure 2 and Appendix A). Concerning the surface treatment of
dentin/enamel prior bonding, most of studies (54.3%) prepared the substrate using a
#600-grit SiC paper, although the study by De Munck et al. [229] recommends the use
of a dental bur in order to simulate a clinically prepared smear layer. It is worth
mentioning that 18.1% of studies prepared the substrates prior bonding by using a
sequence of SiC papers, with the last grit size used varying from the #600- to the
#4000-grit; and 4.3% of studies did not mention any surface treatment before
application of adhesives. A similar trend was also observed during the storage of
bonded restorations before testing. Indeed, the protocols ranged from immersion in
distilled water (52.9%) or tap water (14.3%) at 37°C for 24 h to other protocols varying
the storage temperature or storage medium (e.g., humid condition, deionized water,
artificial saliva, dry storage).

Considering all the range of surface treatment protocols and storage conditions
verified in our review, future studies should prepare their samples by using more
standardized instruments and protocols, aiming to minimize variability of data.
Heterogeneity was high in this review, probably explained by the variety of mechanical
tests, tooth substrates, surface treatment, adhesive systems, resin composites, and
storage conditions reported in the studies. However, subgroup analyses were, as
much as possible, conducted by allocating the bond strength data into more
homogenous group sets, perhaps allowing a proper statistical analysis and
comparisons between groups.

Last, it is also important to highlight that the majority of studies performed
additional qualitative analyses of the adhesive interfaces, e.g., verification/calculation
of the failure mode of resin-dentin and resin-enamel bonds and/or the conduction of
scanning electron microscopy analysis to evaluate the hybrid layer or the fracture
pattern of tested samples. While the mechanical bond strength test quantifies the

bonding potential of different adhesives to dental substrates, the foregoing qualitative
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analyses offer additional clues to the interpretation of data, which may aid in the
establishment of adequate conclusions.

4.6. Fields requiring further investigation

From all meta-analyses performed in the present review, some pairwise comparisons
were not possible to conduct due to the inexistence of sufficient data. This was
especially true for data collected in enamel, in which studies comparing the bonding
performance of 2-step 10-MDP-based materials to that from universal adhesives
applied in SE mode are still lacking, as well as for comparing 1-step adhesives to 10-
MDP-free universal adhesives (Figure 7B-c). Also, all blank cells shown in table c
correspond to a lack of direct evidence comparing the interconnected groups, thereby
guaranteeing further studies.

5. Conclusion

Despite the moderate-to-high heterogeneity of studies, and based on this meta-
analysis, we demonstrated the overall superiority of adhesives containing 10-MDP
when compared to materials formulated with other acidic resin monomers, although
this result relied on the type of mechanical test, type of the substrate, acidic
composition of the adhesive, and the application category of the SE system. In dentin,
the dental bonds were benefited from the use of 2-step 10-MDP-based adhesives,
reinforcing the positive effect of this acidic monomer as well as of the separate
application of acidic primer and resin adhesive solutions. In enamel, the dental bonds
were benefited from the use of 2-step adhesive systems, regardless of the presence
of 10-MDP. From the list of available acidic functional monomers used in the
formulation of SE adhesives and gathered in this review, GPDM was the only
ingredient that demonstrated greater bonding potential to dentin/enamel as compared
with 10-MDP, whereas all other acidic monomers contributed to reduced or statistically
similar bond strengths to 10-MDP.

34



References

[1] Sofan E, Sofan A, Palaia G, Tenore G, Romeo U, Migliau G. Classification review
of dental adhesive systems: from the IV generation to the universal type. Ann Stomatol
(Roma) 2017;8:1-17, http://dx.doi.org/10.11138/ads/2017.8.1.001.

[2] Van Meerbeek B, Yoshihara K, Van Landuyt K, Yoshida Y, Peumans M. From
Buonocore's Pioneering Acid-Etch Technique to Self-Adhering Restoratives. A Status
Perspective of Rapidly Advancing Dental Adhesive Technology. J Adhes Dent
2020;22:7-34, http://dx.doi.org/10.3290/j.jad.a43994.

[3] Van Meerbeek B, Yoshihara K, Yoshida Y, Mine A, De Munck J, Van Landuyt KL.
State of the art of self-etch adhesives. Dent Mater 2011;27:17-28,
http://dx.doi.org/10.1016/j.dental.2010.10.023.

[4] Cuevas-Suarez CE, da Rosa WLO, Lund RG, da Silva AF, Piva E. Bonding
Performance of Universal Adhesives: An Updated Systematic Review and Meta-
Analysis. J Adhes Dent 2019;21:7-26, http://dx.doi.org/10.3290/j.jad.a41975.

[5] Boushell LW, Heymann HO, Ritter AV, Sturdevant JR, Swift EJ, Jr., Wilder AD, Jr.,
et al. Six-year clinical performance of etch-and-rinse and self-etch adhesives. Dent
Mater 2016;32:1065-72, http://dx.doi.org/10.1016/j.dental.2016.06.003.

[6] de Assis C, Lemos C, Gomes J, Vasconcelos B, Moraes S, Braz R, et al. Clinical
Efficiency of Self-etching One-Step and Two-Step Adhesives in NCCL: A Systematic
Review and Meta-analysis. Oper Dent 2020;45:598-607, http://dx.doi.org/10.2341/19-
185-L.

[7] Peumans M, De Munck J, Van Landuyt KL, Poitevin A, Lambrechts P, Van
Meerbeek B. Eight-year clinical evaluation of a 2-step self-etch adhesive with and
without selective enamel etching. Dent Mater 2010;26:1176-84,
http://dx.doi.org/10.1016/j.dental.2010.08.190.

[8] Salz U, Zimmermann J, Zeuner F, Mozner N. Hydrolytic stability of self-etching
adhesive systems. Journal of Adhesive Dentistry 2005;7:107-16,

[9] Yoshihara K, Hayakawa S, Nagaoka N, Okihara T, Yoshida Y, Van Meerbeek B.
Etching Efficacy of Self-Etching Functional Monomers. J Dent Res 2018;97:1010-6,
http://dx.doi.org/10.1177/0022034518763606.

[10] Feitosa VP, Sauro S, Ogliari FA, Ogliari AO, Yoshihara K, Zanchi CH, et al. Impact
of hydrophilicity and length of spacer chains on the bonding of functional monomers.
Dent Mater 2014;30:e317-23, http://dx.doi.org/10.1016/j.dental.2014.06.006.

[11] Yoshida Y, Nagakane K, Fukuda R, Nakayama Y, Okazaki M, Shintani H, et al.
Comparative study on adhesive performance of functional monomers. J Dent Res
2004;83:454-8, http://dx.doi.org/10.1177/154405910408300604.

[12] Yoshihara K, Yoshida Y, Nagaoka N, Hayakawa S, Okihara T, De Munck J, et al.
Adhesive interfacial interaction affected by different carbon-chain monomers. Dent
Mater 2013;29:888-97, http://dx.doi.org/10.1016/j.dental.2013.05.006.

[13] Inoue S, Koshiro K, Yoshida Y, De Munck J, Nagakane K, Suzuki K, et al.
Hydrolytic stability of self-etch adhesives bonded to dentin. J Dent Res 2005;84:1160-
4, http://dx.doi.org/10.1177/154405910508401213.

[14] Van Landuyt KL, Yoshida Y, Hirata |, Snauwaert J, De Munck J, Okazaki M, et al.
Influence of the chemical structure of functional monomers on their adhesive
performance. J Dent Res 2008;87:757-61,
http://dx.doi.org/10.1177/154405910808700804.

35



[15] Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al.
The PRISMA 2020 statement: an updated guideline for reporting systematic reviews.
Syst Rev 2021;10:89, http://dx.doi.org/10.1186/s13643-021-01626-4.

[16] Isolan CP, Sarkis-Onofre R, Lima GS, Moraes RR. Bonding to Sound and Caries-
Affected Dentin: A Systematic Review and Meta-Analysis. J Adhes Dent 2018;20:7-
18, http://dx.doi.org/10.3290/j.jad.a39775.

[17] Owen RK, Bradbury N, Xin Y, Cooper N, Sutton A. Metalnsight: An interactive
web-based tool for analyzing, interrogating, and visualizing network meta-analyses
using R-shiny and netmeta. Res Synth Methods 2019;10:569-81,
http://dx.doi.org/10.1002/jrsm.1373.

[18] van Ravenzwaaij D, Cassey P, Brown SD. A simple introduction to Markov Chain
Monte-Carlo sampling. Psychon Bull Rev 2018;25:143-54,
http://dx.doi.org/10.3758/s13423-016-1015-8.

[19] Sedrez-Porto JA, Rosa WL, da Silva AF, Munchow EA, Pereira-Cenci T.
Endocrown restorations: A systematic review and meta-analysis. J Dent 2016;52:8-
14, http://dx.doi.org/10.1016/j.jdent.2016.07.005.

[20] Abdalla Al. Effect of long-term water aging on microtensile bond strength of self-
etch adhesives to dentin. Am J Dent 2010;23:29-33,

[21] Abdalla Al, El Zohairy AA, Abdel Mohsen MM, Feilzer AJ. Bond efficacy and
interface morphology of self-etching adhesives to ground enamel. J Adhes Dent
2010;12:19-25, http://dx.doi.org/10.3290/j.jad.al17527.

[22] Abdalla Al, El Zohairy AA, Aboushelib MM, Feilzer AJ. Influence of thermal and
mechanical load cycling on the microtensile bond strength of self-etching adhesives.
Am J Dent 2007;20:250-4,

[23] Abdalla Al, ElI Zohairy AA, Aboushelib MMN, Feilzer AJ. Microtensile bond
strength of four self-etch adhesives to dentin. International Journal of Clinical Dentistry
2010;3:91-102,

[24] Abo T, Uno S, Sano H. Comparison of bonding efficacy of an all-in-one adhesive
with a self-etching primer system. Eur J Oral Sci 2004;112:286-92,
http://dx.doi.org/10.1111/j.1600-0722.2004.00126.x.

[25] Adebayo OA, Burrow MF, Tyas MJ, Palamara J. Effect of tooth surface
preparation on the bonding of self-etching primer adhesives. Oper Dent 2012;37:137-
49, http://dx.doi.org/10.2341/11-172-I.

[26] Ageel FA, Algahtani MQ. Effects of the Contents of Various Solvents in One-step
Self-etch Adhesives on Shear Bond Strengths to Enamel and Dentin. J Contemp Dent
Pract 2019;20:1260-8,

[27] Ahn J, Jung KH, Son SA, Hur B, Kwon YH, Park JK. Effect of additional etching
and ethanol-wet bonding on the dentin bond strength of one-step self-etch adhesives.
Restor Dent Endod 2015;40:68-74, http://dx.doi.org/10.5395/rde.2015.40.1.68.

[28] Akturk E, Bektas OO, Ozkanoglu S, EG GA. Do ozonated water and boric acid
affect the bond strength to dentin in different adhesive systems? Niger J Clin Pract
2019;22:1758-64, http://dx.doi.org/10.4103/njcp.njcp_281 19.

[29] Albuquerque M, Pegoraro M, Mattei G, Reis A, Loguercio AD. Effect of double-
application or the application of a hydrophobic layer for improved efficacy of one-step
self-etch systems in enamel and dentin. Oper Dent 2008;33:564-70,
http://dx.doi.org/10.2341/07-145.

36



[30] Almaz M, Oba A, Sénmez I, Sonmez D. Comparison of shear bond strength of
self-adhering flowable composite with different flowable composites to dentin.
European Journal of General Dentistry 2016;5:6-10, http://dx.doi.org/10.4103/2278-
9626.172735.

[31] Amaral RC, Stanislawczuk R, Zander-Grande C, Gagler D, Reis A, Loguercio AD.
Bond strength and quality of the hybrid layer of one-step self-etch adhesives applied
with agitation on dentin. Operative Dentistry 2010;35:211-9,
http://dx.doi.org/10.2341/09-198-L.

[32] Bagis B, Turkarslan S, Tezvergil-Mutluay A, Uctasli S, Vallittu PK, Lassila LV.
Effect of ultrasonic agitation on bond strength of self-etching adhesives to dentin. J
Adhes Dent 2008;10:441-5,

[33] Bagis B, Turkaslan S, Vallittu PK, Lassila LV. Effect of high frequency ultrasonic
agitation on the bond strength of self-etching adhesives. J Adhes Dent 2009;11:369-
74,

[34] Bastos LA, Sousa AB, Drubi-Filho B, Panzeri Pires-de-Souza Fde C, Garcia Lda
F. Microtensile bond strength of silorane-based composite specific adhesive system
using different bonding strategies. Restor Dent Endod 2015;40:23-9,
http://dx.doi.org/10.5395/rde.2015.40.1.23.

[35] Batista GR, Barcellos DC, Torres CRG. Effect of adhesive type and composite
viscosity on the dentin bond strength. Journal of Adhesion Science and Technology
2015;30:842-50, http://dx.doi.org/10.1080/01694243.2015.1125722.

[36] Bavbek AB, Demir E, Goktas B, Ozcopur B, Behram B, Eskitascioglu G, et al.
Micro-shear bond strength of adhesive resins to enamel at different relative humidity
conditions. Dental Materials Journal 2013;32:468-75,
http://dx.doi.org/10.4012/dmj.2012-200.

[37] Belli R, Sartori N, Peruchi LD, Guimaraes JC, Vieira LC, Baratieri LN, et al. Effect
of multiple coats of ultra-mild all-in-one adhesives on bond strength to dentin covered
with two different smear layer thicknesses. J Adhes Dent 2011;13:507-16,
http://dx.doi.org/10.3290/}.jad.a19814.

[38] Belli S, Ozgopur B, Yesilyurt C, Bulut G, Ding X, Dorsman G. The effect of loading
on microTBS of four all-in-one adhesives on bonding to dentin. J Biomed Mater Res
B Appl Biomater 2009;91:948-56, http://dx.doi.org/10.1002/jbm.b.31480.

[39] Biscaro SL, Moraes RR, Correr AB, Almeida SM, Béscolo FN, Soares CJ, et al.
Effect of X-ray radiation dose on the bond strength of different adhesive systems to
dentin. J Adhes Dent 2009;11:355-60,

[40] Borges AB, da Silva MA, Borges AL, Werkman C, Torres CR, Pucci CR.
Microshear bond strength of self-etching bonding systems to ultrasound diamond bur-
prepared dentin. J Adhes Dent 2011;13:433-8, http://dx.doi.org/10.3290/j.jad.a19650.
[41] Borges MA, Matos IC, Dias KR. Influence of two self-etching primer systems on
enamel adhesion. Braz Dent J 2007;18:113-8, http://dx.doi.org/10.1590/s0103-
64402007000200005.

[42] Botta SB, da Ana PA, Zezell DM, Powers JM, Matos AB. Adhesion after erbium,
chromium:yttrium-scandium-gallium-garnet laser application at three different
irradiation conditions. Lasers Med Sci 2009;24:67-73,
http://dx.doi.org/10.1007/s10103-007-0521-3.

37



[43] Braz R, Cordeiro-Loretto S, de Castro-Lyra AM, Dantas DC, Ribeiro Al, Guénes
GM, et al. Effect of bleaching on shear bond strength to dentin of etch-and-rinse and
self-etching primer adhesives. Acta Odontol Latinoam 2012;25:20-6,

[44] Bridi EC, Amaral FL, Franga FM, Turssi CP, Basting RT. Influence of dentin
pretreatment with titanium tetrafluoride and self-etching adhesive systems on
microtensile bond strength. Am J Dent 2013;26:121-6,

[45] Britta LC, Martins M, Franga FM. Influence of different primer application times on
bond strength of self-etching adhesive systems to unground enamel. Oper Dent
2009;34:43-50, http://dx.doi.org/10.2341/08-35.

[46] Burrow MF, Kitasako Y, Thomas CD, Tagami J. Comparison of enamel and dentin
microshear bond strengths of a two-step self-etching priming system with five all-in-
one systems. Oper Dent 2008;33:456-60, http://dx.doi.org/10.2341/07-125.

[47] Cadenaro M, Delise C, Antoniollo F, Navarra OC, Di Lenarda R, Breschi L.
Enamel and dentin bond strength following gaseous ozone application. J Adhes Dent
2009;11:287-92,

[48] Camilotti V, Bosquiroli V, Dobrovolski M, Sinhoreti MAC, Busato PDMR,
Bertacchini LKCF, et al. Comparative study of adhesive systems applied to different
regions of dental substrate. Revista Odonto Ciencia 2016;31:158-63,
http://dx.doi.org/10.15448/1980-6523.2016.4.22482.

[49] Caneppele TM, Torres CR, Sassaki A, Valdetaro F, Fernandes RS, Prieto de
Freitas C, et al. Effects of surface hydration state and application method on the bond
strength of self-etching adhesives to cut enamel. J Adhes Dent 2012;14:25-30,
http://dx.doi.org/10.3290/}.jad.a22091.

[50] Cardoso GC, Nakanishi L, Isolan CP, Jardim PDS, Moraes RR. Bond Stability of
Universal Adhesives Applied To Dentin Using Etch-And-Rinse or Self-Etch Strategies.
Braz Dent J 2019;30:467-75, http://dx.doi.org/10.1590/0103-6440201902578.

[51] Cardoso MV, De Munck J, Coutinho E, Ermis RB, Van Landuyt K, de Carvalho
RC, et al. Influence of Er,Cr:YSGG laser treatment on microtensile bond strength of
adhesives to enamel. Oper Dent 2008;33:448-55, http://dx.doi.org/10.2341/07-124.

[52] Cardoso SA, Oliveira HL, Minchow EA, Carrefio NL, Gonini Junior A, Piva E.
Effect of shelf-life simulation on the bond strength of self-etch adhesive systems to
dentin. Applied Adhesion Science 2014;2, http://dx.doi.org/10.1186/s40563-014-
0026-9.

[53] Ceballos L, Camejo DG, Victoria Fuentes M, Osorio R, Toledano M, Carvalho RM,
et al. Microtensile bond strength of total-etch and self-etching adhesives to caries-
affected dentine. J Dent 2003;31:469-77, http://dx.doi.org/10.1016/s0300-
5712(03)00088-5.

[54] Chaves P, Giannini M, Ambrosano GM. Influence of smear layer pretreatments
on bond strength to dentin. J Adhes Dent 2002;4:191-6,

[55] Chen C, Niu LN, Xie H, Zhang ZY, Zhou LQ, Jiao K, et al. Bonding of universal
adhesives to dentine--Old wine in new bottles? J Dent 2015;43:525-36,
http://dx.doi.org/10.1016/}.jdent.2015.03.004.

[56] Courson F, Bouter D, Ruse ND, Degrange M. Bond strengths of nine current
dentine adhesive systems to primary and permanent teeth. J Oral Rehabil
2005;32:296-303, http://dx.doi.org/10.1111/j.1365-2842.2004.01412.x.

[57] Cuevas-Suarez CE, Ramos TS, Rodrigues SB, Collares FM, Zanchi CH, Lund
RG, et al. Impact of shelf-life simulation on bonding performance of universal adhesive

38



systems. Dental Materials 2019;35:E204-E19,
http://dx.doi.org/10.1016/j.dental.2019.05.023.

[58] Cura C, Saracoglu A, Cotert HS. Effect of different bonding agents on shear bond
strengths of composite-bonded porcelain to enamel. J Prosthet Dent 2003;89:394-9,
http://dx.doi.org/10.1067/mpr.2003.58.

[59] de Araujo CTP, Prieto LT, Lima AF, Souza EJ, Dias CTS, Paulillo L. Influence of
photo-curing distance on bond strength and nanoleakage of self-etching adhesive
bonds to enamel and dentin. Acta Odontologica Scandinavica 2014;72:113-9,
http://dx.doi.org/10.3109/00016357.2013.805431.

[60] De Goes MF, Giannini M, Di Hipdlito V, Carrilho MR, Daronch M, Rueggeberg FA.
Microtensile bond strength of adhesive systems to dentin with or without application
of an intermediate flowable resin layer. Braz Dent J 2008;19:51-6,
http://dx.doi.org/10.1590/s0103-64402008000100009.

[61] de Lima Neto CF, da Silva CB, da Silva MAB, Vitti RP, Zanta CLPS, Tonholo J.
Tooth whitening affects bond strength of adhesive systems in enamel. Revista Materia
2018;23, http://dx.doi.org/10.1590/s1517-707620180004.0561.

[62] De Munck J, Shirai K, Yoshida Y, Inoue S, Van Landuyt K, Lambrechts P, et al.
Effect of water storage on the bonding effectiveness of 6 adhesives to Class | cavity
dentin. Oper Dent 2006;31:456-65, http://dx.doi.org/10.2341/05-57.

[63] de Oliveira MT, de Freitas PM, de Paula Eduardo C, Ambrosano GM, Giannini M.
Influence of Diamond Sono-Abrasion, Air-Abrasion and Er:YAG Laser Irradiation on
Bonding of Different Adhesive Systems to Dentin. Eur J Dent 2007;1:158-66,

[64] de Silva AL, Lima DA, de Souza GM, dos Santos CT, Paulillo LA. Influence of
additional adhesive application on the microtensile bond strength of adhesive systems.
Oper Dent 2006;31:562-8, http://dx.doi.org/10.2341/05-98.

[65] Dias WR, Pereira PN, Swift EJ, Jr. Effect of surface preparation on microtensile
bond strength of three adhesive systems to bovine enamel. J Adhes Dent 2004;6:279-
85,

[66] Dias WR, Pereira PN, Swift EJ, Jr. Effect of bur type on microtensile bond
strengths of self-etching systems to human dentin. J Adhes Dent 2004;6:195-203,
[67] Dikmen B, Tarim B. The Effect of Endodontic Irrigants on the Microtensile Bond
Strength of Different Dentin Adhesives. Nigerian Journal of Clinical Practice
2018;21:280-6, http://dx.doi.org/10.4103/njcp.njcp_282_17.

[68] Doi J, Itota T, Torii Y, Nakabo S, Yoshiyama M. Micro-tensile bond strength of
self-etching primer adhesive systems to human coronal carious dentin. J Oral Rehabil
2004;31:1023-8, http://dx.doi.org/10.1111/j.1365-2842.2004.01339.x.

[69] EI Mahallay SA. Effect of double application of self-etch adhesives on microtensile
bond strength to human dentin. International Journal of Clinical Dentistry 2012;5:217-
26,

[70] El Zohairy AA, Saber MH, Abdalla Al, Feilzer AJ. Efficacy of microtensile versus
microshear bond testing for evaluation of bond strength of dental adhesive systems to
enamel. Dent Mater 2010;26:848-54, http://dx.doi.org/10.1016/j.dental.2010.04.010.
[71] Elkaffas AA, Hamama HH, Mahmoud SH, Fawzy AS. Effect of acid etching on
dentin bond strength of ultra-mild self-etch adhesives. International Journal of
Adhesion and Adhesives 2020;99, http://dx.doi.org/10.1016/].ijadhadh.2020.102567.

39



[72] Erhardt MC, Cavalcante LM, Pimenta LA. Influence of phosphoric acid
pretreatment on self-etching bond strengths. J Esthet Restor Dent 2004;16:33-40;
discussion 1, http://dx.doi.org/10.1111/j.1708-8240.2004.tb00448.x.

[73] Erhardt MC, Osorio E, Aguilera FS, Proenga JP, Osorio R, Toledano M. Influence
of dentin acid-etching and NaOCI-treatment on bond strengths of self-etch adhesives.
Am J Dent 2008;21:44-8,

[74] Erhardt MC, Pisani-Proenca J, Osorio E, Aguilera FS, Toledano M, Osorio R.
Influence of laboratory degradation methods and bonding application parameters on
microTBS of self-etch adhesives to dentin. Am J Dent 2011;24:103-8,

[75] Erhardt MC, Shinohara MS, Bedran-Russo AK, Amaral CM, Pimenta LA. Effect
of long-term water storage on etch-and-rinse and self-etching resin-dentin bond
strengths. Gen Dent 2008;56:372-7; quiz 8-9, 400,

[76] Erhardt MC, Toledano M, Osorio R, Pimenta LA. Histomorphologic
characterization and bond strength evaluation of caries-affected dentin/resin
interfaces: effects of long-term water exposure. Dent Mater 2008;24:786-98,
http://dx.doi.org/10.1016/j.dental.2007.09.007.

[77] Farias DCS, Caldeira De Andrada MA, Boushell LW, Walter R. Assessment of the
initial and aged dentin bond strength of universal adhesives. International Journal of
Adhesion and Adhesives 2016;70:53-61,
http://dx.doi.org/10.1016/j.ijjadhadh.2016.05.008.

[78] Feitosa VP, Sauro S, Watson TF, Correr AB, Osorio R, Toledano M, et al.
Evaluation of the micro-mechanical strength of resin bonded-dentin interfaces
submitted to short-term degradation strategies. J Mech Behav Biomed Mater
2012;15:112-20, http://dx.doi.org/10.1016/j.jmbbm.2012.06.010.

[79] Feitosa VP, Watson TF, Vitti RP, Bacchi A, Correr-Sobrinho L, Correr AB, et al.
Prolonged curing time reduces the effects of simulated pulpal pressure on the bond
strength of one-step self-etch adhesives. Oper Dent 2013;38:545-54,
http://dx.doi.org/10.2341/12-180-I.

[80] Felizardo KR, Lemos LV, de Carvalho RV, Gonini Junior A, Lopes MB, Moura SK.
Bond strength of HEMA-containing versus HEMA-free self-etch adhesive systems to
dentin. Braz Dent J 2011;22:468-72, http://dx.doi.org/10.1590/s0103-
64402011000600005.

[81] Fernandes ACR, Bridi EC, Do Amaral FLB, Franca FMG, Flério FM, Basting RT.
Microtensile bond strength of silorane or methacrylate resin-based composites
associated to self-etching or conventional adhesives to dentin after different storage
times. International Journal of Adhesion and Adhesives 2014;48:28-34,
http://dx.doi.org/10.1016/j.ijjadhadh.2013.09.011.

[82] Follak AC, Miotti LL, Lenzi TL, Rocha RO, Maxnuck Soares FZ. The impact of
artificially caries-affected dentin on bond strength of multi-mode adhesives. J Conserv
Dent 2018;21:136-41, http://dx.doi.org/10.4103/jcd.jcd_234 17.

[83] Foong J, Lee K, Nguyen C, Tang G, Austin D, Ch'ng C, et al. Comparison of
microshear bond strengths of four self-etching bonding systems to enamel using two
test methods. Aust Dent J 2006;51:252-7, http://dx.doi.org/10.1111/j.1834-
7819.2006.tb00438.x.

[84] Franca FM, dos Santos AJ, Lovadino JR. Influence of air abrasion and long-term
storage on the bond strength of self-etching adhesives to dentin. Oper Dent
2007;32:217-24, http://dx.doi.org/10.2341/06-61.

40



[85] Frankenberger R, Lohbauer U, Tay FR, Taschner M, Nikolaenko SA. The effect
of different air-polishing powders on dentin bonding. J Adhes Dent 2007;9:381-9,

[86] Fritz UB, Diedrich P, Finger WJ. Self-etching primers--an alternative to the
conventional acid etch technique? J Orofac Orthop 2001;62:238-45,
http://dx.doi.org/10.1007/pl00001931.

[87] Fujita Nakajima K, Nikaido T, Francis Burrow M, lwasaki T, Tanimoto Y, Hirayama
S, et al. Effect of the demineralisation efficacy of MDP utilized on the bonding
performance of MDP-based all-in-one adhesives. J Dent 2018;77:59-65,
http://dx.doi.org/10.1016/}.jdent.2018.07.009.

[88] Furuse AY, Cunha LF, Moresca R, Paganeli G, Mondelli RF, Mondelli J. Enamel
wetness effects on bond strength using different adhesive systems. Oper Dent
2011;36:274-80, http://dx.doi.org/10.2341/10-163-.

[89] Galetti R, Santos-Silva AR, Antunes AN, Alves Fde A, Lopes MA, de Goes MF.
Radiotherapy does not impair dentin adhesive properties in head and neck cancer
patients. Clin Oral Investig 2014;18:1771-8, http://dx.doi.org/10.1007/s00784-013-
1155-4.

[90] Garcia EJ, Gomes OMM, Gomes JC. In vitro analysis of bond strength of self-
etching adhesives applied on superficial and deep dentin. Acta Odontolégica
Latinoamericana 2009;22:57-62,

[91] Garcia FC, Almeida JC, Osorio R, Carvalho RM, Toledano M. Influence of drying
time and temperature on bond strength of contemporary adhesives to dentine. J Dent
2009;37:315-20, http://dx.doi.org/10.1016/j.jdent.2008.12.007.

[92] Garcia RN, Galli AH, Gomes BdO, Piva JP, Laus L, Borghetti N, et al. Resisténcia
de unido de adesivos all-in-one em diferentes substratos. Rev Salusvita (Online)
2016;35:27-40,

[93] Gotti VB, Feitosa VP, Sauro S, Correr-Sobrinho L, Leal FB, Stansbury JW, et al.
Effect of antioxidants on the dentin interface bond stability of adhesives exposed to
hydrolytic degradation. J Adhes Dent 2015;17:35-44,
http://dx.doi.org/10.3290/}.jad.a33515.

[94] Guan R, Takagaki T, Matsui N, Sato T, Burrow MF, Palamara J, et al. Dentin
bonding performance using weibull statistics and evaluation of acidbase resistant zone
formation of recently introduced adhesives. Dental Materials Journal 2016;35:684-93,
http://dx.doi.org/10.4012/dmj.2016-059.

[95] Guler E, Gonulol N, Ozyilmaz O Y, Yicel A. Effect of sodium ascorbate on the
bond strength of silorane and methacrylate composites after vital bleaching. Braz Oral
Res 2013;27:299-304, http://dx.doi.org/10.1590/s1806-83242013000400002.

[96] Hass V, Abuna G, Pinheiro Feitosa V, Martini EC, Sinhoreti MA, Furtado Carvalho
R, et al. Self-Etching Enamel Bonding Using Acidic Functional Monomers with
Different-length Carbon Chains and Hydrophilicity. J Adhes Dent 2017;19:497-505,
http://dx.doi.org/10.3290/}.jad.a39565.

[97] Hass V, Cardenas A, Siqueira F, Pacheco RR, Zago P, Silva DO, et al. Bonding
Performance of Universal Adhesive Systems Applied in Etch-and-Rinse and Self-Etch
Strategies on  Natural Dentin Caries. Oper Dent 2019;44:510-20,
http://dx.doi.org/10.2341/17-252-I.

[98] Hegde MN, Bhandary S. An evaluation and comparison of shear bond strength of

composite resin to dentin, using newer dentin bonding agents. J Conserv Dent
2008;11:71-5, http://dx.doi.org/10.4103/0972-0707.44054.

41



[99] Hipdlito VD, Alonso RC, Carrilho MR, Anauate Netto C, Sinhoreti MA, Goes MF.
Microtensile bond strength test and failure analysis to assess bonding characteristics
of different adhesion approaches to ground versus unground enamel. Braz Dent J
2011;22:122-8, http://dx.doi.org/10.1590/s0103-64402011000200006.

[100] Hosaka K, Nakajima M, Monticelli F, Carrilho M, Yamauti M, Aksornmuang J, et
al. Influence of hydrostatic pulpal pressure on the microtensile bond strength of all-in-
one self-etching adhesives. Journal of Adhesive Dentistry 2007;9:437-42,

[101] Hoshika S, Kameyama A, Suyama Y, De Munck J, Sano H, Van Meerbeek B.
GPDM- and 10-MDP-based Self-etch Adhesives Bonded to Bur-cut and Uncut Enamel
- "Immediate" and "Aged" uTBS. J Adhes Dent 2018;20:113-20,
http://dx.doi.org/10.3290/j.jad.a40307.

[102] Hurmazlt F, Ozdemir AK, Hubbezoglu I, Coskun A, Siso SH. Bond strength of
adhesives to dentin involving total and self-etch adhesives. Quintessence Int
2007;38:e206-12,

[103] Ibarra G, Vargas MA, Armstrong SR, Cobbb DS. Microtensile bond strength of
self-etching adhesives to ground and unground enamel. J Adhes Dent 2002;4:115-24,

[104] lida Y, Nikaido T, Kitayama S, Takagaki T, Inoue G, lkeda M, et al. Evaluation
of dentin bonding performance and acid-base resistance of the interface of two-step
self-etching adhesive systems. Dent Mater J 2009;28:493-500,
http://dx.doi.org/10.4012/dm;j.28.493.

[105] Inoue S, Vargas MA, Abe Y, Yoshida Y, Lambrechts P, Vanherle G, et al.
Microtensile bond strength of eleven contemporary adhesives to dentin. J Adhes Dent
2001;3:237-45,

[106] Jiang Q, Pan H, Liang B, Fu B, Hannig M. Effect of saliva contamination and
decontamination on bovine enamel bond strength of four self-etching adhesives. Oper
Dent 2010;35:194-202, http://dx.doi.org/10.2341/09-151-I.

[107] Kanemura N, Sano H, Tagami J. Tensile bond strength to and SEM evaluation
of ground and intact enamel surfaces. J Dent 1999;27:523-30,
http://dx.doi.org/10.1016/s0300-5712(99)00008-1.

[108] Khamverdi Z, Rezaei-Soufi L, Rostamzadeh T. The Effect of Epigallocatechin
Gallate on the Dentin Bond Durability of Two Self-etch Adhesives. J Dent (Shiraz)
2015;16:68-74,

[109] Kimmes NS, Barkmeier WW, Erickson RL, Latta M. Adhesive bond strengths to
enamel and dentin using recommended and extended treatment times. Operative
Dentistry 2010;35:112-9, http://dx.doi.org/10.2341/09-081-L.

[110] Kubo CS, Piccioni MARV, Tonetto MR, Bandeca MC, Kuga MC, Saad JRC, et
al. Bond strength of self-etching adhesives applied to different substrates. World
Journal of Dentistry 2017;8:358-63, http://dx.doi.org/10.5005/jp-journals-10015-1465.

[111] Loguercio AD, Munoz MA, Lugue-Martinez |, Hass V, Reis A, Perdigao J. Does
active application of universal adhesives to enamel in self-etch mode improve their
performance? Journal of Dentistry 2015;43:1060-70,
http://dx.doi.org/10.1016/}.jdent.2015.04.005.

[112] Luque-Martinez IV, Perdigdo J, Mufioz MA, Sezinando A, Reis A, Loguercio AD.
Effects of solvent evaporation time on immediate adhesive properties of universal
adhesives to dentin. Dent Mater 2014;30:1126-35,
http://dx.doi.org/10.1016/j.dental.2014.07.002.

42



[113] Maggio VB, Vandewalle KS. Effect of a simulated high-heat environment on
bond strengths of dental adhesive systems. Mil Med 2009;174:193-6,
http://dx.doi.org/10.7205/milmed-d-58-6508.

[114] Mahdan MH, Nakajima M, Foxton RM, Tagami J. Combined effect of smear layer
characteristics and hydrostatic pulpal pressure on dentine bond strength of HEMA-
free and HEMA-containing adhesives. J Dent 2013;41:861-71,
http://dx.doi.org/10.1016/j.jdent.2013.07.002.

[115] Marchesi G, Frassetto A, Visintini E, Diolosa M, Turco G, Salgarello S, et al.
Influence of ageing on self-etch adhesives: one-step vs. two-step systems. European
Journal of Oral Sciences 2013;121:43-9, http://dx.doi.org/10.1111/e0s.12009.

[116] Miyazaki M, Sato M, Onose H. Durability of enamel bond strength of simplified
bonding systems. Oper Dent 2000;25:75-80,

[117] Moll K, Géartner T, Haller B. Effect of moist bonding on composite/enamel bond
strength. Am J Dent 2002;15:85-90,

[118] Moura SK, Pelizzaro A, Dal Bianco K, de Goes MF, Loguercio AD, Reis A, et al.
Does the acidity of self-etching primers affect bond strength and surface morphology
of enamel? J Adhes Dent 2006;8:75-83,

[119] Moura SK, Reis A, Pelizzaro A, Dal-Bianco K, Loguercio AD, Arana-Chavez VE,
et al. Bond strength and morphology of enamel using self-etching adhesive systems
with different acidities. J Appl Oral Sci 2009;17:315-25,
http://dx.doi.org/10.1590/s1678-77572009000400009.

[120] Mousavinasab SM, Farhadi A, Shabanian M. Effect of storage time,
thermocycling and resin coating on durability of dentin bonding systems. Dent Res J
(Isfahan) 2009;6:29-37,

[121] Muiioz MA, Luque-Martinez |, Hass V, Gutierrez MF, Reis A, Loguercio AD. The
sonic application of universal adhesives in self-etch mode improves their performance
on enamel. International Journal of Adhesion and Adhesives 2019;88:43-9,
http://dx.doi.org/10.1016/j.ijjadhadh.2018.10.013.

[122] Munoz MA, Luque-Martinez |, Malaquias P, Hass V, Reis A, Campanha NH, et
al. In Vitro Longevity of Bonding Properties of Universal Adhesives to Dentin.
Operative Dentistry 2015;40:282-92, http://dx.doi.org/10.2341/14-055-|.

[123] Nakajima M, Ogata M, Harada N, Tagami J, Pashley DH. Bond strengths of self-
etching primer adhesives to in vitro-demineralized dentin following mineralizing
treatment. J Adhes Dent 2000;2:29-38,

[124] Neves TDC, Presoto CD, Wajngarten D, Campos EA. Micro-shear bond strength
of adhesives with different degrees of acidity: Effect on sound and artificially
hypermineralized dentin. Microsc Res Tech 2020;83:393-401,
http://dx.doi.org/10.1002/jemt.23426.

[125] Osorio R, Pisani-Proenca J, Erhardt MC, Osorio E, Aguilera FS, Tay FR, et al.
Resistance of ten contemporary adhesives to resin-dentine bond degradation. J Dent
2008;36:163-9, http://dx.doi.org/10.1016/j.jdent.2007.12.002.

[126] Oyama K, Tsujimoto A, Otsuka E, Shimizu Y, Shiratsuchi K, Tsubota K, et al.
Infuence of oxygen inhibition on the surface free energy and enamel bond strength of
self-etch adhesives. Dental Materials Journal 2012;31:26-31,
http://dx.doi.org/10.4012/dmj.2011-162.

[127] Pashaev D, Demirci M, Tekce N, Tuncer S, Baydemir C. The effect of double-
coating and times on the immediate and 6-month dentin bonding of universal

43



adhesives. Bio-Medical Materials and Engineering 2017;28:169-85,
http://dx.doi.org/10.3233/bme-171665.

[128] Pedrosa VO, Florio FM, Turssi CP, Amaral FL, Basting RT, Franca FM. Influence
of pH cycling on the microtensile bond strength of self-etching adhesives containing
MDPB and fluoride to dentin and microhardness of enamel and dentin adjacent to
restorations. J Adhes Dent 2012;14:525-34, http://dx.doi.org/10.3290/}.jad.a25689.

[129] Pegado RE, do Amaral FL, Flério FM, Basting RT. Effect of different bonding
strategies on adhesion to deep and superficial permanent dentin. Eur J Dent
2010:;4:110-7,

[130] Peralta SL, Carvalho PH, van de Sande FH, Pereira CM, Piva E, Lund RG. Self-
etching dental adhesive containing a natural essential oil: anti-biofouling performance
and mechanical properties. Biofouling 2013;29:345-55,
http://dx.doi.org/10.1080/08927014.2013.770477.

[131] Perdigdo J, Gomes G, Gondo R, Fundingsland JW. In vitro bonding performance
of all-in-one adhesives. Part I--microtensile bond strengths. J Adhes Dent 2006;8:367-
73,

[132] Piccioni MARV, Neves TPC, Kubo CS, Saad JRC, Campos EA. Effects of the
Er, Cr:YSGG laser irradiation on dentin bond strength. Laser Physics 2016;26,
http://dx.doi.org/10.1088/1054-660X/26/2/025603.

[133] Pinto CF, Berger SB, Cavalli V, Bedran-Russo AK, Giannini M. Influence of
chemical and natural cross-linkers on dentin bond strength of self-etching adhesives.
International Journal of  Adhesion and  Adhesives 2015;60:117-22,
http://dx.doi.org/10.1016/j.ijjadhadh.2015.04.008.

[134] Pinto CF, Vermelho PM, Aguiar TR, Leme AFP, de Oliveira MT, de Souza EM,
et al. Enamel and Dentin Bond Strength, Interfacial Ultramorphology and Fluoride lon
Release of Self-etching Adhesives During a pH-cycling Regime. Journal of Adhesive
Dentistry 2015;17:27-34, http://dx.doi.org/10.3290/j.jad.a33343.

[135] Pinzon LM, Watanabe LG, Reis AF, Powers JM, Marshall SJ, Marshall GW.
Analysis of interfacial structure and bond strength of self-etch adhesives. Am J Dent
2013;26:335-40,

[136] Pivetta MR, Moura SK, Barroso LP, Lascala AC, Reis A, Loguercio AD, et al.
Bond strength and etching pattern of adhesive systems to enamel: effects of
conditioning time and enamel preparation. J Esthet Restor Dent 2008;20:322-35;
discussion 36, http://dx.doi.org/10.1111/j.1708-8240.2008.00202.x.

[137] Pleffken PR, de Almeida Lourenco AP, Torres CR, Buhler Borges A. Influence
of application methods of self-etching adhesive systems on adhesive bond strength to
dentin. J Adhes Dent 2011;13:517-25, http://dx.doi.org/10.3290/j.jad.a21417.

[138] Poggio C, Beltrami R, Colombo M, Chiesa M, Scribante A. Influence of dentin
pretreatment on bond strength of universal adhesives. Acta Biomater Odontol Scand
2017;3:30-5, http://dx.doi.org/10.1080/23337931.2017.1305273.

[139] Portillo M, Lorenzo MC, Moreno P, Garcia A, Montero J, Ceballos L, et al.
Influence of Er:YAG and Ti:sapphire laser irradiation on the microtensile bond strength
of several adhesives to dentin. Lasers in Medical Science 2015;30:483-92,
http://dx.doi.org/10.1007/s10103-013-1343-0.

[140] Prati C, Chersoni S, Mongiorgi R, Pashley DH. Resin-infiltrated dentin layer
formation of new bonding systems. Oper Dent 1998;23:185-94,

44



[141] Prevedello GC, Silva EMd, Marcos RMH-C, Leonardi DP, Correr GM, Furuse
AY, et al. Effect of water storage and hydrophobic adhesive layer application on the
bond strength of all-in-one adhesives. RSBO (Impr) 2013;10:217-23,

[142] Proenca JP, Polido M, Osorio E, Erhardt MC, Aguilera FS, Garcia-Godoy F, et
al. Dentin regional bond strength of self-etch and total-etch adhesive systems. Dent
Mater 2007;23:1542-8, http://dx.doi.org/10.1016/j.dental.2007.02.001.

[143] Pucci CR, Gu LS, Zeng C, Gou YP, Tay FR, Niu LN. Susceptibility of
contemporary single-bottle self-etch dentine adhesives to intrinsic water permeation.
J Dent 2017;66:52-61, http://dx.doi.org/10.1016/j.jdent.2017.08.010.

[144] Purk JH, Dusevich V, Atwood J, Spencer BD, Kruse D, Webb T, et al.
Microtensile dentin adhesive bond strength under different positive pulpal pressures.
Am J Dent 2009;22:357-60,

[145] Rathke A, Ostermeier V, Muche R, Haller B. Reconsidering the double etching
of enamel: do self-etching primers contaminate phosphoric acid-etched enamel? J
Adhes Dent 2013;15:107-14, http://dx.doi.org/10.3290/j.jad.a28671.

[146] Rechmann P, Bartolome N, Kinsel R, Vaderhobli R, Rechmann BMT. Bond
strength of etch-and-rinse and self-etch adhesive systems to enamel and dentin
irradiated with a novel CO(2) 9.3 um short-pulsed laser for dental restorative
procedures. Lasers Med Sci 2017;32:1981-93, http://dx.doi.org/10.1007/s10103-017-
2302-y.

[147] Reis A, Grandi V, Carlotto L, Bortoli G, Patzlaff R, Rodrigues Accorinte Mde L,
et al. Effect of smear layer thickness and acidity of self-etching solutions on early and
long-term bond strength to dentin. J Dent 2005;33:549-59,
http://dx.doi.org/10.1016/}.jdent.2004.12.003.

[148] Reis A, Loguercio AD, Manso AP, Grande RH, Schiltz-Taing M, Suh B, et al.
Microtensile bond strengths for six 2-step and two 1-step self-etch adhesive systems
to enamel and dentin. Am J Dent 2013;26:44-50,

[149] Reis A, Moura K, Pellizzaro A, Dal-Bianco K, de Andrade AM, Loguercio AD.
Durability of enamel bonding using one-step self-etch systems on ground and
unground enamel. Oper Dent 2009;34:181-91, http://dx.doi.org/10.2341/08-58.

[150] Reis AF, Giannini M, Pereira PN. Effects of a peripheral enamel bond on the
long-term effectiveness of dentin bonding agents exposed to water in vitro. J Biomed
Mater Res B Appl Biomater 2008;85:10-7, http://dx.doi.org/10.1002/jom.b.30909.
[151] Rocha PI, Borges AB, Rodrigues JR, Arrais CA, Giannini M. Effect of dentinal
surface preparation on bond strength of self-etching adhesive systems. Braz Oral Res
2006;20:52-8, http://dx.doi.org/10.1590/s1806-83242006000100010.

[152] Roman F, Basting R, Amaral FLB, Turssi CP, Franca FMG. Bond longevity of
self-etching systems to enamel after different surface treatments. International Journal
of Clinical Dentistry 2014;7:199-2014,

[153] Rotta M, Bresciani P, Moura SK, Grande RH, Hilgert LA, Baratieri LN, et al.
Effects of phosphoric acid pretreatment and substitution of bonding resin on bonding
effectiveness of self-etching systems to enamel. J Adhes Dent 2007;9:537-45,

[154] Sadek FT, Calheiros FC, Cardoso PE, Kawano Y, Tay F, Ferrari M. Early and
24-hour bond strength and degree of conversion of etch-and-rinse and self-etch
adhesives. Am J Dent 2008;21:30-4,

45



[155] Sadek FT, Goracci C, Cardoso PE, Tay FR, Ferrari M. Microtensile bond strength
of current dentin adhesives measured immediately and 24 hours after application. J
Adhes Dent 2005;7:297-302,

[156] Saito T, Takamizawa T, Ishii R, Tsujimoto A, Hirokane E, Barkmeier WW, et al.
Influence of Application Time on Dentin Bond Performance in Different Etching Modes
of Universal Adhesives. Oper Dent 2020;45:183-95, http://dx.doi.org/10.2341/19-028-
I

[157] Sampaio RK, Wang L, Carvalho RV, Garcia EJ, Andrade AM, Klein-Janior CA,
et al. Six-month evaluation of a resin/dentin interface created by methacrylate and
silorane-based materials. J Appl Oral Sci 2013;21:80-4,
http://dx.doi.org/10.1590/1678-7757201302329.

[158] Sarr M, Benoist FL, Bane K, Aidara AW, Seck A, Toure B. Bonding effectiveness
of self-etch adhesives to dentin after 24 h water storage. J Conserv Dent 2018;21:142-
6, http://dx.doi.org/10.4103/jcd.jcd_257_17.

[159] Scheidel DD, Takamizawa T, Bakmeier WW, Erickson RL, Tsujimoto A, Miyazaki
M. Effect of frequency on the fatigue strength of dentin bonds. J Oral Sci 2016;58:539-
46, http://dx.doi.org/10.2334/josnusd.16-0229.

[160] Semeraro S, Mezzanzanica D, Spreafico D, Gagliani M, Re D, Tanaka T, et al.
Effect of different bur grinding on the bond strength of self-etching adhesives.
Operative Dentistry 2006;31:317-23, http://dx.doi.org/10.2341/04-171.

[161] Senawongse P, Sattabanasuk V, Shimada Y, Otsuki M, Tagami J. Bond
strengths of current adhesive systems on intact and ground enamel. J Esthet Restor
Dent 2004;16:107-15; discussion 16, http://dx.doi.org/10.1111/}.1708-
8240.2004.tb00016.x.

[162] Sengun A, Unlu N, Ozer F, OztUrk B. Bond strength of five current adhesives to
caries-affected dentin. J Oral Rehabil 2002;29:777-81,
http://dx.doi.org/10.1046/j.1365-2842.2002.00871.x.

[163] Sevgican F, Inoue S, Koase K, Kawamoto C, Ikeda T, Sano H. Bond strength of
simplified-step adhesives to enamel prepared with two different diamond burs. Aust
Dent J 2004;49:141-5, http://dx.doi.org/10.1111/j.1834-7819.2004.tb00063.x.

[164] Sezinando A, Luque-Martinez |, Munoz MA, Reis A, Loguercio AD, Perdigao J.
Influence of a hydrophobic resin coating on the immediate and 6-month dentin bonding
of three universal adhesives. Dental Materials 2015;31:E236-E46,
http://dx.doi.org/10.1016/j.dental.2015.07.002.

[165] Sheikh H, Heymann HO, Swift Jr EJ, Ziemiecki TL, Ritter AV. Effect of saliva
contamination and cleansing solutions on the bond strengths of self-etch adhesives to
dentin. Journal of Esthetic and Restorative Dentistry 2010;22:402-10,
http://dx.doi.org/10.1111/j.1708-8240.2010.00374 ..

[166] Shibata S, Vieira LC, Baratieri LN, Fu J, Hoshika S, Matsuda Y, et al. Evaluation
of microtensile bond strength of self-etching adhesives on normal and caries-affected
dentin. Dent Mater J 2016;35:166-73, http://dx.doi.org/10.4012/dm;.2014-330.

[167] Shimizu Y, Tsujimoto A, Furuichi T, Suzuki T, Tsubota K, Miyazaki M, et al.
Influence of light intensity on surface free energy and dentin bond strength of core
build-up resins. Oper Dent 2015;40:87-95, http://dx.doi.org/10.2341/13-283-I.

[168] Sinhoreti MAC, Soares EF, Abuna GF, Correr LS, Roulet JF, Geraldeli S.
Microtensile Bond Strength of Adhesive Systems in Different Dentin Regions on a

46



Class Il Cavity Configuration. Braz Dent J 2017;28:474-81,
http://dx.doi.org/10.1590/0103-6440201701541.

[169] Siqueira FSF, Armas-Vega A, Izquierdo-Bucheli A, Pinto TF, Hanzen TA, Bauer
J, et al. Does the Conditioning Mode and Duration of Universal Adhesives Affect the
Bonding Effectiveness to Fluorotic Enamel? J Adhes Dent 2019;21:525-36,
http://dx.doi.org/10.3290/j.jad.a43695.

[170] Sismanoglu S. Bond durability of contemporary universal adhesives: effect of
dentin treatments and aging. Journal of Adhesion Science and Technology
2019;33:2061-70, http://dx.doi.org/10.1080/01694243.2019.1632011.

[171] Soares CJ, Castro CG, Santos Filho PC, da Mota AS. Effect of previous
treatments on bond strength of two self-etching adhesive systems to dental substrate.
J Adhes Dent 2007;9:291-6,

[172] Soares FZ, Rocha Rde O, Raggio DP, Sadek FT, Cardoso PE. Microtensile bond
strength of different adhesive systems to primary and permanent dentin. Pediatr Dent
2005;27:457-62,

[173] Soares FZM, Lenzi TL, de Oliveira Rocha R. Degradation of resin—dentine bond
of different adhesive systems to primary and permanent dentine. European Archives
of Paediatric Dentistry 2017;18:113-8, http://dx.doi.org/10.1007/s40368-017-0282-z.

[174] Soderholm KJ, Soares F, Argumosa M, Loveland C, Bimstein E, Guelmann M.
Shear bond strength of one etch-and-rinse and five self-etching dental adhesives
when used by six operators. Acta Odontol Scand 2008;66:243-9,
http://dx.doi.org/10.1080/00016350802220088.

[175] Song M, Shin Y, Park JW, Roh BD. A study on the compatibility between one-
bottle dentin adhesives and composite resins using micro-shear bond strength. Restor
Dent Endod 2015;40:30-6, http://dx.doi.org/10.5395/rde.2015.40.1.30.

[176] Spohr AM, Conceicao EN, Pacheco JF. Tensile bond strength of four adhesive
systems to dentin. Am J Dent 2001;14:247-51,

[177] Suyama Y, Lihrs AK, De Munck J, Mine A, Poitevin A, Yamada T, et al. Potential
smear layer interference with bonding of self-etching adhesives to dentin. J Adhes
Dent 2013;15:317-24, http://dx.doi.org/10.3290/].jad.a29554.

[178] Takahashi A, Sato Y, Uno S, Pereira PN, Sano H. Effects of mechanical
properties of adhesive resins on bond strength to dentin. Dent Mater 2002;18:263-8,
http://dx.doi.org/10.1016/s0109-5641(01)00046-x.

[179] Takamizawa T, Barkmeier WW, Tsujimoto A, Scheidel DD, Erickson RL, Latta
MA, et al. Effect of Phosphoric Acid Pre-etching on Fatigue Limits of Self-etching
Adhesives. Oper Dent 2015;40:379-95, http://dx.doi.org/10.2341/13-252-I.

[180] Taschner M, Kimmerling M, Lohbauer U, Breschi L, Petschelt A, Frankenberger
R. Effect of double-layer application on dentin bond durability of one-step self-etch
adhesives. Oper Dent 2014;39:416-26, http://dx.doi.org/10.2341/13-168-I.

[181] Tay FR, Pashley DH, King NM, Carvalho RM, Tsai J, Lai SC, et al.
Aggressiveness of self-etch adhesives on unground enamel. Oper Dent 2004;29:309-
16,

[182] Tekce N, Demirci M, Tuncer S, Uysal O. Microtensile bond strength and sealing
efficiency of all-in-one self-etching adhesives. Biotechnology and Biotechnological
Equipment 2015;29:570-8, http://dx.doi.org/10.1080/13102818.2015.1008875.

[183] Tekce N, Demirci M, Tuncer S, Uysal O. Effect of different application techniques
of all-in-one adhesives on microtensile bond strength to sound and caries-affected

47



dentin. Journal of Adhesion 2014:91:245-61,
http://dx.doi.org/10.1080/00218464.2014.885842.

[184] Tezvergil-Mutluay A, Lassila LV, Vallittu PK. Microtensile bond strength of fiber-
reinforced composite with semi-interpenetrating polymer matrix to dentin using various
bonding systems. Dent Mater J 2008;27:821-6, http://dx.doi.org/10.4012/dm;.27.821.

[185] Ting S, Chowdhury A, Sun J, Kakuda S, Sidhu SK, Yoshida Y, et al. Effect of
different remaining dentin thickness and long term water storage on dentin bond
strength. Dent Mater J 2018;37:562-7, http://dx.doi.org/10.4012/dm;j.2017-140.

[186] Ting S, Chowdhury AA, Pan F, Fu J, Sun J, Kakuda S, et al. Effect of remaining
dentin thickness on microtensile bond strength of current adhesive systems. Dent
Mater J 2015;34:181-8, http://dx.doi.org/10.4012/dm;.2014-130.

[187] Toledano M, Cabello I, Yamauti M, Osorio R. Differential resin-dentin bonds
created after caries removal with polymer burs. Microsc Microanal 2012;18:497-508,
http://dx.doi.org/10.1017/s1431927612000074.

[188] Toledano M, Osorio R, Albaladejo A, Aguilera FS, Osorio E. Differential effect of
in vitro degradation on resin-dentin bonds produced by self-etch versus total-etch
adhesives. J Biomed Mater Res A 2006;77:128-35,
http://dx.doi.org/10.1002/jbm.a.30656.

[189] Toledano M, Osorio R, Ceballos L, Fuentes MV, Fernandes CA, Tay FR, et al.
Microtensile bond strength of several adhesive systems to different dentin depths. Am
J Dent 2003;16:292-8,

[190] Toledano M, Osorio R, Osorio E, Aquilera FS, Yamauti M, Pashley DH, et al.
Durability of resin-dentin bonds: Effects of direct/indirect exposure and storage media.
Dental Materials 2007;23:885-92, http://dx.doi.org/10.1016/j.dental.2006.06.030.

[191] Torii Y, Hikasa R, Iwate S, Oyama F, Itou K, Yoshiyama M. Effect of EDTA
conditioning on bond strength to bovine dentin promoted by four current adhesives.
Am J Dent 2003;16:395-400,

[192] Torii Y, Itou K, Hikasa R, lwata S, Nishitani Y. Enamel tensile bond strength and
morphology of resin-enamel interface created by acid etching system with or without
moisture and self-etching priming system. J Oral Rehabil 2002;29:528-33,
http://dx.doi.org/10.1046/j.1365-2842.2002.00855.x.

[193] Torres CRG, Caneppele TMF, Borges AB, Shoji AV, Nunes TM, Batista GR.
Effects of surface hydration and application method on the bond strength of self-
etching adhesives to dentin. Journal of Adhesion 2011;87:1099-111,
http://dx.doi.org/10.1080/00218464.2011.609452.

[194] Tsujimoto A, Barkmeier WW, Erickson RL, Fischer NG, Markham MD,
Takamizawa T, et al. Shear fatigue strength of resin composite bonded to dentin at
physiological frequency. Eur J Oral Sci 2018;126:316-25,
http://dx.doi.org/10.1111/e0s.12537.

[195] Uekusa S, Yamaguchi K, Miyazaki M, Tsubota K, Kurokawa H, Hosoya Y.
Bonding efficacy of single-step self-etch systems to sound primary and permanent
tooth dentin. Oper Dent 2006;31:569-76, http://dx.doi.org/10.2341/05-102.

[196] Ugurlu M. Effect of the double application of universal adhesives on the dentine
bond strength after radiotherapy. Aust Dent J 2020,
http://dx.doi.org/10.1111/adj.12744.

48



[197] Ulker M, Ozcan M, Sengun A, Ozer F, Belli S. Effect of artificial aging regimens
on the performance of self-etching adhesives. J Biomed Mater Res B Appl Biomater
2010;93:175-84, http://dx.doi.org/10.1002/jbm.b.31572.

[198] Vasconcelos E Cruz J, Polido M, Brito J, Gongalves LL. Dentin Bonding and
SEM Analysis of a New Experimental Universal Adhesive System Containing a
Dendrimer. Polymers (Basel) 2020;12, http://dx.doi.org/10.3390/polym12020461.

[199] Visintini E, Mazzoni A, Vita F, Pasquantonio G, Cadenaro M, Di Lenarda R, et
al. Effects of thermocycling and use of ElectroBond on microtensile strength and
nanoleakage using commercial one-step self-etch adhesives. European Journal of
Oral Sciences 2008;116:564-70, http://dx.doi.org/10.1111/j.1600-0722.2008.00576.X.

[200] Walter R, Swift EJ, Jr., Boushell LW, Braswell K. Enamel and dentin bond
strengths of a new self-etch adhesive system. J Esthet Restor Dent 2011;23:390-6,
http://dx.doi.org/10.1111/}.1708-8240.2011.00465.X.

[201] Walter R, Swift EJ, Jr., Nagaoka H, Chung Y, Bartholomew W, Braswell KM, et
al. Two-year bond strengths of "all-in-one" adhesives to dentine. J Dent 2012;40:549-
55, http://dx.doi.org/10.1016/j.jdent.2012.03.003.

[202] Wu Z, Zheng H, Ouyang Y, Li M, Zhang L, Su J, et al. Prime-and-rinse approach
for improving the enamel micro-tensile bond strengths of self-etch adhesives. Journal
of Adhesion Science and Technology 2019;33:871-85,
http://dx.doi.org/10.1080/01694243.2018.1564524.

[203] Xuan W, Hou BX, Lu YL. Bond strength of different adhesives to normal and
caries-affected dentins. Chinese Medical Journal 2010;123:332-6,
http://dx.doi.org/10.3760/cma.j.issn.0366-6999.2010.03.014.

[204] Yamaji A, Tsujimoto A, Asaoka T, Matsuyoshi S, Tsuchiya K, Takamizawa T, et
al. Effect of oxygen inhibition in two-step self-etch systems on surface free energy and
dentin bond strength with a chemically cured resin composite. J Oral Sci 2014;56:201-
7, http://dx.doi.org/10.2334/josnusd.56.201.

[205] Yazici AR, Celik C, Ozgunaltay G, Dayanga¢ B. Bond strength of different
adhesive systems to dental hard tissues. Oper Dent 2007;32:166-72,
http://dx.doi.org/10.2341/06-49.

[206] Yildirim T, Ayar MK, Yesilyurt C. NaOCI degradation of one-step one-bottle self-
etch adhesives bonded to bovine dentine. Journal of Adhesion Science and
Technology 2016;30:210-7, http://dx.doi.org/10.1080/01694243.2015.1097105.

[207] Yoshida T, Miyazaki M, Hirohata N, Moore BK. Influence of metal conditioner
contamination of the dentin surface on bond strengths of dentin adhesive systems
using self-etching primers. Oper Dent 2005;30:359-67,

[208] Yoshiyama M, Matsuo T, Ebisu S, Pashley D. Regional bond strengths of self-
etching/self-priming adhesive systems. J Dent 1998;26:609-16,
http://dx.doi.org/10.1016/s0300-5712(97)00046-8.

[209] Yu M, Wu Z, Pan H, Li M, Wang C, Zhang Z, et al. Effects of saliva contamination
on bonding performance of self-etching adhesives. Journal of Adhesion Science and
Technology 2014;28:2032-45, http://dx.doi.org/10.1080/01694243.2014.943340.
[210] Yuan H, Li M, Guo B, Gao Y, Liu H, Li J. Evaluation of Microtensile Bond Strength
and Microleakage of a Self-adhering Flowable Composite. J Adhes Dent 2015;17:535-
43, http://dx.doi.org/10.3290/j.jad.a35253.

49



[211] Zander-Grande C, Loguercio AD, Stanislawczuk R, Martins GC, Gomes OM,
Reis A. The effect of 6-month water storage on the bond strength of self-etch
adhesives bonded to dentin. Am J Dent 2011;24:239-44,

[212] Zeidan LC, Reis AF, Cassoni A, Rodrigues JA. Effect of six month storage on
microtensile bond strength of new elective etching adhesive system on dentin in self-
etching or etch-and-rinse approach. Saudi Journal for Dental Research 2017;8:5-10,
http://dx.doi.org/10.1016/j.sjdr.2016.06.006.

[213] Zhou LQ, Wang YK, Yang HY, Guo JX, Tay FR, Huang C. Effect of chemical
interaction on the bonding strengths of self-etching adhesives to deproteinised
dentine. Journal of Dentistry 2015;43:973-80,
http://dx.doi.org/10.1016/}.jdent.2015.05.010.

[214] Muiioz MA, Luque I, Hass V, Reis A, Loguercio AD, Bombarda NH. Immediate
bonding properties of universal adhesives to dentine. J Dent 2013;41:404-11,
http://dx.doi.org/10.1016/}.jdent.2013.03.001.

[215] Fabido ADM, Fronza BM, André CB, Cavalli V, Giannini M. Microtensile dentin
bond strength and interface morphology of different self-etching adhesives and
universal adhesives applied in self-etching mode. Journal of Adhesion Science and
Technology 2021;35:723-32, http://dx.doi.org/10.1080/01694243.2020.1817722.

[216] Gomes IA, Gomes MGN, Amaral FLB, Franca FMG, Basting RT, Bandeca MC,
et al. Aging Protocols and Their Effects on Bond Strength of Total-Etch and Self-Etch
Adhesive Systems to Dentin. Open Dentistry Journal 2020;14:408-15,
http://dx.doi.org/10.2174/1874210602014010408.

[217] Hirokane E, Takamizawa T, Kasahara Y, Ishii R, Tsujimoto A, Barkmeier WW,
et al. Effect of double-layer application on the early enamel bond strength of universal
adhesives. Clin Oral Investig 2021;25:907-21, http://dx.doi.org/10.1007/s00784-020-
03379-1.

[218] Kazemi-Yazdi H, Saeed-Nezhad M, Rezaei S. Effect of Chlorhexidine on
durability of two self-etch adhesive systems. J Clin Exp Dent 2020;12:e663-€9,
http://dx.doi.org/10.4317/jced.56873.

[219] Kharouf N, Ashi T, Eid A, Maguina L, Zghal J, Sekayan N, et al. Does Adhesive
Layer Thickness and Tag Length Influence Short/Long-Term Bond Strength of
Universal Adhesive Systems? An In-Vitro Study. Applied Sciences-Basel 2021;11,
http://dx.doi.org/10.3390/appl11062635.

[220] Markham MD, Tsujimoto A, Barkmeier WW, Jurado CA, Fischer NG, Watanabe
H, et al. Influence of 38% silver diamine fluoride application on bond stability to enamel
and dentin using universal adhesives in self-etch mode. Eur J Oral Sci 2020;128:354-
60, http://dx.doi.org/10.1111/e0s.12701.

[221] Ouchi H, Takamizawa T, Tsubota K, Tsujimoto A, Imai A, Barkmeier WW, et al.
The Effects of Aluminablasting on Bond Durability Between Universal Adhesives and
Tooth Substrate. Oper Dent 2020;45:196-208, http://dx.doi.org/10.2341/18-170-I.
[222] Pirmoradian M, Esmailzadeh S, Davaie S, Albakhakh BA, Sanaee B, Asgari E,
et al. Resistance to demineralisation of adjacent enamel and dentine, fluoride release
and dentine bond strength of fluoride-containing self-etch adhesive systems. J Clin
Exp Dent 2020;12:e381-e90, http://dx.doi.org/10.4317/jced.56170.

[223] Rizk M, Pohle A, Dieckmann P, Taubock TT, Biehl R, Wiegand A. Mineral
precipitation, polymerization properties and bonding performance of universal dental

50



adhesives doped with polyhedral oligomeric silsesquioxanes. International Journal of
Adhesion and Adhesives 2020;100, http://dx.doi.org/10.1016/j.ijjadhadh.2020.102573.

[224] Roh J, Shin H, Hong MH. Characteristics of 10-Methacryloyloxidecyl Dihydrogen
Phosphate Monomer in Self-Etching Two-Bottled Dental Adhesive System:
Comparison  with  Commercial Products. Materials (Basel) 2020;13,
http://dx.doi.org/10.3390/mal13163553.

[225] Tessore R, Silveira C, Vazquez P, Mederos M, Garcia A, Cuevas-Suarez CE, et
al. Human dentin bond strength of chlorhexidine containing universal adhesive system
used in total-etch and self-etch modes. Odontoestomatologia 2020;22:20-9,
http://dx.doi.org/10.22592/0de2020n35a4.

[226] Wakwak MA, Gabr EH, ElImarakby AM. Evaluation of microtensile bond strength
of universal self-etch adhesive system to wet and dry dentin. Open Access
Macedonian Journal of Medical Sciences 2020;8:77-81,
http://dx.doi.org/10.3889/0AMJIMS.2020.41009.

[227] Wong J, Tsujimoto A, Fischer NG, Baruth AG, Barkmeier WW, Johnson EA, et
al. Enamel Etching for Universal Adhesives: Examination of Enamel Etching Protocols
for Optimization of Bonding Effectiveness. Oper Dent 2020;45:80-91,
http://dx.doi.org/10.2341/18-275-I.

[228] Zecin-Deren A, Lukomska-Szymanska M, Szczesio-Wlodarczyk A, Piwonski I,
Sokolowski J, Lapinska B. The Influence of Application Protocol of Simplified and
Universal Adhesives on the Dentin Bonding Performance. Applied Sciences-Basel
2020;10, http://dx.doi.org/10.3390/app10010124.

[229] De Munck J, Mine A, Poitevin A, Van Ende A, Cardoso MV, Van Landuyt KL, et
al. Meta-analytical review of parameters involved in dentin bonding. J Dent Res
2012;91:351-7, http://dx.doi.org/10.1177/0022034511431251.

[230] Carrilho E, Cardoso M, Marques Ferreira M, Marto CM, Paula A, Coelho AS. 10-
MDP Based Dental Adhesives: Adhesive Interface Characterization and Adhesive
Stability-A Systematic Review. Materials (Basel) 2019;12,
http://dx.doi.org/10.3390/mal12050790.

[231] Salz U, Mucke A, Zimmermann J, Tay FR, Pashley DH. pKa value and buffering
capacity of acidic monomers commonly used in self-etching primers. J Adhes Dent
2006;8:143-50,

[232] Braga RR, Meira JB, Boaro LC, Xavier TA. Adhesion to tooth structure: a critical
review of  "macro" test methods. Dent Mater  2010;26:e38-49,
http://dx.doi.org/10.1016/j.dental.2009.11.150.

[233] Heintze SD, Rousson V. Pooling of dentin microtensile bond strength data
improves clinical correlation. J Adhes Dent 2011;13:107-10,
http://dx.doi.org/10.3290/}.jad.a21345.

[234] MUnchow EA, Bossardi M, Priebe TC, Valente LL, Zanchi CH, Ogliari FA, et al.
Microtensile versus microshear bond strength between dental adhesives and the
dentin substrate. Int J Adhes Adhes 2013;46:95-9,

[235] Soares FZ, Follak A, da Rosa LS, Montagner AF, Lenzi TL, Rocha RO. Bovine
tooth is a substitute for human tooth on bond strength studies: A systematic review
and meta-analysis of in vitro studies. Dent Mater 2016;32:1385-93,
http://dx.doi.org/10.1016/j.dental.2016.09.019.

[236] Omura |, Yamauchi J, Nagase Y, Uemura F. Adhesive composition. In: Patent
U, editor. Japan: Kuraray Co., Ltd.; 1987. p. 41.

51



[237] Inc. KND. CLEARFIL Universal Bond Quick - Technical Information. 2017. p. 28.

[238] Tay FR, Sano H, Carvalho R, Pashley EL, Pashley DH. An ultrastructural study
of the influence of acidity of self-etching primers and smear layer thickness on bonding
to intact dentin. J Adhes Dent 2000;2:83-98,

[239] Yoshida Y, Yoshihara K, Nagaoka N, Hayakawa S, Torii Y, Ogawa T, et al. Self-
assembled Nano-layering at the Adhesive interface. J Dent Res 2012;91:376-81,
http://dx.doi.org/10.1177/0022034512437375.

[240] Yoshioka M, Yoshida Y, Inoue S, Lambrechts P, Vanherle G, Nomura Y, et al.
Adhesion/decalcification mechanisms of acid interactions with human hard tissues. J
Biomed Mater Res 2002;59:56-62, http://dx.doi.org/10.1002/jbm.1216.

[241] Yoshihara K, Nagaoka N, Nakamura A, Hara T, Yoshida Y, Van Meerbeek B.
Nano-Layering Adds Strength to the Adhesive Interface. J Dent Res
2020:22034520979133, http://dx.doi.org/10.1177/0022034520979133.

[242] Wang R, Shi Y, Li T, Pan Y, Cui Y, Xia W. Adhesive interfacial characteristics
and the related bonding performance of four self-etching adhesives with different
functional monomers applied to dentin. J Dent  2017;62:72-80,
http://dx.doi.org/10.1016/j.jdent.2017.05.010.

[243] Ikemura K, Kadoma Y, Endo T. A review of the developments of self-etching
primers and adhesives -Effects of acidic adhesive monomers and polymerization
initiators on bonding to ground, smear layer-covered teeth. Dent Mater J 2011;30:769-
89, http://dx.doi.org/10.4012/dm;.2011-110.

[244] Lopes LS, Calazans FS, Hidalgo R, Buitrago LL, Gutierrez F, Reis A, et al. Six-
month Follow-up of Cervical Composite Restorations Placed With a New Universal
Adhesive System: A Randomized Clinical Trial. Oper Dent 2016;41:465-80,
http://dx.doi.org/10.2341/15-309-C.

[245] Chen Y, Tay FR, Lu Z, Chen C, Qian M, Zhang H, et al. Dipentaerythritol penta-
acrylate phosphate - an alternative phosphate ester monomer for bonding of
methacrylates to zirconia. Sci Rep 2016;6:39542,
http://dx.doi.org/10.1038/srep39542.

[246] Yang J, Shen J, Wu X, He F, Xie H, Chen C. Effects of nano-zirconia fillers
conditioned with phosphate ester monomers on the conversion and mechanical
properties of Bis-GMA- and UDMA-based resin composites. J Dent 2020;94:103306,
http://dx.doi.org/10.1016/}.jdent.2020.103306.

[247] Yiu CK, Pashley EL, Hiraishi N, King NM, Goracci C, Ferrari M, et al. Solvent
and water retention in dental adhesive blends after evaporation. Biomaterials
2005;26:6863-72, http://dx.doi.org/10.1016/j.biomaterials.2005.05.011.

[248] Van Landuyt KL, Snauwaert J, De Munck J, Peumans M, Yoshida Y, Poitevin
A, et al. Systematic review of the chemical composition of contemporary dental
adhesives. Biomaterials 2007;28:3757-85,
http://dx.doi.org/10.1016/j.biomaterials.2007.04.044.

[249] Moszner N, Salz U, Zimmermann J. Chemical aspects of self-etching enamel-
dentin adhesives: a systematic review. Dent Mater 2005;21:895-910,
http://dx.doi.org/10.1016/j.dental.2005.05.001.

[250] Nagakane K, Yoshida Y, Hirata I, Fukuda R, Nakayama Y, Shirai K, et al.
Analysis of chemical interaction of 4-MET with hydroxyapatite using XPS. Dent Mater
J 2006;25:645-9, http://dx.doi.org/10.4012/dmj.25.645.

52



[251] Ohno H, Hashimoto M, Araki Y, Nezu T, Endo K. Chemical interaction of 4-META
with enamel in resin-enamel bonds. Dent Mater J 2021,
http://dx.doi.org/10.4012/dm;.2020-229.

[252] Hayakawa T, Kikutake K, Nemoto K. Conformational and quantum analysis of
dental adhesive carboxylic acid and carboxylic acid anhydride monomers. Dent Mater
J 2001;20:1-15, http://dx.doi.org/10.4012/dmj.20.1.

[253] Ikemura K, Tay FR, Hironaka T, Endo T, Pashley DH. Bonding mechanism and
ultrastructural interfacial analysis of a single-step adhesive to dentin. Dent Mater
2003;19:707-15, http://dx.doi.org/10.1016/s0109-5641(03)00017-4.

[254] Giannini M, Makishi P, Ayres AP, Vermelho PM, Fronza BM, Nikaido T, et al.
Self-etch adhesive systems: a literature review. Braz Dent J 2015;26:3-10,
http://dx.doi.org/10.1590/0103-6440201302442.

[255] Fukumoto H, Ishihara K, Yusa SI. Thermo-Responsive Behavior of Mixed
Aqueous Solution of Hydrophilic Polymer with Pendant Phosphorylcholine Group and
Poly(Acrylic Acid). Polymers (Basel) 2021;13,
http://dx.doi.org/10.3390/polym13010148.

[256] Yamakami SA, Ubaldini ALM, Sato F, Medina Neto A, Pascotto RC, Baesso ML.
Study of the chemical interaction between a high-viscosity glass ionomer cement and
dentin. J Appl Oral Sci 2018;26:€20170384, http://dx.doi.org/10.1590/1678-7757-
2017-0384.

[257] Nishiyama N, Suzuki K, Yoshida H, Teshima H, Nemoto K. Hydrolytic stability of
methacrylamide in acidic aqueous solution. Biomaterials 2004;25:965-9,
http://dx.doi.org/10.1016/s0142-9612(03)00616-1.

[258] Tay FR, Pashley DH. Aggressiveness of contemporary self-etching systems. I
Depth of penetration beyond dentin smear layers. Dent Mater 2001;17:296-308,
http://dx.doi.org/10.1016/s0109-5641(00)00087-7.

[259] Ikemura K, Endo T, Kadoma Y. A review of the developments of multi-purpose
primers and adhesives comprising novel dithiooctanoate monomers and phosphonic
acid monomers. Dent Mater J 2012;31:1-25, http://dx.doi.org/10.4012/dmj.2011-139.

[260] Ikemura K, Tay FR, Nishiyama N, Pashley DH, Endo T. Design of new
phosphonic acid monomers for dental adhesives--synthesis of (meth) acryloxyalky! 3-
phosphonopropionates and evaluation of their adhesion-promoting functions. Dent
Mater J 2006;25:566-75, http://dx.doi.org/10.4012/dmj.25.566.

[261] Ikemura K, Tay FR, Nishiyama N, Pashley DH, Endo T. Multi-purpose bonding
performance of newly synthesized phosphonic acid monomers. Dent Mater J
2007;26:105-15, http://dx.doi.org/10.4012/dmj.26.105.

[262] van Dijken JW, Pallesen U. Three-year Randomized Clinical Study of a One-
step Universal Adhesive and a Two-step Self-etch Adhesive in Class Il Composite
Restorations. J Adhes Dent 2017;19:287-94, http://dx.doi.org/10.3290/j.jad.a38867.
[263] Araujo CTP, Prieto LT, Costa DC, Bosso MA, Coppini EK, Dias CTS, et al. Active
application of primer acid on acid-treated enamel: Influence on the bond effectiveness
of self-etch adhesives systems. Microsc Res Tech 2017;80:943-9,
http://dx.doi.org/10.1002/jemt.22887.

[264] De Munck J, Van Landuyt K, Peumans M, Poitevin A, Lambrechts P, Braem M,
et al. A critical review of the durability of adhesion to tooth tissue: methods and results.
J Dent Res 2005;84:118-32, http://dx.doi.org/10.1177/154405910508400204.

53



[265] Mahn E, Rousson V, Heintze S. Meta-Analysis of the Influence of Bonding
Parameters on the Clinical Outcome of Tooth-colored Cervical Restorations. J Adhes
Dent 2015;17:391-403, http://dx.doi.org/10.3290/j.jad.a35008.

[266] Reis A, Leite TM, Matte K, Michels R, Amaral RC, Geraldeli S, et al. Improving
clinical retention of one-step self-etching adhesive systems with an additional
hydrophobic  adhesive layer. J Am Dent Assoc 2009;140:877-85,
http://dx.doi.org/10.14219/jada.archive.2009.0281.

[267] Beltrami R, Chiesa M, Scribante A, Allegretti J, Poggio C. Comparison of shear
bond strength of universal adhesives on etched and nonetched enamel. J Appl
Biomater Funct Mater 2016;14:e78-83, http://dx.doi.org/10.5301/jabfm.5000261.
[268] Sato T, Takagaki T, Matsui N, Hamba H, Sadr A, Nikaido T, et al. Morphological
Evaluation of the Adhesive/Enamel interfaces of Two-step Self-etching Adhesives and
Multimode One-bottle Self-etching Adhesives. J Adhes Dent 2016;18:223-9,
http://dx.doi.org/10.3290/j.jad.a36135.

[269] Munchow EA, da Silva AF, da Silveira Lima G, Wulff T, Barbosa M, Ogliari FA,
et al. Polypropylene glycol phosphate methacrylate as an alternative acid-functional
monomer on self-etching adhesives. J Dent 2015;43:94-102,
http://dx.doi.org/10.1016/j.jdent.2014.11.005.

54



Tables

Table 1. Search strategy and search date (initial and final) for the electronic databases.

Database

First and final searches

Search strategy

MEDLINE/PubMed

April 15t 2020; June 30" 2021

(bond strength OR uSBS OR microshear bond strength OR uTBS OR microtensile bond strength)
AND (dentin OR enamel) AND (self-adhesive resin cement OR self-adhesive composite OR self-
adhesive composite resin OR self-etching adhesive OR self-etch adhesive OR universal adhesive OR
acidic monomer OR acidic resin monomer OR monomer acid OR functional monomer OR acidic
functional monomer)

Scopus

April 15t 2020; June 30" 2021

“bond strength” OR “uSBS” OR “microshear bond strength” OR “uTBS” OR “microtensile bond
strength” AND “dentin” OR “enamel” AND “self-adhesive resin cement” OR “self-adhesive composite”
OR “self-adhesive composite resin” OR “self-etching adhesive” OR “self-etch adhesive” OR “universal
adhesive” OR “acidic monomer” OR “acidic resin monomer” OR “monomer acid” OR “functional
monomer” OR “acidic functional monomer”

Web of Science

April 15t 2020; June 30" 2021

(“bond strength” OR “uSBS” OR “microshear bond strength” OR “uTBS” OR “microtensile bond
strength”) AND (“dentin” OR “enamel”’) AND (“self-adhesive resin cement” OR “self-adhesive
composite” OR “self-adhesive composite resin” OR “self-etching adhesive” OR “self-etch adhesive”
OR *“universal adhesive” OR “acidic monomer” OR “acidic resin monomer” OR “monomer acid” OR
“functional monomer” OR “acidic functional monomer”)

Lilcas, SciElo,
BBO, IBECS

April 15t 2020; June 30™ 2021

“bond strength” OR “resisténcia de unidao” OR “fuerza de unién” OR “uSBS” OR “microshear bond
strength” OR ‘“resisténcia de unido ao microcisalhamento” OR “resistencia al cizallamiento” OR
“UTBS” OR “microtensile bond strength” OR “resisténcia de unido a microtracdo” OR “resistencia a la
traccion” AND “dentin” OR “dentina” OR “enamel” OR “esmalte” AND “self-adhesive resin cement” OR
“cimento resinoso autoadesivo” OR “cemento de resina autoadhesivo” OR “self-adhesive composite”
OR “compésito autoadesivo” OR “composite autoadhesivo” OR “self-adhesive composite resin” OR
“resina composta autoadesiva” OR “compuesto de resina autoadhesiva” OR “self-etching adhesive”
OR “adesivo autocondicionante” OR “adhesivo autograbante” OR “self-etch adhesive” OR “universal
adhesive” OR “adesivo universal” OR “adhesivo universal” OR “acidic monomer” OR “mondémero
acidico” OR “monoémero acido” OR “acidic resin monomer” OR “mondémero resinoso acidico” OR
“mondmero resinoso acido” OR “monomer acid” OR “mondémero acido” OR “monémero acido” OR
“functional monomer” OR “mondémero funcional” OR “monémero funcional” OR “acidic functional
monomer” OR “mondémero funcional acidico” OR “mondmero funcional acido”
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Figure 1. Search flowchart of the study selection according to the PRISMA statement.
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Figure 2. Graph showing the list and frequency of adhesive systems used in the included studies, allocated by the acidic composition.
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Figure 3. Review authors’ judgments about each risk of bias item for each included in

vitro study, classified as having low, moderate or high risk of bias.
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10-MDP-based 10-MDP-free Mean Difference Mean Difference

Subgroup Total Total _Weight IV, Random, 95% CI IV, Random, 95% CI
Microtensile bond strength
Subtotal (95% CI) 717 717 68.4% 8.46 [6.71, 10.21] <&

Heterogeneity: Tau? = 68.89; Chi2= 1340.75, df = 117 (P < 0.00001), I?=91%
Test for overall effect: Z = 9.48 (P < 0.00001)

Microshear bond strength
Subtotal (95% CI) 137 137 10.0% 5.51 [2.64, 8.39] <o

Heterogeneity: Tau? = 23.07; Chi?= 117.08, df = 13 (P < 0.00001), 1= 89%
Test for overall effect: Z =3.76 (P = 0.0002)

Tensile bond strength
Subtotal (95% CI) 36 36 3.0% 8.13 [-1.44, 17.61] _‘

Heterogeneity: Tau? = 89.01; Chi?= 86.30, df = 3 (P < 0.00001), I2=97%
Test for overall effect: Z = 1.68 (P = 0.09)

Shear bond strength
Subtotal (95% CI) 329 329 18.5% 2.05[-0.08, 4.18] ‘

Heterogeneity: Tau? = 25.20; Chi?=499.29, df = 23 (P < 0.00001), I2=95%
Test for overall effect: Z = 1.88 (P = 0.06)

Total (95% Cl) 1219 1219 100.0% 6.98 [5.61, 8.36] ’

Heterogeneity: Tau? = 60.83; Chi? = 3200.96, df = 159 (P < 0.00001), 2= 95% 20 -10 0 10 20

Test for overall effect: Z = 9.93 (P < 0.00001)
Test for subgroup differences: Chi2 = 21.02, df = 3 (P = 0.0001); 12 = 85.7% Favours 10-MDP-free  Favours 10-MDP-based

Figure 4. Summary of meta-analysis findings comparing the bond strength of 10-
MDP-based and 10-MDP-free adhesives in dentin. The analyses were conducted
using the mean difference (MD) estimate and using random-effects models with 95%

confidence intervals (ClI).

59



10-MDP-based 10-MDP-free Mean Difference Mean Difference
Subgroup Total Total Weight IV, Random, 95% CI IV, Random, 95% CI

Microtensile bond strength
Subtotal (95% CI) 167 167 33.8% 2.20 [-0.68, 5.08] 40
Heterogeneity: Tau?= 41.83; Chi2= 252.97, df = 24 (P < 0.00001), I2=91%
Test for overall effect: Z = 1.50 (P = 0.13)

Microshear bond strength
Subtotal (95% CI) 133 133 22.1% 3.97 [2.11, 5.82] ’

Heterogeneity: Tau? = 7.79; Chi®= 72.64, df = 11 (P < 0.00001), 1= 85%
Test for overall effect: Z=4.19 (P < 0.0001)

Tensile bond strength
Subtotal (95% CI) 28 28 4.9% 2.90 [0.69, 5.11] ‘
Heterogeneity: Tau?= 0.00; Chi’>= 0.24, df = 2 (P = 0.89), I’= 0%
Test for overall effect: Z = 2.57 (P = 0.01)

Shear bond strength
Subtotal (95% CI) 291 291 39.2% 2.26 [0.60, 3.92] ‘
Heterogeneity: Tau?= 12.06; Chi2 = 164.90, df = 20 (P < 0.00001), I2= 88%
Test for overall effect: Z = 2.66 (P = 0.008)

Total (95% CI) 619 619 100.0% 2.79 [1.62, 3.96] L 2

Heterogeneity: Tau? = 15.95; Chi? = 552.80, df = 60 (P < 0.00001), 1= 89% 2.0 1.0 0 1'0 2.0
Test for overall effect: Z = 4.68 (P < 0.00001) - N

Test for subgroup differences: Chi2 = 2.06, df = 3 (P = 0.56); 12 = 0% Favours 10-MDP-free  Favours 10-MDP-based

Figure 5. Summary of meta-analysis findings comparing the bond strength of 10-
MDP-based and 10-MDP-free adhesives in enamel. The analyses were conducted
using the mean difference (MD) estimate and using random-effects models with 95%

confidence intervals (ClI).
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Phosphoric acid-derived

Carboxylic acid-derived

10-MDP-free
Total

10-MDP-based

Acidic monomers
Total

Weight

Mean Difference

IV, Random, 95% CI

Mean Difference
IV, Random, 95% CI

Mixed composition
Subtotal (95% ClI) 802 802 30.2%

Heterogeneity: Tau?= 51.84; Chi2= 1662.28, df = 110 (P < 0.00001), 12 = 93%
Test for overall effect: Z = 9.96 (P < 0.00001)

[ cpPDm

Subtotal (95% CI) 264 264 7.7%
Heterogeneity: Tau?= 34.02; Chi?= 260.99, df = 25 (P < 0.00001), 12= 90%
Test for overall effect: Z=2.11 (P = 0.03)

PENTA
Subtotal (95% CI) 273 273 7.2%
Heterogeneity: Tau? = 40.87; Chi?= 451.14, df = 23 (P < 0.00001), I>= 95%
Test for overall effect: Z = 4.26 (P < 0.0001)

6-MHP
Subtotal (95% CI) 48 48 1.6%
Heterogeneity: Tau2= 0.00; Chi2= 1.87, df = 5 (P = 0.97), 2= 0%
Test for overall effect: Z = 3.51 (P = 0.0005)

PEM-F
Subtotal (95% CI) 136 136 4.5%
Heterogeneity: Tau? = 41.84; Chi2= 273.80, df = 16 (P < 0.00001), I>=94%
Test for overall effect: Z = 1.97 (P = 0.05)

Pyrophosphate esters
Subtotal (95% CI) 59 59 2.2%
Heterogeneity: Tau? = 34.61; Chi2=31.19, df = 8 (P = 0.0001), 12=74%
Test for overall effect: Z = 6.45 (P < 0.00001)

Acrylamide phosphate
Subtotal (95% CI) 8 8 0.4%
Heterogeneity: Tau? = 130.77; Chi2=4.96, df = 1 (P = 0.03), 12= 80%
Test for overall effect: Z = 0.30 (P = 0.76)

Phosphate ester (unspecified)
Subtotal (95% CI) 136 136 4.5%
Heterogeneity: Tau?= 17.40; Chi2= 138.75, df = 21 (P < 0.00001), I?= 85%
Test for overall effect: Z = 2.55 (P = 0.01)

[ 4-mMETA

Subtotal (95% CI) 416 416 12.7%
Heterogeneity: Tau?= 10.72; Chi2= 236.51, df = 41 (P < 0.00001), 2= 83%
Test for overall effect: Z = 10.69 (P < 0.00001)

4-MET
Subtotal (95% CI) 67 67 2.5%
Heterogeneity: Tau?= 13.69; Chi2= 37.53, df = 8 (P < 0.00001), I2=79%
Test for overall effect: Z = 3.08 (P = 0.0002)

4-AET
Subtotal (95% CI) 28 28 1.0%
Heterogeneity: Tau?= 13.43; Chi2= 16.28, df = 3 (P = 0.0010), 1= 82%
Test for overall effect: Z =0.71 (P = 0.48)

MAC-10
Subtotal (95% CI) 39 39 1.5%
Heterogeneity: Tau?= 15.90; Chi2= 25.64, df = 5 (P = 0.0001), = 81%
Test for overall effect: Z = 0.03 (P = 0.98)

Polyacrylic acid-derived
Subtotal (95% CI) 180 180 6.0%
Heterogeneity: Tau?= 28.57; Chi2= 175.26, df = 19 (P < 0.00001), I12= 89%
Test for overall effect: Z = 0.31 (P = 0.76)

Phosphonic acid-derived
Subtotal (95% CI) 182 182 6.0%
Heterogeneity: Tau? = 38.93; Chi2= 212.04, df = 21 (P < 0.00001), I2=90%
Test for overall effect: Z = 1.85 (P = 0.06)

Sulfonic acid-derived
Subtotal (95% CI) 78 78 3.0%
Heterogeneity: Tau?= 16.23; Chi?= 45.05, df = 9 (P < 0.00001), I = 80%
Test for overall effect: Z = 5.15 (P < 0.00001)

Unknown composition
Subtotal (95% CI) 185 185 6.7%
Heterogeneity: Tau? = 36.56; Chi2= 289.85, df = 22 (P < 0.00001), I2=92%
Test for overall effect: Z = 3.95 (P < 0.0001)

Total (95% Cl) 2962 2962 100.0%

Heterogeneity: Tau? = 39.93; Chi? = 5681.23, df = 352 (P < 0.00001), 12= 94%
Test for overall effect: Z = 13.54 (P < 0.00001)
Test for subgroup differences: Chi2 = 105.13, df = 15 (P < 0.00001); 12 = 85.7%
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Figure 6. Summary of meta-analysis findings comparing the bond strength of 10-
MDP-based and adhesives containing different acidic composition, as follows: mixed
composition; monomers derived from phosphoric acid (GPDM, PENTA, 6-MHP, PEM-
F, pyrophosphate esters, acrylamide phosphate, and unspecified phosphate esters);
monomers derived from carboxylic acid (4-META, 4-MET, 4-AET, MAC-10, polyacrylic
acid); monomers derived from phosphonic or sulfonic acids; and unknown
composition. The analyses were conducted using the mean difference (MD) estimate

and using random-effects models with 95% confidence intervals (Cl).
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(A) a) 10-MDP (2-steps) - 26 .10-MDP (1-step) b)

Adhesive groups Random Effects Model MD (95% Cl)
85 44 12 4 Compared with 10-MDP (2-steps)
10-MDP (1-step) —_— -8.58 (-11.28, -5.88)
10-MDP-free o 16 10-MDP 10-MDP (universal) —_— -6.95 (-10.23, -3.67)
(1-step) (universal)
42 88 1 10-MDP-free (1-step) —+— -11.32 (-13.08, -9.55)
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17 1 10-MDP-free (universal) ————— -9.15 (-13.32, -4.98)
[ I I 1
10-MDP-free 4 ¢ 10-MDP-free -10 -5 0 5 10
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10-MDP (2-steps) 5.68 (2.88; 8.48) 11.89 (6.31; 17.46) 8.85 (5.07; 12.63) 7.20 (0.16; 14.25) 10.51 (8.63; 12.39)
4.93 (2.42; 7.43) 10-MDP-free (2-steps) 7.47 (0.72; 14.22) 4.68 (-2.04; 11.39) 9.03 (0.94; 17.12) 4.36 (-0.13; 8.86)
6.95 (3.67; 10.23) 2.02 (-1.63; 5.68) 10-MDP (universal) 4.73 (-4.63; 14.10) 2,60 (-1.38; 6.58) 8.64 (4.22; 13.06)
8.58 (5.88; 11.28) 3.66 (0.30; 7.01) 1.63 (-2.20; 5.46) 10-MDP (1-step) -2.00 (-19.48; 15.49) 3.02(0.27; 5.77)
9.15 (4.98; 13.32) 4.22 (-0.20; 8.65) 2.20 (-1.45; 5.85) 0.57 (-4.09; 5.22) 10-MDP-free {universal) 11.40 (-4.62; 27.42)
11.32 (9.55; 13.08) 6.39 (3.65; 9.13) 4.37 (1.11; 7.62) 274 (0.22; 5.25) 217 (-2.05; 6.39) 10-MDP-free (1-step)
(B) @)  10-MDP (2-steps) 2 s o10-MDP (1-step) .
Adhesive groups Random Effects Model MD (95% Cl)
2 Compared with 10-MDP (2-steps)
10-MDP (1-step) — -4.77 (-7.37, -2.17)
10-MDP 8 10-MDP-free 10-MDP (universal) —_—. -6.38 (-10.32, -2.44)
(universal) 2 1417 2 (universal) 10-MDP-free (1-step) - . -5.60 (-7.27, -3.92)
10-MDP-free (2-steps) —_— -1.05 (-3.31, 1.21)
1
3 3 10-MDP-free (universal) ————+——— -7.26 (-12.08, -2.43)
[ T T 1
10 -5 0 5 10
10-MDP-free (1-step) ® ) - ® 10-MDP-free (2-steps)
c) 10-MDP (2-steps) 0.72 (-1.85; 3.29) 6.76 (2.53; 11.00) 5.01(3.24; 6.78)
0.65 (-1.69; 2.98) 10-MDP-free (2-steps) 4.08 (-3.79; 11.94) 4.72 (1.10; 8.35) 7.77 (1.44; 14.10) 6.10 (-3.25; 15.45)
5.19 (2.32; 8.07) 4.55 (1.18; 7.91) 10-MDP (1-step) 0.36 (-2.53; 3.25) 2.53 (4.05; 9.11)
5.38 (3.68; 7.08) 4.74 (2.22, 7.25) 0.19 (-2.48; 2.86) 10-MDP-free (1-step) -1.32 (-6.71; 4.07)
6.08 (1.99; 10.18) 5.4 (1.36; 9.51) 0.89 (-3.45; 5.23) 0.70 (-3.27; 4.67) 10-MDP (universal) 2.26 (-2.30; 6.82)
8.31(2.62; 13.99) 7.66 (2.06; 13.26) 3.11(-2.79; 9.02) 2.92 (-2.69; 8.54) 222 (-2.21; 6.65) 10-MDP-free (universal)

Figure 7. Network meta-analysis comparing bond strengths among 6 adhesive/group
arms, in dentin (Panel A) and enamel (Panel B). (a) Network plot where each node
indicates a direct comparison [10-MDP (2-steps), 10-MDP (1-step), 10-MDP
(universal), 10-MDP-free (2-steps), 10-MDP-free (1-step), and 10-MDP-free
(universal)] with connecting lines between nodes representing number of studies
making each comparison. (b) Bayesian random effect consistency model forest plot of
the pooled effects estimates of bond strengths expressed in mean difference (MD) and
respective 95% confidence interval (95% CI) for different adhesive groups compared
with 10-MDP (2-steps) — control. (c) League table showing Bayesian comparison of all
adhesive pairs: the table displays the results for all adhesive pairs in both the upper
(direct comparisons) and lower (indirect comparisons) triangles, but with the
comparison switched over; for both above and below the leading diagonal, the results
are for the adhesive group at the top of the same column vs. adhesive group at the

left hand side of the same row.
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Appendices
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the failure modes microscopic analyses

Frequency

Appendix A. Graphs showing the list and frequency of (a) the surface treatment
protocols performed on dental substrates prior bonding; (b) the resin composites used
to prepare the restorations after bonding; (c) the storage protocols applied to the
bonded specimens prior bond strength testing; and total amount (%) of studies that
performed failure mode (d) and microscopy (e) analyses as additional qualitative

measures in the included studies.
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Appendix B. Distribution of each item evaluated during the quality analysis of the included studies and the overall rating of their risk
medium (M) or high (g).

of bias (R), categorized as low (L)

Study 112 |3 |4 | R | Study 112 (3[4 ]| R | Study 1/2[(3]|4|R
Abdalla 2007 ? 1+ 1?2 |+ | L | Galetti2014 + |+ ? |+ | L | Rizk 2020 + |+ |?2|~|M
Abdalla 2010a ? 1+ ] ? |+ | L | Garcia 2009a + |+ [ ? |+ | L | Rocha2006 + |+ |?2]|~|M
Abdalla 2010b ? 1+ ? [+ | L | Garcia 2009b + |1+ 1?2 ~]|M] Roh2020 +|+]?2]|~|M
Abdalla 2010c ? 1+ ? [+ ]| L | Garcia 2016 ?1+[?]~]|M]| Roman2014 + |+ ]|?2]|-|M
Abo 2004 + 1+ [ ?[~]|M]| Gomes 2020 + |+ |+ |- | M| Rotta2007 +|+]?2]|~|M
Adebayo 2012 ?2 1+ 1?2~ ]|M] Gotti 2015 ? 1+ ?2 [+ | L | Sadek 2005 + [+ |?2[~|M
Ageel 2019 + |+ |+ |+ | L | Guan2016 + |+ [? |~ | M| Sadek 2008 + |+ |2 +|L
Ahn 2015 + |+ [ ?2 |+ | L | Guler2013 + 1?2 ? |+ | L | Saito 2020 + |+ |2 +]|L
Akturk 2019 + |+ ? |~ ]| M| Hass 2017 + |+ | ?2 |+ | L | Salz2005 21+ ]2+ ]|L
Albuquerque 2008 ?2 1+ ]2+ | L | Hass 2019 +[+[?2 ]+ | L | Sampaio 2013 + |+ |72 | +]|L
Almaz 2016 + |+ [ 2 [+ [ L | Hegde 2008 + |+ [ 2]+ [L [Sar2018 AR |
Amaral 2010 ? 1+ ? |+ | L | Hipdlito 2011 + |+ [ ? |~ | M| Scheidel 2016 21+ |2 +|L
Bagis 2008 ? | + [ 2 | ~ [ M [ Hirokane 2021 2+ 2]+ F Semeraro 2006 2+ (2| ~[M
Bagis 2009 + 1+ ? |~ | M| Hosaka 2007 + |+ ? [+ | L | Senawongse 2004 +|1+]1?2]|~|M
Bastos 2015 + |+ ] ? ] ~|M | Hoshika 2018 + [+ [ ? ]|~ | M| Sengiin 2002 + |+ |?2|~|M
Batista 2015 ? 1+ ? |+ | L | Hirmizli 2007 ?1+1?|~]| M| Sevgican 2004 +|1+]|?2]|~|M
Bavbek 2013 + [+ ? ]~ | M| Ibarra 2002 ?1+[? ]~ ]| M| Sezinando 2015 + |+ |7+ 8
Belli 2009 + |+ 2?2+ | L | lida2009 ? 1+ ? |+ | L | Sheikh 2010 + [+ |+ |+ L
Belli 2011 + |1+ ?|~|M| Inoue 2001 + | +[? |~ | M| Shibata 2016 +[?2|1?2[~|M
Biscaro 2009 ? [+ [ 2 [~ M/ Jiang 2010 ? [+ [ 2+ L] Shimizu 2015 ? 2 [2 [+
Borges 2007 + [+ ] ? ]~ | M| Kanemura 1999 + [+ [? ]+ | L | Sinhoreti 2017 + |+ ]|?2|~|M
Borges 2011 + |+ ? |~ | M| Kazemi-Yasdi 2020 + |+ |+ |~ | L | Siqueira2019 + |+ |72+ 8
Botta 2009 + |+ ?|~|M | Khamverdi 2015 + |+ [ ? |+ | L | Sismanoglu 2019 + |+ |72+ 8
Braz 2012 + |+ ? |- |M | Kharouf 2021 2+ (7?2 + Soares 2005 + |+ |?2|+|L
Bridi 2013 + 1+ 1?2 | -|M]| Kimmes 2010 ? 1+ [ ? |+ | L | Soares 2007 + |+ |2 [+ |L
Britta 2009 + [+ ] ?]-|M]| Kubo2017 + [+ [? ]~ ]| M| Soares 2017 + |+ | ?2|+|L
Burrow 2008 ?2 [+ 2~ 1M Loguercio 2015 + [+ [ 2|+ L | Soderholm 2008 AERFE |
Cadenaro 2009 + 1+ ?2|~]|M]| Lugue-Martinez2014 | + |+ | ? | + | L | Song 2015 ?21+]1?2|~| M
Camilotti 2016 + 1+ ?]~]M]| Maggio 2009 ? 1+ |+ |- |M] Spohr2001 + [+ ]|?2[~|M
Caneppele 2012 +[?2 1?2 ]~ |M]| Mahdan 2013 +[+[?]~]|M]| Suyama 2013 21+ ?2]|~|M
Cardoso 2008 + [+ ] ? [~ ]| M| Marchesi2013 + [+ [? |~ | M| Takahashi 2002 21+ [? [~ M
Cardoso 2014 ? |+ [ 2?2 [~ [ M [ Markham 2020 2+ 121~ H Takamizawa 2015 2+ 2]+ [L
Cardoso 2019 + |+ ?|~|M | Miyazaki 2000 ?2 [+ ? |+ |L | Taschner 2014 AR |
Ceballos 2003 + 1+ ?2|-|M]| Moll 2002 ?|1+[?2 |~ | M| Tay 2004 21+ |?2[~|M
Chaves 2002 + |+ [ ? |~ | M| Moura 2006 ?71?21?]~ Tekce 2014 +|+]? |+ 8
Chen 2015 + [+ ] ? [+ | L [ Moura2009 +[?2[?2 ]+ | M| Tekge 2015 + |+ |7+ I8
Courson 2005 + |+ ? |- |M | Mousavinasab 2009 ?1+[?|~]|M| Tessore 2020 + |+ |?2[~|M
Cuevas-Suarez2019 | + [ + | 2 | ~ | M [ Mufioz 2013 + [+ [ 2 |+ ['L | Tezvergil-Mutiuay2008 | 2 | + [ 7 | — [N
Cura 2003 ?21+ 1?2 | ~|M| Muioz 2015 + |+ [ ? |+ | L | Ting2015 + |+ |?2[-|M
de Araujo 2014 + [+ ?2[~]|M]| Munoz2019 + [+ [?2 [+ | L [ Ting2018 + |+ |?2|~|M
de Goes 2008 + 1+ [ ? |~ | M| Nakajima2000 + 1+ ?|~]| M| Toledano 2003 + |+ ]2~ M
de Lima Neto 2018 2|22~ - Neves 2020 +[+]? |- | M| Toledano 2006 ol el I

de Munck 2006 + |+ ? |- |M | Ouchi 2020 KA EAE - Toledano 2007 AEAEAE]

de Oliveira 2007 + [+ ] ?[~] M| Osorio 2008 + [+ ]? |~ ]|M] Toledano 2012 + |+ |?2]|~|M
de Silva 2006 + |1+ ?2 |+ | L | Oyama2012 21+ [ ?2 |+ | M| Torii 2002 2|1+ |?2[~| M
Dias 2004a + [+ ] ? ]|~ |M| Pashaev 2017 + [+ ]2 ]+ | L | Tori2003 + |+ |?2|~|M
Dias 2004b + [+ ? ]|~ | M| Pedrosa 2012 + [+ [? [~ ]| M] Torres 2011 + |+ |?2|~|M
Dikmen 2018 + |+ ] ? |+ | L | Pegado 2010 + |+ [ ? |+ | L | Tsujimoto 2018 [EIEIER
Doi 2004 ?1+]1?|~|M| Peralta 2013 + |+ [ ?|~|M| Uekusa 2006 [AEANAER
El Mahallay 2012 + |+ | ? |+ | L | Perdigdo 2006 + |+ 1?2 -] M| Ugurlu 2020 + |+ 2| +|L
El Zohairy 2010 + |+ [ ? |~ | M| Piccioni 2016 + |+ [?|~]|M]| Ulker2010 + |+ |?2[~|M
Elkaffas 2020 + |+ ] ? |+ | L | Pinto2015a ?1+[?|~|M]| VasconceloseCruz2020 | + | + | ? [+ | L
Erhardt 2004 + [+ ] ?[~]M ] Pinto2015b + [+ [ ? |~ | M| Visintini 2008 + |+ |?2]|~| M
Erhardt 2008a ?21+]1?|~|M| Pinzon 2013 + |+ [ ? |+ | L | Wakwak 2020 21+ |12+ .
Erhardt 2008b + | + 12|~ ] M| Pirmoradian 2020 + [+ 2]~ M][ Walter 2011 + [+ [2[+]L |
Erhardt 2008c ?2 |+ ]2+ [L | Pivetta2008 + |+ |2+ [ L | Walter 2012 + [+ 2]+
Erhardt 2011 ?1+ 1?2 ]|~ | M| Pleffken 2011 + [+ [?]~]|M]| Wong 2020 2|1+ |2+
Fabido 2021 + |+ ? |+ | L | Poggio 2017 + |+ [?2|~| M| Wu2019 + |+ |?2[~| M
Farias 2016 + 1?21 ? |~ | M| Portilo 2015 + |+ [ ?|~|M]| Xuan 2010 + |+ |?2[~|M
Feitosa 2012 + |+ ?2 |+ | L | Prati 1998 ?1+[? |+ | M| Yamagi 2014 21+ |2 [~ M
Feitosa 2013 + |+ ] ? [+ | L | Prevedello 2013 ?21+[?]~[M] Yazci 2007 + |+ |?2]|~|M
Felizardo 2011 +1?1?|~1|M]| Proenca 2007 ?l+]?] - - Yildirim 2016 +|1+]1?2]1~|M
Fernandes 2014 + |+ ?]-1|M]| Pucci2017 + [+ [? ]~ |M] Yoshida 2005 + |+ |2 | +]|L
Follak 2018 + |+ |+ |~ | L | Purk 2009 + |+ [? |~ | M| Yoshiyama 1998 21+ |1?2[~|M
Foong 2006 + [+ ]?]~]|M]| Rathke 2013 + [+ [?]-[M] Yu2004 + |+ |?2|~|M
Franga 2007 + [+ ] ?]~|M]| Rechmann 2017 21+ [ ?2 |+ | L | Yuan2015 + |+ |2+ 8
Frankenberger 2007 + [+ ? | -]M]| Reis 2005 ? |1+ [ ? |+ | L | Zander-Grande 2011 + |+ |?2]|~|M
Fritz 2001 ? 1+ 7?2~ ]| M| Reis 2008 + [+ [ ? ]+ | L | Zecin-Deren 2020 + |+ |?2|~|M
Fujita Nakajima 2018 | ? | + | ? | + | L | Reis 2009 + |+ | ? |+ | L | Zeidan 2017 2+ 7= .
Furuse 2011 ?21+]1?2]~]M] Reis 2013 + [+ [?]~]M]| Zhou 2015 + |+ |72 ]+

Items investigated: #1 — Sample randol

mization; #2 — Attendance to the manufacturer’s instructions; #3 — Sample size calcula

=3

ion;

and #4 — Coefficient of variation (CV).
Codes within the items #1, #2, and #3: + (positive answer); ? (the item was not reported in the study); — (negative answer).
Codes within the item #4: + (low CV [<20%]); ~ (moderate CV [20-40%]); — (high CV [>40%]).

Appendix B. Risk of bias results for each included study of the review.
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Comparison No.Studies NMA Direct Indirect Difference Diff 95CI_lower Diff 95CI_upper pValue

MDP_1st:Control 26 -8.58 -8.85 -8.30 -0.54 -5.95 4.86 0.84
MDP_universal:Control 12 695 -11.89 -4.32 -7.56 -14.46 -0.66 0.03
No_MDP_1st:Control 95 -11.32 -10.51 -17.41 6.90 1.40 12.40 0.01
No_MDP_2st:Control 42 -4.93 -5.68 -1.96 -3.72 -9.94 2.51 0.24
No_MDP_universal:Control 6 -9.15 -7.20 -10.20 2.99 -5.75 11.73 0.50
MDP_1st:MDP_universal 4 -1.63 -473 -1.01 -3.73 -13.99 6.53 0.48
MDP_1st:No_MDP_1st 44 274 3.02 1.30 1.72 -5.04 8.49 0.62
MDP_1st:No_MDP_2st 8 -3.66 -4.68 -3.32 -1.36 -9.12 6.39 0.73
MDP_1st:No_MDP_universal 1 0.57 -2.00 0.76 -2.76 -20.90 15.38 0.77
MDP_universal:No_MDP_1st 16 437 8.64 -0.68 9.31 279 15.84 0.01
MDP_universal:No_MDP_2st 7 -2.02 747 0.23 -7.70 -15.73 0.33 0.06
MDP_universal:No_MDP_universal 18 2.20 260 0.06 253 -7.49 12.56 0.62
No_MDP_1st:No_MDP_2st 17 -6.39 -4.36 -7.59 3.23 -2.44 8.90 0.26
No_MDP_1st:No_MDP_universal 1 -217  -11.40 -1.48 -9.92 -26.53 6.69 0.24
No_MDP_2st:No_MDP_universal 4 422 9.03 AT 6.86 -2.80 16.53 0.16

Appendix C. Assessment of inconsistency for all studies included in the review having
dentin as the adhesive substrate and the following comparative groups: [10-MDP (2-
steps), 10-MDP (1-step), 10-MDP (universal), 10-MDP-free (2-steps), 10-MDP-free (1-
step), and 10-MDP-free (universal)].
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Comparison No.Studies NMA Direct Indirect Difference Diff 95CI_lower Diff 95CI_upper pValue

MDP_1st:Control 6 5.19 -6.78 -3.85 -2.92 -8.69 2.85 0.32
MDP_universal:Control 0 -6.08 NA -6.08 NA NA

No_MDP_1st:Control 35 -5.38 -5.01 -9.92 4.9 -1.49 11.31 0.13
No_MDP_2st:Control 17 -0.65 -0.72 -0.28 -0.44 -6.62 5.74 0.89
No_MDP_universal:Control 0 -8.31 -8.31 NA NA

MDP_1st:MDP_universal 2 0.89 2.53 -0.37 2.90 -5.85 11.65 0.52
MDP_1st:No_MDP_1st 12 0.19 0.36 -0.82 1.18 -6.36 8.72 0.76
MDP_1st:No_MDP_2st 2 -455 -4.08 -4.65 0.57 -8.13 9.27 0.90
MDP_1st:No_MDP_universal 0 3.1 31

MDP_universal:No_MDP_1st 3 -070 1.32 -3.10 4.42 -3.55 12.38 0.28
MDP_universal:No_MDP_2st 3 -544 777 -3.78 -3.99 -12.26 4.29 0.35
MDP_universal:No_MDP_universal 4 2.22 228 1.57 0.69 -18.61 19.99 0.94
No_MDP_1st:No_MDP_2st 9 -474 -4.72 -4.75 0.03 -5.01 5.06 0.99
No_MDP_1st:No_MDP_universal 0 2.92 NA 292 NA NA NA NA
No_MDP_2st:No_MDP_universal 1 7.66 6.10 8.53 -2.43 -14.11 9.25 0.68

Appendix D. Assessment of inconsistency for all studies included in the review having
enamel as the adhesive substrate and the following comparative groups: [10-MDP (2-
steps), 10-MDP (1-step), 10-MDP (universal), 10-MDP-free (2-steps), 10-MDP-free (1-
step), and 10-MDP-free (universal)].
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10-MDP-based 10-MDP-free Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

4.1.1 Human teeth

Abdalla 2007 41 37 10 38 34 10 0.5% 3.00[-0.11,6.11] o=

Abdalla 2010a 354 51 6 381 47 6  05% -2.70 [-8.25, 2.85) S =

Abdalla 2010c 185 22 6 18 27 6 06% 0.50 [-2.29, 3.29] o

Abo 2004 76.5 1 5 683 1 5 06% 8.20 [6.96, 9.44] ==

Abo 2004 358 1 5 252 1 5 06% 10.60 [9.36, 11.84] e

Adebayo 2012 147 49 12 174 4 12 05% -2.70 [-6.28, 0.88] e i

Adebayo 2012 22 45 12 134 34 12 0.5% 8.60 [5.41, 11.79] T

Ageel 2019 231 22 15 174 52 15 0.6% 5.70 [2.84, 8.56] .

Ageel 2019 175 22 15 126 14 15 06% 4.90 [3.58, 6.22] T

Ahn 2015 253 44 2 21 3 2 04% 4.30 [-2.74, 11.34] i .

Akturk 2019 203 55 10 19 36 10  0.5% 1.30[-2.77,5.37] -

Albuquerque 2008 278 38 5 272 22 5 05% 0.60 [-3.10, 4.30] ==

Albuquerque 2008 292 68 5 118 49 5 04%  17.40[10.05, 24.75]

Almaz 2016 15 26 12 129 24 12 06% -1.40 [-3.40, 0.60] A

Amaral 2010 194 45 5 232 38 5 0.5% -3.80 [-8.96, 1.36] S | T

Bagis 2008 347 103 6 353 12 6 03% -0.60[-13.25, 12.05] =

Bavbek 2013 123 18 20 58 39 20 06% 6.50 [4.62, 8.38] T

Belli 2009 30.5 5 3 198 39 3 04% 10.70 [3.52, 17.88] S S

Belli 2011 451 15 4 488 155 4 02% -3.70(-24.84,17.44]

Biscaro 2009 122 22 10 67 21 10  06% 5.50 [3.61,7.39] el

Borges 2011 25 35 5 154 52 5 05% 9.60 [4.11, 15.09] I

Bridi 2013 193 84 6 16.2 7 6  04% 3.10 [-5.65, 11.85] T

Burrow 2008 368 48 15 283 71 15 05% 8.50[4.16, 12.84] %y

Burrow 2008 265 47 15 18 47 15 0.5% 8.50 [5.14, 11.86) e

Cadenaro 2009 305 94 10 29 87 10 04% 1.50 [-6.44, 9.44] e

Cardoso 2008 324 86 4 179 1 4 03% 14.50 [0.82, 28.18] —
Cardoso 2014 696 155 5 448 17 5 02% 25.00 [4.84, 45.16] )
Ceballos 2003 355 116 4 182 96 4 02% 17.30 [2.54, 32.06] —
Chaves 2002 211 43 3 128 42 3 05% 8.30[1.50, 15.10) e ——

Chen 2015 527 87 10 523 10 10  04% 0.40(-7.82, 8.62] —

Courson 2005 158 6.1 10 62 35 10  05% 9.60 [5.24, 13.96] =

Cura 2003 162 26 10 255 56 10 05% -9.30[-13.13,-547] =

de Goes 2008 329 93 6 194 6.1 6 04% 13.50 [4.60, 22.40] e

de Munck 2006 413 84 3 72 98 3 02% 34.10(19.49,48.71] S—
de Oliveira 2007 415 29 5 249 55 5 05% 16.60([11.15, 22.05] —

de Silva 2006 249 39 5 138 22 5 05% 11.10(7.18, 15.02] —_—

Dias 2004b 593 124 3 338 123 3 02% 25.50 [5.74, 45.26] —_—
Dikmen 2018 395 52 4 207 5 4 04% 18.80([11.73,25.87] =
Doi 2004 412 10 5 311 64 5 03% 10.10 [-0.31, 20.51] = =

El Mahallay 2012 354 51 5 338 45 5 05% 1.60 [-4.36, 7.56] e

El Zohairy 2010 275 34 6 156 59 6 05% 11.90 [6.45, 17.35) P

El Zohairy 2010 212 73 5 164 49 5 0.4% 4.80[-2.91,12.51] NN

Elkaffas 2020 21.8 4 10 117 2 10  0.6% 10.10 [7.33, 12.87] _

Erhardt 2004 172 68 12 161 33 12 05% 1.10[-3.18, 5.38] R p—

Erhardt 2004 192 45 12 85 49 12 0.5% 10.70 [6.94, 14.46] ol

Erhardt 2008a 44 122 5 88 67 5 03% 35.20[23.00, 47.40] 4
Erhardt 2008¢c 392 52 24 282 63 24 05% 11.00 [7.73, 14.27] o

Erhardt 2011 440 122 3 284 53 3 02% 15.70 [0.65, 30.75] =
Fabiao 2021 612 95 4 232 78 4 03% 38.00[25.95, 50.05] 4
Farias 2016 459 69 5 352 136 5 03% 10.70 [-2.67, 24.07] e —
Feitosa 2013 414 39 5 417 49 5 05% -0.30[-5.79, 5.19] SR B

Felizardo 2011 286 7 5 227 43 5 04% 5.90 [-1.30, 13.10] H B LSS

Fernandes 2014 194 72 6 164 165 6  03% 3.00 [-11.40, 17.40) e

Foong 2006 153 38 14 129 35 14 06% 240[-0.31,5.11] T

Frankenberger 2007 454 154 2 339 144 2 01% 11.50[-17.72, 40.72]

Franga 2007 318 75 6 294 79 6 04% 240[-6.32,11.12] — e —

Fritz 2001 239 58 10 167 45 10 05% 7.20[2.65, 11.75) S

Galleti 2014 366 741 6 424 67 6 04% -5.80[-13.61,2.01] i [T

Garcia 2009a 323 54 5 202 5 5 05% 3.10[-3.35, 9.565] - =

Garcia 2009b 471 14 2 306 126 2 02% 16.50 [-1.07, 34.07] . = 2
Gomes 2020 149 71 15 128 69 15 05% 2.10[-2.91,7.11] —_

Gotti 2015 69 41 6 483 66 6 05% 20.70[14.48, 26.92] L S
Guan 2016 63.1 155 8 643 156 8 02% -1.20[-16.44, 14.04] Y

Hass 2017 152 38 12 115 11 12 06% 3.70[1.46, 5.94] T

Hass 2019 469 29 10 315 26 10 06% 15.40(12.99, 17.81] —

Hegde 2008 21 08 20 249 06 20 06% -3.90 [-4.34, -3.46] =

Hipdlito 2011 179 34 4 223 53 4 05% -4.40 -10.42, 1.62] =

Hosaka 2007 418 84 5 353 38 5 04% 6.50 [-1.58, 14.58] S T

Hoshika 2018 167 74 5 327 62 5 04% -16.00([-24.26,-7.74] —

Hurmuzlu 2007 428 10 4 221 53 4 03% 20.70 [9.61, 31.79] —_—
lida 2009 463 44 5 342 3 5 05% 12.10 [7.43, 16.77] —_——

Inoue 2001 46.5 15 3 329 118 3 01% 13.60 [-8.07, 35.27]

Kanemura 1999 284 44 5 315 52 5 05% -3.10[-8.90, 2.70] .

Kazemi-Yasdi 2020 18 55 16 153 69 16 0.5% 2.70[-1.62,7.02] B [,

Kharouf 2021 185 46 15 156 35 15 0.6% 2.90 [-0.03, 5.83) R

Kimmes 2010 366 78 10 353 65 10  05% 1.30 [-4.99, 7.59] S

Kimmes 2010 339 32 10 278 35 10  0.6% 6.10[3.16, 9.04] RS

Loguercio 2015 195 1.7 16 158 1.8 16 0.6% 3.70 [2.49, 4.91] it

Luque-Martinez 2014 272 48 5 189 26 5 05% 8.30[3.67, 12.93] "

Maggio 2009 435 163 5 505 249 5 01% -7.00[-33.09, 19.09]

Mahdan 2013 376 76 4 382 93 4 03% -0.60[-12.37, 11.17]

Marchesi 2013 37.7 124 5 402 137 5 02% -250[-18.70,13.70] il

Markham 2020 27.7 102 15 311 1441 15 04% -3.40 [-12.21,5.41] — =

Markham 2020 286 72 15 28 72 15 05% 0.60 [-4.55, 5.75] = .

Moll 2002 222 83 5 101 29 5 04% 12.10[4.39, 19.81] I —

Moura 2006 187 46 6 94 24 6  05% 9.30 [5.15, 13.45) =&

Moura 2009 227 18 6 129 21 6 06% 9.80 [7.59, 12.01] =

Mousavinasab 2009 333 58 8 118 47 8 05% 21.50([16.33, 26.67] —
Mufioz 2015 324 39 5 395 5.1 5 05% -7.10[-12.73,-1.47] —

Mufioz 2019 202 11 20 183 12 20 06% 1.90[1.19, 2.61] =

Nakajima 2000 432 148 4 368 122 4 02% 6.40 [-12.40, 25.20]

Neves 2019 1.5 10 9 168 10 9  04% -5.30 [-14.54, 3.94] i

Osorio 2008 40.2 8 2 224 79 2 02% 17.80 [2.22, 33.38] —_—————)
Pashaev 2017 354 55 5 289 73 5 04% 6.50 [-1.51, 14.51] i e

Pedrosa 2012 201 65 10 178 5 10 0.5% 2.30[-2.78,7.38] o T

Pegado 2010 177 17 8 188 13 8 06% -1.10 [-2.58, 0.38] =1

Perdigdo 2006 395 164 4 365 20.1 4 01% 3.00 [-22.42, 28.42)

Piccioni 2016 15.1 7 9 209 7 9 05% -5.80 [-12.27, 0.67] = [

Pinto 2015b 279 85 5 30 37 5 04% -2.10[-10.23, 6.03] = = -

Pinzon 2013 506 46 3 25 3 3 05% 25.60([19.39, 31.81] —}
Pirmoradian 2020 50 11.6 5 331 85 5 03% 16.90 [4.29, 29.51] —%
Pivetta 2008 203 42 6 251 33 6 05% -4.80 [-9.07, -0.53] %

Portillo 2015 433 109 3 241 74 3 02% 19.20 [4.29, 34.11] =
Prati 1998 14.3 1 12 117 16 12 0.6% 2.60[1.53, 3.67] =

Proenga 2007 427 107 6 234 122 6  03% 19.30 [6.32, 32.28] —_— ¥
Pucci 2017 342 79 10 184 4 10 05%  15.80(10.31, 21.29] —

Purk 2009 593 166 6 55 153 6 02%  4.30[-13.76, 22.36]

Rathke 2013 205 99 10 886 6 10 04% 11.90 [4.73, 19.07] —
Rechmann 2017 332 38 6 588 109 6 04% -2560[-34.79,-1641]

Rechmann 2017 156 3.9 6 315 6.1 6 05% -15.90[-21.69,-10.11] _—

Reis 2005 406 47 6 302 39 6  05% 10.40 [5.51, 15.29] e

Reis 2008 542 44 4 282 56 4 04%  26.00[19.02, 32.98] —
Reis 2009 22 32 6 213 47 6 05% 0.70 [-3.85, 5.25] G

Reis 2013 316 86 3 278 12 3 02% 3.80 [-12.91, 20.51) e [

Reis 2013 176 69 3 203 75 3 03% -2.70 [-14.23, 8.83] — = -

Rocha 2006 285 7 4 172 57 4 04% 11.30 [2.45, 20.15) e ——ar

Roh 2020 25 125 10 21 63 10  04% 4.00 [-4.68, 12.68] —

Roman 2014 171 69 5 123 66 5 04% 4.80[-3.57, 13.17] S T

Rotta 2007 15 65 6 69 25 6  05% 8.10 [2.53, 13.67] — e

Sadek 2005 404 26 3 307 T 3 04% 9.70[1.25, 18.15) T —

Sadek 2008 533 29 10 26 15 10 06% 27.30(25.28,29.32]

Sampaio 2013 343 35 5 205 41 5 05% 4.80 [0.07, 9.53]

Sarr 2018 31.8 151 3 204 135 3  01% 11.40[-11.52, 34.32]

Scheidel 2016 426 4 25 41 44 25  06% 1.60 [-0.73, 3.93] 2 R
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Semeraro 2006 411 113 3 153 87 3 02% 25.80[9.66, 41.94]

Senawongse 2004 485 35 10 29 111 10 04%  19.50[12.29, 26.71]

Sengiin 2002 209 9 12 175 6.2 12 05% 12.40[6.22, 18.58]

Sevgican 2014 216 79 3 277 109 3 02% -6.10[-21.33,9.13] _—
Sezinando 2015 296 35 5 121 39 5 05% 17.50[12.91,22.09]

Sheikh 2010 60.5 7 5 29 6.2 5 04%  31.50[23.30, 39.70)

Shibata 2016 772 142 6 434 183 6 02% 33.80[15.27,52.33]

Shimizu 2015 167 52 10 151 441 10 05% 1.60 [-2.50, 5.70) =
Sinhoreti 2017 281 61 5 288 55 5 04% -0.70 [-7.90, 6.50] e—
Siqueira 2019 183 22 8 146 19 8 06% 3.70[1.69, 5.71]

Soares 2005 614 64 6 533 37 6  05% 8.10[2.18, 14.02]

Soares 2017 614 64 5 549 38 5 05% 6.50 [-0.07, 13.07]

Song 2015 146 21 15 142 38 15 06% 0.40 [-1.80, 2.60] ko
Spohr 2001 248 33 8 58 24 8 06% 19.00(16.17,21.83]

Suyama 2013 324 81 5 174 92 5 03% 15.00 [4.26, 25.74]

Soderholm 2008 152 65 3% 118 58 36  0.6% 3.40 [0.55, 6.25]

Soderholm 2008 14.8 7 3% 95 53 36  0.6% 5.30 [2.43,8.17]

Takahashi 2002 461 113 5 478 125 5 02% -1.70[-16.47,13.07) —_—— =
Takamizawa 2015 426 4 15 41 44 15 06% 1.60 [-1.41, 4.61] =1
Takamizawa 2015 277 38 15 312 39 15 06% -3.50 [-6.26, -0.74] ——
Taschner 2014 502 155 7 316 139 7 0.2% 18.60 [3.18, 34.02]

Tay 2004 16.9 4 4 307 8 4 04% -13.80[-22.57,-5.03] —_—
Tekce 2015 439 6.8 10 276 54 10 05%  16.30(10.92, 21.68]

Tekge 2014 439 08 5 378 23 5 06% 6.10[3.97, 8.23]

Tessore 2020 362 164 5 467 164 5 02% -10.50[-30.83, 9.83]

Tezvergil-Mutluay 2008 345 119 6 151 91 6 03% 19.40 [7.41, 31.39]

Ting 2015 556 156 5 325 146 5 02% 23.10[4.37, 41.83]

Ting 2018 573 134 4 362 103 4 02% 21.10 [4.54, 37.66]

Toledano 2003 50.1 214 10 321 119 10 02% 18.00 [2.82, 33.18]

Toledano 2006 448 101 4 15 65 4 0.3%  29.80[18.03, 41.57]

Toledano 2007 408 68 6 239 3 6 0.5% 16.90[10.95, 22.85]

Toledano 2012 397 98 6 253 53 6  04% 14.40 [5.49, 23.31]

Tsujimoto 2018 333 47 20 472 42 20 06% -13.90[-16.66,-11.14] gl

Uekusa 2006 54.3 9 15 50 87 15 05% 4.30 [-2.03, 10.63] I
Uguriu 2020 418 54 10 363 46 10 05% 5.50 [1.10, 9.90]

Ulker 2010 31 69 5 208 84 5 04% 1.20[-8.33, 10.73]

Vasconcelos e Cruz 2020 237 32 8 241 26 8 06% -0.40 [-3.26, 2.46] =
Visintini 2008 389 83 5 267 78 5 04% 12.20 [2.22, 22.18]

Wakwak 2020 23 08 6 151 25 6 06% 7.90 [5.80, 10.00]

Walter 2011 471 76 10 423 83 10 04% 4.80[-2.18, 11.78] =
Walter 2011 332 38 10 293 36 10 05% 3.90[0.66, 7.14]

Walter 2012 381 42 3 379 46 3 04% 0.20 [-6.85, 7.25] —
Wu 2019 187 61 7 177 74 7 04% 1.00 [-6.10, 8.10] —
Xuan 2010 299 57 7 208 47 7 05% 9.10 [3.63, 14.57]

Yazici 2007 162 3.6 20 117 39 20 0.6% 4.50[2.17, 6.83]

Yazici 2007 198 6.6 20 168 6.1 20 05% 3.00 [-0.94, 6.94] T
Yoshiyama 1998 288 5 6 303 65 6  05% -1.50 [-8.06, 5.06] &=}
Yoshiyama 1998 207 73 6 191 6 6  04% 1.60 [-5.96, 9.16]

Yu 2014 309 8 8 346 86 8 04% -3.70 [-11.84, 4.44] == =
Yuan 2015 356 52 10 349 83 10 05% 0.70 [-5.37, 6.77) =
Zander-Grande 2011 306 55 3 248 78 3 03% 5.80 [-5.00, 16.60] =
Zecin-Deren 2020 163 46 " 41 16 " 0.6% 12.20 [9.32, 15.08]

Zeidan 2017 578 231 3 365 165 3 0.1% 21.30[-10.82,53.42]

Zhou 2015 328 4 14 274 28 14 0.6% 5.40 [2.84, 7.96]

Subtotal (95% CI) 1430 1430 76.0% 6.39 [5.21, 7.56]

Heterogeneity: Tau? = 47.93; Chi* = 3407.85, df = 177 (P < 0.00001); I* = 95%
Test for overall effect: Z = 10.69 (P < 0.00001)

4.1.2 Bovine teeth
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Batista 2015 173 29 10 147 22 10 06% 2.60[0.34, 4.86)

Borges 2007 222 5 10 149 68 10 0.5% 7.30[2.07, 12.53]

Botta 2009 16.1 45 12 146 24 12 0.6% 1.50 [-1.39, 4.39] &
Botta 2009 187 59 12 152 25 12 0.5% 3.50 [-0.13,7.13]

Braz 2012 13 06 10 48 24 10 0.6% -3.30 [-4.83, -1.77] -
Cadenaro 2009 186 34 24 123 3 24 06% 6.30 (4.49, 8.11)

Camilotti 2016 214 85 10 157 38 10 05%  570[-0.07,11.47]

Caneppele 2012 326 78 15 343 66 15 05%  -1.70(-6.87,347] —
Cardoso 2019 325 12 5 238 81 5 03%  870[-3.99,21.39) —
Cuevas-Suarez 2019 30 75 5 213 44 5 04%  870[1.0816.32]

de Araljo 2014 294 85 8 252 69 8 0.4% 4.20 [-3.39, 11.79] S

de Araijo 2014 213 44 8 14 56 8 05%  7.30[2.36 12.24]

de Lima Neto 2018 46 7 6 415127 6 03%  450[-7.10,16.10] —
Dias 2004a 513 77 4 316 83 4 03%  19.70[8.60,30.80]

Erhardt 2008b 63 4 15 154 5 15 05% 090 [-2.34, 4.14] —
Follak 2018 338 87 7 262 171 7 0.3% 7.60[-6.61,21.81] /]
Fujita 2018 175 4 7 144 32 7 05% 3.10 [-0.69, 6.89]

Fujita 2018 146 26 7 163 26 7 0.6% -1.70 [-4.42,1.02) =
Furuse 2011 157 341 8 1" 5 8 0.5% 4.70 [0.62, 8.78)

Garcia 2016 264 38 5 152 47 5 05%  11.20(5.90, 16.50]

Garcia 2016 194 13 5 192 37 5 05% 020 (-3.24, 3.64] —
Hirokane 2021 281 19 15 296 41 15 06%  -150[3.79,0.79) —1
Ibarra 2002 386 88 12 411 121 12 04%  -250(-10.97,5.97) —1
Jiang 2010 257 44 12 254 37 12 05% 030 [-2.95, 3.55] =
Kubo 2017 157 6.2 7 217 78 7 0.4% -6.00 [-13.38, 1.38] =
Miyazaki 2000 164 28 10 188 21 10 0.6% -2.40 [-4.57, -0.23] ==
Ouchi 2020 33 33 15 369 39 15 0.6% -1.60 [-4.19, 0.99] =1
Ouchi 2020 278 31 15 29 38 15 0.6% -1.20[-3.68, 1.28) ==
Oyama 2012 14.1 21 10 128 23 10 0.6% 1.30 [-0.63, 3.23]

Peralta 2013 311 7 10 247 11 10 04%  640[-1.68, 14.48] B
Pinto 2015a 264 8 7 149 68 7 04%  1150[3.72,19.28]

Pinto 2015a 258 5 7 201 74 7 05%  570[-0.73,12.13) b
Pleffken 2011 154 36 15 63 78 15 05% 880445 13.15]

Poggio 2017 76 19 10 87 26 10 0.6% -1.10 [-3.10, 0.90] ==
Prevedello 2013 271 63 12 232 53 12 05% 3.90 [-0.76, 8.56] b
Rizk 2020 19 51 10 165 36 10 0.5% 2.50[-1.37,6.37] =1
Saito 2020 335 45 10 294 42 10 0.5% 4.10[0.28,7.92]

Salz 2005 276 38 8 166 22 8 06%  11.00[7.96, 14.04]

Salz 2005 206 45 8 199 31 8 05% 0.70-3.09, 4.49] =
Sismanoglu 2019 448 27 5 287 15 5 0.6% 16.10 [13.39, 18.81]

Soares 2007 202 26 10 229 33 10 06%  -2.70(-5.30,-0.10] ——
Soares 2007 172 2 10 154 26 10 06% 1.80 [:0.23, 3.83] —
Torii 2002 143 38 10 116 3 10 06% 2.70[-0.30, 5.70) =
Torii 2003 232 49 10 93 35 10 05% 13.90(10.17,17.63] —
Torres 2011 232 6 15 232 44 15 05% 0.00[-3.77,3.77] —1
Yamagi 2014 115 31 10 119 27 10 06%  -040(-2.952.15) =
Yildirim 2016 258 87 5 297 107 5 03% -390[-1599,8.19] 1
Yoshida 2005 215 21 10 186 2 10 0.6% 2.90[1.10, 4.70] =
Subtotal (95% CI) a7 471 24.0% 3.15[1.74, 4.55] ‘
Heterogeneity: Tau? = 18.91; Chi? = 388.22, df = 47 (P < 0.00001); > = 88%

Test for overall effect: Z = 4.38 (P < 0.0001)

Total (95% CI) 1901 1901 100.0% 5.60 [4.64, 6.56] *

Heterogeneity: Tau? = 40.94; Chi® = 3803.96, df = 225 (P < 0.00001); I” = 94%
Test for overall effect: Z = 11.46 (P < 0.00001)
Test for subaroup differences: Chi? = 12.03. df = 1 (P = 0.0005). I = 91.7%
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Appendix E. Summary of meta-analysis findings (forest plot) comparing the bond
strength of 10-MDP-based and 10-MDP-free adhesives in dentin/enamel of human or
bovine teeth. The analyses were conducted using the mean difference (MD) estimate

and using random-effects models with 95% confidence intervals (Cl).
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Abstract

Objectives: This review aimed to evaluate the long-term bond strength of self-etch
(SE) adhesives containing 10-MDP (control) or other acidic monomers.

Data: This report is registered at OSF (osf.io/urtdf) and it followed the PRISMA
Statement. In total, 72/76 studies were included for meta-analysis.

Sources: Two reviewers conducted a literature search (30 September 2021) in
PubMed, Web of Science, and Scopus.

Study selection: The articles should have evaluated bond strength data of aged
samples bonded to sound dentin/fenamel and using different SE adhesives, with at
least one group based on 10-MDP and other on alternative acidic composition.
Statistical analyses were carried out with RevMan 5.3.5 and Bayesian network meta-
analysis.

Results: In total, 15/56 adhesive systems were based on 10-MDP. Most groups of
adhesives demonstrated a similar bonding stability as compared with the control
(p=20.07), although the presence of 10-MDP resulted in greater resistance to
degradation than, 4-META, sulfonic acid, unspecified phosphates, or mixed monomers
(p=<0.04). Overall, the dental bonds were benefited from the presence of 10-MDP upon
longer periods of aging (> 6 months). Adhesives based on 10-MDP ranked better in
dentin after wet storage than the other compositions, whereas adhesives with mixed
composition ranked as the worst materials. In enamel, adhesives containing carboxylic
acid or sulfonic acid resulted in less stable dental bonds than the control.

Conclusion: The presence of 10-MDP in SE adhesives has an overall positive effect
in the durability of resin/fenamel-dentin bonds after aging, although the aging condition

and duration influenced on the bond strength results.

Clinical significance. The acidic composition of self-etch adhesives affects the
durability of dental bonds after simulated aging, with 10-MDP showing an overall better
performance than other compositions. However, while adhesives based on
phosphonic acids ranked better upon thermal-cycling, cyclic-loading and mixed aging

conditions, 10-MDP-based adhesives resisted better to wet storage.
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1. Introduction
Self-etch (SE) adhesive systems are more user-friendly than the etch-and-rinse
systems, reducing the chances for errors during the operative procedure,® ? thus
representing a class of bonding agents with great importance in dental restoration.
Notably, SE adhesives offer exceptional bonding potential to dentin substrate,
although their performance is directly dependent on compositional factors, especially
with regards to the type of the acidic functional monomer, which is the very ingredient
responsible for the adhesion mechanism consisting of substrate demineralization,
surface wetting and chemical bonding to hydroxyapatite crystals.! Several acidic
monomers are commonly used in the formulation of SE adhesives, deriving from
phosphoric acids as well as from other acidic functionalities (e.g., carboxylic acids,
sulfonic acids, and phosphonic acids) or a mixture of distinct moieties.®

There are some inherent characteristics that may directly influence on the
bonding potential of acidic monomers to the tooth, including the length of spacer chain,
the etching capacity, pH, hydrophilicity, and the ability of the monomer to form stable
calcium salts with the substrate.* The resin monomer 10-methacryloyloxy-decyl-
dihydrogen-phosphate (10-MDP) is considered the gold standard in adhesive
dentistry, and it has been broadly used in the formulation of contemporary SE
systems.®> According to a recent review study by Fehrenbach et al.,® the presence of
10-MDP demonstrated an overall superior bonding performance than the presence of
alternative acidic monomers. However, the latter study considered only bond strength
data obtained at the immediate moment, and to the best of our knowledge, there is no
previous study that revised the literature on the effects of 10-MDP at the longer-term
and considering the results after simulated aging, thereby deserving a careful revision

on the topic.

72



According to some previous studies,®® the main failures that may result in the
replacement of composite resin restorations consist of marginal staining, debonding
of the restoration, and secondary caries, which are all related to the quality of the
adhesive interface created during the application of bonding agents.® Indeed, the
guality and the stability of resin-dentin/enamel bonds may be compromised over time
due to several processes such as the enzymatic degradation of the collagen fibrils
found within the hybrid layer,’® ! the hydrolytic degradation of the adhesive
components,'? and due to mechanical fatigue and the constant temperature change
(i.e., thermal shocking) typical of the oral environment.'3 In light to simulate these
different adverse scenarios, several in vitro tests have been proposed, with the wet
storage representing the most frequently used in laboratory research. Storage in
distilled water, artificial saliva or even into organic solutions like sodium hypochlorite
can all accelerate hydrolysis of the adhesive interface.* Concerning thermal-cycling,
this method can stimulate hydrolysis of the hybrid layer due to the repeated application
of hot and cold water, inducing repetitive contraction/expansion stress at the adhesive
interface.'® Last, cyclic loading applies mechanical stresses at the bonded restoration,
causing fatigue in the same fashion to the masticatory forces created during oral
function.®

In summary, the effects of different aging conditions on the stability of dental
bonds created with SE adhesives is an interesting topic that may contribute to the
better understanding of the bonding potential of these adhesives over time. Moreover,
the role of 10-MDP as the main acidic ingredient and its relation to the aging condition
of bonded restorations is still poorly understood, needing investigation. Hence, this
study aimed to conduct a systematic review with meta-analysis to elucidate on the

bonding stability of self-etch adhesive systems with varying acidic composition.
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2. Materials and Methods

A protocol of this review was registered at the Open Science Framework (osf.io/urtdf)
and this report followed the directions of the PRISMA Statement.!” The research
question was “Can self-etch adhesive systems containing 10-MDP result in more
stable dental bonds than 10-MDP-free counterparts? A network meta-analysis review
study”.

2.1 Literature search

The search strategy was created using Medical Subject Heading (MeSH) terms and
free terms found in articles of the research topic (Table 1), in accordance with each
database. The search was performed by two independent reviewers (J.F. and E.A.M),
in the following electronic databases: PubMed/MEDLINE, Scopus and ISI Web of
Science. Also, the reviewers carried out a hand-search in the reference list of included
studies to identify further articles. The search in the gray literature was not performed
in this review.

2.2 Eligibility criteria

The present review included only in vitro studies, which analyzed immediate and long-
term bond strength data of commercial SE adhesives containing 10-MDP and with
different acidic compositions. To be included, the articles should have evaluated bond
strength data using the microtensile, microshear, shear or tensile mechanical
methods; to have at least one group of adhesives containing 10-MDP and at least
another group containing a distinct acidic composition (i.e., alternative monomer); and
to have used only sound dentin and enamel substrates (from human or bovine origin)
for bonding. The exclusion criteria were as follow: studies evaluating the bonding
potential of adhesives to caries-affected dentin, to primary teeth, and to substrates

such as composite resin, dental ceramics and metals. Articles that reported on bond
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strength data involving orthodontic brackets or that used experimental adhesives were
also excluded, as well as those that presented immediate bond strength data only
without aging.

2.3 Study selection and data extraction

The retrieved references were imported into software EndNoteX9 (Thomson Reuters),
where the duplicates were removed. In sequence, the screening of titles and abstracts
was performed according to the eligibility criteria by two independent reviewers (J.F.
and E.AM). In case of disagreement, the reviewers discussed until reaching
consensus. After the selection process, the relevant data from each study were
extracted and tabulated using Microsoft Office Excel 2013 spreadsheets (Microsoft
Corporation, Redmont, WA, USA). The following data was extracted: the first author,
year of publication, the type of substrate, the surface treatment performed prior
adhesive application, the bond strength test, the adhesive systems allocated
according to their acidic composition (10-MDP or other functional monomers), the
immediate and the long-term bond strength data (mean and standard deviation/SD
values), the number of specimens used in each group tested, and the type and
duration of the aging process. Partially missing data were retrieved by contacting the
corresponding author of the study via e-mail; only two attempts were made with a one-
month space duration.

2.4 Quality assessment

The quality analysis was performed by two independent reviewers (L.S.M. and L.L.M.)
using a pre-established methodology,*® evaluating the following parameters: (i)
sample randomization, (ii) application of materials following the manufacturer's
directions of use, (iii) sample size calculation, and (iv) the coefficient of variation (CV)

of the bond strength data. For the CV criteria, the study was categorized as having
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low CV (<20%), medium CV (20-40%) or high CV (>40%). The articles that reported
on only one of the three former items were classified as having a high risk of bias,
regardless of the CV category; when they reported on two or three items combined
with a medium or high CV, the article was classified as having a moderate risk of bias;
last, the reporting of two or three items combined with a low CV was used to classify
the study as having a low risk of bias.3

2.5 Statistical analysis

The bond strength values derived from the aged samples of included studies were
used for meta-analysis. The analysis was carried out using two statistical methods:
standard pairwise meta-analysis (SMA) and network meta-analysis (NMA). For both
methods, superiority was defined if the groups comprised of the alternative acidic
monomer(s) resulted in significantly higher bond strength than the groups based on
10-MDP (control).

The SMA was performed in Review Manager version 3.5.3 (The Nordic
Cochrane Centre, The Cochrane Collaboration, Copenhagen, Denmark) using the
Inverse Variance method, a random-effects model, and having the mean difference
(MD) estimate with 95% confidence interval (95% CI). Two sets of meta-analyses were
performed allocating studies according to the acidic composition (phosphoric acid-
derived, carboxylic acid-derived, phosphonic acid-derived, sulfonic acid-derived, or
mixed composition) and the total period of aging (3, 6, 12 or 24 months). Subgroup
analyses were also conducted by grouping studies according to the type of acidic
monomer, when applicable.

The NMA was performed in Metalnsight V3 tool'® using Bayesian random
effects models and a Markov chain Monte Carlo simulation with 20,000 iterations for

adaptation.?® Convergence was assessed by trace plots and inconsistency by split
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node method.?! After inspection for transitivity and statistical inconsistency, the
networks were constructed by plotting different treatments (as nodes) and
comparisons (as edges) and having the effect size measure estimated as mean
difference (MD) with 95% credible intervals (95% Crl). The baseline treatment
consisted of 10-MDP group, which was compared to the other treatments allocated by
the acidic composition. Four independent analyses were conducted with values
collected from dentin substrate, which were allocated according to the method of aging
(wet storage, thermal-cycling, cyclic-loading, or mixed aging). For data collected from
enamel substrate, only one analysis was conducted, which estimated the relative
ranking of each treatment to be the best, so all combinations were ranked according

to their probability of having the highest versus the lowest values.??

3. Results

3.1 Search strategy

A total of 4870 potentially relevant records were identified in the search strategy. After
duplicates removal, 1982 records were screened by their titles and abstracts, and 1
new record was identified from the reference lists of 133 articles accessed during full-
text analysis. In total, 58 studies were excluded due to eligibility criteria
(Supplementary Table — S1). Seventy-six studies were included in this review for
quality analysis.?®*%8 Four studies were excluded from meta-analysis due to the
unavailability of any data,®® the existence of only pooled data,?* the existence of only
shelf-life data,®* and the use of a non-standardized protocol during the aging of the
samples.” The meta-analysis was conducted with 72 studies in total.?3 25-33, 3557, 59-73,
5% The flowchart summarizing the article selection process according to the PRISMA

2020 Statement is shown in Fig. 1.
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3.2 Descriptive analysis
The studies included in the review were published between 2005 and 2021. The bond
strength test mostly reported was the microtensile (82.9%), followed by shear (13.2%)
and microshear (3.9%) tests. Human dentin was more frequently used (72.5%),
followed by human enamel (15%) and bovine dentin (12.5%); three studies
investigated both the dentin and enamel substrates.?® 8% 8 Concerning the surface
treatment applied to dentin/enamel prior bonding, the majority of studies used a #600-
grit SiC abrasive paper (47.4%) or a sequence of SiC grits (18.4%); the other studies
used distinct methods, including the application of diamond burs of medium, fine or
extra-fine grit size (13.2%), other SiC grits (#60-, #180-, #320-, #400, #620- or #4000-
grit), or the study did not report on the surface treatment protocol (5.3%). From the list
of resin composites used to restore the tooth samples, Filtek Z250 (3M ESPE) was
the most frequently employed (26.3%). The other restorative materials were
purchased from the following industries: 3M ESPE (Filtek Z350, Filtek 2100, Valux
Plus), Kuraray (Clearfil AP-X), Ivoclar-Vivadent (Tetric Ceram, Tetric N-Ceram Bulk
Fill), Kulzer (Charisma), Dentsply (TPH3, TPH Spectrum), FGM (Opallis), VOCO
(GrandioSO), Kerr (Herculite XRV Ultra), and Itena Clinical (Reflectys). Two studies
used several types of resin composites,®® 62 whereas only one study did not report on
the restorative material that was used.8

The adhesive systems reported in this review are listed in Fig. 2. Clearfil SE
Bond (Kuraray) was the material most frequently tested (68.4%). Other 14 adhesives
based on 10-MDP were also reported in the studies: three from Kuraray (Clearfil S3
Bond, Clearfil Universal, and Clearfil Protect), two from GC (G-Bond and G-Premio
Bond), two from Ivoclar-Vivadent (Tetric N-Bond Universal and AdheSE Universal),

one from 3M ESPE (Scotchbond Universal), one from Bisco (All Bond Universal), one
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from Dentsply (Prime&Bond Active), one from Coltene (OneCoat7 Universal), one
from Itena Clinical (Iperbond Max), one from VOCO (Futurabond M+), and one from
FGM (Ambar Universal). The other bonding agents (41 in total) were based on different
acidic ingredients, which were derived from phosphoric acids (Optibond All-In-One,
Optibond XTR, Prime&Bond Elect, Adper SE Plus, Bond Force, AdheSE ONE, Xeno
IV, Go!, Futurabond M, Optibond Versa, Optibond Universal, and Xeno IIl), carboxylic
acids (iBond, Adper Easy One, G-aenial Bond, Peak Universal, AQ Bond, Bond-1 SF,
Imperva Fluorobond, Hybrid Bond, Mac-Bond Il, iBond Universal, Brush&Bond, and
Unifil Bond), sulfonic acids (Tyrian SPE), phosphonic acids (AdheSE), varying acidic
monomers with mixed composition (Adper Prompt L-Pop, One Up Bond F, Adper Easy
Bond, G-Bond Plus, Xeno V, AdheSE One F, Absolute, and Beautibond Multi), or an
unknown acidic composition (Optibond Solo Plus, Futurabond, Futurabond Universal,
Iperbond Ultra, Futurabond NR, Ybond Universal, and Solist).

3.3 Risk of bias

According to the parameters considered in the analysis of bias (Fig. 3), most of studies
randomized the samples prior bonding (67.1%) and attended to the manufacturer’s
instructions during the application of the bonding agents (98.7%). In terms of sample
size calculation, this information was not mentioned in most of studies (94.7%).
Overall, the studies included in the review were classified as having moderate risk of
bias (39.5%), followed by low (35.5%) and high (25%) risk of bias (Supplementary
Table — S2).

3.4 Meta-analyses

A global meta-analysis was not performed since the collected data varied in terms of
the type of substrate, the type of the bond strength test, the composition of adhesives,

the method used during aging of samples, as well as regarding the total period used
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during aging. Thus, subgroup analyses were conducted allocating studies with similar
characteristics and using up to two analytical methods: standard meta-analysis (SMA)
and network meta-analysis (NMA).

Concerning the SMA findings, two sets of analyses were conducted. The first
considered the acidic composition and the type of acidic monomer of adhesives as the
main variable factor, which results are shown in Supplementary Figures — S3, S4, S5,
S6 and S7. The dental bonds created using 10-MDP-free adhesives were more
negatively affected after aging as compared to the control, although this effect relied
on the main acidic composition of the bonding agent. A statistically lower dental bond
was verified when adhesives based on unspecified phosphate resin monomers, 4-
META, sulfonic acids, or a mixed acidic composition were applied to dentin/enamel
(p=<0.04). Conversely, the bonds created with adhesives containing phosphonic acids,
polyacrylic acids or phosphate monomers such as GPDM, PENTA, MHP, and
acrylamide phosphates, were reduced similarly to the bonds obtained with the
application of 10-MDP-based adhesives (p=0.07). Heterogeneity ranged from low (12
= 5%) to high (1> = 96%) in this set of analyses. The second set of the SMA considered
the total period of aging as the main variable factor, and the results are presented in
Supplementary Figure — S8. Overall, aging for up to 3 months did not result in
significant differences between the two groups of adhesive systems (alternative
monomers vs. 10-MDP; p=0.17), although at longer periods of aging, the dental bonds
created under the presence of 10-MDP were higher than that obtained with the
application of 10-MDP-free adhesives (p<0.003). Heterogeneity ranged from low (I? =
0%) to high (1> = 95%) in this set of analysis.

The results from the NMA were separated according to the type of substrate

(dentin or enamel) and the method used during aging. In dentin (Fig. 4), the aging
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method most frequently reported was wet storage, followed by thermal-cycling, cyclic-
loading, or a combination of the latter methods (mixed aging). Wet storage reduced
more significantly the resin-dentin bonds created with phosphonic acid-derived
adhesives (MD -31.5, 95% Crl -45.8, -17.5) or those based on phosphoric acids (MD
-8.76, 95% Crl -12.8, -4.73), mixed acidic monomers (MD -11.8, 95% Crl -15.8, -7.84)
or an unknown composition (MD -8.11, 95% Crl -15.7, -0.586), as compared with 10-
MDP group (Fig. 4 —images b). Thermal-cycling affected more intensively the bonds
created with adhesives of mixed composition (MD -8.84, 95% Crl -15.7, -2.17),
whereas cyclic-loading and mixed aging influenced similarly the resin-dentin bonds
when comparing both groups of adhesives between each other. Adhesives containing
10-MDP ranked as best dentin bonding agents upon wet storage conditions (Fig. 4 —
images c). On the other hand, adhesives based on phosphonic acids ranked better
than the others upon thermal-cycling, cyclic-loading and mixed aging conditions.
Overall, adhesives containing mixed acidic ingredients ranked as the worst bonding
agents regardless of the aging method.

Considering the NMA findings obtained in enamel, which results are shown in
Fig. 5, aging affected similarly the resin-enamel bonds regardless of the acidic
composition of adhesives (Fig. 5b). Adhesives based on phosphonic acids, 10-MDP
or a mixture of acidic ingredients ranked slightly better than the other compositions
(Fig. 5c¢), especially for the sulfonic acid-derived adhesives, which tended to be the
worst options to resist the effects of aging. Overall, adhesive systems containing 10-
MDP can resist bond degradation better than carboxylic acid-derived (MD 3.68, 95%

Crl 0.3, 7.1) and sulfonic acid-derived (MD 7.52, 95% Crl 1.7, 13.4) systems (Fig. 5d).
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4. Discussion

The positive role of 10-MDP in the immediate bond strength of SE adhesives to dentin
has been already demonstrated elsewhere,® but to the best of our knowledge, its
effects on the long-term adhesion to dentin and enamel has never been revised,
becoming the purpose of this review. It is well known that the dental bonds tested in
in vitro studies are highly influenced by several factors, including but not limited to the
type and origin of the substrate, the acidic composition and pH of adhesives, the
application category of the system, and the type of mechanical method used during
testing.® However, considering that most of the analyzed data in this review consisted
of human dentin samples tested with the microtensile bond strength method, we
focused the analyses on factors such as the acidic composition of materials and the
method and duration of the aging process.

Only four acidic compositions showed a lower ability to resist bond degradation
as compared with 10-MDP: the groups based on (i) unspecified phosphate monomers,
(i) 4-META, (iii) sulfonic acids, and (iv) a mixture of distinct functional monomers.
Resin monomers derived from phosphoric acids are important ingredients used in the
formulation of SE adhesives,? but without knowing exactly the molecular structure of
the monomer turns it difficult to properly understand on the bonding durability potential
of the materials after aging. According to the study by Fehrenbach et al.,® it was
revealed that while some types of phosphate monomers may perform similarly or
better than 10-MDP at the immediate moment (i.e., after minor wet storage — up to 24
h), other phosphoric acid-derived monomers may result in lower bonding potential to
dentin. Of note, characteristics such as the length of spacer chains, hydrophilicity, and
the total amount of functional moieties of the acidic monomer, can influence on the

adhesion-decalcification process,* which is crucial for a stable hybridization between
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resinous materials and the tooth. While at the one hand it is a benefiting right of the
manufacturer to keep the compositional information of adhesives secret from the
dental community, at the other hand it may prevent the complete understanding of
which aspects could be influencing on the higher bond degradation suffered by the
adhesives categorized into the unspecified phosphate monomers subgroup.
Fortunately, we can suggest more clear explanations concerning to the other
acidic ingredients. 4-META is a carboxylic acid-derived monomer that contains two
carboxylic groups in each molecule, rendering this monomer the ability to form Ca
salts with hydroxyapatite crystals. However, 4-META is more hydrophilic than 10-
MDP,* increasing the etching ability of the adhesive and making the decalcification
process more prone to occur, prevailing over the adhesion process, and ultimately
decreasing the formation of stable Ca salts.?® Regarding the other acidic monomers
that resulted in less stable dental bonds over time, both groups (“sulfonic acid” and
“‘mixed composition”) consist of highly acidic adhesives. Besides, sulfonic acids may
result in higher amounts of protons while in solution,'°° presenting one of the greatest
etching aggressiveness among SE formulations.'%% 192 Similarly, adhesives based on
a mixture of acidic resin monomers are hydrophilic in nature and they may display a
more acidic behavior, reaching pH values as low as the etchants used during the
application of etch-and-rinse systems (i.e., 37% phosphoric acid).? Within this
scenario, dentin may get extensively etched, leaving areas poorly infiltrated by the
resinous monomers, so hydrolysis is more feasible to occur, inducing to bond strength
degradation. Worth mentioning, adhesives of mixed composition are typically
formulated with phosphoric acid- and carboxylic acid-derived monomers,? especially

phosphate esters and 4-META, reinforcing the idea that the foregoing monomers
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contribute to the formation of less durable bonds, at least having 10-MDP as the main
comparator.

The ability of 10-MDP to form a water-insoluble 10-MDP-Ca salt with the
mineral phase of the tooth has been already demonstrated. First, 10-MDP possesses
an etching ability that dissolves dentin at the nano extent, so only minor Ca*? ions are
released from the hydroxyapatite crystals. Second, the less acidic behavior of 10-MDP
(i.e., mild acidity) allows chemical bonding to the superficial Ca*? ions of the substrate,
resulting in the formation of 10-MDP-Ca salts. The combination of the foregoing events
is recognized as a nano-layering mechanism that contributes for the excellent bonding
performance of 10-MDP-based adhesives.'®® Nonetheless, hydrolytic degradation is
not always prevented upon the presence of 10-MDP since other factors rather than
hydrolysis can also explain the reduction of dental bonds. For instance, enzymatic-
driven degradation caused by matrix metalloproteinases (MMPs) and endogenous
cathepsins is an additional reason affecting the stability of the adhesive interface.!°
Despite their significant contribution to the loss of adhesiveness, the latter enzymes
are more involved in collagen degradation, which is not the focus of this review, so we
concentrated our results on the hydrolysis-driven degradation at the adhesive layer.

The storage time was a significant factor influencing the effects of the adhesive
interfaces investigated in this review. At shorter periods of aging (e.g., 3 months) there
was not any significant difference between adhesives regardless of the presence of
10-MDP, whereas adhesives based on 10-MDP resisted better after long-term aging.
Overall, the hydrolytic degradation of dental bonds depends on the hydrophilic
components of the adhesive, which are more prone to undergo the negative effects of
hydrolysis than the hydrophobic counterparts. We can suggest that the better

resistance associated to the presence of 10-MDP was due to its structural
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characteristics and the adequate balance between hydrophilic and hydrophobic
functionalities.* 8 10-MDP has a long spacer chain separating the polymerizable
moiety to the acidic phosphate group, conferring hydrophobicity to its molecule and
ultimately a lower susceptibility to undergo hydrolysis. It is also noteworthy that the
hybrid layers created with adhesives based on monomers with distinct structure and
functionalities to 10-MDP (e.g., carboxylic acids), may suffer more negatively from the
enzymatic-driven degradation, as demonstrated elsewhere,'** in which water was
revealed as a critical factor for the activation of bound MMPs, so hydrophilic adhesives
can accelerate hydrolysis in a faster fashion than upon the use of more equilibrated
adhesives. More importantly, 10-MDP is a unigue monomer capable of keeping
collagen fibrils protected by hydroxyapatite crystals during adhesive application,
probably due to its mild etching aggressiveness,!® thereby allowing the formation of
more stable bonds over time. Despite all the foregoing discussion, it is important to
highlight that in vitro aging of adhesive interfaces may underestimate the in vivo
durability of bonded restorations,'% 19 so the results of this review should be
interpreted with caution.

As verified from the data collected in this review, there are several methods
used by researchers to simulate the aging of resin-dentin and resin-enamel bonds, so
the studies were grouped according to their similar aging condition. Considering
dentin, it was possible to observe that the reduction in the bond strength results was
more intense for some acidic compositions when the wet storage was used as main
aging condition. Of note, the presence of 10-MDP contributed to stronger dental bonds
than the groups based on phosphate monomers, mixed composition, or phosphonic
acids. Storage in water or other humid conditions (i.e., artificial saliva, tap water) was

the method most commonly used for the aging of samples, probably due to its
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easiness and confirmed effects in the degradation of dental bonds. Comparing the 10-
MDP group to the phosphoric acid counterpart, it is unanimous to admit that from the
list of different phosphate-based monomers used in SE formulations, the 10-MDP is
the gold standard. Notwithstanding, it should be mentioned that from the review study
by Fehrenbach et al.,> GPDM phosphate monomer contributed to improved immediate
dental bonds than 10-MDP, so the mechanisms involved in the hydrolytic degradation
of adhesives seems to depend largely on the acidic composition factor, with minor
differences between the resin monomers playing a significant role on their overall
dental bonding potential.

Regarding the comparisons made with the mixed group, it is already understood
that bonding agents comprised of a mixture of distinct acidic monomers are highly
acidic, so they are more aggressive in terms of dentin etching, perhaps reducing the
possibility to create stable chemical bonding to hydroxyapatite crystals during
hybridization.® This idea is reinforced by the ranking probability graph shown in Fig.
4c, in which the bonding agents containing mixed composition ranked mostly as the
worst options, especially after thermal-cycling, cyclic-loading and mixed aging
conditions, indicating their less feasible composition to resist bond strength
degradation. Last, phosphonic acids have been used in adhesive dentistry since they
may show a superior hydrolytic stability than other contemporary monomers,*°* but as
verified in the network meta-analysis, the dental bonds created using phosphonic acid-
based adhesives were considerably affected by wet storage, resulting in nearly 31.5
MPa (95% Crl 17.5, 45.8) lower bond strengths than the control. Chemically speaking,
phosphonic acids possess a ligand characteristic that undergoes ionization in water,
forming oxygen anions that could contribute to the chemical bonding to dentin.97. 108

This is indeed corroborated at the immediate testing condition, in which adhesives
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based on this type of monomer resulted in similar resin-dentin bonds as compared
with 10-MDP.2 However, at the long-term analysis demonstrated here, we can infer
that something related to the chemistry of phosphonic acids may suffer more
intensively from direct water aging, perhaps a consequence of their acidic functionality
which differs from phosphate-based monomers. While phosphoric acids have a
phosphate moiety containing three hydroxyls per molecule, phosphonic acids have
only two hydroxyls connected to the phosphate group and a pendant linkage
commonly replaced with amino groups, so it is possible to infer that the presence of
the latter can intensify water-driven hydrolysis. In addition to the lower dental bonds
verified for the phosphonic acid group, the cumulative probability analysis has also
confirmed that this very group ranked as the worst option of bonding agent under the
circumstances of wet aging. This topic should be further investigated in future studies,
aiming to better understand on the higher susceptibility of this class of adhesives to
suffer from hydrolysis.

Considering the other aging methods tested in this review, it was possible to
observe that there were not considerable differences among the groups for the
thermal-cycling, cyclic-loading and mixed aging methods. In enamel, we could not
perform a subgroup analysis having the aging condition as main variable due to a
lower amount of data testing different aging methods on enamel, warranting further
studies that investigate the durability of SE adhesives on this substrate. Despite all
aging methods tested here consisted of a wet storage protocol (i.e., in all methods the
bonded samples were immersed into a humid environment), there are some
peculiarities of each test. In cyclic-loading tests, specimens are subjected to
mechanical stress aiming to lead to material fatigue, leading to failure through cracks,

scratches and cracks that will cause fracture. In thermal-cycling aging, the samples
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are submerged in intermittent baths with varying temperature (5°C and 55°C), causing
thermal shocks at the adhesive interface, leading to thermal expansion of the different
materials of the restorative complex, causing stress and perhaps leading to failures in
the hybrid and adhesive layers.

Last, the network meta-analysis performed only with enamel data revealed that
there was no statistical difference between the monomers of different derivations, but
the ranking probability of being the best material suggests that the compositions based
on 10-MDP are more likely to create more stable dental bonds. Despite the higher
ability of some phosphate esters and 4-META to dissociate into H* ions, showing
greater etching potential to enamel (i.e., an essential aspect to increase mechanical
interlocking and the formation of stronger resin tags), the foregoing compositions
tended to undergo more degradation of the resin-enamel bonds after aging as
compared with 10-MDP. This may be explained since 10-MDP possesses a high
affinity with the mineral phase of the tooth, forming stable 10-MDP-Ca salts that
chemically bond to dentin/enamel, favoring bond stability. The same trend does not
seem feasible to occur upon the presence of 4-META and other phosphate monomers.

From the results evidenced in the present study, it is possible to observe that
the storage in water demonstrated a more effective and more sensitive method for
aging restorations made with self-etching adhesives. The thermal and mechanical
cycling does not seem to have a significant effect on the durability of dental bonds, but
it was not possible to perform the analysis according to the number of cycles
performed because there were not sufficient studies to run the analyses. Therefore, it
is essential that other studies are designed to evaluate the possible effects of different
aging methods and protocols on the bonding stability of SE adhesives to dentin and

enamel.
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Conclusion

From the results evidenced in the present study, it was possible to conclude
that 10-MDP has an important effect on the adhesive durability while using self-etching
adhesives in dentin. Aging affects differently the resin-dentin bonds, depending on the
method used to simulate the hydrolytic degradation of adhesive interfaces. In enamel,
10-MDP does not seem to have a significant effect on long-term results, showing

similar bonding stability as compared with other alternative acidic monomers.
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Tables

Table 1. Search strategy and final search date for the electronic databases.

Database

Final searches

Search strategy

MEDLINE/PubMed

September 301" 2021

(bond strength OR aging OR bond durability OR long-
term OR water storage OR thermal-cycling) AND
(dentin OR enamel OR tooth) AND (self-etch
adhesive OR universal adhesive OR acidic monomer
OR functional monomer)

Scopus

September 30" 2021

"bond strength" OR "aging" OR "bond durability” OR
"long-term" OR "water storage" OR "thermal-cycling"
AND "dentin" OR "enamel" OR "tooth" AND "self-etch
adhesive" OR "universal adhesive" OR "acidic
monomer" OR "functional monomer"

Web of Science

September 30" 2021

("bond strength" OR “aging” OR “bond durability” OR
“long-term” OR “water storage” OR “thermal-cycling”)
AND (“dentin” OR “enamel” OR “tooth”) AND (“self-
etch adhesive” OR “universal adhesive” OR “acidic
monomer” OR “functional monomer”)
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Figure 1.

Search flowchart of the study selection according to the PRISMA statement.
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Figure 2. Graph showing the list and frequency of adhesive systems used in the included studies, allocated by the acidic composition.

Frequency on the use of each adhesive system tested in this review
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Figure 3. Review authors’ judgments about each risk of bias item for each included in
vitro study, classified as having low, moderate or high risk of bias.
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Figure 4. Network meta-analysis comparing the long-term resin-dentin bond strengths
obtained with the application of adhesives based on 10-MDP (control) or alternative
acidic monomers (carboxylic acids, phosphoric acids, phosphonic acids, sulfonic
acids, mixed composition, or an unknown composition). The analyses were separated
according to the aging condition as follows: wet storage, thermal-cycling, cyclic-
loading, and mixed aging. (a) Graphs showing the network plots where each node
indicates a direct comparison with connecting lines between nodes representing the
total amount of studies making each comparison; the greater the size of nodes and
the thickness of lines indicate that the respective groups are contributing with a higher
weight and more direct evidence to the statistical analysis, respectively. (b) Graphs
showing the results from the Bayesian random effect consistency model forest plots
of the pooled effects estimates of bond strengths expressed in mean difference (MD)
and respective 95% credible interval (95% Crl) for different adhesive groups compared
with 10-MDP. (c) Graphs showing the ranking of adhesive groups according to their
probability of being the best option to resist better to bond strength degradation after

aging.
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Figure 5. Network meta-analysis comparing the long-term resin-enamel bond
strengths obtained with the application of adhesives based on 10-MDP (control) or
alternative acidic monomers (carboxylic acids, phosphoric acids, phosphonic acids,
sulfonic acids, or mixed composition). The analyses gathered the data regardless of
the aging condition. (a) Graph showing the network plots where each node indicates
a direct comparison with connecting lines between nodes representing the total
amount of studies making each comparison; the greater the size of nodes and the
thickness of lines indicate that the respective groups are contributing with a higher
weight and more direct evidence to the statistical analysis, respectively. (b) Graph
showing the results from the Bayesian random effect consistency model forest plot of
the pooled effects estimates of bond strengths expressed in mean difference (MD) and
respective 95% credible interval (95% Crl) for different adhesive groups compared
with 10-MDP. (c) Graph showing the ranking of adhesive groups according to their
probability of being the best option to resist better to bond strength degradation after
aging. (d) League table showing Bayesian comparison of all adhesive pairs: the table
displays the results for all adhesive pairs in both the upper (direct comparisons) and
lower (indirect comparisons) triangles, but with the comparison switched over; for both
above and below the leading diagonal, the results are for the adhesive group at the
top of the same column vs. adhesive group at the left hand side of the same row.
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S2. Distribution of each item evaluated during the quality analysis of the included
studies and the overall rating of their risk of bias (R), categorized as low (L), moderate
(M) or high (H).

Study 1|2|3|4|R]| Study 1123
Ageel 2019 + |+ |+ |+ Luque-Martinez 2018 + [ +]|?
Amaral 2015 + | +]? ]~ Malaquias 2020 + |+ |+
Batista 2015 ? 1 +]|?]~ Maravic 2019 ?|+]|?
Belli 2009 + [+ ? ]+ Marchesi 2013 + | +]?
Belli 2010 + |+ ? ]+ Mousavinasab 2009 ? [ +]?
Bravo 2017 + | +| 2| ~| M| Mufioz 2015 + | +]?
Cardoso 2014 ?21?1?]~ Osorio 2008 + | +]|?
Cardoso 2019 + | +| ? | ~| M| Pashaev 2017 + [ +]?
Cavalcanti2008 + [+ ? ]+ Peralta 2013 + | +]|?
Chen 2015 + [+ ? [+ Reis 2005 + [ +]?
Cruz 2015 + | +| 2| ~| M| Reis 2008 + [+ ]+
Cuevas-Suarez 2019 + | +| 2|+ BB Reis 2009 + [ +]?
De Munck 2006 + |+]|?]-| M| Roman 2014 + | +|?
Dokumacigil 2021 + | +|?]|~| M| Salz 2005 ?2 1+ ?
El-Deeb 2013 ? | +]|?|+| M| Sampaio 2013 + | +|?
Erhardt 2008a ? |+| 2] - @ Sampaio 2017 + [ +]?
Erhardt 2008b ? | +[?]- B8l Sangwichit 2016 + [ +]?
Erhardt 2011 2 |+| 2| - Bl Sezinando 2015 + [ +]?
Erickson 2011 ? | +]? ~Sismanog|u 2019 + | +]?
Fabido 2020 + | +| 2|+ BB Suda 2018 ? | +|?
Farias 2016 + | +|? |~ | M| Takamizawa 2018 + | +]|?
Fernandes 2014 + | +|?|- | M| Taschner 2014 ? | +|?
Follak 2018 + | +|?|~| M| Tekce 2015 + | +]|?
Franca 2007 + | +|?|~| M| Tian 2014 + |+ ?
Fukuoka 2011 2 |+| 2|~ Ting 2018 +|+]?
Gomes 2020 + | +| + [ ~ P Toledano 2007 ?2[+]?
Gotti 2015 + | +| 2|+ BB Tsujimoto 2017 ?1+]7
Guan 2016 + | +[ 2|+ BB Ulker 2010 +]+]?
Han 2020 + [ +]? +Van Laduyt 2010 ?21+]7
Hashimoto 2007 2 | +]? |~ B Wakwak 2020 ?21+]7?
Hass 2012 ?21+]|? ~Walter 2012 + |+ ?
Hoshika 2018 + | +| 2| ~| M| wang 2017 +|+]?
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Items investigated: #1 — Sample randomization; #2 — Attendance to the manufacturer’s
instructions; #3 — Sample size calculation; and #4 — Coefficient of variation (CV).
Codes within the items #1, #2, and #3: (+) the item was informed; (?) the item was not
informed in the study.

Codes within the item #4: (+) low CV (<20%); (~) moderate CV (20-40%); (-) high CV
(240%).
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Alternative monomer 10-MDP Mean Difference Mean Difference

Study or Subgroup Mean SD  Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1 GPDM

Ageel 2019 20.3 4 15 189 22 15 3.2% 1.40[-0.91, 3.71] T
Dokumacigil 2021 10.3 27 10 107 25 10 3.2% -0.40 [-2.68, 1.88] ==

Gomes 2020 126 55 15 114 42 15 3.0% 1.20 [-2.30, 4.70] G el

Guan 2016 735 11.6 5 642 127 5 14% 9.30 [-5.78, 24.38]

Han 2020 30 4.7 15 357 47 15 3.0% -5.70 [-9.06, -2.34] =

Hoshika 2018 326 7.4 5 165 6.6 5 22% 16.10 [7.41, 24.79]

Itoh 2010 44 8.4 10 35 55 10 26% 9.00 [2.78, 15.22] —_—
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Tekce 2015 28.1 5.6 7 421 66 7 26% -14.00[-20.41,-7.59] —

Tsujimoto 2017 235 3.2 20 184 3 20 3.2% 5.10[3.18, 7.02] S
Walter 2012 36.7 44 3 34 39 3 26% 2.70 [-3.95, 9.35] =1
Wang 2017 50.7 9.3 6 438 7.8 6 21% 6.90 [-2.81, 16.61] T =
Yildirim 2016 10.8 46 5 9 3 5 29% 1.80[-3.01, 6.61] =

Zheng 2020 26.3 4.1 5 233 441 5 28% 3.00 [-2.08, 8.08] T
Subtotal (95% CI) 176 176  45.9% 1.23[-0.81, 3.28]

Heterogeneity: Tau? = 11.73; Chi? = 85.93, df = 16 (P < 0.00001); I* = 81%
Test for overall effect: Z = 1.18 (P = 0.24)

<
18  7.6%  -3.91[-15.17,7.35] —coag—
Heterogeneity: Tau? = 85.47; Chi? = 19.81, df = 2 (P < 0.0001); I> = 90%
Test for overall effect: Z = 0.68 (P = 0.50)

2.1.2 PENTA

Erickson 2009 172 2.8 12 119 26 12 3.2% 5.30 [3.14, 7.46]
Walter 2012 276 4.5 3 34 39 3 25% -6.40 [-13.14, 0.34]
Zander-Grande 2011 9.2 5.1 3 226 84 3  1.9% -13.40[-24.52, -2.28]
Subtotal (95% CI) 18

2.1.3 MHP
Fernandes 2014 15.7 25 6 137 84 6 25% 2.00[-5.01, 9.01] ——
Luque-Martinez 2018 145 4.4 5 198 4.2 5 2.8% -5.30 [-10.63, 0.03] =1

Peralta 2013 9.9 5 10 311 11 10 24% -21.20[-2869,-13.71] ———

Sampaio 2013 335 35 5 328 42 5  29% 0.70 [-4.09, 5.49] ——
Sangwichit 2016 16.2 5.3 5 342 54 5 26% -18.00[-24.63,-11.37] e —

Subtotal (95% CI) 31 31 131%  -8.18 [-16.90, 0.54] -

Heterogeneity: Tau? = 88.65; Chi? = 40.86, df = 4 (P < 0.00001); I> = 90%
Test for overall effect: Z = 1.84 (P = 0.07)

2.1.4 Phosphate esters

Batista 2015 18.4 8.9 10 123 3.2 10 2.7% 6.10 [0.24, 11.96] s -
Cardoso 2019 231 37 5§ 269 79 5 2.4% -3.80 [-11.45, 3.85] e |
Fabido 2020 20.7 59 8 556 7 8 2.6% -34.90 [-41.24,-28.56] ¢

Hass 2012 132 4.6 15 162 29 15 3.1% -3.00 [-5.75, -0.25] e

Itoh 2010 36 5.5 10 432 9 10 2.6% -7.20 [-13.74, -0.66] =&k
Marchesi 2013 20.7 8.5 15 315 11.2 15 2.5% -10.80[-17.92, -3.68] E——pe—

Tekce 2015 17 3.5 7 421 66 7 2.7% -25.10[-30.63,-19.57) ¢———

Walter 2012 38 4.4 3 34 39 3 2.6% 4.00 [-2.65, 10.65] =
Zander-Grande 2011 17.9 6.9 3 226 84 3 1.7% -4.70 [-17.00, 7.60] 1
Subtotal (95% CI) 76 76 229% -8.89 [-17.50, -0.28] —~elli—
Heterogeneity: Tau? = 160.98; Chi? = 154.87, df = 8 (P < 0.00001); I* = 95%

Test for overall effect: Z = 2.02 (P = 0.04)

2.1.5 Acrylamide phosphates

Belli 2009 16.7 2.2 3 212 29 3 3.0% -4.50 [-8.62, -0.38] =

Belli 2010 5.1 9.4 5 201 144 5 1.4% -15.00[-30.07,0.07] ¢

El-Deeb 2013 16.2 1.8 6 227 18 6 3.2% -7.50 [-9.54, -5.46] -

Yildirim 2016 1 26 5 9 3 5 3.0% 2.00[-1.48, 5.48] il .
Subtotal (95% Cl) 19 19 10.5% -4.57 [-10.22, 1.08] i
Heterogeneity: Tau? = 24.85; Chi? = 23.07, df = 3 (P < 0.0001); I? = 87%

Test for overall effect: Z = 1.59 (P = 0.11)

Total (95% ClI) 320 320 100.0% -3.17 [-5.47, -0.86] ’

Heterogeneity: Tau? = 42.32; Chi? = 472.39, df = 37 (P < 0.00001); I? = 92%
Test for overall effect: Z = 2.70 (P = 0.007)
Test for subaroup differences: Chi? = 11.71, df = 4 (P = 0.02), |> = 65.8%

S3. Summary of meta-analysis findings comparing the bond strength of 10-MDP-
based and 10-MDP-free adhesives containing acidic monomers derived from
phosphoric acids, allocated by the type of functional monomer. The analyses were
conducted using the mean difference (MD) estimate and using random-effects models
with 95% confidence intervals (ClI).
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Alternative monomer 10-MDP Mean Difference Mean Difference
Study or Subgroup Mean SD  Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.2.1 4-META
Ageel 2019 9.9 14 15 189 22 15  6.7% -9.00 [-10.24, -7.76] =
Hashimoto 2007 11.5 7 24 115 65 24 6.1% 0.00 [-3.82, 3.82] i
Kharouf 2021 12.9 23 12 178 47 12 64% -4.90 [-7.86, -1.94] =
Osorio 2008 17.2 76 10 356 11.2 10  4.5% -18.40[-26.79, -10.01] I T
Reis 2009 233 3.9 3 218 45 3 51% 1.50 [-5.24, 8.24] A
Takamizawa 2018 15.8 21 15 201 24 15  6.7% -4.30 [-5.91, -2.69] =
Taschner 2014 19.7 6.8 7 26 7.8 7 47% -6.30 [-13.97, 1.37] ™
Tekce 2015 327 5.9 7 421 66 7 51% -9.40 [-15.96, -2.84] =
Ulker 2010 20.5 6.1 5 243 57 5 49% -3.80 [-11.12, 3.52] == T
Van Laduyt 2010 14.7 7.8 3 186 65 3  34% -3.90 [-15.39, 7.59] —
Wakwak 2020 11.9 2 6 166 1 6  6.6% -4.70 [-6.49, -2.91] 5.2
Walter 2012 274 4.1 3 34 39 3 52% -6.60 [-13.00, -0.20]
Yildirim 2016 10.1 5 5 9 3 5 57% 1.10[-4.01, 6.21] 1 =
Subtotal (95% Cl) 115 115 71.0% -4.99 [-7.21, -2.78] <&
Heterogeneity: Tau? = 9.86; Chi? = 60.68, df = 12 (P < 0.00001); I? = 80%
Test for overall effect: Z = 4.42 (P < 0.00001)
1.2.2 Polyacrylic acid-derived
Belli 2010 22.9 13.6 5 201 144 5 21% 2.80 [-14.56, 20.16]
Cruz 2015 7.8 35 5 98 29 5 6.1% -2.00 [-5.98, 1.98] S
Hass 2012 27.8 4.7 15 162 29 15  64% 11.60 [8.81, 14.39] ==
Maravic 2019 43.9 1.7 7 336 111 7 33% 10.30 [-1.65, 22.25] n
Munoz 2015 27.9 4.9 8 301 44 8 59% -2.20[-6.76, 2.36] ST
Pashaev 2017 14 5.3 5 332 47 5 5.3% -19.20[-25.41, -12.99] —
Subtotal (95% CI) 45 45 29.0% -0.14 [-9.80, 9.52] o ol
Heterogeneity: Tau? = 127.14; Chiz = 97.95, df = 5 (P < 0.00001); I> = 95%
Test for overall effect: Z = 0.03 (P = 0.98)
Total (95% CI) 160 160 100.0% -3.76 [-6.78, -0.73] L 2

Heterogeneity: Tau? = 35.05; Chi? = 234.14, df = 18 (P < 0.00001); I = 92%
Test for overall effect: Z = 2.44 (P = 0.01)
Test for subaroup differences: Chi*>=0.92, df =1 (P = 0.34). = 0%
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S4. Summary of meta-analysis findings comparing the bond strength of 10-MDP-
based and 10-MDP-free adhesives containing acidic monomers derived from
carboxylic acids, allocated by the type of functional monomer. The analyses were
conducted using the mean difference (MD) estimate and using random-effects models

with 95% confidence intervals (ClI).
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Alternative monomer 10-MDP Mean Difference Mean Difference

Study or Subgroup Mean SD__ Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI

Cardoso 2014 13.8 8.7 5 722 119 5 23.3% -58.40[-71.32,-45.48] ¢

Erhardt 2008b 27.2 7.6 12 395 76 12 258% -12.30[-18.38, -6.22] -

Loguercio 2008 143 29 5 182 34 5 26.3% -3.90 [-7.82, 0.02] —

Ulker 2010 33.4 95 5 243 57 5 246% 9.10 [-0.61, 18.81] s

Total (95% CI) 27 27 100.0% -15.57 [-33.37, 2.22] == ——

Heterogeneity: Tau? = 309.97; Chi2 = 76.46, df = 3 (P < 0.00001); I = 96% + + t y

Test for overall effect: Z = 1.72 (P = 0.09) =3 14 0 o 20
Favours 10-MDP Favours alternative

S5. Summary of meta-analysis findings comparing the bond strength of 10-MDP-
based and 10-MDP-free adhesives containing acidic monomers derived from
phosphonic acids. The analyses were conducted using the mean difference (MD)
estimate and using random-effects models with 95% confidence intervals (ClI).
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Alternative monomers 10-MDP Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Loguercio 2008 75 1.6 5 182 34 5 58.8% -10.70[-13.99, -7.41] = &

Reis 2005 18.6 2.8 6 266 4.1 6 41.2% -8.00[-11.97,-4.03] ——

Total (95% Cl) 1 11 100.0% -9.59 [-12.19, -6.98] <>

Heterogeneity: Tau? = 0.18; Chiz = 1.05, df = 1 (P = 0.31); I*=5%

20 -0 0 10 20

Test for overall effect: Z = 7.21 (P < 0.00001) Favours 10-MDP Favours alternative

S6. Summary of meta-analysis findings comparing the bond strength of 10-MDP-
based and 10-MDP-free adhesives containing acidic monomers derived from sulfonic
acids. The analyses were conducted using the mean difference (MD) estimate and
using random-effects models with 95% confidence intervals (Cl).
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Alternative monomer 10-MDP Mean Difference Mean Difference
Study or Subgroup Mean SD  Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Belli 2009 16.7 22 3 212 29 3 32% -4.50 [-8.62, -0.38]

Belli 2010 5.1 9.4 5 201 144 5 16% -15.00[-30.07,0.07] ¢

Bravo 2017 20.7 5.9 5 236 96 5 23% -2.90[-12.78, 6.98] =1
Cavalcanti 2008 14.8 5.2 5 178 67 5 27% -3.00 [-10.43, 4.43] - = [
De Munck 2006 1.6 3.1 3 226 10 3  20% -21.00[-32.85,-915] €

Dokumacigil 2021 5.4 1.6 10 107 25 10 34% -5.30 [-7.14, -3.46] Ed

El-Deeb 2013 15.2 1.8 6 227 18 6 34% -7.50 [-9.54, -5.46] B

Erhardt 2008a 8.1 6.3 15 161 6.7 15  3.1%  -8.00[-12.65, -3.35] il

Erickson 2009 15 14 12 172 28 12 34% -2.20 [-3.97, -0.43] —
Farias 2016 127 5 5 526 8 5 26% -39.90[-48.17,-31.63] ¢

Franga 2007 21 7.8 6 199 84 6 24% 1.10 [-8.07, 10.27] I
Fukuoka 2011 13.6 3.4 6 128 3.9 6 3.2% 0.80 [-3.34, 4.94] =
Gotti 2015 51.1 5.1 6 692 438 6 3.0% -18.10[-23.70, -12.50] - —

Hashimoto 2007 8.4 5.8 24 115 66 24 33% -3.10 [-6.62, 0.42] T
Loguercio 2011 12.3 4.3 7 211 42 7 32%  -8.80[-13.25,-4.35] =

Marchesi 2013 33.8 9.4 15 3156 11.2 15 27% 2.30 [-5.10, 9.70] —T]
Mousavinasab 2009 s | 6.8 8 3156 77 8  28% -2040[-27.52,-13.28] —

Osorio 2008 11.8 5.1 10 356 112 10 2.7% -23.80[-31.43,-16.17] €

Reis 2008 243 2.7 4 364 67 4 28% -12.10[-19.18,-5.02] e

Reis 2009 211 3.1 3 219 46 3 29% -0.80 [-7.08, 5.48] — e
Roman 2014 19 8.2 5 168 7.7 5 23% 2.20 [-7.66, 12.06] - [
Sangwichit 2016 19.6 6.5 5 342 654 5 27% -14.60[-22.01,-7.19] — &

Sezinando 2015 9.5 24 5 272 53 5 3.1% -17.70[-22.80, -12.60] SRS

Sismanoglu 2019 25 5 5 378 38 5 3.0% -12.80[-18.30,-7.30] kT

Taschner 2014 6.3 3.8 7 433 114 7 25% -37.00[-45.90,-28.10] €

Tekce 2015 21.2 5.8 7 421 66 7 29% -20.90[-27.41,-1439] —  —

Tian 2014 12.6 21 7 234 31 7 33% -10.80[-13.57,-8.03] S

Ting 2018 20.4 7.2 15 385 14 15  2.6% -18.10[-26.07,-10.13] . &

Toledano 2007 1.7 4.1 9 344 51 9 32% -22.70[-26.98,-18.42] — —

Ulker 2010 13.8 5.3 5 243 57 5 28% -10.50[-17.32,-3.68] -

Walter 2012 18.3 4.5 3 34 39 3 28% -15.70[-22.44, -8.96] =

Wang 2017 277 8.5 6 438 78 6 24% -16.10[-25.33, -6.87] =

Yildirim 2016 1.5 26 5 9 3 5 33% 2.50 [-0.98, 5.98] o [
Zander-Grande 2011 18 9.9 3 226 84 3 1.7%  -4.60[-19.29, 10.09]

Zeidan 2017 38.4 17.7 6 57 133 6 13% -1860[-36.32,-088] €

Zhou 2015 20.6 24 7 253 39 7 33% -4.70[-8.09, -1.31] e

Total (95% CI) 258 258 100.0% -11.00 [-13.62, -8.38] L g

Heterogeneity: Tau? = 51.40; Chi? = 381.99, df = 35 (P < 0.00001); I = 91%

Test for overall effect: Z = 8.23 (P < 0.00001) 20 =10 ’ 10 -

Favours 10-MDP Favours alternative

S7. Summary of meta-analysis findings comparing the bond strength of 10-MDP-
based and 10-MDP-free adhesives containing acidic monomers derived from a
mixture of distinct functional monomers. The analyses were conducted using the mean
difference (MD) estimate and using random-effects models with 95% confidence
intervals (CI).

112



Different acidic monomer 10-MDP Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
3.1.1 3 months

Bravo 2017 20.9 6.1 5 235 121 5 1.4% -2.60 [-14.48, 9.28] =i
Franga 2007 242 8.7 6 19.8 10.6 6 1.5% 4.40 [-6.57, 15.37] o T
Hashimoto 2007 12.5 73 24 16.3 8 24 2.1% -3.80 [-8.13, 0.53] |
Tekce 2015 24.8 5.2 7 421 66 7 1.9% -17.30[-23.52,-11.08] —
Toledano 2007 13.7 4.4 9 406 54 9 2.0% -26.90 [-31.45, -22.35] =

Zheng 2020 278 4.2 5 252 33 5 2.0% 2.60 [-2.08, 7.28] o I
Subtotal (95% Cl) 56 56 11.0% -7.60 [-18.58, 3.37] ’»
Heterogeneity: Tau? = 173.19; Chi? = 101.95, df = 5 (P < 0.00001); > = 85%

Test for overall effect: Z = 1.36 (P = 0.17)

3.1.2 6 months

Bravo 2017 205 5.7 5 236 71 5 1.8% -3.10 [-11.08, 4.88] Sl
Cardoso 2014 13.9 8.7 5 722 119 5 1.4% -58.30[-71.22,-45.38] «—

Cardoso 2019 23.1 3.7 5 269 79 5 18% -3.80 [-11.45, 3.85] -
Cruz 2015 7.8 35 5 98 29 5 21% -2.00 [-5.98, 1.98] =T
El-Deeb 2013 15.2 18 6 227 18 6 2.2% -7.50 [-9.54, -5.46] .4
Erhardt 2008b 27.2 7.7 12 395 76 12 1.9% -12.30[-18.42,-6.18] -
Fernandes 2014 16.7 25 6 137 84 6 1.9% 2.00[-5.01,9.01] e
Follak 2018 20 5.7 7 307 941 7 1.8% -10.70 [-18.65, -2.75] ==
Franga 2007 27.8 6.8 6 199 6.2 6 1.8% 7.90 [0.54, 15.26] Ea
Gomes 2020 12.2 8 15 15 47 15 2.0% -2.80 [-7.50, 1.90] =
Gotti 2015 511 5.1 6 692 438 6 2.0% -18.10[-23.70, -12.50] =
Hashimoto 2007 8.8 5.7 24 93 58 24 2.1% -0.50 [-3.75, 2.75] T
Hass 2012 205 4.7 15 162 6.6 15 2.1% 4.30[0.20, 8.40] |
Itoh 2010 47.2 9.3 10 366 43 10 1.9% 10.60 [4.25, 16.95] =
Kharouf 2021 129 2.7 12 178 47 12 2.1% -4.90 [-7.97, -1.83] £
Malaquias 2020 24 3.7 5 181 286 5 2.1% 5.90 [1.94, 9.86] =
Marchesi 2013 325 10.3 15 345 13 15 1.7% -2.00 [-10.39, 6.39] =
Munoz 2015 27.9 49 8 301 44 8 2.0% -2.20 [-6.76, 2.36] =]
Osorio 2008 11.6 4.7 10 356 11.3 10 1.8% -24.00 [-31.59, -16.41] o

Pashaev 2017 14 5.3 5 332 47 5 1.9% -19.20[-25.41, -12.99] T

Peralta 2013 9.9 5 10 311 1 10 1.8% -21.20[-28.69,-13.71] —

Reis 2005 216 26 6 266 4.1 6 2.1% -5.00 [-8.88, -1.12] =
Reis 2009 224 3.6 3 226 45 3 1.9% -0.20 [-6.72, 6.32] ==
Roman 2014 19 8.2 5 168 7.7 5 1.6% 2.20 [-7.66, 12.06] =
Sampaio 2017 33.5 35 5 328 42 5 20% 0.70 [-4.09, 5.49] ==
Sezinando 2015 9.5 24 5 272 53 5 2.0% -17.70 [-22.80, -12.60] i
Sismanoglu 2019 25 5 5 378 38 5 20% -12.80[-18.30,-7.30] S
Taschner 2014 21.7 7.6 7 433 114 7  1.6% -21.60[-31.75, -11.45] —

Van Laduyt 2010 14.8 7.8 3 187 65 3 1.5% -3.90 [-15.39, 7.59] - 1
Wakwak 2020 1.2 2 6 145 1 6 2.2% -3.30 [-5.09, -1.51] b
Zander-Grande 2011 15 73 3 226 84 3 14% -7.60 [-20.19, 4.99] -1
Zeidan 2017 284 17.7 6 57 13. 6 1.0% -28.60 [-46.32, -10.88] e
Subtotal (35% CI) 246 246 59.4% -7.05[-9.89, 4.21] ’
Heterogeneity: Tau? = 54.71; Chi? = 323.57, df = 31 (P < 0.00001); I = 90%

Test for overall effect: Z = 4.87 (P < 0.00001)

3.1.3 12 months

Belli 2010 14 115 5 201 144 5 1.1% -6.10[-22.25, 10.05] e
De Munck 2006 16 3.6 3 226 10 3 1.4% -21.00 [-33.03, -8.97] &

Erhardt 2008a 8.1 6.3 15 16.1 6.7 15 2.0% -8.00 [-12.65, -3.35] T
Fabido 2020 20.7 5.7 8 556 7 8 1.9% -34.90 [-41.16, -28.64] i 2

Hashimoto 2007 10.3 6.8 24 9 6 24 21% 1.30 [-2.33, 4.93] B
Itoh 2010 40.1 8.2 10 335 68 10 1.9% 6.60 [-0.00, 13.20] =
Loguercio 2008 1.2 29 5 182 4 5 2.1% -7.00 [-11.33, -2.67] T
Lugue-Martinez 2018 14.5 44 5 198 4.2 5 20% -5.30 [-10.63, 0.03] =
Marchesi 2013 27.8 8.9 15 286 9.5 15 1.9% -0.80 [-7.39, 5.79] =1
Reis 2008 24.3 27 4 364 67 3  1.8% -12.10[-20.13,-4.07] =

Reis 2009 235 42 3 206 4.2 3 1.9% 2.90[-3.82,9.62] T
Ting 2018 204 7.2 15 385 14 16 1.8% -18.10[-26.07, -10.13] e
Toledano 2007 9.8 3.8 9 285 49 9 2.1% -18.70 [-22.75, -14.65] =

Walter 2012 323 4.1 3 354 36 3 1.9% -3.10 [-9.27, 3.07] =
Subtotal (95% CI) 124 123 259% -8.73 [-14.47,-2.99]

Heterogeneity: Tau? = 106.19; Chi? = 171.82, df = 13 (P < 0.00001); I> = 92%

Test for overall effect: Z = 2.98 (P = 0.003)

3.1.4 24 months

Sampaio 2017 19.5 6 5 295 58 5 1.8% -10.00 [-17.31, -2.69] T
Walter 2012 26.8 4.7 3 327 42 3 1.8% -5.90 [-13.03, 1.23] ]
Subtotal (95% CI) 8 8 3.7% -7.90[-13.00, -2.79] . 4
Heterogeneity: Tau? = 0.00; Chi? = 0.62, df = 1 (P = 0.43); I?= 0%

Test for overall effect: Z = 3.03 (P = 0.002)

Total (95% Cl) 434 433 100.0%  -7.70 [10.15, -5.25] ‘

Heterogeneity: Tau? = 71.19; Chi? = 621.93, df = 63 (P < 0.00001); I = 91% U u ! 4y
Test for overall effect: Z = 6.16 (P < 0.00001) =0 e s 23 R

- 5 X 10-MDP Different monomers
Test for subaroup differences: Chi? = 0.30, df = 3 (P = 0.96). I = 0%

S8. Summary of meta-analysis findings comparing the bond strength of 10-MDP-
based and 10-MDP-free adhesives allocated by the period of aging (3, 6, 12, and 24
months). The analyses were conducted using the mean difference (MD) estimate and
using random-effects models with 95% confidence intervals (Cl).
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3. CONSIDERACOES FINAIS

O papel dos sistemas adesivos autocondicionantes e universais é fundamental
para os procedimentos de reabilitacdo oral, sendo o seu desempenho diretamente
relacionado com o sucesso das intervencdes restauradoras. Portanto, é essencial que
0 mecanismo de adesao ao dente e a durabilidade obtida com diferentes composi¢des
guimicas seja melhor elucidados. A partir dos estudos realizados nesta dissertacéo,
foi possivel averiguar a influéncia que o tipo de monémero funcional &cido tem no
potencial adesivo imediato e a longo prazo.

O mondmero 10-MDP obteve o melhor desempenho adesivo imediato quando
comparado aos demais mondémeros acidos utilizados na composicdo de adesivos
autocondicionantes. Isto confirma o que a literatura vem apresentando sobre este
mondémero em especial, o que é reconhecido como o padrdao ouro da adeséo
odontologica autocondicionante. Por sua vez, os resultados a longo prazo apos
envelhecimento demonstraram que o 10-MDP teve um efeito menos crucial,
apresentando resultados de resisténcia de unido semelhantes as demais
composicdes acidicas. Contudo, o método de envelhecimento parece ter tido um
efeito na estabilidade adesivas dos diferentes adesivos, com 0 armazenamento em
agua tendo afetado menos significativamente as interfaces adesivas obtidas sob a
presenca do 10-MDP. Assim, aprece existir uma relacdo entre a composicao acidica
dos sistemas adesivos e o tipo/meio de envelhecimento oral simulado, demonstrando
gue a adesdo aos tecidos dentais envolve um mecanismo complexo e que ainda
necessita ser melhor elucidado para permitir a utilizacdo do melhor produto para cada

situacao clinica.
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De maneira geral, a presenga do monomero 10-MDP pode influenciar
positivamente a resisténcia de wunido dos adesivos autocondicionantes,
principalmente em momentos de avaliacdo inicial, porém, em relacdo a durabilidade
e estabilidade adesiva, 0 seu efeito pode ser semelhante ao obtido com outras
formulagbes acidicas, sendo também dependente do método de envelhecimento
utilizado.

Embora esta dissertacdo tenha investigado apenas estudos laboratoriais, o
resultado que ela traz é confirmatorio acerca do efeito da presenca do 10-MDP na
adesdo aos tecidos dentarios. Outros tipos de estudo ainda sdo necessarios, como
por exemplo, uma meta-regressdo considerando-se 0S mesmos critérios de
elegibilidade aplicados aqui. Sabendo-se que novos sistemas adesivos surgem no
mercado a cada novo ano, torna-se importante verificar quais aspectos do protocolo
adesivo e combinacéo de materiais pode resultar em maio potencial adesivo ao dente
através da utilizacdo de sistemas adesivos autocondicionantes, cada vez mais

populares no meio clinico odontoldgico.
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