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RESUMO

Essa tese avaliou um novo protocolo adesivo, que consiste no pré-tratamento
dentinario com dimetilsulféxido (DMSO) 50%, com o intuito de otimizar a
durabilidade de interfaces adesivas produzidas pelos mecanismos de unido
convencional e autocondicionante envolvendo o substrato dentinario. Para isso,
foram realizados dois estudos independentes para avaliar: (i) o efeito do uso do
dimetilsuféxido (DMSO) na resisténcia de unido imediata e na exposicdo de matriz
colagena decorrente da hibridizagdo dentinaria na interface adesiva; e (ii) para
avaliar o efeito do protocolo proposto na conversdo monomeérica na camada hibrida
e na resisténcia de unidao ap6s envelhecimento. Terceiros molares higidos foram
coletados e limpos, a face oclusal foi seccionada, expondo uma superficie dentinaria
de profundidade média, que foi saturada com uma solucéo aquosa de DMSO 50%
(pH 8.2) apds o condicionamento acido para o sistema convencional de trés passos
(Adper Scothbond Multi-Purpose: 3M ESPE: SBMP) e previamente a aplicagao do
sistema autocondicionante de dois passos (Clearfil SE Bond: Kuraray; CF) no
substrato mineralizado. Nos grupos controles, as amostras nao foram tratadas com
DMSO. Os segmentos restaurados com resina composta foram seccionados e
submetidos ao ensaio de microtracdo apds 24 h a 0,5 mm/min até a fratura (n=12)
e no segundo estudo (n=10), apds 1 ano e 2 anos. Foi realizada Two-way ANOVA
para andlise dos dados imediatos e no segundo estudo foi utilizada ANOVA medidas
repetidas (proc mixed), ambos seguidos pelo Teste de Tukey (0=0.05). Foi
realizado a analise histomorfométrica (n=12) para avaliacdo da extensao de matriz
colagena exposta na interface adesiva por meio de microscopia 6tica e coloragcédo
de Tricrdmica de Masson apds 24 h. Esses dados foram submetidos a Two-way
ANOVA, seguido do Teste de Tukey (0=0.05). O grau de conversdo monomérica
(DC) na camada hibrida foi avaliado por espectroscopia micro-raman apos 24 h
(n=10), sendo submetidos a One-way ANOVA e Teste de Tukey (a=0.05). A
interacao entre protocolo adesivo e sistema adesivo influenciou significativamente

a extensao de matriz colagena exposta (p<0,0001) e resisténcia de unido imediata
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(p=0,0091). O protocolo adesivo com DMSO reduziu significativamente o grau de
exposicao de matriz colagena exposta (SBMP: 85,3% e CF: 61,5%), melhorando a
qualidade da hibridizacao dentinaria para ambos sistemas adesivos. Nao houve
influéncia negativa do DMSO na conversdo monomérica do SBMP (p=0.892); ja
para o CF, houve aumento na conversao monomeérica (p=0.033). O pré-tratamento
com DMSO aumentou a resisténcia de unido imediata do SBMP (p<0.0001).
Considerando as amostras nao tratadas, houve uma reducao significativa (SBMP:
45,6% e CF: 36,8%) na resisténcia de uniao do SBMP (p<0.0001) e CF (p<0.0001)
apds dois anos de envelhecimento. Independentemente do tipo de adesivo, ndo
houve diferenca estatistica na resisténcia de unido entre valores imediatos e ap6s
2 dois anos quando o DMSO foi empregado (p>0,05). A analise dos padrdes de
falha evidenciou uma tendéncia na reducéao no numero de falhas adesivas apés dois
anos para as amostras tratadas com DMSO. Portanto, o protocolo adesivo proposto
utilizando o DMSO é uma abordagem promissora para reduzir degradacao da

interface adesiva para os adesivos convencional e autocondicionante testados.

Palavras-chave: Dimetilsulfoxido, Dentina, Envelhecimento, Adesivos Dentinarios,
Camada hibrida.
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ABSTRACT

This work highlights a new bonding concept using 50% dimethyl sulfoxide
(DMSOQO) as a dentin pre-treatment to optimize resin-dentin bonding for both etch-
and rinse and self-etch adhesive systems after long-term aging. Two independent
studies were performed: (i) to evaluate the effect of dimethyl sulfoxide wet-bonding
technique on resin infiltration depths at the bonded interface and dentin bond
strength; and (ii) to examine the effect of dentin pre-treatment with DMSO on the
degree of conversion and dentin bond strength after long-term aging. Flat dentin
surfaces derived from extracted sound human third molars were saturated with 50%
DMSO (pH 8.2) after acid etching for a water-based etch-and-rinse adhesive system
(Adper Scothbond Multi-Purpose: 3M ESPE; SBMP), and before acid primer
application for a 10-MDP self-etch adhesive (Clearfil SE Bond: Kuraray; CF). In
control groups, specimens were not treated with DMSO. The restored tooth
segments were sectioned and submitted to microtensile bond strength test at 24 h
(n=12), 1 year (n=10) and 2 years (n=10) at 0.5 mm/min until specimen fracture. One
slab per tooth (n=12) was stained by Masson Trichrome and the extent of exposed
collagen matrix at the bonded interface was evaluated using optical microscopy and
a histomorphometric software at 24 h. Statistical analysis of the extension of
collagen exposure was performed by two-way ANOVA followed by Tukey Test
(a=0.05). The degree of conversion (DC) was measured inside the hybrid layer by
micro-raman spectroscopy (n=10) at 24 h. DC statistical analysis was performed by
One-way ANOVA and Tukey Test (0=0.05). Immediate microtesnile data was
statistically analyzed Two-way ANOVA and aged data was analyzed by repeated
measurres ANOVA (proc mixed). Post hoc multiple comparisons were performed by
Tukey Test (0=0.05). The interaction between “dentin pre-treatment” and “adhesive
system” significantly influence the extent of exposed collagen matrix (p<0.0001) and
dentin bond strength (p=0.0091). The adhesive protocol with DMSO significantly
reduced the extent of exposed collagen matrix (SBMP: 85.3% and CF: 61.5%),

improving the quality of dentin hybridization for both adhesive systems. There was



no negative influence of DMSO in monomer conversion for SBMP (p=0.892);
nevertheless, there was an increase in monomer conversion (p=0.033) for CF.
Dentin pretreatment with DMSO increased the immediate bond strength of SBMP
(p<0.0001). Considering the untreated samples, there was a significant reduction
(SBMP: 45.6% and CF: 36.8%) on the bond strength of SBMP (p<0.0001) and CF
(p<0.0001) after two years of aging. Regardless of adhesive type, no significant
reduction in bond strength at two years for DMSO-treated samples was observed.
Fracture pattern analysis showed a tendency toward reduction in the number of
adhesive failures when the DMSO-wet bonding was performed. Therefore, DMSO-
wet bonding is a promising approach to reduce resin-dentin bond degradation of
etch-and-rinse and self-etch adhesives.

Key words: Dimethyl sulfoxide, Dentin, Aging, Dentin-Bonding Agents, Hybrid layer.
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INTRODUCAO

O surgimento da odontologia adesiva (Buonocore, 1955) juntamente com a
evolucdo dos sistemas adesivos e técnicas adesivas nas Ultimas décadas
revolucionaram a Odontologia, permitindo a realizacdo de novas alternativas
restauradoras de natureza estético-conservadoras até entdo impraticaveis. No entanto,
para que os procedimentos restauradores adesivos apresentem bom desempenho
clinico € imprescindivel o desenvolvimento de uma unido forte e estavel aos tecidos
dentarios. Apesar da unido de sistemas adesivos ao esmalte ser consagrada (Van
Meerbeek et al., 2003), a unido a dentina ainda constitui um desafio e apresenta
limitacbes quando avaliada em longo prazo (Breschi et al., 2008; Liu et al., 2011;
Carvalho et al., 2012).

Os primeiros sistemas adesivos desenvolvidos eram compostos por monémeros
majoritariamente hidréfobos aplicados diretamente sobre o esmalte e dentina sem
nenhum preparo prévio, técnica conhecida como no-etch bonding. Baixos valores de
resisténcia de unido eram obtidos com a utilizagcdo destes sistemas adesivos,
especialmente em dentina, em funcdo da permanéncia da smear layer, que é fracamente
aderida ao substrato dentario. Na técnica no-etch, os valores de resisténcia de uniao (5-
10 MPa) eram essencialmente resultado da resisténcia coesiva do smear layer e nao
necessariamente da interagédo entre o sistema adesivo e a dentina, o que era insuficiente
para resistir até mesmo a tensado de contracédo (15-17 MPa) das resinas compostas da
época (Davidson et al., 1984).

Estudos demonstraram que a ndo remocao da smear layer pelos sistemas
adesivos utilizados até o final da década de 1980 promovia um desempenho clinico
insatisfatorio (Van Meerbeek et al., 1994) em funcédo da unido micromecanica ineficaz
entre os sistemas adesivos e o substrato dentinario. Para que valores de resisténcia de
unido satisfatérios fossem alcancados, a remocao da smear layer passou a ser
considerada, desenvolvendo-se a técnica total-etch (Fusayama et al., 1979). A técnica
fotal-etch preconiza a desmineralizacdo do substrato dentario removendo
completamente a smear layer, 0 que resulta em exposicdo de fibrilas colagenas
presentes no substrato dentinario. No inicio da década de 1980, obteve-se conhecimento
sobre a interagéo entre sistemas adesivos e dentina criando-se o termo camada hibrida,

1



hybrid layer, para descrever a estrutura composta por fibrilas colagenas infiltradas por
mondémeros resinosos formadas na interface adesiva quando a técnica total-etch era
empregada (Nakabayashi et al., 1982). Inicialmente, o conceito total-efch gerou
controvérsia na Europa e nos Estados Unidos pois acreditava-se que a aplicacdo de
acidos diretamente no substrato dentinario poderia aumentar a probabilidade do
desenvolvimento de injurias pulpares (Macko et al., 1978). Ap6s uma vasta revisdo de
literatura, conclui-se que as injurias pulpares estavam mais relacionadas a falha do
sistema adesivo em selar a interface adesiva em relacdo a agressividade do
condicionamento acido (Lee et al.; Cox et al., 1987). Assim, os primeiros adesivos
comerciais total-etch de 3 passos, também conhecidos como adesivos de quarta
geracgao, foram lancados comercialmente no inicio da década de 1990, dando inicio a
era moderna da Odontologia adesiva.

A camada hibrida é composta por aproximadamente 50% de mondmeros
resinosos e 50% de fibrilas colagenas (Pashley et al., 2007), abrangendo em torno de 5
um de profundidade em sistemas adesivos do tipo total-etch (Pashley et al., 2007;
Spencer et al., 2004), que promove microrretencao mecanica para a camada adesiva e
restauragao a estrutura dentéria. No entanto, sua formacao € complexa e dependente de
inumeros fatores inerentes a manuteng¢ao do arcabou¢o da camada de fibrilas colagenas
desmineralizadas e o adequado controle de umidade (Pashley et al., 2007). Dentre
esses fatores, o colapso da matriz coldgena durante o controle da umidade do substrato
dentinario (Pashley et al., 2007) e a incompleta difusdo dos monémeros resinosos por
toda a extensao do substrato desmineralizado previamente produzido (Spencer et al.,
2004) invariavelmente resultam na producgéo de interfaces porosas (Spencer and Wang,
2002; Tay et al., 2002; Tay et al., 2003), susceptiveis a degradacgéao hidrolitica (Hashimoto
et al., 2003; Pashley et al., 2004; Mobarak et al., 2010).

Nesse mesmo periodo, o conceito de “dry-bonding”, que consistia na secagem do
substrato dentinario desmineralizado com jatos de ar previamente a aplicagéo do sistema
adesivo caiu em desuso sendo substituido pelo conceito “wet-bonding” (Gwinnett and
Kanca, 1992; Kanca, 1992), que passou a ser 0 mais indicado para adesivos total-etch.
A manutencdo do substrato dentinario parcialmente Umido, conceito “wet-bonding”,

produz valores de resisténcia de unido significativamente maiores em relagdo ao



substrato seco (Kanca, 1992), em funcao da reducao do colapso das fibrilas colagenas
resultante da desidratacdo da matriz colagena (Pashley et al., 2007). No entanto, o
excesso de umidade também prejudica o desempenho de sistemas adesivos total-etch
pela ocorréncia de separacao de fases na interface adesiva (Spencer and Wang, 2002;
Ye et al., 2009). Os sistemas adesivos atuais sdo compostos por monémeros hidrofilos
e hidréfobos, dissolvidos em etanol, agua, acetona ou em misturas desses solventes
(Van Landuyt et al., 2007). Quando o substrato apresenta-se altamente Uumido, os
solventes (principalmente o etanol e acetona) perdem a capacidade de remover as
moléculas de agua que se encontram presentes entre as fibrilas colagenas, que tem a
funcéo de manter o arcabougo colageno. O excesso de agua residual causa a separacao
dos mondémeros, 0 que compromete a qualidade da camada hibrida, prejudicando a
interface de uniao.

Com a intengao de reduzir as falhas inerentes a aplicacéo de sistemas adesivos
fotal-etch, no inicio da década de 1990, iniciou-se o desenvolvimento de sistemas
adesivos self-etch, que apresentam um mecanismo de unido diferente dos adesivos total-
etch. Os sistemas adesivos self-etch apresentam pH inferior (pH 1-2) aos adesivos total-
etch (pH 2,5-4,5), possibilitando a dissolu¢cao do smear layer pelos préprios monémeros
sem a necessidade do condicionamento 4cido em etapa prévia a aplicagdo do sistema
adesivo. Diferentemente dos sistemas fotal-etch, os monémeros acidicos funcionais
condicionam e penetram no substrato dentinario simultaneamente, incorporando a smear
layer na interface adesiva, e promovem ligagdes quimicas primarias entre os monémeros
acidos (fenil-P, 4-MET e 10-MDP) com os ions Ca?' presentes nos cristais de
hidroxiapatita (Van Meerbeek et al., 2011). O nivel de interacdo quimica varia
especialmente em fungéo ao tipo de monémero utilizado sendo que o 10-MDP produz
maior interagdo quimica em relacao ao fenil-P e 4-MET. Como resultado, ha a formagao
de uma camada hibrida notavelmente delgada (0,5-1 um) para os adesivos self-ecth do
tipo Mild (pH~2) onde os monémeros 10-MDP difundem superficialmente na dentina de
forma organizada, produzindo camadas nanométricas (4 nm) sequenciais compostas por
duas moléculas de 10-MDP em cada camada (Van Meerbeek et al., 2011).
Diferentemente dos adesivos no-etch, que foram inicialmente utilizados na década de
1960, os adesivos self-etch contemporaneos apresentam um maior carater hidréfilo e pH



inferiores, o que permite que a smear layer seja legitimamente incorporada na interface
adesiva fazendo com que os mondémeros funcionais interajam com os cristais de
hidroxiapatita firmemente ancorados na dentina, resultando em desempenho clinico
satisfatério (Van Meerbeek et al., 2005; Peumans et al., 2007). Dessa forma, o sistema
self-etch apresenta vantagens em relacao ao sistema total-etch quando adequadamente
utilizado em dentina: a exposicao de fibrilas colagenas na base da camada é reduzida
(Carvalho et al., 2005); a reducao na sensibilidade técnica operatoria, pelo procedimento
ser obrigatoriamente realizado em substrato seco, pois a producdo de um substrato
uniformemente seco é mais facil em relacdo a um substrato uniformemente Umido;
apresenta duplo mecanismo de uniao em decorréncia da unido micromecanica e quimica
(Van Meerbeek et al., 2011).

Mesmo com a grande evolugdo dos sistemas adesivos nas ultimas trés décadas,
as interfaces adesivas criadas para sistemas total-etch e self-etch ainda apresentam
limitacées que contribuem para a sua instabilidade em longo prazo (Breschi et al., 2008),
sendo que a interface adesiva ainda pode ser considerada como o tendao de Aquiles de
restauracdes em resina composta (Peumans et al., 2005; De Munck et al., 2005; Spencer
et al., 2011), pois sua relativa baixa durabilidade (Peumans et al., 2005; Carvalho et al.,
2012) compromete o desempenho clinico de restauracdes adesivas (van Dijken et al.,
2007; van Dijken and Hasselrot, 2010). Do ponto de vista clinico, de 60% a 70% dos
procedimentos restauradores sdo constituidos por substituicdo de restauracdes, sendo
que os fatores ligados a degradacdao marginal, como o desenvolvimento de lesbes
cariosas secundarias, perda da restauracdo e microinfiltracdo, sdo observados
corriqueiramente em restauragcdes adesivas (Murray et al., 2002; Wilson et al., 1997).
Diante destas limitacbes e, sabendo-se que os componentes da camada hibrida sdo
sujeitos a duas formas de degradacao: hidrélise das ligacdes ésteres na por¢ao resinosa
e a degradacao das fibrilas colagenas principalmente por meio da acao de proteases
enddgenas (Tjaderhane et al.,, 2014; Liu et al., 2011) diversos métodos tém sido
propostos para melhorar a longevidade dos sistemas adesivos, tais como a técnica
alcodlica (Chiba et al., 2006), o uso de inibidores de proteases (Carrilho et al., 2007;
Hebling et al., 2005; Tezvergil-Mutluay et al., 2011), aumento no tempo de aplicacao dos
sistemas adesivos (Reis et al., 2008) e a utilizacdo de substancias que aumentam as



ligagdes cruzadas na matriz coladgena (Bedran-Russo et al., 2011). No entanto, esses
métodos ndo sao eficazes para prevenir a degradagao da porcao resinosa e da porcao
coldgena presentes na camada hibrida de forma simultanea, o que limita a real
capacidade de prevenir a degradacao da interface adesiva. A Unica excecao € a técnica
alcodlica, que atua em ambas vertentes de degradacdo, mas que se torna inviavel
clinicamente em funcao do tempo necessario para sua aplicacdo e do grande numero de
etapas clinicas.

Na tentativa de melhorar a durabilidade de interfaces adesivas de sistemas
adesivos convencionais, o dimetilsulfoxido (DMSQO) utilizado em baixa concentragdes,
0,004%, foi recentemente proposto como uma alternativa para preservar a resisténcia de
unido de adesivos total-etch (Tjaderhane et al., 2013). O DMSO é um solvente polar
aprotico, classificado como Classe 3 (FDA Guidance for Industry) na mesma categoria
que solventes como a acetona e o etanol, € completamente miscivel em agua
(MacGregor, 1967), de baixa toxicidade (Marren, 2011), e € capaz de dissolver
substancias polares e apolares, incluindo monémeros resinosos hidréfobos e hidréfilos
como o BisGMA, HEMA (Geurtsen et al., 1998). Estudos preliminares tém demonstrado
que o DMSO néao afeta o metabolismo de células odontoblasticas, apresentando baixa
citotoxicidade (Bianchi et al., 2012). O DMSO é uma molécula polifuncional composta
por um grupo S=0 altamente polar e dois grupos hidréfobos CHs (MacGregor, 1967). Em
funcdo do seu carater anfifilico, baixo peso molecular, e natureza dipolar aprética, o
DMSO é possivelmente um dos melhores intensificadores de penetracédo tecidual para
aplicagbes médicas da atualidade (Marren, 2011). A grande penetracdo tecidual esta
associada parcialmente a sua capacidade de substituir as moléculas de agua presentes
nas fibrilas colagenas e romper as pontes de hidrogénio interfibrilares presentes,
aumentando os espacos interfibrilares (Tjaderhane et al., 2013; Bui et al., 2010;
Zimmerley et al., 2009). Com isso, a utilizagcdo do DMSO na odontologia adesiva poderia
contribuir para o aumento da estabilidade da interface adesiva n&o exclusivamente para
sistemas adesivos total-etch (Tjaderhane et al., 2013), mas possivelmente para sistemas
adesivos self-tech. Além do mais, os efeitos positivos do uso do DMSO em sistemas
total-etch previamente relatados (Tjaderhane et al., 2013) poderiam ser potencilamente

exacerbados caso uma maior concentracao fosse utilizada.



Devido ao crescente interesse clinico em medidas para melhorar a durabilidade
de interfaces adesivas envolvendo o substrato dentinario, essa tese teve como objetivo
avaliar, por meio de estudos in vitro, o efeito de um protocolo adesivo inédito, que utiliza
uma maior concentracao de DMSO em relagdo a estudos prévios, (Tjaderhane et al.,
2013) na interface adesiva de sistemas adesivos fotal-etch e self-etch. Para isso, foram
associadas diferentes metodologias laboratoriais levando em consideracgéao a resisténcia
de unidao em diferentes tempos de envelhecimento, juntamente a avaliacao do grau de
conversao monomérica na camada hibrida e a efetividade de envelopamento da matriz
colagena exposta produzida pelos diferentes sistemas adesivos submetidos ao protocolo
adesivo proposto. Esta tese foi formulada em formato alternativo, sendo dividida em dois
capitulos. No primeiro capitulo, os objetivos especificos foram avaliar o efeito do pré-
tratamento dentinario com dimetilsulféxido 50% associado a um sistema adesivo
convencional e um sistema autocondicionante: (i) na resisténcia de uniao imediata por
meio do teste de microtracado e andlise do padrao de fratura por meio de microscopia
eletrbnica de varredura; e (ii) na capacidade de envelopamento da matriz colagena
exposta na interface adesiva por meio de analise histomorfométrica e microscopia 6tica
utilizando a coloragdo Tricrobmica de Masson. No segundo capitulo, os objetivos
especificos foram avaliar o efeito do protocolo proposto associado aos mesmos sistemas
adesivos: (i) na resisténcia de unido apos envelhecimento apds dois anos utilizando o
teste de microtracdo e analise do padréo de fratura; e (ii) no grau de conversao

monomeérica na camada hibrida por meio de espectrometria micro-raman.



CAPITULO 1

Effect of dimethyl sulfoxide wet-bonding technique on hybrid layer
quality and dentin bond strength

Abstract

Objectives: This study examined the effect of a dimethyl sulfoxide (DMSQO) wet bonding
technique on the resin infiltration depths at the bonded interface and dentin bond strength
of different adhesive systems.

Methods: Flat dentin surfaces of 48 human third molars were treated with 50% DMSO
(experimental groups) or with distilled water (controls) before bonding using an etch-and-
rinse (SBMP: Scotchbond Multi-Purpose, 3M ESPE) or a self-etch (Clearfil: Clearfil SE
Bond, Kuraray) adhesive system. The restored crown segments (n=12/group) were
stored in distilled water (24 h) and sectioned for interfacial analysis of exposed collagen
using Masson’s Trichrome staining and for microtensile bond strength testing. The extent
of exposed collagen was measured using light microscopy and a histometric analysis
software. Failure modes were examined by SEM. Data was analyzed by two-way ANOVA
followed by Tukey Test (a=0.05). Results: The interaction of bonding protocol and
adhesive system had significant effects on the extension of exposed collagen matrix
(p<0.0001) and bond strength (p=0.0091). DMSO-wet bonding significantly reduced the
extent of exposed collagen matrix for SBMP and Clearfil (p<0.05). Significant increase in
dentin bond strength was observed on DMSO-treated specimens bonded with SBMP
(p<0.05), while no differences were observed for Clearfil (p>0.05). Significance: DMSO-
wet bonding was effective to improve the quality of resin-dentin bonds of the tested etch-
and-rinse adhesives by reducing the extent of exposed collagen matrix at the base of the
resin-dentin biopolymer. The improved penetration of adhesive monomers is reflected as
an increase in the immediate bond strength when the DMSO-wet bonding technique is
used with a water-based etch-and-rinse adhesive.

Keywords: Hybrid layer; Collagen; Resin infiltration; Etch-and-rinse adhesive; Self-etch
adhesive; Microtensile bond strength, DMSO.

7



1. Introduction

Modern dental restorations rely on the adhesives providing adequate bonds
between the tooth and the restorative composite. Several approaches to enhance the
bond strength of adhesive system to dentin have been studied in the past decade [1-4].
Even though they have produced promising in vitro results, some concepts defy the
principles of user friendliness and technique simplification. Clinically feasible acceptable
methods to enhance dentin adhesion improving the collagen-resin biopolymer are still
needed.

Current bonding systems to dentin rely on effective adhesive penetration into dentin
substrate to form the hybrid layer [3,5] and on chemical interactions between residual
hydroxyapatite and specific functional monomers found mainly in self-etch adhesives [6—
8]. The resultant micro-mechanical interlocking formed after dentin hybridization is a
prerequisite to achieve adequate dentin bonding [3,8]. Ideally, such resin-dentin
interfusion zone should form a continuous and stable tooth-restoration interconnection.
However, this objective is not achieved by contemporary adhesives [4,9,10].

Dimethyl sulfoxide (DMSO; (CH3)2SO) is a polar aprotic solvent that dissolves both
polar and non-polar compounds. It is a polyfunctional molecule with a highly polar S=O
group and two hydrophobic CHs groups. DMSO is fully miscible in solvents and most
adhesive monomers [11] used in adhesive dentistry. Moreover, DMSO has the ability to
dissociate the highly cross-linked collagen into a sparser network of apparent fibrils [12]
also in dentin matrix [13], most likely by the suppression of hydrogen bond-mediated
attractive forces within the collagen [14]. This allows DMSO to efficiently penetrate
biological surfaces, which makes it perhaps the best currently known penetration
enhancer for medical purposes [15].

In a recent study, a considerably low concentration of DMSO was shown to reduce
dentin bond strength loss after aging [13]. Considering DMSO properties, higher
concentrations might have a positive effect on dentin bonding. Since adhesive resins
cannot completely infiltrate collagen matrices in demineralized dentin [16], and since
monomer diffusion into the dentin substrate is critical to proper dentin bonding [3,4,8,16],
the aim of this study was to investigate the effect of high DMSO concentration on dentin



bonding. The hypothesis set were that dentin pretreatment with DMSO would (i) reduce
the amount of exposed collagen matrix at the base of the hybrid layer and (ii) increase
immediate dentin bond strength values of commercially available adhesive systems.

2. Materials and methods

2.1 Tooth Preparation

Forty-eight recently extracted non-carious human third molars were obtained after
patient informed consent under a protocol approved by the Ethical Committee of the
Piracicaba Dental School, University of Campinas, Brazil (protocol 017/2013). Teeth were
cleaned, ultrasonicated in water for 5 min for cleaning, disinfected for one week in 0.5%
chloramine-T solution at 4°C, and stored in distilled water at 4°C for up to one month
before use. A flat coronal dentin surface was obtained by sectioning off the occlusal
surface (Isomet 1000 Precision Saw, Buehler, Lake Bluff, IL, USA). The surface
roughness was standardized with 600-grit silicon carbide paper (BuehlerMet, Buehler) for

one min under water cooling.

2.2 Dentin Bonding

The teeth were randomly assigned to four groups (n=12) according to the
adhesive/bonding technique: (i) three-step etch-and-rinse adhesive (Adper Scotchbond
Multi-Purpose, 3M ESPE, St. Paul, MN, USA) (SBMP); (i) DMSO-wet bonding with
SBMP; (iii) two-step self-etch adhesive (Clearfil SE Bond, Kuraray, Osaka, Japan)
(Clearfil); and (iv) DMSO-wet bonding with Clearfil. DMSO-wet bonding consisted of light-
pressure circular scrubbing movements of a 50 pyL of water-based 50% (v/v) DMSO
(Sigma-Aldricht, St Louis, MO, USA) (pH 8.2) for 60 seconds, using a disposable cavity
brush. For SBMP, DMSO was applied after dentin etching; for Clearfil, DMSO was applied
onto smear layer-covered dentin. Control groups consisted of distilled water application
for 60 s instead of DMSO. Table 1 displays mode of application, components and
manufacturers of the adhesives. Both adhesive systems were applied actively [17].
Adhesive procedures were carried out in a controlled environment with a temperature of
24°C and a relative humidity of 60%. Resin composite build-ups (2250, shade A2, 3M



ESPE) were built on top of the bonded dentin surfaces in four 1-mm increments that were
individually light-cured for 20 s. Light curing of all resin materials was performed using a
LED device (Bluephase 20i, Ivoclare Vivadent, Schaan, Liechtenstein). All procedures

were carried out by a single operator.

2.3 Specimen Preparation

After storage in distilled water at 37°C for 24 h, the restored segments were
sectioned (Isomet 1000 Precision Saw, Buehler) occluso-gingivally into four slabs
measuring approximately 0.9 mm. One composite-dentin slab was randomly reserved for
morphologic analysis of the adhesive interface with an optical microscope to evaluate the
presence of demineralized but unprotected collagen matrix at the base of the hybrid layer.
The remaining slabs were further sectioned into composite-dentin sticks, 0.8 mm? cross
sectional area, in accordance with the “non-trimming” technique [18] for bond strength

testing. A minimum of nine sticks were obtained from each tooth.

2.4 Optical Microscopy

One slab from each tooth measuring 0.9 mm in thickness was selected
(n=12/group). The slabs were fixed in a glass slide with a cyanoacrylate adhesive
adhesive (Super Bonder, Loctite, S&do Paulo, SP, Brazil) and hand-polished with SiC
papers of increasingly fine grits (P1200, P2000, P2500, P4000) under water cooling until
its thickness was approximately 10 um. Specimen were treated with Masson’s trichromic
acid staining technique. Briefly, the polished specimen were immersed in Bouin’s solution
for 1 h at 56 C, rinsed with distilled water, and incubated in Weigert’'s haematoxylin for 10
min. They were then washed with distilled water for 10 min, incubated in acidic scarlet
fuchsine for 3 min, rinsed with distilled water, immersed in phosphomolybdic acid for 10
min, and immediately stained with light green for 10 min. Finally, the specimen were
rinsed with distilled water and submerged in glacial acetic acid for 3 min.

Masson dye has a high affinity for cationic elements of normally mineralized type |
collagen, staining collagen green. Etching with phosphoric acid removes these elements
from collagen resulting in different coloration, generally red. Specimens were examined

in an optical microscope (Leica DMLP, Leica Microsystems, Heerbrugg, Switzerland) at
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400X magnification. In each slab the width of a red band corresponding to demineralized
dentin with exposed collagen was analyzed. Minimum of five digital images of the entire
bonded interface of each slab were obtained using an open-source image software
(Imaged, National Institute of Health, Bethesda, Maryland USA). From each image, six
measurements of the width of the red band were performed. To evenly distribute
measurements across the entire bonding interface, each image was divided into three
parts and two measurements were performed in each equidistant from each other. All in
all, over 1440 measurements of the width of exposed collagen were done in this study.
Measurements were performed by one single-blinded examiner. The average width of the
red band for all images in each slab was calculated and corresponded for the extent (um)
of exposed collagen layer at the base of the hybrid layer [9,19] for the corresponding
tooth.

2.5 Microtensile Bond Strength Test (uTBS)

Sticks were individually attached to a Geraldeli Device (Odeme, Santa Catarina,
Brazil) with a cyanoacrylate adhesive (Zapit, Dental Ventures of America, Corona, CA,
USA) and submitted to the uTBS test (DL2000, EMIC, Sao José dos Pinhais, Brazil) at
crosshead speed of 0.5 mm/min until failure. The cross-sectional area of each stick was
measured with a digital caliper (Absolute Digimatic, Mitutoyo, Tokyo, Japan) to the
nearest 0.01 mm to calculate the actual bond strength (MPa). Bond strengths for each
tooth were determined by the uTBS average values of a minimum of nine sticks. Sticks
with premature failures were recorded as 0 MPa for the statistical analysis.

2.6 Failure Mode Analysis

Both sides of fractured sticks were chemically dehydrated in ascending ethanol
concentrations (50% to 90%,) for one h in each and for two h in 100% ethanol, and finally
by immersion in hexamethyldisilazane for 10 min on filter paper inside a covered glass
vial, and air-dried at room temperature. The specimens were mounted on aluminum
stubs, gold-sputtered and analyzed under magnification of 100-6000X using a scanning
electron microscope (LEO 435 VP; LEO Electron Microscopy Ltd, Cambridge, UK)
operating on secondary electron mode at 15 Kv. Failure modes were classified as
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adhesive (A), cohesive failure in dentin (CD), cohesive failure in resin composite (CC),
and mixed failure (M) [20].

2.7 Statistical Analyses

Data from the uTBS tests and the exposed collagen zone analysis were normally
distributed (Kolmogorov-Smirnov Test) and homoscedastic (Levene Test). Data were
analyzed separately with a two-way ANOVA design (adhesive system and bonding
protocol). Post hoc multiple comparisons were performed with Tukey Studentized Range
(HSD) Test, with statistical significance set at a=0.05 using SAS statistical software (SAS
9.4 Software, SAS Institute, NC, USA). Tooth was considered the statistical unit.

3. Results

3.1 Optical Microscopy

Representative light micrographs of Masson’s Trichrome stained sections of the
dentin/adhesive interface for SBMP and Clearfil are presented in Figure 1 A-D. In all
specimens, exposed demineralized collagen not encapsulated by the adhesive stained
red, forming a distinct uniform red layer, while adhesive resin stained beige. Overall
values of exposed matrix widths for all groups are shown in Table 2. Two-way ANOVA
revealed that the “adhesive system” (p<0.0001) and the “interaction of adhesive system
and bonding protocol” (p<0.0001) had significant effects on the extent of exposed
collagen at the base of the hybrid layer. DMSO-wet bonding significantly reduced the
extent of exposed collagen for both SBMP and Clearfil (p<0.05).

SBMP specimens (Figure 1 A) presented a distinct dark red zone, 4.9 to 8.5 ym
wide, at the base of the hybrid layer. For Clearfil (Figure 1 C), the red layer was
significantly thinner (p<0.05), 1.1 to 1.7 ym wide, showing less exposure of collagen
compared to SBMP.

When DMSO-wet bonding was performed, significant reduction (p<0.05) of
exposed collagen width and color intensity occurred between DMSO-treated and
untreated specimens for both SBMP (Figure 1 B) and Clearfil (Figure 1 D). The more
intense red color in the control samples may be attributed to the better penetration of stain
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into wider zone of exposed collagen, even though the possible effect of slight differences
in sample thicknesses cannot be ruled out. DMSO-wet bonding with SBMP still presented
significantly (p<0.05) wider zones of exposed collagen (0.8 to 1.3 ym) compared to
specimen submitted to DMSO-wet bonding and bonded with Clearfil (0.4 to 0.7 ym).

3.2 Microtensile Bond Strength

Two-way ANOVA revealed that the interaction of adhesive system and bonding
protocol had significant effects on the dentin uTBS (p=0.0091). Overall uTBS values are
shown in Table 3. No statistical differences in dentin bond strength were observed
between SBMP and Clearfil control groups (p>0.05). DMSO-wet bonding with SBMP
produced significantly higher dentin bond strength values compared to the control group
and DMSO-wet bonding with Clearfil (p<0.05). DMSO-wet bonding did not alter Clearfil
bond strength (p>0.05).

3.3 Fracture Mode Analysis

SEM examination of fractured surfaces after uTBS testing and overall numbers of
fracture modes are shown in Figure 2 A-H and Table 3, respectively. For SBMP
specimens, failures were mostly mixed at the interface involving the adhesive resin or
resin composite. Collagen matrix could be frequently observed in areas of the fracture
surfaces where the hybrid layer was exposed (Figure 2 B). Adhesive failures frequently
occurred at the base and top of the hybrid layer leaving collagen exposed. SBMP
specimens treated with DMSO presented mostly mixed failures, and less adhesive
failures were observed. Moreover, less collagen was observed when failures occurred at
the hybrid layer (Figure 2 F). Adhesive failures occurred in most cases at the top of the
hybrid layer, normally associated with higher uTBS values, leaving the underlying dentin
partially covered by the adhesive. Small areas of fractures located at the base of the
hybrid layer with dentinal tubule entrances filled with resin tags were apparent.

For Clearfil, the most prevalent fracture pattern was mixed, followed by adhesive
failures. When adhesive failures occurred at the bottom of the hybrid layer, poorly resin-
enveloped collagen matrix and smear plugs left in the dentin tubules were observed
(Figure 2 D). When Clearfil was applied to DSMO-treated dentin, the most prevalent
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fracture mode remained mixed, followed by adhesive failures. However, fractures leaving
exposed collagen rarely occurred, and the underlying dentin remained partially covered
by the adhesive resin (Figure 2 H).

4. Discussion

Dentin pretreatment with 50% DMSO significantly decreased the collagen
exposure at the bottom of the hybrid layer with both adhesives tested. Therefore, the first
hypothesis was accepted. Since application of 50% DMSO to the acid-etched dentin
significantly increased dentin bond strength with SBMP, the second hypothesis was
partially accepted. The DMSO-wet bonding technique was only effective to increase bond
strength when used with the etch-and-rinse adhesive system, but not with the self-etch
adhesive.

For the etch-and-rinse dentin bonding approach, the superficial dentin is
completely demineralized for subsequent monomers diffusion [3], while for the self-etch
approach, acidic monomers demineralize and diffuse into dentin simultaneously [8]. The
adhesive monomers capacity to diffuse into the demineralized collagen matrix is
invariably impaired [9,19,21]. The main reason for DMSO-related bond strength
improvement with SBMP might be attributed to the interaction between DMSO and the
dentin substrate/adhesive systems, which may have influenced resin monomer diffusion.

DMSO presents some specific properties that potentially modify collagen matrix
interaction with resin monomers. One of such properties is DMSO ability to suppress
interpeptide hydrogen bonds within collagen fibrils [12,14], leaving collagen matrix in a
condition to be more easily infiltrated by the hydrophilic monomers. By breaking water’'s
self-associative tendency [22] high DMSO concentrations dissociate collagen fibrils into
a sparser network by reversibly destabilizing collagen structure in many tissues [12],
including dentin [13]. DMSO changes the organized structure of collagen fibers causing
dissociation of extracellular matrix collagen [12] which might benefit resin monomer
diffusion. Better monomer diffusion was demonstrated by optical microscopy, in which
significant 85.3% reduction in the extent of exposed collagen at the base of the hybrid
layer was observed with DSMO-wet bonding compared to controls of the etch-and-rinse
adhesive group.
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DMSO has a lower vapor pressure compared to other commonly used solvents,
so evaporation from the dentin substrate after the adhesive system application is less
likely to occur compared to higher vapor pressure solvents. Under normal bonding
conditions, the infiltration of adhesive system is related, in part to differences in the ratio
of the hydrophilic/hydrophobic components, i.e., the ability to dissolve in water. Since
dentin is a moist substrate, separation of hydrophobic and hydrophilic monomers
hampers the adhesive system capacity to properly diffuse into the dentin substrate [23].
During the acid-etching process, mineral content is solubilized and replaced by rinse-
water yielding a new water content of 70 vol% [3]. When three-step etch-and-rinse
systems are used, the demineralized wet-dentin is initially flooded with the hydrophilic
HEMA monomers dissolved in water, followed by the application of the hydrophobic
BisGMA monomers in a separate step. Even though the hydrophilic’/hydrophobic
components are separately applied in SBMP, the BisGMA monomers have the ability to
partially diffuse across the demineralized dentin [24]. Nevertheless, BisGMA monomers
are contaminated by varying amounts of water present in the demineralized substrate.
Phase separation occurs with hydrophobic monomers, such as BisGMA, which resist
diffusing into sites where residual water is present [25]. Partitioning of the adhesive
components inhibits not only the formation of perfectly integrated collagen/polymer
networks [23], but suppresses BisGMA infiltration throughout the width of the
demineralized dentin matrix and the subjacent intact dentin [25].

Phase separation [25] of BisGMA/HEMA bonding resins could have hindered the
diffusion of relatively large-hydrophobic molecules such as BisGMA (molecular weight
512) in SBMP control group. As a result, hybrid layers in SBMP control specimens may
have been infiltrated predominantly by HEMA (molecular weight 130) that was
subsequently polymerized into linear poly-HEMA chains, producing a resin-collagen
biopolymer with reduced mechanical properties. Phase separation invariably reduces
monomer diffusion and produces low quality hybrid layers [23,26]. DMSO has the ability
to dissolve a great number of hydrophilic’/hydrophobic resin monomers [11] including
BisGMA [11,27]. Since collagen matrix present in the demineralized dentin was saturated
with DMSO, better monomer diffusion and improved collagen encapsulation occurred with
the tested etch-and-rinse adhesive, reducing the formation of poorly hybridized adhesive
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interfaces characterized by phase separation of hydrophobic bis-GMA particles
distributed in a hydrophilic HEMA matrix [21,23]. As result, DMSO-wet bonding technique
increased bond strengths when the etch-and-rinse adhesive system was used.

The paradigm that self-etch adhesives produce simultaneous etching and resin
infiltration to the full extent of the bonded interface is not accepted any more [28,10] is
also seen in this study. Even though mild self-etch adhesive systems produce low dentin
demineralization and narrow hybrid layers [8], exposed collagen was observed along
Clearfil adhesive interface using Masson’s Trichromic staining, which is in agreement with
a previous study [10]. When DMSO was applied to dentin followed by the self-etch
adhesive application, a significant 61.5% reduction of exposed collagen was observed.
Differently from SBMP, no statistical differences in immediate dentin bond strength were
observed between the control group and DMSO-treated dentin bonded with Clearfil. The
lack of significant improvement in uTBS may be caused by relatively lower decrease in
collagen exposure. Since DMSO was applied onto smear layer-covered dentin and the
hydrophilic methacrylate phosphate ester functional monomer 10-MDP simultaneously
dissolves and incorporates the smear layer into a narrow hybrid layer, DMSO may not
have infilirated the exposed collagen matrix as effectively as with etch-and-rinse
adhesive. This may have limited DMSO capacity to increase micromechanical retention
of self-etch systems. Nevertheless, differences in fracture modes were observed. DMSO
treated specimen that failed at the bottom of the hybrid layer presented less exposure of
collagen, showing a better interaction of the self-etch adhesive system and the dentin
substrate.

While mineralized dentin show green in control groups (Fig 1A, C), it is more
beige/slightly pinkish color in DMSO treated samples (Fig 1B, D). The reason for that is
not exactly known, but is most likely not related to the collagen staining. Since the pH of
the DMSO solution was 8.2, exposure of mineralized collagen by DMSO is not possible.
The optical clearance effect of completely demineralized dentin collagen required 24 h
incubation in 100% DMSO [13]: therefore it is also highly unlikely that DMSO would affect
mineralized collagen especially with 50% DMSO concentration and such a short exposure
time. The effect of DMSO on water behavior may offer more plausible explanation. DMSO
molecule forms two hydrogen bonds with water molecules (1DMSQO:2H20). DMSO-water
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complex replaces cyclic water pentamer, the favorable water form in biological structures,
stabilizing water molecules into complexes smaller than cyclic pentamer structure [13].
This may have allowed stain penetration into water-filled dentinal tubules, turning the
mineralized dentin into pinkish color in Masson’s staining. Since acid etching removes the
smear layer and opens the orifices of dentinal tubules, the pinkish color of mineralized
dentin under the hybrid layer in DMSO-treated SBMP sample (Fig. 1B) is more intense
than in the DMSO-treated Clearfil sample (Fig. 1D), supporting this explanation.

In conclusion, the proposed DMSO-wet bonding technique was effective to
increase collagen encapsulation of the tested self-etch/etch-and-rinse adhesive systems
improving the quality of the collagen-resin biopolymer at the bonded interface. Moreover,
pretreatment of dentin with a high concentration of DMSO increased bond strength of a
HEMA/water based etch-and-rinse adhesive system. These findings support previously
observed positive effects of low-concentration DMSO on bond strength [13] and suggest
that 50% DMSO could be a feasible alternative to improve resin-dentin bond quality
especially for water-based etch-and-rinse adhesive systems. More studies should be
performed to evaluate the possible interactions between DMSO and self-etch adhesives

especially considering long-term aging of the bonded resin-dentin interface.
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Tables

Table 1. Adhesive Systems, main components, and application mode of bonding agents

Adhesive

Mode of application

System Components (Control/DMSO wet-bonding)
Adper
Scotchbond H3PO4 conditioning for 15 s. Rinse
Multi-Purpose with water 30 s. Blot drying leaving
3M/ESPE dentin slight moist. Active application
Etchant 37% phosphoric acid, of either distilled water for 60 s
fumared silica (pH 0.6) (Control), or 50% DMSO for 60s
HEMA, polyalkenoic acid (DMSO wet-bonding). Blot drying.
Primer methacrylate copolymer, Active Primer application with a fully
water saturated brush tip 10 s. Gently blow
bis-GMA, HEMA, dry 5 s. Active Bond application 10s.
Bond dimethacrylates Light cure for10 s.

photoinitiators,

Clearfil SE Bond
Kuraray

10-MDP; HEMA; CQ;

Blot drying until no sign of excess
visible moisture was observed. Active

Primer Hydrophilic application of either distilled water for
dimethacrylate; water 60 s (Control), or 50% DMSO for 60s
(pH 2.0) (DMSO wet-bonding). Blot drying.
10-MDP; N,N-diethanol-  Active Primer application with a fully
p-toludine; HEMA; Bis- saturated brush tip for 20 s'”.Mild air

Bond GMA; silanated colloidal ~ stream for 5 s. Active Bond
silica; hydrophobic application. Gentle air stream 5 s.
dimethacrylate; CQ; Light cure for 10 s.
MDPB;

Abbreviations: HEMA=2-hydroxyethyl methacrylate; Bis-GMA=Dbis-phenolA

diglycidylmethacrylate; 10-MDP=10-methacryloxydecy! dihydrogen phosphate; CQ=
camphoroquinone; MDPB, 12-methacryloyloxydodecylpyridium bromide; SiO2, silicon

oxide.
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Table 2. Width of exposed collagen as detected with Massons Tricrome staining. The

values are in micrometers (um; mean and standard deviations (£SD)).

DENTIN PRETREATMENT

ADHESIVE SYSTEM O DMSO 50°%

SBMP 6.8°" (1.0) 1.0%8 (20.1)
[4.9/8.5] [0.8/1.3]

Clearfil 1.3 (£0.2) 0.5%8 (+0.1)
[1.1/1.7] [0.4/0.7]

Different lowercase letters indicate significant difference when analyzed per column;
different capital letters indicate significant difference when analyzed per row (p<0.05;
Tukey Studentized Range (HSD) Test). Numbers inside [ ] represent the minimum and
maximum values (um) for each group (n=12). SBMP: Adper Scotchbond Multi-Purpose;
Clearfil: Clearfil SE Bond.

Table 3. Dentin microtensile bond strength (MPa: means standard deviations (xSD)),

pretest failures, and fracture modes (%) for all groups.

ADHESIVE SYSTEM DENTIN PRETREATMENT

H20 DMSO 50%
35.58%8 (+6.18) 53.343A (+8.28)
SBMP [7/121] [4/127]
Fracture mode:{35/3/2/60}  Fracture mode:{20/5/3/72}
: 34.06%A (+8.47) 39.46°A (+4.77)
Cleari [5/119] [2/128]

Fracture mode:{25/5/0/70}  Fracture mode:{18/7/2/73}

Microtensile values followed by different lowercase letters indicate significant difference
when analyzed per column; different capital letters indicate significant difference when
analyzed per row (p<0.05; Tukey Studentized Range (HSD) Test). Numbers inside [ ]
represent pretest failures: [sticks with pretest failures/intact sticks]. Numbers inside { }
represent fracture modes percentile (%) classified in {A/CD/CC/M}: {A} adhesive; {CD}
cohesive failure in dentin; {CC} cohesive failure in resin composite; and {M} mixed failure.
SBMP: Adper Scotchbond Multi-Purpose; Clearfil: Clearfil SE Bond.
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Figure 1. Representative light micrographs of dentin specimens stained with Masson’s
trichrome (Magnification: 400x): A) SBMP specimen from control group, the wide red
band that correspods to the extent of exposed collagen matrix unprotected by the
adhesive resin (space between black arrows); B) DMSO-wet bonding with SBMP, the
extent of exposed collagen (space between black arrows) is reduced when compared to
the specimen from the control group. Histometric analysis showed a significant 85.3%
reduction in the width of exposed collagen when DMSO-wet bonding was performed
(Table 2); C) Clearfil specimen from control group. Exposed collagen can be observed
between the black arrows; D) DMSO-wet bonding with Clearfil, the extent of exposed
collagen (space between black arrows) is reduced when compared to the specimen from
the control group: histometric analysis showed a significant 61.5% reduction in exposed
collagen width when DMSO-wet bonding was performed (Table 2). RC=Resin composite,
AD=adhesive layer, D=Mineralized dentin.
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Figure 2. Representative scanning electron micrographs (SEM) of the dentin side of fractured sticks: A) Low-power magnification
(100x) of a mixed failure of a SBMP control specimen; B) Higher magnification (3000x) of the area limited by the rectangle in A,
showing a region with cohesive failure at the base of the hybrid layer. Note the presence of a substancial amount exposed
collagen matrix (white arrow) and resin tags occluding the dentinal tubules; C) Low-power magnification (100x) of a mixed failure
of a Clearfil control specimen; D) Higher magnification (3000x) of the area limited by the rectangle in C, showing a region of
cohesive failures at the bottom of hybrid layer. Exposed collagen (white arrow) can be seen, but to a lower extent than in SBMP
control specimen; E) Low-power magnification (100x) demonstrates a mixed failure for DMSO-wet bonding technique of a SBMP
specimen; F) Higher magnification (3000x) of the area limited by a rectangle in E, showing cohesive failure at the hybrid layer;
note the presence of resin tags tighly occluding the dentinal tubules, sparse exposed collagen matrix (white arrow) and adhesive
remnants on top of dentin (*); G) Low-power magnification (100x) demonstrates a predominantely adhesive failure for DMSO-wet
bonding technique with Clearfil; H) Higher magnification (3000x) of the area limited by a rectangle in G, showing a region
presenting cohesive failure below the hybrid layer.Note that exposed collagen matrix is not observed. Ad=Adhesive layer,
RC=resin composite, and HL=hybrid layer.
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CAPITULO 2

Dentin bond optimization using the dimethyl sulfoxide-wet
bonding strategy

Abstract

There is an imminent need to identify and investigate alternative methods for
extending the longevity of resin—dentin bonds. This work evaluated the effect of a
new bonding protocol using a high concentration of dimethyl sulfoxide (DMSO) on
the dentin bond strength of etch-and rinse and self-etch adhesive systems after long-
term aging. The impact of the high concentration of DMSO on the degree of
monomer conversion (DC) inside the hybrid layer was evaluated. Dentin flat surfaces
(n=10) derived from sound extracted human third molars were saturated with DMSO
50% after acid etching for a water-based etch-and-rinse system (SBMP: Scotchbond
Multi-Purpose, 3M ESPE) or a water based self-etch system (Clearfil: Clearfil SE
Bond, Kuraray). The restored teeth were sectioned into resin-dentin sticks (cross
sectional area 0.8 mm?) and used for microtensile bond strength test (0.5 mm/min)
at 24 h, 1 year and 2 years. Micro-raman spectroscopy for DC analyses inside the
hybrid layer was evaluated at 24 h. DMSO-wet bonding had no negative effect on
the degree of conversion irrespective of adhesive type: in fact, higher conversion
values were observed when Clearfil was associated with DMSO. DMSO-wet bonding
increased immediate bond strength of the tested etch-and-rinse adhesive system,
and reduced bond strength loss for both tested adhesive systems after long-term
aging. A tendency of reduced adhesive failures were observed in DMSO-treated
samples after two years. In conclusion, DMSO-wet bonding seems to be a promising
approach to reduce resin-dentin bond degradation of etch-and-rinse and self-etch
adhesives. Key words: Dimethyl sulfoxide, Dentin bonding, Durability, Long-term,

self-etch, etch-and-rinse
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1. Introduction

Adhesion of resin materials to tooth structure has been a challenge in the
history of the adhesive dentistry. Currently, the issue of bond durability draws
significant attention regarding resin—dentin bonding (van Dijken et al., 2007; Liu et
al., 2011; Tjaderhane et al., 2013b). Despite of all improvements in dental adhesive
technology and advances in bonding knowledge, resin-dentin bonding still presents
significantly limited durability for both etch-and-rinse and self-etch adhesive systems
(van Dijken et al., 2007; Hashimoto, 2010).

Resin-dentin bonds created by infiltration of hydrophilic resin monomers into
demineralized (Wang and Spencer, 2003) and mineralized dentin (Carvalho et al.,
2005) are imperfect and unstable (Hashimoto, 2010). High permeability of the
bonded interface, sub-optimal polymerization, and phase separation during
adhesive application contributes to hydrolytic degradation of the adhesive resin
(Hashimoto, 2010). Another relevant aspect, in face of insufficient resin impregnation
of dentin (Wang and Spencer, 2003), is the collagenolysis by endogenous matrix
metalloproteinases and cysteine cathepsins of unprotected collagen fibrils (Pashley
et al., 2004; Tjaderhane et al., 2013c). Irrespective of adhesive type, hydrolytic
degradation of the adhesive resin and collagen matrix degradation occur
concurrently, for resin elution from hydrolytically unstable polymeric hydrogels within
the hybrid layers increases unprotected collagen matrix over time. Several
adjunctive procedures have been suggested to prevent biodegradation of hybrid
layers over time (reviewed in Tjaderhane et al., 2013b). Although encouraging
results have been produced, they do not effectively address both hydrolytic
degradation of the adhesive resin and collagen degradation concurrently, with
possibly the exception of ethanol-wet bonding (Tezvergil-Mutluay, Agee, et al.,
2011), which is unfortunately clinically unfeasible due to the technique sensitivity and
increase in application steps (Tjaderhane et al., 2013b). As a result, such strategies
are partially limited in their true potential as methods to optimize the durability of

resin restorations.
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Dimethyl sulfoxide (DMSQO; (CH3)2S0) is a polar aprotic solvent with a highly
polar S=O group and two hydrophobic CH3 groups. Its ability to penetrate biological
surfaces and tissues makes it perhaps the best penetration enhancer for medical
purposes (Marren, 2011) with minor or no effects on the pulp tissue repair-related
activity of odontoblast-like cells (Hebling et al., 2015 in press). Recent studies have
indicated that a low concentration of DMSO may improve both immediate
(Tjaderhane et al., 2013a; Stape et al., in press) and long-term (Tjaderhane et al.,
2013a) dentin bond strength. Despite good results after 1-year of water storage, the
long-term efficacy has only been demonstrated with two-step etch-and-rinse
adhesive (Tjaderhane et al., 2013a). Moreover, several preventive bonding
strategies, despite good results after one-year of water storage, show progressive
signals of hybrid layer degradation over longer periods of time (Breschi et al., 2010;
Sadek et al.,, 2010). Therefore, this in vitro study evaluated the effect of a high
concentration aqueous-solution of DMSO on dentin bond durability and degree of
conversion at the hybrid layer of two-step etch-and-rinse and three-step self-etch
adhesives after two-year long-term storage. The null hypotheses to be tested were
that: (i) irrespective of adhesive type, monomer conversion would not be hampered
by DMSO; and (ii) application of a high concentration of DMSO on demineralized

dentin would not affect immediate or long-term dentin bond strength.

2. Materials and methods

2.1 Teeth selection and preparation

Forty intact non-carious human third molars with complete root formation
were extracted for surgical reasons with patients’ (age 18-25 years) informed
consent and approval by the Ethical Committee of the Piracicaba Dental School,
University of Campinas, Brazil (protocol 128/2014). Teeth were cleaned, disinfected
for one week in 0.5% chloramine-T solution at 4°C, and stored in distilled water at
4°C for up to one month before use (Perdigédo, 2010). A flat coronal dentin surface

was obtained by sectioning off the occlusal one-third of the crown (Isomet 1000
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Precision Saw, Buehler, Lake Bluff, IL, USA). The surface roughness was
standardized with 600-grit silicon carbide paper (BuehlerMet, Buehler, Lake Bluff,
lllinois, USA) for 60 s under water cooling and the specimens were randomly
assigned to four groups (n=10) according to the bonding protocols used.

2.2 Dentin bonding protocol

Two commercially available unaltered adhesive systems were used: a three-
step etch-and-rinse adhesive system (Adper Scotchbond Multi-Purpose, 3M ESPE,
St. Paul, MN, USA) (SBMP) and a two-step self-etch adhesive (Clearfil SE Bond,
Kuraray, Osaka, Japan) (CF). Dentin bonding in control groups was performed
following manufactures’ instructions (SBMP and CF; Table 1). In experimental
groups (SBMP+DMSO and CF+DMSOQO), 50 uL of water-based 50% (v/v) DMSO
(Dimethyl Sulfoxide, Sigma-Aldricht, St Louis, MO, USA) (pH 8.2) was actively
applied for 60 seconds, using a disposable micro brush. For SBMP, DMSO was
applied after dentin etching; for Clearfil, DMSO was applied onto smear layer-
covered dentin. Table 1 displays the mode of application, components and
manufacturers of the adhesive systems. Both adhesive systems were applied
actively. Adhesive procedures were carried out in a controlled environment with a
temperature of 24°C and a relative humidity of 60%. Resin composite build-ups
(Z250, shade A2, 3M ESPE) were built on top of the bonded dentin surfaces in four
1-mm increments that were individually light-cured for 20 s. Light curing of all resin
materials was performed using a LED device (Bluephase 20i, Ivoclare Vivadent,
Schaan, Liechtenstein). A single operator carried out all bonding procedures.

2.3 Specimen preparation

The restored crown segments were stored in distilled water at 37°C for 24 h
and sectioned (Isomet 1000 Precision Saw, Buehler, Lake Bluff, lllinois, USA)
occluso-gingivally across the bonded interface into slabs measuring approximately
0.9 mm. The slabs, in turn, were further sectioned into composite-dentin sticks,

pursuing a final cross sectional area of approximately 0.8 mm? in accordance with
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the “non-trimming” technique (Shono et al., 1999) for bond strength testing. A

minimum of 20 sticks were obtained from each tooth.

2.4 Specimen aging

Sticks were stored in artificial saliva for up to two years at 37 C. The storage
solution was prepared and changed weekly in accordance with a protocol previously
described containing (mmoles/L): CaClz (0.7), MgCl2-6H20 (0.2), KH2PO4 (4.0), KCI
(30), NaN3 (0.3), and HEPES buffer (20) (Pashley et al., 2004).

2.5 Resin-dentin microtensile testing (UTBS)

Microtensile test was performed at three periods: 24 h, 1 year and 2 years.
For each period, six resin-dentin sticks from each restored tooth (n=6) were
randomly chosen and individually attached to a Geraldeli’'s device (ODEME
Biotechnology, Luzerna, SC, Brazil) using cyanoacrylate adhesive (Super Bonder,
Loctite, SP, Brazil). Sticks were tested in tensile forces in a universal testing machine
(DL2000, EMIC, Sao José dos Pinhais, SC, Brazil) at a crosshead speed of 0.5
mm/min until failure. The number of premature failures per tooth during specimen
preparation was recorded. The cross-sectional area of each stick was measured with
a digital caliper (Absolute Digimatic, Mitutoyo, Tokyo, Japan) to the nearest 0.01 mm
in order to calculate the actual uTBS. Both surfaces of fractured sticks were
observed under a stereomicroscope (Olympus 220670; Tokyo, Japan) with 40x
magnification for fracture pattern classification. The fracture modes were classified
as follows: cohesive (failure exclusive within dentin or resin composite); adhesive
failure (failure at resin/dentin interface); and mixed failure (failure at resin/dentin
interface with cohesive failure of the neighboring substrates). For failure modes that
could not be accurately established under the stereomicroscope, the surfaces were

examined in a scanning electron microscope.
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2.6 Degree of conversion (DC) inside the hybrid layer measurements

Two sticks from each tooth (n=10) were randomly evaluated at 24 h. Sticks
were wet-polished with P1200, P2000, P2500, and P4000 SiC paper (Buehler Ltd,
Lake Bluff, IL, USA), ultrasonically cleaned for 2 min between polishing steps and
20 min after the final step. Raman spectra were collected using a micro-Raman
spectrometer (Senterra, BrukerOptik GmbH, Ettlingen, Baden Wairttemberg,
Germany) to investigate the DC inside the hybrid layer of the adhesive interfaces.
The micro-Raman spectrometer was first calibrated for zero and then for the
coefficient values using a silicon sample. Samples were analyzed using the following
micro-Raman parameters: 20 mW Neon laser with 532 nm wavelength, spatial
resolution of approximately 3 pm, spectral resolution approximately 5 cm™,
accumulation time of 30 s with 6 co-additions, and 100x magnification (Olympus UK,
London, UK) to a =1 ym beam diameter. The spectra were taken in the middle of the
hybrid layer, in an arbitrary area of the intertubular dentin. Care was taken to select
an area between two dentin tubules. One site was examined in each stick (Hass et
al., 2013). Spectra of uncured adhesives were taken as reference. Post-processing
of spectra was performed using the dedicated Opus Spectroscopy Software version
6.5 (BrukerOptik GmbH, Ettlingen, Baden-Wirttemberg, Germany). The ratio of
double-bond content of monomer to polymer in the hybrid layer was calculated
according to the following formula:

(Cured)

DC(%) = (1— W) X 100

where “R” is the ratio of aliphatic and aromatic peak intensities at 1639 cm™' and
1609 cm™ in cured and uncured adhesives.

2.7 Statistical Analysis

After confirming the normality of the data distribution, Kolmogorov—Smirnov
test, and the equality of variances by the Barlett test, uTBS data were subjected to
Repeated Measures ANOVA test and DC data were submitted to one-way ANOVA.

Post hoc multiple comparisons were performed with Tukey Test test, (a=0.05). As
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sticks from each tooth were used for different evaluation times, sticks from each
group and from each aging period were averaged for statistical purposes.

3 Results

3.1 Degree of conversion (DC)

Raman images based on R1639/1609 were generated to show the
distribution of unconverted C=C bond content in the hybrid layer. Means and
standard deviations of degree of conversion inside the hybrid layer obtained from
Raman spectra and statistical differences for all groups are reported in Figure 1.
One-way ANOVA showed significant differences between groups. For SBMP, the
degree of conversion between SBMP+DMSO and SBMP control group were not
statistically different from each other (p=0.892). For CF, the monomer conversion
value of CF+DMSOQO was statistically higher (p=0.033) than CF control group.

3.2 Microtensile bond strength evaluation

The mean cross-sectional area of tested resin-dentin sticks ranged from 0.74
to 0.83 mm? and no statistical differences among groups was detected (p=0.43).
Microtensile overall means and the respective standard deviations are reported in
Figure 2. Repeated measure ANOVA detected that “adhesive type” (p=.0038),
“‘dentin treatment” (p<.0001), and “aging” (p<.0001) significantly affected dentin
bond strength. The interaction between “dentin treatment” and “adhesive type”
significantly affected microtensile values irrespective of “aging” (p=.0003): bond
strength of DMSO treated SBMP specimens were significantly higher (37.4%) than
untreated specimens at 24 h (p<.0001), However, no statistical differences were
observed for CF between DSMO treated and untreated specimens at 24 h (p=.6817).
The interaction between “aging” and “adhesive type” was not statistically significant
(p=.1196), showing that aging affected bond strength irrespective of adhesive type.
Moreover, the interaction of “aging” and “dentin treatment” significantly affected

dentin bond strength (p<.0001), showing a different effect between DMSO treatment
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and no-treatment on bond strength over time. Bond strengths of untreated
specimens at one year were not statistically different compared to specimens tested
at 24 h. However, bond strength of untreated specimens reduced significantly at two
years compared to 24 h microtensile values. It was observed a significant reduction
in bond strength of 45.7% for untreated SBMP specimens (p<.0001), and 36.8 % for
untreated CF specimens (p<.0001). Differently, no statistical differences were
observed for DMSO-treated specimens for both SBMP and CF at the three testing

periods. Fracture mode distribution are shown in Figure 3.

4. Discussion

Since the proposed DMSO-wet bonding technique did not negatively influence
monomer conversion inside the hybrid layer for SBMP and increased monomer
conversion for CF, the first null hypothesis was rejected. One concern that may arise
considering dentin saturation with low vapor pressure solvents (i.e. DMSO), prior to
dentin bonding, is that residual solvents at the hybrid layer may compromise
monomer conversion and the rate of conversion of adhesive systems (Cadenaro,
2012). Residual solvents may dilute monomer concentration and separate growing
polymer chains (Cho and Dickens, 2004; Cadenaro et al., 2008), which may in turn
compromise dentin bond strengths (Hashimoto et al., 2006). However, such effect
on polymerization kinetics of dental adhesives is concentration dependent
(Cadenaro, 2012). Even though residual DMSO stays within the dentin substrate in
face of DMSO low vapor pressure, no negative effects in monomer conversion were
observed for both tested adhesive systems. During the bonding protocol, dentin
wetness after DMSO application was controlled according to the adhesive system
used: dentin was maintained slightly wet for SBMP and with no signs of visible
moisture for CF in order to optimize the bonding performance of both systems
(Pashley et al., 2011; Van Meerbeek et al., 2011). During the total-etch approach,
demineralized dentin is composed by approximately 70% water (Pashley et al.,
2011; 2007). Dentin pre-treatment with a water-based 50% DMSO solution after
etching, likely replaced water content in dentin. Since the control of dentin wetness
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was performed in the same manner for both treated and untreated specimens
according to the adhesive system used, the overall amount of solvent within the
demineralized dentin (i.e. water for control groups; and water/DMSO for
experimental groups) remained the same. Moreover, the composition of the
remaining solvents at the bonded interface differed between DMSO-treated and
untreated samples, not necessarily the overall solvent amount. The proposed
technique merely replace dentin solvent content. Therefore, residual DMSO did not
affect SBMP degree of conversion when a wet-bonding technique was used, for
SMPB is originally applied in a substrate highly saturated with water.

For the self-etch approach, dentin was kept dry so residual DMSO might have
influenced monomer conversion. Depending on the concentration and solvent type,
solvents might improve the degree of conversion of hydrophilic adhesive systems
(Cadenaro et al., 2008). The increased monomer conversion observed in CF might
be related to a possible increase in monomer mobility along the bonding interface
caused by the low amount of residual DMSO. In addition, previous results showed
that low pH could considerably affect the initiating efficiency of amines thus resulting
in poor polymerization of self-etch adhesives (Guo et al., 2009; Moszner et al., 2005).
Since the pH of the DMSO solution used was 8.2, we speculate that a slight increase
in dentin pH caused by DMSO during the 60 s active application, without over-
wetting the bonding substrate, might have also have improved CF monomer
conversion.

Considering dentin bonding performance, the measurement of DC inside the
hybrid layer can provide useful information for reduction in conversion values may
be correlated with reduced bond strengths (Hass et al., 2013) compromising the
adhesive interface. Since higher immediate dentin bond strengths were produced
and preserved after long-term aging when the proposed DMSO-wet bonding
technique was employed with the tested etch-and-rinse adhesive system, the
second null hypothesis was rejected. Improvement in dentin bond strength may be
attributed to several factors related to the biomodification of the bonding substrate
brought up by DMSO, which most likely enhanced the interaction between adhesive
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and dentin improving bond strength. DMSO easily penetrates into biological
surfaces, which makes it perhaps the best currently known penetration enhancer for
medical purposes (Marren, 2011). Differently than high vapor pressure solvents (e.g.
ethanol/acetone), DMSO has a low vapor pressure, so dentin remained saturated by
DMSO during adhesive application. The fact that DMSO remained trapped within the
bonded interface certainly contributed for immediate bond strength increase for
SBMP and for the preservation of bond strengths of SBMP and Clearfil after aging.

Enhanced collagen matrix infiltration by hydrophilic monomers in
SBMP/DMSO occurs (Stape et al. in press) partially due to suppression of
interpeptide hydrogen bonds within demineralized collagen fibrils produced by
DMSO (Zimmerley et al., 2009; Hirshburg et al., 2006). By breaking water’s self-
associative tendency (Vishnyakov, 2001), high DMSO concentrations dissociate
collagen fibrils into a sparser network by reversibly destabilizing collagen structure
(Zimmerley et al., 2009) including dentin (Tjaderhane et al., 2013). Collagen
biomodification caused by a high DMSO concentration played an important role in
SBMP immediate bond strength increase. Moreover, DMSO ability to be fully
miscible in water and to dissolve most currently known adhesive
hydrophilic’/hydrophobic monomers, including HEMA and BisGMA (Geurtsen et al.,
1998), certainly reduced the occurrence of phase separation during dentin
hybridization improving resin monomer diffusion within demineralized dentin. One
important aspect regarding resin dentin bonding is that bond strengths in total-etch
adhesive systems vary directly with the width of interfibrillar spaces within the hybrid
layer (Pashley et al., 2007; Carvalho et al., 2003). Since DMSO remains within the
collagen matrix during dentin hybridization, most likely maintaining the interfibrilar
spaces by breaking interpeptide H-bonds (Zimmerley et al., 2009; Hirshburg et al.,
2006) higher immediate bond strengths were produced.

Differently from SBMP, DMSO-wet bonding had no influence on immediate
dentin bond strength of the tested self-etch adhesive system, which might be
explained by differences in the bonding mechanisms. For the etch-and-rinse bonding

approach, superficial dentin is completely demineralized for subsequent monomers
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diffusion (Pashley et al., 2011), while for the self-etch approach, acidic monomers
demineralize and diffuse into dentin simultaneously promoting chemical interaction
with hydroxyapatite (Van Meerbeek et al., 2011). For the self-etch approach, DMSO
wet-bonding had no influence on immediate bond strength. One reasonable
explanation for such finding is that self-etch systems, unlike total-etch systems, do
not solely rely on collagen encapsulation to produce micromechanical retention.
Improved collagen encapsulation is possibly the main factor involved in bond
strength involved in the immediate increase of dentin bond strength in total-systems
(Stape et al., in press). Interaction of self-etch monomers with dentin is more
superficial compared to total-etch systems, and the chemical interaction with the
mineralized tissue plays an important role on the adhesive capacity to properly bond
to the dentin substrate (Van Meerbeek et al., 2011). Even though higher monomer
conversion values occurred in DMSO-tretaed CF specimens, the increase in DC was
not reflected as immediate bond strength increase.

Although high bond strengths are crucial to the longevity of resin restorations,
they are only meaningful if they are stable over time. Irrespective of adhesive type,
bond strengths were not statistically reduced at 1 year. However, aging significantly
affects dentin bond strength (De Munck et al., 2003), which was observed in the
present study with a significant reduction in microtensile values of untreated
specimens at 2 years. This is the first study to evaluate the long-term effect of aging
on bond strength of highly DMSO-saturated hybrid layers. After adhesive light-
curing, residual water or solvents may become pathways for water movement within
hybrid layers (Tay et al., 2002) which increases permeability (Chersoni et al., 2004)
and subsequent susceptibility to degradation via resin hydrolysis (Hashimoto, 2010;
De Munck et al., 2003) and collagen degrading enzymes (Liu et al., 2011; Pashley
et al., 2004). Nonetheless, DMSO-wet bonding produced bond strengths that were
not statistically reduced at 2 years, while control groups presented a 57.8% reduction
compared to DMSO-treated specimens. The ability of DMSO to prevent dentin bond
degradation of etch-and-rinse adhesives might be partly attributed to DMSO capacity
to reduce the gelatinolytic activitiy produced by endogenous proteases as it was
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demonstrated in a previous study that used a significantly lower 0.004% DMSO
concentration (Tjaderhane et al., 2013). Apart from DMSO endogenous protease
inhibition, improvements within the hybrid layer by high DMSO concentration
regarding monomer diffusion (Stape et al., in press) possibly contributed for the
stability of the SBMP bonded interface over time. Direct measurements of the
mechanical/physical properties of the hybrid layer were not performed in the present
study. However, considering the immediate bond strength increase in DMSO treated
specimens for SBMP, we speculate that improvements in hybrid layer quality may
have contributed to reduce the deleterious effects of aging at the adhesive interface.
Analysis of fracture patterns at 2 years comparing DMSO-treated and untreated
specimen showed a tendency of reduction in adhesive failures in DMSO-treated
dentin, which suggests a possible improvement of the bonded interface. Moreover,
BisGMA (molecular weight 512) has a limited ability to diffuse across the hybrid layer
(Zou et al., 2010). As a result, the bulk of the hybrid layers is infiltrated predominantly
by HEMA (molecular weight 130) (Zou et al., 2010; Spencer and Wang, 2002)
subsequently polymerizing mostly into linear poly(HEMA) chains. Since DMSO
dissolves both HEMA and BisGMA (Geurtsen et al., 1998), BisGMA/HEMA rates
inside the hybrid layer possibly increased, favoring polymer crosslinking. Therefore,
a hypothetical reduction of polymer crosslinks at the hybrid layer in untreated
specimens could have resulted in a higher degree of water sorption (Spencer and
Wang, 2002). As endogenous proteases require water to function, this could also
have expedited the collagenolytic activities within the hybrid layer of untreated
specimens. More studies are required to assess differences in etch-and-rinse dentin
hybridization produced by DMSO-wet bonding.

To date, it is still unclear the most predominant cause for resin-dentin bond
instability. Even though factors involved in bond degradation occur simultaneously,
the degradation caused by endogenous enzymes seems to be more pronounced in
etch-and-rinse adhesives, while hydrolysis of polymeric matrix caused by water
sorption is most likely the principal mechanism of bond degradation of self-etch
adhesives (De Munck et al., 2009). Although CF presents a two-fold micro-
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mechanical and chemical bonding mechanism (Van Meerbeek et al.,, 2011),
untreated CF specimens suffered a significant 36.8% reduction in bond strength at
2 years. However, when DMSO-wet bonding was employed, dentin bond strength
was preserved as in SBMP. Differently form SBMP, DMSO was applied on smear
layer covered dentin for CF, which hindered DMSO contact with the demineralized
collagen matrix at the bonded interface certainly producing a different mechanism of
bond strength preservation compared to total-etch adhesive tested. Since DMSO
increased CF monomer conversion at the hybrid layer, we speculate that hydrolysis
of polymeric matrix over time caused by water sorption certainly occurred to a lesser
degree, preventing bond strength loss when DMSO was used.

In conclusion, this study presents compelling evidence that dentin pre-
treatment with 50% DMSO improves the bonding performance of both self-etch and
etch-and-rinse tested adhesives after long-term aging. The proposed DMSO wet-
bonding technique not only prevented bond strength loss, but also produced
significantly higher dentin bond strengths over time when a water-based total-etch
adhesive was used. Dentin pre-treatment with a high DMSO concentration did not
negatively affect the degree of monomer conversion of the tested total-etch system,
in fact, higher monomer conversion occurred for the self-etch system.
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Tables

Table 1. Adhesive Systems, main components, and application mode of bonding

agents
Adhesive Components
System Mode of application
Control DMSO wet-bonding

Adper (1) H3PO4 1) H3PO4 conditioning

Scotchbond conditioning for 15  for 15 s; (2) rinse with

Multi-Purpose s; (2) rinse with water for 30 s; (3) blot

(SBMP) water for 30 s; (3)  drying leaving dentin

3M/ESPE blot drying leaving  slight moist; (4) active
37% phosphoric dentin slight moist;  application of 50%

Etchant acid, fumared (4) Primer DMSO for 60 s; (5) blot
silica application with a drying leaving dentin
HEMA, fully saturated slight moist; (6) Primer

Primer polyalkenoic acid  brush tip*; (5) application with a fully
methacrylate gently blow dry 5's; saturated brush tip*; (7)
copolymer, water  (6) Bond gently blow dry 5's; (8)
bis-GMA, HEMA,  application*; and Bond application*; and

Bond dimethacrylates (7) Light cure for10  (9) Light cure for 10 s.
photoinitiators, S.

Clearfil SE (1) active application of

Bond (CF) (1) Blot drying until  50% DMSO for 60s; (2)

Kuraray no sign of visible Blot drying until no sign
10-MDP; HEMA; moisture was of visible moisture was

Primer CQ; Hydrophilic observed; (2) active obgerved; (3) active
dimethacrylate; Primer application ~ Primer application with a
water (pH 2.0) with a fully fully saturated brush tip
10-MDP; N,N- saturated brush tip  for 20 s; (4) mild air
diethanol-p- for 20 s; (3) mild air stream for 5 s; (5) active
toludine; HEMA,; stream for 5 s; (4) Bond application*; (6)

Bond Bis-GMA; Bond application*;  gentle air stream 5 s;
silanated colloidal  (5) gentle air and (7) light cure for 10
silica; hydrophobic stream 5 s; and (6) s.
dimethacrylate; light cure for 10 s.
CQ; MDPB;

Abbreviations:  HEMA=2-hydroxyethyl methacrylate; Bis-GMA=bis-phenolA

diglycidylmethacrylate; 10-MDP=10-methacryloxydecyl dihydrogen phosphate; CQ=
camphoroquinone; MDPB, 12-methacryloyloxydodecylpyridium bromide; SiO2,
silicon oxide; * application time was standardized (10 s).
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Figure 1. Degree of conversion (%) inside the hybrid layer for all groups. Different

letters indicate significant difference according to Tukey Test (p<0.05).
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Figure 2. Dentin bond strength values for all groups. Different capital letters

indicate significant difference according to Tukey Test (p<0.05) for each aging

period; different lowercase letters indicate significant difference according to Tukey

Test (p<0.05) comparing different aging periods.
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CONCLUSAO

De acordo com os resultados obtidos e considerando as limitacbes das
metodologias utilizadas, pdde-se concluir que:

1. O mecanismo de acao do protocolo adesivo com 50% DMSO depende do
sistema adesivo utilizado. O protocolo adesivo proposto nado influenciou a
resisténcia de unido imediata do adesivo autocondicionante de 2 passos testado,
no entanto, promoveu aumento na resisténcia de unido do adesivo convencional de

3 passos;

2. Ambos adesivos testados produziram menores extensbes de matriz
colagenas nao encapsuladas na base da camada hibrida quando o pré-tratamento

dentinario com 50% DMSO foi realizado, melhorando a hibridizacdo da dentina;

3. A saturacdo do substrato dentinario com 50% DMSO, ndo afetou a
conversdo monomérica na camada hibrida do sistema adesivo convencional
testado; no entanto houve aumento no grau de conversdo do sistema adesivo

autocondicionante;

4. A técnica adesiva com DMSO proposta contribuiu para a preservacao dos
valores de resisténcia de unido de ambos adesivos testados por dois anos,
aumentando a durabilidade de interfaces adesivas envolvendo o substrato

dentinario.
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APENDICE 1

METODOLOGIA ILUSTRADA

Figura 1. Preparo das amostras. A): confecgcdo de suporte em cera utilidade e

fixagdo do terceiro molar higido mantendo as cuUspides na mesma altura e
perpendiculares ao longo eixo do dente; B): posicionamento e fixacdo do tubo de
PVC vaselinado ao redor do elemento dentario, sobre uma lamina de cera; C):
inclusao da porcéo radicular em resina de poliestireno, 1 mm aguém do limite amelo-
cementario; D): vista vestibular e oclusal apés a remocao do tubo de PVC; E):
posicionamento do dente incluido em resina de poliestireno em placa acrilica com
cola quente e fixacado da placa na cortadeira de precisao; F): seccao da face oclusal
para exposicao de dentina de profundidade média; G): vista vestibular apbs seccao

da face oclusal e remocéo da placa acrilica.
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Figura 2. Remocéo de ilhas remanescentes de esmalte e padronizagdo da smear
layer. A): verificacao da presenga de esmalte remanescente em lupa estereoscopica
(aumento 40x); B): remocado de esmalte remanescente utilizando lixas de
granulacdo 400, seguido da padronizagcdo da smear layer utilizando lixas de
granulacao 600 por 60 s em politriz sob irrigacdo constante de agua; C): superficie
de dentina média plana pronta para realizacdo dos protocolos adesivos e

restauracao.

Figura 3. Protocolo de aplicacao do sistema adesivo Scotchbond Multi-purpose. A):

manutencao da superficie dentinaria umida previamente a hibridizagao; B): controle
de umidade com tiras de papel absorvente; C): condicionamento com acido fosférico
por 15 s; D): lavagem com &gua por 30 s; E): controle de umidade mantendo a
dentina levemente Umida; F): aplicacédo ativa de 50 uL de agua destilada por 60 s;
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G): controle de umidade mantendo a dentina levemente umida; H): aplicacdo do
Primer; 1): volatilizagdo do solvente por 5 s; J): aplicacdo do Bond; K): remoc¢ao de
excesso do sistema adesivo; L): fotoativacdo por 10 s utilizando um
fotopolimerizador LED (Bluephase 20i, Ivoclare Vivadent).

Figura 4. Protocolo de aplicacdo do sistema adesivo Scotchbond Multi-purpose

segundo a técnica DMSO-wet bonding. A): manutencado da superficie dentinaria
umida previamente a hibridizagdo; B): controle de umidade com tiras de papel
absorvente; C): condicionamento com acido fosforico por 15 s; D): lavagem com
agua por 30 s; E): controle de umidade mantendo a dentina levemente Uumida; F):
aplicacao ativa de 50 uL. de DMSO 50% por 60 s; G): controle de umidade mantendo
a dentina levemente umida; H): aplicacao do Primer; 1): Volatilizacdo do solvente
por 5 s; J): aplicacdo do Bond; K): remocéo de excessos do sistema adesivo; L):
fotoativacao por 10 s, utilizando um fotopolimerizador LED (Bluephase 20i, lvoclare
Vivadent).
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Figura 5. Protocolo de aplicacdo do sistema adesivo Clearfii SE Bond. A):

manutencao da superficie dentinaria umida previamente a hibridizagao; B): controle
de umidade com tiras de papel absorvente criando um substrato seco; C): aplicagéo
ativa de 50 pL de agua destilada por 60 s; D): controle de umidade com tiras de
papel absorvente criando um substrato seco; E): aplicacao ativa do Primer acidico
por 20 s; F): volatilizacdo do solvente por 5 s; G): aplicacao do Bond, H): remocéao
de excesso do sistema adesivo; L): fotoativagdo por 10 s, utilizando um

fotopolimerizador LED (Bluephase 20i, Ivoclare Vivadent).
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Figura 6. Protocolo de aplicagdo do sistema adesivo Clearfil SE Bond segundo a
técnica DMSO-wet bonding. A): manutencdo da superficie dentinaria umida
previamente a hibridizacao; B): controle de umidade com tiras de papel absorvente
criando um substrato seco; C): aplicacao ativa de 50 uL de DMSO 50% por 60 s;
D): controle de umidade com tiras de papel absorvente criando um substrato seco;
E): aplicagéo ativa do Primer acidico por 20 s; F): volatilizacado do solvente por 5 s;
G): aplicacédo do Bond; H): remogao de excesso do sistema adesivo; L): fotoativacdo
por 10 s, utilizando um fotopolimerizador LED (Bluephase 20i, Ivoclare Vivadent).

Figura 7. Confeccdo das Restauragdes. A): resina microhibrida (Z250 3M ESPE);

B) estratificagdo do primeiro incremento de 1mm exclusivamente sobre dentina; C)
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vista lateral do primeiro incremento; D) fotoativacdo por 20 s; E): restauracao
finalizada.

Figura 8. Confeccéo das fatias e palitos. A): fixacao dos dentes restaurados em

placa acrilica utilizando cola quente e montagem da placa em cortadeira de precisdo
para realizacao de secc¢des longitudinais de 0,9 mm; B) fatias obtidas; C) remocéao
do dente restaurado, estabilizacdo das fatias com cera e fixacdo em placa acrilica
com cola quente girando o dente restaurado em 90. D) confeccdo de secgbes
longitudinais; E): vista oclusal dos palitos obtidos.

Figura 9. Avaliacdo da exposicao de fibrilas colagenas ndo encapsuladas na base

da camada hibrida. A) selecao de uma fatia por dente; B) colagem da fatia em
lamina histolégica com adesivo a base de cianoacrilato; C) polimento manual da
fatia utilizando lixas de granulacdo P1200, P2000, P2500 e P4000; D) fatia ap6s a
coloracao de Masson; E): analise da interface adesiva em microscopio ético (Leica
DMLP, Leica Microsystems).
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Figura 10. Teste de microtracao. A): colagem dos palitos com adesivo a base de
cianoacrilato em garras com canaleta central; B): fixacdo individual das garras no
dispositivo de Geraldeli montado em maquina de ensaio mecéanico (DL2000, EMIC);

C) carregamento de tracao, velocidade de 0,5 mm/min, até a fratura.

Figura 11. Analise do grau de conversdo na camada hibrida. A): polimento dos
palitos utilizando lixas de granulagao P1200, P2000, P2500 e P4000; B) limpeza em
cuba ultrassénica; (C) espectrdmetro (Senterra, BrukerOptik GmbH); (D) obtencao

dos espectros-raman na regido de camada hibrida.
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Abstract: Objectives: This study examined the effect of a dimethyl sulfoxide (DMSO) wet bonding
technique on the resin infiltration depths at the bonded interface and dentin bond strength of
different adhesive systems.Methods: Flat dentin surfaces of 48 human third molars were treated
with 50% DMSO (experimental groups) or with distilled water (controls) before bonding using an
etch-and-rinse (SBMP: Scotchbond Multi-Purpose, 3M ESPE) or a self-etch (Clearfil: Clearfil SE Bond,
Kuraray) adhesive system. The restored crown segments (n=12/group) were stored in distilled
water (24 h) and sectioned for interfacial analysis of exposed collagen using Masson's Trichrome
staining and for microtensile bond strength testing. The extent of exposed collagen was measured
using light microscopy and a histometric analysis software. Failure modes were examined by SEM.
Data was analyzed by two-way ANOVA followed by Tukey Test (a=0.05). Results: The interaction of
bonding protocol and adhesive system had significant effects on the extension of exposed collagen
matrix (p<0.0001) and bond strength (p=0.0091). DMSO-wet bonding significantly reduced the
extent of exposed collagen matrix for SBMP and Clearfil (p<0.05). Significant increase in dentin bond
strength was observed on DMSO-treated specimens bonded with SBMP (p<0.05), while no
differences were observed for Clearfil (p>0.05). Significance: DMSO-wet bonding was effective to
improve the quality of resin-dentin bonds of the tested etch-and-rinse adhesives by reducing the
extent of exposed collagen matrix at the base of the resin-dentin biopolymer. The improved
penetration of adhesive monomers is reflected as an increase in the immediate bond strength when
the DMSO-wet bonding technique is used with a water-based etch-and-rinse adhesive.
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