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RESUMO

A nao fotoativacdo do sistema adesivo previamente a aplicacdo do cimento
resinoso tem sido proposta quando sistemas de cimentacdo de dupla ativacédo
(SCDA - sistemas adesivos de dupla ativagdo / cimentos resinosos de dupla
ativagcao) sao utilizados. Entretanto, existe uma caréncia de relatos cientificos a
respeito da efetividade dos SCDA. Os objetivos deste estudo foram: 1- avaliar a
resisténcia de unidao (RU) e a morfologia da interface de unido de restauracoes
indiretas de compdsito através da utilizagdo da microscopia confocal laser quando
os sistemas adesivos de dupla ativagdo foram ou nao fotoativados previamente a
aplicacao dos cimentos resinosos; 2- analisar o grau de conversao (GC), através
da Espectroscopia Infravermelha Transformada de Fourier (FTIR), e a RU de
SCDAs quando a fotoativacdo nao foi realizada ou atenuada pela presenca da
restauracao indireta; 3- avaliar o GC e resisténcia coesiva de sistemas de unido
quando utilizados diferentes unidades de fotoativacao (LEDs e de luz halégena). A
RU e resisténcia coesiva foram avaliadas através do ensaio de microtracdo. Para
a analise em microscopia confocal laser, diferentes corantes foram incorporados
nos SCDAs previamente a sua aplicagao. Para a andlise do GC, os SCDAs foram
aplicados na superficie do diamante da unidade de reflectancia total atenuada
acoplada ao espectrometro infravermelho. O GC dos sistemas de unido néo
relacionados aos SCDAs foi obtido utilizando-se filmes de resina adesiva. Os
resultados demonstraram que a nao fotoativacdo do sistema adesivo de dupla
ativagcao previamente a cimentagdo nao afetou a RU, e que os valores foram até
superiores para um SCDA de 42 geracao quando o agente de unido nao foi
fotoativado. A analise em microscopia confocal laser exibiu variacdo nas
caracteristicas morfolégicas da interface de unido, variando de acordo com o
SCDA utilizado e com o modo de ativacdo de ambos componentes (sistema
adesivo e cimento resinoso). Para alguns SCDAs, o GC foi reduzido pela presenca
do disco de compodsito posicionado entre o SCDA e a ponta da unidade
fotoativadora. A nado fotoativacdo dos SCDAs resultou em GC inferiores aos
obtidos com exposicdo direta da luz. A nao fotoativacdo da maioria dos SCDAs
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também resultou em valores inferiores de RU, exceto quando um sistema de 42
geracao foi utilizado. A utilizacdo de LED resultou em GC inferior ao obtido quando
a luz halégena foi utilizada mas n&o afetou a resisténcia coesiva dos sistemas
adesivos avaliados. Pode-se concluir que a nao fotoativacdo dos sistemas
adesivos € uma alternativa aceitavel durante a cimentacdo de restauragoes
indiretas, porém os SCDAs necessitam de luz fotoativadora para garantir
adequada RU. A utilizacdo de LEDs pode comprometer o GC dos sistemas

adesivos.

Palavras-chave: Adesivos dentinarios, Cimentos de resina, Polimerizacao,

Resisténcia a tracédo, Dentina,.
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ABSTRACT

The lack of light-activation of dual-cured bonding agents before the resin cement
application has been an alternative technique of cementing indirect restorations
when dual-cured cementing systems are used (DCS - dual-cured bonding agents /
dual-cured resin cements). However, few reports exist regarding the effectiveness
of DCS when dual-cured bonding agents are left in the uncured state before the
seating of the indirect restoration. Therefore, the aims of this study were: 1- to
evaluate the microtensile bond strength (MTBS) and micromorphology of the
adhesive interface of indirect restorations by confocal laser microscopy (CLSM)
when the dual-cured bonding agents were left in the uncured state; 2- to analyze
the degree of conversion (DC) by Fourier Transformed Infrared Spectroscopy and
the bond strength of indirect restorations when DCSs were applied to the tooth and
light activated or allowed to self-cure; 3- to evaluate the DC and ultimate tensile
strength (UTS) of bonding agents light-activated with light curing units (LEDs and
halogen light). The MTBS and UTS were analyzed using microtensile bond
strength test. Different dyes were incorporated to the DCSs before they were
applied to teeth for the CSLM analysis. For the DC analysis, the DSCs were
applied to the diamond surface of attenuated total reflectance unit of the infrared
device. The DC of the bonding agents related to the study evaluating the
effectiveness of light-curing units was obtained from thin resin adhesive films. The
results demonstrated that the MTBS was not affected, and the values were even
higher for one 4" generation DCS, when the dual-bonding agents were left in the
uncured state before the resin cement application. The CLSM analysis exhibited
some variation in the micromorphological features, which depended on the DCSs
and on the curing modes of bonding agents and resin cements. Some DCSs
showed lower DC when pre-cured resin composite discs were used. The self-cured
groups exhibited lower MTBS than the light-activated ones, except for one 4"
generation DCS. The LED promoted lower DC in all bonding agents than did the
halogen light. No difference in UTS was observed when LED was used. It was
concluded that leaving the dual-cured bonding agent in the uncured state before
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seating the indirect restoration may be a reliable technique to ensure adequate
MTBS, but most DCSs should be light-activated after seating the indirect
restoration to provide optimal bond strength. Some LEDs can compromise the DC
of adhesive systems.

Keywords: Dentin-bonding agents, Resin cements, Polymerization, Tensile
strength, Dentin.
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PREFACIO

Esta tese estd baseada nos seguintes artigos:

1. Effect of curing mode on microtensile bond strength to dentin of two dual-cured
adhesive systems in combination with resin luting cements for indirect restorations.

Operative Dentistry, 2006, 32-1, 37-44

2. Micromorphology of resin-dentin interface using 4" and 5" generation dual-

cured adhesive / cement systems: a confocal laser scanning microscope analysis.

3. Effect of curing mode on the polymerization characteristics of dual-cured resin
cement systems. Submitted to Dental Materials

4. Microtensile bond strength of dual-polymerizing cementing systems to dentin
using different polymerizing modes. Accepted for publication on the Journal of
Prosthetic Dentistry

5. Degree of conversion of adhesive systems light-cured by led and halogen light.
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1. INTRODUCAO GERAL

A indicacdo e utilizagdo de restauracdes indiretas em porcelana ou
composito tém crescido consideravelmente nos ultimos anos. Além da melhora
nas propriedades mecanicas desses materiais restauradores, como 0 aumento na
resisténcia ao desgaste, na resisténcia a compressao e flexdao (Leinfelder, 2005;
Manhart et al., 2004; Raigrodski, 2005; van Dijken, 1994), o desenvolvimento e
aprimoramento dos sistemas de cimentacdo (agentes de unido / cimentos
resinosos) contribuiu para uma melhor unido das restauracdes indiretas a
estrutura dental, promovendo maior segurangca aos clinicos no momento da
cimentacao (Inokoshi et al., 1993; Sjogren et al., 1995).

Devido a presenca da restauracdo indireta, a intensidade de luz que
atravessa a restauracao é reduzida consideravelmente (Rasetto et al., 2004;
Versluis et al., 2004), o que pode resultar em baixo grau de conversao e
consequentemente afetar as propriedades mecanicas da interface de unido
(Ruyter & Oysaed, 1982; Strang et al, 1987). Por este motivo, foram
desenvolvidos cimentos resinosos de dupla ativacdo. Além de apresentarem
aminas aromaticas e fotoiniciadores como a canforoquinona para iniciarem a
reacdo de polimerizacao através da ativagao por luz, tais materiais apresentam
também em sua composicao perdxido de benzoila e aminas terciarias, que geram
radicais livres para que a reacao de polimerizagdo ocorra mesmo na auséncia da
fonte de luz (Milleding, 1992; Nathanson, 1987).

Preocupados em melhorar a qualidade dos equipamentos de
fotoativacdo, alguns fabricantes tém se voltado para o desenvolvimento de
fotoativadores equipados com diodos emissores de luz azul (LED). Por
apresentarem comprimento de onda em torno de 470 nm, valor necessario para a
ativacdo da canforoquinona, este tipo de equipamento dispensa o uso dos filtros
utilizados nos fotoativadores com lampada halégena. Além disto, por possuirem
semicondutores para a emissdo de luz, as unidades de fotoativacdo de LED
apresentam longa vida util e as primeiras geracdes de unidades de LED nao
geravam calor (Fujibayashi et al., 1996).



Apesar dos constantes esforcos na busca pelo desenvolvimento destes
novos fotoativadores, os resultados da utilizacdo das unidades de LED para
fotoativacdo de compdsitos tém se mostrado controversos. Nomura et al. (2002)
observaram que os LEDs promoviam maior grau de conversao em compdésitos,
além da polimerizagdo em camadas mais profundas. Knezevic et al. (2001), por
sua vez, notaram que as unidades fotoativadoras contendo 18 LEDs promoviam
valores de grau de conversdao de compdésitos inferiores aos obtidos utilizando
fotoativadores contendo lampadas halégenas. Diante de tamanha controvérsia,
nenhum autor tem questionado a eficiéncia de tais unidades de fotoativacdo na
conversao em polimeros de mondmeros resinosos de sistemas adesivos.

Alguns autores tém demonstrado que mondémeros com baixo pH
presentes em sistemas adesivos auto-condicionantes e até mesmo em sistemas
de condicionamento total de frasco Unico apresentam incompatibilidade quimica
com cimentos resinosos de dupla ativacdo, com compdsitos autopolimerizaveis e
até fotoativados (Giannini et al., 2004; Sanares et al., 2001; Tay et al., 2003;
Yamauchi, 1986). Essa reacdo adversa pode afetar a acdo dos catalisadores
redox binarios peréxido-amina e conseqlientemente comprometer a resisténcia de
unido de restauragdes indiretas quando a luz utilizada na fotoativacao é atenuada
ou ausente durante a polimerizacdo desses sistemas de fixacdo, a qual passa a
depender exclusivamente da reacdao quimica de ativagao (Giannini et al., 2004;
Sanares et al., 2001; Tay et al., 2003; Yamauchi, 1986). Na tentativa de se
eliminar tal incompatibilidade quimica, fabricantes tem adicionado co-iniciadores
nos sistemas adesivos, como sulfinatos aromaticos de sédio, organoboro e acido
barbitarico / cloreto cuprico (lkemura & Endo, 1999). Tais componentes tém a
funcéo de reagir com mondmeros resinosos de baixo pH para produzir radicais
livres fenil e benzenosulfonil, os quais iniciam a reacdo de polimerizacdo de
materiais a base de resina de dupla ativacdo quando a luz proveniente do
aparelho fotopolimerizador ndo é capaz de atingir o material restaurador (lkemura
& Endo, 1999; Wang et al., 1999).



Mesmo com o desenvolvimento destes sistemas de unido de dupla
ativacdo, a maioria dos fabricantes recomenda a fotoativacdo do agente de unido
previamente a fixacdo da restauragdo indireta com o cimento resinoso.
Considerando-se que nesta situacdo consideravel intensidade de luz fotoativadora
atinge a camada de adesivo, adequado grau de conversdo dos mondmeros na
camada hibrida e da camada de adesivo pode ser obtido e como conseqliéncia
maior resisténcia de unido pode ser proporcionada (McCabe & Rusby, 1994).
Entretanto, alguns estudos tém demonstrado que a espessura da camada de
resina adesiva polimerizada pode interferir na adaptacdo marginal da restauracao
indireta (Frankenberger et al., 1999; Hahn et al., 2000; Pashley, 1991). Além disso,
a camada adesiva criada por agentes de unido de 52 geracao, também conhecidos
como sistemas de frasco Unico com condicionamento acido separado, os quais
contém agua, solventes orgéanicos e alto conteddo de mondémeros hidréfilos, pode
apresentar-se mais susceptivel a degradacado hidrolitica do que as camadas
contendo maior quantidade de monémeros hidréfobos, como aquelas criadas por
sistemas de uniao de 42 geracdo, conhecidos como adesivos com primer € a
resina fluida hidr6foba colocados em frascos separados (De Munck et al., 2003;
Tanaka et al., 1999).

No intuito de eliminar tais limitacdes, outra alternativa de cimentacao de
restauracdes indiretas tem sido proposta: a aplicagdo do cimento resinoso e
fixacdo da peca sobre o agente de unido ndo polimerizado. Embora alguns
estudos tenham demonstrado que a pressao da cimentacdo da peca protética
possa colabar as fibrilas coldgenas da dentina desmineralizada (Dietschi &
Herzfeld, 1998; Magne & Douglas, 1999), esta técnica de fixacao permite melhor
adaptacdo da restauracao indireta (Frankenberger et al., 1999) e pode criar uma
camada combinada composta pela mistura do agente de unido e do cimento
resinoso ao invés de uma camada composta apenas por resina adesiva. Esta
nova camada combinada produz maior concentracdo de mondémeros hidréfobos
oriundos do cimento resinoso, fator este que poderia prolongar a durabilidade da
interface de unido adesiva (De Munck et al, 2003; Tanaka et al, 1999),



principalmente se tais componentes do cimento resinoso forem capazes de
penetrar no interior da camada hibrida e elevar a concentracdo de monémeros
hidréfobos. Entretanto, pouco se sabe a respeito desta mistura entre cimento
resinoso e agente de uniao.

A utilizacdo da microscopia de varredura confocal laser pode ser
utilizada para averiguar a interagdo entre resinas adesivas e cimentos resinosos
na superficie dentinaria e até mesmo no interior da camada hibrida. Este método
permite a precisa localizacdo de corantes de marcacdo ou fluorocromos
adicionados em materiais resinosos (D'Alpino et al., 2006a; D'Alpino et al., 2006b).
Deste modo, a microscopia confocal laser é capaz de excitar sequiencialmente
diferentes fluorocromos com comprimentos de ondas seletos para cada corante.
Como consequéncia, diferentes fluorocromos com espectros de emissao distintos
misturados aos componentes resinosos aplicados na dentina permitem a
localizagéo precisa da resina adesiva e do cimento resinoso na interface de unido.

Uma forma de se avaliar a efetividade dos co-iniciadores de agentes de
unido duais em conjunto com cimentos resinosos de dupla ativacdo consiste na
analise do grau de conversdao de tais componentes aplicados juntos ou
separadamente, utilizando-se a Espectroscopia Infravermelha Transformada de
Fourier. Através deste método, é possivel averiguar a porcentagem de ligacoes
duplas alifaticas de carbono previamente e apds polimerizacdo do material
resinoso, proporcionando a porcentagem relativa da conversdao dos monémeros
em cadeias poliméricas (Rueggeberg et al, 1990; Ruyter & Svendsen, 1978;
Ruyter, 1981). Deste modo, a analise cinética e final do grau de conversao bem
como a andlise das propriedades mecéanicas dos sistemas adesivos duais
juntamente com cimentos resinosos apos a fotoativacao direta, apés a exposicao
por intensidade reduzida de luz e ap6s autopolimerizacdo, pode estabelecer
evidéncias a respeito da efetividade destes sistemas nas mais adversas situacoes

clinicas.



2. PROPOSICOES GERAIS

Os objetivos deste estudo foram:

1.

Avaliar através do ensaio de microtracao a resisténcia de unidao de sistemas
de cimentacdo de dupla ativagdo quando os agentes de unido de dupla
ativacdo sao fotoativados ou mantidos na forma ndo polimerizada
previamente a aplicagdo dos cimentos resinosos, 0s quais foram

fotoativados ou ndo apéds a cimentagao da restauracdo indireta.

Analisar através da microscopia de varredura confocal laser e microscopia
eletrdnica de varredura a interface de unidao de sistemas de cimentacao de
dupla ativagdo quando os agentes de unido sao fotoativados ou mantidos
na forma nao polimerizada previamente a aplicacao dos cimentos resinosos

e a restauragao indireta é submetida ou nao a fotoativacao.

Avaliar através da Espectroscopia Infravermelha Transformada de Fourier o
grau de conversdao de sistemas adesivos de dupla ativacdo aplicados
juntamente com cimentos resinosos de dupla ativacdo na simulacdo de
diferentes condigbes clinicas em que a luz fotoativadora ¢é

consideravelmente atenuada ou ausente.

Avaliar através do ensaio de microtracao a resisténcia de uniao de sistemas
de cimentacdo de dupla ativagdo de quarta e quinta geragdes quando os
agentes de unido de dupla ativacdo ndo sao polimerizados previamente a
aplicacao dos cimentos resinosos e a restauracao indireta € submetida ou

nao a fotoativagao.

Avaliar através da Espectroscopia Infravermelha Transformada de Fourier o
grau de conversdo de um sistema adesivo de frasco unico e um auto-

condicionante fotoativados com luz halégena ou LED.



3.CAPITULOS
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analysis
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Microtensile bond strength of dual-polymerizing cementing systems to dentin
using different polymerizing modes. Accepted for publication on the Journal
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Degree of conversion of adhesive systems light-cured by led and halogen light.
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CAPITULO 1

CLINICAL RELEVANCE

The separate step of light-curing of the adhesive resin component of some 4™ and
5" generation dual-cured adhesive systems may be eliminated prior to
cementation of an indirect resin composite restoration without deterioration in

microtensile bond strength.

ABSTRACT

This study evaluated the microtensile bond strength (uTBS) of dual-cured adhesive
systems when the different components were either light-activated or left in the
uncured state prior to cementation of an indirect composite restoration. Occlusal
dentin surfaces of forty human third molars were flattened. Teeth were randomly
assigned into 8 groups (n=5) according to the dual-cured systems (bonding
agents/resin cements) and curing modes: All Bond 2/Duolink (AB2-Bisco Inc.) and
Optibond Solo Plus Dual Cure/Nexus 2 (SOLO-Kerr). Resin cements were applied
to pre-cured resin composite discs (2 mm thick/Z-250/3M ESPE), which were fixed
to dentin surfaces containing adhesive resin in either cured (LP) or uncured states
(SP). The restored teeth were light-activated according to the manufacturers’
instructions (LRC - XL3000/3M ESPE) or allowed to self-cure (SRC). Restored
teeth were water-stored at 37° C for 24 h. Teeth were then both mesial-distally and
buccal-lingually sectioned to obtain bonded specimens (1.2 mm?). Each specimen
was tested in tension at a crosshead speed of 0.6 mm/min until failure. Data (MPa
(SD)) were analyzed by 2-way ANOVA and Tukey’s post-hoc test (P<.05). AB2/SP
exhibited higher uTBS than AB2/LP (p=.00001); however, no significant differences
were noted between SOLO/LP and SOLO/SP. Results suggested that dual-cured
adhesive systems were as strong or even stronger when they were left in the

uncured state prior to indirect resin composite cementation.

INTRODUCTION
Composite resin and ceramic inlay/onlay restorations are advocated as alternative

to metal restorations because of increasing esthetic demand and advancements in
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CAPITULO 1

adhesive dentistry."?

Clinical success of composite and ceramic indirect
restorations is attributed to the reliable bond between adhesive cementing systems
(resin cements / bonding agents) and mineralized dental tissues.®** However, as
light intensity reaching the resin cement is strongly attenuated by either the
distance from the light source or from the absorbing characteristics through the
indirect restorative material,®> dual-cured resin materials have been developed.®”’

Dual-cured systems consist of a mixture between monomers and catalysts,
and are formulated so as not to depend solely on light activation for proper cure.
Therefore, light activation of such systems prior to delivering an indirect restoration
might not be necessary. This method of indirect restoration placement on the
uncured resin cement and adhesive resin layer is usually recommended in an
attempt to ensure an adequate marginal adaptation and to avoid incomplete
seating of the restoration, which are the primary concerns of clinicians.

The pressure from luting composite during seating of an inlay/onlay may
cause a collapse of demineralized collagen fibers when the adhesive applied to
dentin is not previously polymerized.® In addition, by evaluating in vitro occlusal
wear, quantity of remaining double bonds and hardness, some authors indicated
that the chemical curing mechanism alone is less effective than the light-activated
one when dual-cured restorative materials are used.®'! Based on this evidence,
some manufacturers recommend light activation of dual-cured adhesive systems
prior to applying resin cement and seating the restoration on the prepared tooth.
However, the difference in bond strength between these two clinical techniques for
cementation of indirect restorations when dual-cured adhesive systems are used
has yet to be evaluated.

The purpose of this study was to evaluate the microtensile bond strength
(UTBS) of a 4™ and a 5™ generation dual-cured dentin bonding agents (adhesive
resins) combined with their respective dual-cured resin cements when each is
either allowed to self-cure or is exposed to light through a pre-cured disc of resin
composite. In addition, the failure site morphology is classified and compared with
respect to materials and curing mode type. The research hypothesis was that the

11
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independent light activation of both resin adhesive and resin cement would result in
significantly higher bond strengths than when either is allowed to self-cure only. In
addition, it was expected that bond strengths will be better when manufacturer

instructions are followed.

MATERIAL AND METHODS
Indirect Restorative Bonding Procedures
Forty freshly extracted, erupted human third molars, which were stored in saturated
thymol solution at 5°C for no more than three months, were used following a
protocol approved by the Human Assurance Committee at The Medical College of
Georgia (HAC #0403333). Teeth were transversally sectioned in the middle of the
crown using a diamond blade (Series 15HC Diamond, number 11-4244; Buehler
Ltd., Lake Bluff, IL, USA) on an automated sectioning device (Isomet 2000;
Buehler Ltd.) under water irrigation, exposing areas of middle depth dentin. The
exposed dentin surfaces were wet-polished by machine (Supermet Grinder, item
#48-1581, Buehler Ltd.) with 600-grit SiC paper (pn 810-281-PRM, Silicon Carbide
PSA Discs, Leco Corp., St. Joseph, MI, USA) to create a flat surface with standard
smear layer formation before being bonded with the adhesive systems. Prepared
teeth were randomly divided into eight groups (n = 5 specimens per group).
Commercial forth- and fifth-generation dual-cured dentin adhesive systems
were used (Table 1). The corresponding dual-cured resin cements from each
manufacturer were also applied (Table 1). Forty light-activated composite resin
discs (2-mm thick and 10 mm in diameter — A2 shade — Z250, lot# 5LB; 3M/ESPE,
St. Paul, MN, USA) were prepared to simulate overlying laboratory-processed
composite resin restorations. The surface of each pre-cured resin disc that was to
be bonded was sandblasted with 50 um aluminum oxide particles (lot # 51116150,
micron white, Danville Engineering Inc., San Ramon, CA, USA) for 10 s (air
pressure: 80 psi; distance from the tip: 1.5 cm) (Comco MB 1002; COMCO Inc.,
Burbank, CA, USA). All adhesive systems and resin cements were manipulated
and applied to the dentin surfaces according to manufacturers’ instructions

12
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(control): light activation (20 s, light intensity: 550 — 630 mW/cm? XL3000, sn
#202149; 3M/ESPE) of the Primer A and B mixture of All Bond 2 (Bisco Inc.,
Schaumburg, IL, USA), as well as the mixture of Optibond Solo (Kerr Corp.,
Orange, CA, USA) and the activator component prior to placement of the
respective resin cements (Table1). For the experimental groups, all adhesive
systems were applied and left in the uncured state, relying totally on any self-curing

mechanism.

The mixed resin cement pastes were applied to the pre-cured composite disc
following manufacturers’ instructions and the disc was positioned and fixed to the
adhesive-coated dentin surface under load of 500 g for 5 min, during which the
resin cement was allowed to self-cure. When the cementing materials were light-
activated through the pre-cured composite disc, the curing unit tip was positioned
against the composite disc and each sample was exposed to 40 s (XL 3000,
3M/ESPE). A 2-mm thick block of self-curing resin composite (lot #0500006449,
shade A3/A3.5, Bisfil 2B, Bisco Inc.) was then added to the untreated, cured
composite surface to allow easier specimen manipulation while the mechanical test
was performed. For groups where resin cements were self-cured, the block of self-
curing resin composite was applied to the composite disc only after the time
stipulated for the cement’s self-cure reaction to complete.

Microtensile Bond Strength Test (uTBS)

Restored teeth were stored in distilled, deionized water at 37°C for 24 h and were
vertically, serially sectioned into several 0.8-mm thick slabs using the same cutting
instrument previously mentioned. Each slab was further sectioned to produce
bonded sticks of approximately 1.2 mm?. Each bonded stick was attached to the
grips of a microtensile testing jig (Bisco Inc.) with cyanoacrylate cement (Zapit,
Dental Ventures of America Inc., Corona, CA, USA) and tested in tension on a
universal testing machine (Vitrodyne V1000 Universal Tester, Chatillon,
Greensboro, NC, USA) at a cross head speed of 0.6 mm/min until failure. After
testing, the specimens were carefully removed from the fixtures with a scalpel
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blade and the cross-sectional area at the site of fracture was measured to the
nearest 0.01 mm with a digital micrometer (Series 406; Mitutoyo America Corp.,
Aurora, IL, USA). Specimen cross-sectional areas were calculated in order to

present uTBS data in units of stress: MPa.

Statistical Analysis

A two-way analysis of variance (ANOVA) (effect of adhesive resin curing mode,
effect of resin cement curing mode) was performed for each dual-cured adhesive
system because the purpose of this study was not to compare product strengths,
but to evaluate curing mode techniques. Tukey’s post-hoc test was used to detect
pair-wise differences within a bonding system. All statistical testing was performed
at a pre-set alpha of 0.05.

Failure pattern analysis

Fractured surfaces of tested specimens were allowed to dry overnight at 37° C.
The surfaces were sputter-coated with gold (Model EMS-76M, Fullan Corp., NY,
USA) and observed under a scanning electron microscope (XL-30, Philips.
Hillsboro, OR, USA). Failure patterns were classified as follows: at the resin
cement-adhesive layer interface, cohesive within the resin cement, adhesive along
the pre-cured composite overlay-resin cement interface, adhesive either within or
at the top of the hybrid layer and adhesive resin layers, and mixed when

simultaneously exhibiting remnants of both hybrid layer and resin cement.'?

RESULTS
Microtensile Bond Strength Test

The uTBS results are displayed in Table 2. When All Bond 2 was applied, light
activation of the primer resulted in more than 50% lower uTBS values than when

the primer was not light-activated before the resin cement was applied (p<.0001).
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The mode of resin cement cure did not affect uTBS regardless of the mode of
primer layer cure.

On the other hand, when Optibond Solo Plus Dual Cure was used, no
significant difference in uTBS was observed when the adhesive resin layer was
light-activated or left in the uncured state. However, the mode of resin cement cure
affected the tensile bond strength regardless of the mode of cure of the adhesive
resin (p=0.0036): 24.7% (for light-activated adhesive resin) and 46.4% (for self-
cured resin) higher uTBS when the resin cement was light-activated than when it
was allowed to self-cure.

Failure pattern analysis

Figure 1 shows the proportional prevalence (%) of the failure patterns in all
experimental groups. For All Bond 2, the most predominant failure pattern was
cohesive along the cement-adhesive interface when the primer was light-activated
(Fig. 2). However, adhesive failure occurring either within or at the top of the hybrid
layer and adhesive resin layers was the most predominant failure pattern when the
primer was not light-activated separately (Fig. 3). Higher incidence of cohesive
failure within the resin cement was observed when the resin cement was allowed
to self-cure rather than when it was light-activated (Fig. 1).

An adhesive failure mode located either within or at the top of the hybrid
layer and adhesive resin layers was also the most predominant failure pattern
noted for Optibond Solo Plus Dual Cure when the adhesive layer was not
independently light-activated and the resin cement was light-activated (Fig. 3).
Failure at the cement-adhesive interface was predominantly observed when the
adhesive layer was light-activated (Fig. 4). A mixed failure between resin cement
and dentin surfaces was most commonly observed when both adhesive layer and

resin cement were allowed to self-cure (Fig. 5).
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DISCUSSION

The results of this study demonstrate that the method of curing mode used when
cementing indirect composite restoration may affect tensile bond strength of
indirect restorations depending on the cementing system used. Therefore, the
research hypothesis that light activation of dual-cured adhesive systems would
result in significantly higher bond strengths than when they are allowed to self-cure
only was rejected. On the other hand, the research hypothesis that light activation
of dual-cured resin cements would increase uTBS when compared to self-cured
groups was accepted for Optibond Solo/Nexus2, but was rejected for All Bond
2/Duolink, regardless of the mode of cure established for the dual-cured adhesive
systems.

Surprisingly, when used according to manufacturer’ instructions (primer
light-activated for 20 s), All Bond 2 exhibited lower uTBS than when the primer was
left in the uncured state before seating the indirect restoration. This difference was
unexpected since optimal primer polymerization (and thus physical properties) is
expected when light exposing the resin adhesive directly. The failure pattern
observed when the primer was light-activated and the resin cement was either
light-activated or allowed to self-cure was predominantly located at the interface
between the adhesive resin layer and the resin cement (Fig. 2). A similar failure
pattern was observed by Mak et al.'? when All Bond 2 was applied to dentin and an
indirect composite onlay was cemented with resin cement. According to the
authors, the failure pattern observed may be attributed to the inclusion of a high
concentration of butylated hydroxytoluene (BHT), a polymerization inhibitor present
in the adhesive resin (Pre-Bond) for the purpose of controlling the accelerated rate
of cure of the resin cement caused by the presence of tertiary amine-based resin
monomers in Primer A. The reduction in reaction speed by chemical inhibition
occurs as free radicals are terminated by reacting with the phenolic hydrogen of
the BHT molecule.”™ Therefore, it is possible that the decrease in available free
radicals when Pre-Bond was combined with resin cement may have impaired the

polymerization reaction of Duolink even when the resin cement was light-activated.
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Although the manufacturer recommends that the primer must be light-
activated for 20s, the uMTB of All Bond 2 without primer light activation was
significantly higher than that obtained when the manufacturer’s instructions were
followed. The possible explanation for this finding may be related to the mixture
among the primer and adhesive resin components within the hybrid layer when
Pre-Bond is applied to the primed surface. Composed of a high concentration of
hydrophobic monomers, such as Bis-GMA (Table 1), Pre-Bond adhesive resin may
create a hybrid layer with high concentration of hydrophobic monomers and

consequently lower hydrophilicity'*'®® 17,18

, improving its mechanical properties.
Moreover, dual-curing mechanisms within the hybrid layer may have contributed to
the higher uTBS when Pre-Bond resin infiltrated the primed dentin surface.
Considering that All Bond 2 Primer A contains a tertiary amine as a component for
the self-curing reaction,'® and Pre-Bond resin has benzoyl peroxide, it is possible
that free-radicals within the hybrid layer might have been created not only from the
light activation, but also from the self-curing redox reaction. As a consequence, a
high content of free radicals may be available for the proper polymerization
reaction to occur, even in the presence of high amount of BHT in Pre-Bond resin.
Once the inhibitor is completely consumed, the polymerization reaction of the resin
cement will proceed.

The research hypothesis for the effect of curing mode of dual-cured
adhesive systems on uTBS proposed in this study was not accepted for Optibond
Solo Plus Dual Cure. No differences in uTBS were observed when the adhesive
system was either light-activated or allowed to self-cure before indirect resin
composite cementation. The possible explanation for this finding may be related to
the presence and effectiveness of a co-initiator component in the adhesive system.
When the resin cement was applied to the uncured adhesive layer, the adhesive
layer was replaced by a new combined layer, composed of a mixture of resin
cement and adhesive resin. Without the presence of a co-initiator such as benzene
sulfinic acid sodium salt, the tertiary amines from peroxide-amine component can

react with acidic monomers to form a charge transfer complex (CT complex)®' and
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loose their ability as reducing agents in redox reaction,'®2%2122

and a poor
polymerization reaction would be expected from the combined adhesive/resin
cement layer. However, when a separate co-initiator component is added to the
adhesive resin, it reacts with the acidic monomers to form a phenyl free radical
against the CT complex. For this reason, it is speculated that the combined
adhesive/resin cement layer was allowed to self-cure properly when the co-initiator
was included in the composition of Optibond Solo Dual Cure.

Other factors may have contributed to the high uTBS observed when
Optibond Solo was not light-activated. When compared to the adhesive layer
alone, the combined adhesive/cement layer would have higher filler content and
more hydrophobic monomers, which would provide improved mechanical
properties,?® lower shrinkage,?* and less susceptibility to hydrolytic degradation.?®
In addition, it is possible that the combined adhesive/cement layer is able to
penetrate the entrance of dentinal tubules and increase the strength of the dentin
bonding interface. Further studies are necessary to evaluate the micro-morphology
of the dentin bonding interface created by indirect bonding procedures without
light-activating the adhesive layer.

The effects of the resin cement curing modes on uTBS were also found to
be material-dependent. For All Bond 2, the curing mode of Duolink did not affect
the tensile bond strength, while lower uTBS was observed when Nexus 2 was
allowed to self-cure after Optibond Solo was either light-activated or left in the
uncured state. The evidence that the co-initiator of Optibond Solo was effective
when Nexus 2 was applied to the light-activated adhesive layer may confirm that
the self-curing mechanism by itself is ineffective to provide reliable mechanical
properties to resin cements as previously reported.®'"?%2” This hypothesis was
confirmed when fracture analysis of uTBS specimens revealed the failure pattern
predominantly located at the bottom of the resin cement layer (Fig. 4).

Mixed failure exhibiting both the hybrid layer and regions with resin cement
was the most predominant failure pattern observed when both adhesive resin and
resin cement were allowed to self-cure (Fig. 5). This finding may indicate that the
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self-curing components were not able to provide high cohesive strength to the
adhesive resin within the hybrid layer when the activating light is not available. This
evidence is a matter of concern because weakly polymerized unfilled resins are
more susceptible to an accelerated degradation process.?®?° Further investigation
is needed to evaluate the efficacy of the self-curing mechanism of dual-cured
adhesive systems as well as the influence of the self-cure reaction of
adhesive/cement layer on the polymerization of these adhesive resins.

The inclusion of an adhesive system without any self-curing or co-initiator
components in this study could provide some indirect evidence regarding the
effects of these self-curing components on the mechanical properties of the
bonding interface. However, this study aimed only to evaluate how effective some
specific dual-cured adhesive/resin cement systems are when indirect composite
restorations are bonded to dentin. Thus, there is still a lack of information about the
effectiveness and limitations of dual-cured bonding agents when they are used for
indirect porcelain/composite restorations.

This study evaluated the effect of an alternative technique for indirect resin
composite cementation when one 4" and one 5™ generation dual-cured adhesive
systems were used. As a comparison of products was deemed unimportant, only
one 2-way ANOVA (mode of cure of resin cement factor; mode of cure of the
adhesive systems factor) was performed for each product instead of a 3-way
ANOVA including the products together. According to the study results, the
alternative technique of allowing all components to self-cure provided puTBS
equivalent to or significantly greater than that observed when the adhesive
systems were light-activated. Therefore, this alternative technique for the 4" and
5" generation dual-cured adhesive systems may be a reliable option even in the
worst clinical conditions where light exposure is totally compromised. However,
further studies are necessary to confirm the effectiveness of other 4" and 5"
generation dual-cured adhesive systems when no light exposure is available at all.
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CONCLUSION

Within the limitations of this study, the following conclusions were observed:

1.The research hypothesis that the independent light activation of both adhesive
resin and resin cement would result in significantly higher bond strengths than
when either is allowed to self-cure only was rejected for the 4™ generation dual-
cured adhesive system evaluated. However, it was accepted for the 5™ product
only when the independent light-activation of both resin adhesive and resin
cement values were compared to those obtained when the resin cement was
allowed to self-cure, regardless of the curing mode of the adhesive resin.

2.When the manufacturers’ instructions were followed, the bond strength values
were either similar to or lower than those obtained when the alternative method of
using self-curing for both adhesive and cement systems when delivering an

indirect restoration.
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Table 1. Composition of the dual-cured adhesive systems used in this study

Product Composition Batch Manufacturer’s Instructions
(Manufacturer) Number
All Bond 2 Primer A: acetone; ethanol; Na-N-tolylglycine 0500003574 Mix primers A and B. Apply 5 consecutive
(Bisco Inc.) glycidylmethacrylate. coats to dentin.
Dry all surfaces for 5-6 seconds with an air
Primer B: acetone; ethanol; biphenyl dimethacrylate. 0500003579 syringe
Pre-Bond Resin: Bis-GMA, TEGDMA; benzoyl peroxide; 0500004345 Light-cure 20 seconds.
Apply thin layer of Pre-Bond Resin
Duolink BHT pply fhin fay
(Bisco Inc.) immediately prior to cementation. Air thin. Do
Base: Bis-GMA; TEGDMA; glass filler; urethane 0500003751 not light-cure!.
dimethacrylate.
Catalyst: Bis-GMA; TEGDMA; glass filler.
Optibond Solo  Adhesive Resin: ethyl alcohol; Bis-GMA; HEMA; GPDM,; 428904 Dispense one drop of Optibond Solo Plus
Plus Dual Cure . . . :
(Kerr) photoinitiators; barium aluminoborosilicate glass; fumed and Optibond Solo Activator into a disposable
mixing well. Mix for 3s.
silica (silicon dioxide); sodium hexafluorosilicate. Apply mixture to dentin with a light brushing
Activator: ethyl alcohol; alkyl dimethacrylate resins; benzene 428260 for 15s to cover dentin surface.

sulfinic acid sodium salt.

Nexus 2 Monomers of methacrylic acid esters, Ba—Al —borosilicate

(Kerr) glass, chemical and photoinitiators.

Base:423638

Catalyst:423975

Lightly air thin for 3s.
Light-cure for 20s.

PENTA: dipentaerythritol penta acrylate monophosphate; HEMA: 2-hydroxyethyl methacrylate; BISGMA: bisphenol-A

glycidyldimethacrylate TEGDMA: triethylene glycol dimethacrylate.
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Table 2. uTBS of the 4™ and 5" generation dual-cured adhesive systems:
Adhesive resin curing mode

Bonding System

Generation (product) Resin cement curing mode  Light-activated Self-cured
4™ Generation Light (LRC) 14.6 (2.2)Aa 36.2 (5.6)Ab
(All Bond 2) Self (SRC) 13.9 (1.8)Aa 37.8 (8.0)Ab
(Optibond Solo Dual Cure) Self (SRC) 26.3 (6.9)Ba 23.7 (3.8)Ba

Groups having similar letters (upper case = column; lower case = row) are not significantly different.
No cross comparisons between the two adhesives were made with regard to the ‘column’ statistical
comparisons.
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LEGENDS

Figure 1. Proportional prevalence (%) of failure patterns for all experimental
groups.

Figure 2. Fractured specimen using All Bond 2, when primer was light-activated,
exhibiting failure pattern classified as cohesive along the adhesive layer (AD) and
resin cement (RC) interface (magnification 500X). This was the most predominant
failure pattern observed when All Bond 2 was light-activated and the resin cement
was either light- or self-cured and when Optibond Solo Plus Dual Cure was light-
activated, but its resin cement was self-cured only.

Figure 3. Fracture located within the hybrid layer (HL) was the most predominant
failure pattern for All Bond 2 when the primer was allowed to self-cure and for
Optibond Solo Plus when the adhesive layer was left in the uncured state and the
resin cement was light-activated (magnification 1500X).

Figure 4. Fractured specimen exhibiting cohesive failure pattern along the
adhesive layer (AD) and resin cement (RC) interface (magnification 150X). This
was the most predominant failure pattern observed when Optibond Solo Plus Dual-
Cure was light-activated and its resin cement was self-cured.

Figure 5. Representative SEM photomicrograph of mixed failure pattern exhibiting
resin cement (RC) and hybridized dentin surface (HL) (magnification 954X). This
failure pattern was mostly observed when both adhesive resin and resin cement of

Optibond Solo Plus/Nexus 2 were allowed to self-cure.
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Keywords: Confocal Laser Scanning Mycroscopy; dual-cured adhesive systems;
dual-cured resin cements; adhesive interfacial morphology; indirect restorations.
ABSTRACT

Purpose: This study evaluated the differential composition of resin-dentin
interfaces of indirect restorations created by the application of 4" and 5"
generation dual-cured cementing system (bonding agents/resin cements), when
each material was either light-cured or allowed to self-cure.

Materials and Methods: Occlusal flat dentin surfaces of sixty human third
molars were assigned into 12 groups (n=5) according to curing mode and dual-
cured cementing system: 4™ generation (AB2) All Bond2/Duolink (Bisco Inc.) and
5" generation (B1) Bond1i/Lute-it (Pentron). Dextran Fluorescein (green) was
mixed with the bonding agents, while Rhodamine (red) was incorporated into
resin cements and Pre-Bond resin from AB2. Resin cements were applied to 2-
mm thick pre-cured resin composite discs (Z250, 3M ESPE), which were fixed to
dentin surfaces containing adhesive resin in either cured (light-cured; LC) or
uncured (self-cured; SC) states. The restored teeth were light-activated (XL3000,
3M ESPE) according to the manufacturers’ instructions (LRC) or allowed to self-
cure (SRC), were stored for 24h and were vertically, serially sectioned into 1-mm
thick slabs, which were analyzed using confocal laser scanning microscopy.
Fluorescent additives provided indications of where individual components of the
bonding/cement systems were located. Additional specimens were prepared and
analyzed using scanning electron microscope.

Results: AB2/LC and B1/LC exhibited non-uniform primer/adhesive layer
thickness. AB2/SC showed adhesive resin penetration within the primed dentin
and resin cement penetration at the entrance of the dentin tubules. B1/SC/LRC
exhibited resin cement penetration within the hybrid layer and into the dentin
tubules. More intense resin cement penetration was observed in B1/SC/SRC
groups.

Conclusion: The morphological features and component interactions among
materials at resin-dentin interfaces are related to the activation modes of the
primer/adhesive layer and of the resin cement.

32



CAPITULO 2

INTRODUCTION

The demand for tooth-colored indirect restorations has grown considerably in the
last years. The increase in this demand can be attributed to, among other factors,
the reliable bond between adhesive cementing systems (resin cements / bonding
agents) and mineralized dental tissues.'>?* A stable and durable bond of indirect
restorations to tooth is also related to a good marginal adaptation, which
prevents microleakage, recurrent caries around restorations, and pulpal
irritation.?® In an attempt to improve marginal adaptation and bond strength of
indirect restorations using 4" or 5" generation adhesive systems,®*’ different
luting procedures have been proposed.

The luting procedure for indirect restorations most recommended by
manufacturers is based on light-activation of the adhesive resin before indirect
restoration cementation. Because the bonding agent is accessible to direct light
exposure, maximal polymer conversion and bond strength can be achieved.®
However, some studies have demonstrated that a thick, cured adhesive layer
can affect full seating, and thus marginal adaptation of indirect restorations.®'""”
Furthermore, cured adhesive layers created by 5" generation bonding agents
usually contain residual water and high content of hydrophilic monomers, which
make them more susceptible to hydrolytic degradation than layers containing
more hydrophobic monomers and less residual water, such as those created by
4™ generation adhesive systems.®®

To overcome these limitations, another clinical approach was developed,
in which the dentin bonding agent is left in the uncured state before application of
the resin cement. Some studies demonstrate that the pressure of resin cement
during cementation of a restoration may cause collapse of demineralized
dentin.”'®> However, this technique allows maximum restoration seating® and
might create a combined adhesive layer composed of the mixture of bonding
agent and resin cement. This new, combined layer would contain fewer
hydrophilic monomers and more hydrophobic monomers from the resin cement

components, improving the long-term durability of the bonded interface as a
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consequence.®?® However, no information exists regarding the creation of such a
layer when dentin bonding agents are left in the uncured state before the resin
cement application.

Confocal Laser Scanning Microscopy (CLSM) is well suited to study the
presence of components from the bonding agent and resin cement on the dentin
surface or even within the hybrid layer. This technique permits accurate co-
localization of fluorescent markers that are incorporated to resinous materials.
CLSM is capable of individually exciting different fluorochromes by applying
selective wavelengths.*® Fluorochromes with well-separated emission spectra
mixed to the components allow analysis of the mixture and interaction between
adhesive resin and resin cement components.

The purpose of this study was to evaluate the features of bonded
interfaces of indirect resin composite restorations created by 4" and a 5"
generation dual-cured dentin bonding agents combined with their respective
dual-cured resin cements when each was either allowed to self-cure or was
exposed to light through a pre-cured disc of resin composite. Visualization of
specimen cross sections were made using both CLSM and scanning electron
microscopy (SEM). The research hypotheses were that [1] when not light
activated prior to resin cement application, the dentin bonding agent and resin
cement components will be observed on the dentin surface and/or within the
hybrid layer created by these materials used in their dual-cured form; and [2]
light-activation of the bonding agent prior to cementation will produce a uniform
adhesive layer and only a superficial mixture between adhesive and resin cement
with no presence of resin cement at or within the hybrid layer.

MATERIAL AND METHODS

Adhesive resin preparation for Confocal Laser Scanning Microscopy
Commercial forth- and fifth-generation, dual-cured dentin adhesive systems and
their corresponding dual-cured resin cements were used (Table 1). Dextran
Fluorescein (batch No. 123K0723, Fluorescein—Isothiocyanate—Dextran, FD4,
Sigma, St Louis, MO, USA) was incorporated into Primers A and B of All Bond 2
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(40 pug/ml in each bottle) and into Bond 1 primer/adhesive resin (Pentron Corp.,
Wallingford, CT USA) (160 pg/ml in each bottle). Rhodamine B (Batch.
121K3688, RITC/Rhodamine B, R6626, Sigma, St Louis, MO, USA) was mixed
with Pre-Bond resin of All Bond 2 (6.4 ug/ml) (Bisco Inc., Schaumburg, IL, USA),
as well as with the dual-cured resin cements Duolink (0.32 ug/mg) (Bisco Inc.)
and Lute-it (0.32 ug/mg) (Pentron Corp.). When added to the resin cements, the
dye was incorporated to the base paste and was mixed with spatula until the
base paste changed its shade uniformly. The dye-laden cement component was
returned to the original syringe from which it was extruded. The dyes were added
directly to the packages of the adhesive resins provided by the manufacturers
and the solution containing dyes and adhesive resins was maintained in a stirring
device (Vortex Machine, Scientific Industries, Inc., New York, NY, USA) for at

least 2 h to provide complete dye dissolution

Indirect Restorative Bonding Procedures

Sixty freshly extracted, erupted human third molars, which were stored in
saturated thymol solution at 5° C for no longer than three months, were used
following a protocol approved by the Human Assurance Committee at The
Medical College of Georgia (HAC #0403333). Teeth were transversally sectioned
in the middle of the crown using a diamond blade (number 11-4244, Series 15HC
Diamond, Buehler Ltd., Lake Bluff, IL, USA) on an automated sectioning device
(Isomet 2000, Buehler Ltd.) under water irrigation, exposing areas of middle
depth dentin. The exposed dentin surfaces were wet-polished by machine
(Supermet Grinder, item #48-1581, Buehler Ltd.) with 600-grit SiC paper (pn 810-
281-PRM, Silicon Carbide PSA Discs, Leco Corp., St. Joseph, MI, USA) to
create a flat surface with standard smear layer formation before being bonded
with the adhesive systems.?

Sixty light-activated composite resin discs (2-mm thick and 10 mm in
diameter, A2 shade, Z250, lot# 5LB, 3M ESPE, St. Paul, MN, USA) were
prepared to simulate overlying laboratory-processed indirect composite resin
restorations. The surface of each pre-cured resin disc that was to be bonded was
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sandblasted (air pressure: 80 psi; distance from the tip: 1.5 cm; Comco MB 1002,
COMCO Inc., Burbank, CA, USA) with 50 um aluminum oxide particles (lot #
51116150, micron white, Danville Engineering Inc., San Ramon, CA, USA) for 10
S.

Prepared teeth were randomly divided into twelve groups (n = 5). Flow
charts of the fabrication of each specimen type are presented in Fig 1 and 2. All
adhesive systems and resin cements were manipulated and applied to the dentin
surfaces according to manufacturers’ instructions (control): light activation (20 s,
sn #202149, XL 3000, 3M ESPE), power density of 600 mW/cm? (as measured
using a laboratory grade spectral radiometer (DAS 2100, Labsphere, Sutton, NH,
USA) of the Primer A and B mixture of All Bond 2. The mixture of Bond 1 and
the activator component was left in the uncured state prior to placement of the
respective resin cements (Table 1). For the experimental groups of the 4"
generation product, the mixture of primers A and B were applied and left in the
uncured state, relying totally on any self-curing mechanism, and Bond 1 was
light-activated for 20 s prior the resin cement application. The penetration pattern
of Pre-Bond resin into the primed dentin when All Bond 2 was used was
evaluated using four additional experimental groups, in which Rhodamine B was
incorporated into the Pre-Bond resin instead of into the resin cement. (Fig 1)

The mixed resin cement pastes were applied to the pre-cured composite
disc following manufacturers’ instructions and the disc was positioned and fixed
to the adhesive-coated dentin surface under load of 500 g for 5 min, during which
the resin cement was allowed to self-cure. When the cementing materials were
light-activated through the pre-cured composite disc, the curing unit tip was
positioned against the composite disc surface and each sample was exposed to
40 s (XL 3000, 3M ESPE).

Confocal Laser Scanning Microscopy Analysis
The restored teeth were stored in vegetable oil for 24 h to prevent loss of water
and dye and were vertically, serially sectioned into several 1-mm thick slabs
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using a diamond blade (Buehler Ltd., Lake Bluff, IL, USA) on a sectioning device
(Isomet Low Speed Saw, Buehler Ltd, Evanston, IL, USA) under oil lubrication.
The slabs were stored in vegetable oil for 24 h and were analyzed under CLSM
(LSM 510 Meta Confocal Microscope, Zeiss, Gottingen, Germany). An argon
laser at 488 nm and He—Ne laser at 543 nm provided the excitation energy. The
intensity of the excitation light and the amplification of the photomultiplier were
kept constant during the investigation period. CLSM images were recorded in
fluorescent mode. The visualized layer was selected approximately 10 um below
the sample surface and images were recorded with an oil immersion objective
(40X-, numerical aperture 1.3). The sizes of the recorded images were 230.3 X
230.3 um? and 76.8 X 76.8 um?, and the resolution was 1024 X 1024 pixels.
Images were recorded at magnifications of 770X and 3,000X from three different
regions, on the bonded interface of each specimen. The different dyes provided
specific emission wavelengths for each resinous component at the resin-dentin
interface. Therefore, the mixture of primers A and B from All Bond 2 and Bond 1
emitted a green shade and Pre-Bond resin and the resin cements emitted red
shade when they were excited by the lasers from the CLSM. Based on the fact
that this was an observational evaluation, no statistical analysis was performed
and only visual differences among experimental groups were considered as
findings. The overall general appearance of the five replications from each
experimental group were used to characterize trends seemed for that test

condition.

Scanning Electron Microscopy Analysis

An additional 24 extracted, erupted human third molars were prepared, restored
with the same dual-cured cementing systems and cured composite discs as
described before, and were stored in water at 37° C for 24 hours. The restored
teeth were vertically sectioned in the middle using a diamond blade (Buehler Ltd.,
Lake Bluff, IL, USA) on a sectioning device (Isomet Low Speed Saw, Buehler
Ltd, Evanston, IL, USA) to expose the resin dentin interface. The bonded
interfaces were wet polished with 1200 and 2000 grit SiC paper and with 6 and 3
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um diamond pastes. A 5N HCI solution was applied to the specimen interfaces
for 10 s to remove the inorganic components from the dentin surface. The
specimens were washed with water, were immersed in 2.5% NaOCI for 10 min
and were ultrasonicated for 1 min to remove all exposed collagen after treatment
with acid, so only the hybrid layer and resin tags remained at the adhesive
interface. Afterwards, the specimens were allowed to dry overnight at 37° C,
were sputter-coated with gold (MED 010, Balzer, Leichtenstein) and observed
using a scanning electron microscope (VP 435, Leo, Cambridge, England) at the
magnifications of 770 X and 3,000 X.

Results

Fig 3A, 3B, and 3C show CLSM images and 3D presents the SEM image of
bonded interfaces created when All Bond 2 / Duolink was applied according to
manufacturer’s instructions, i.e., the mixture of primers A and B and the resin
cement were each light-activated separately. The primer light-activation formed
two different interfacial morphologies, one exhibiting a non-uniform primer layer
(arrows - green shade, Fig 3A) and the other one showing the bonded interface
without primer layer (Fig 3C). A yellow line was observed between the adhesive
and resin cement layers (Fig 3B). When the primer layer was not evident on the
SEM image (Fig 3D), it was noticed that the resin cement penetrated into the
entrance of the dentinal tubules (asterisks - red shade — Fig 3C) and a red line
was noted between the dentin surface and the resin cement layer (arrows).
Similar morphological features were observed when All Bond 2 was applied
according to the manufacturer’s instructions and the resin cement was allowed to
self-cure.

Fig 4A and 4B present the bonded interface created when All Bond 2 was
applied to dentin, the mixture of primers A and B was left in the uncured state,
and the resin cement was light-activated through the cures composite disc. Fig
4C shows SEM image from specimens restored following the same experimental
protocol. In experimental group, fluorescein (green) was added to the primer and

Rhodamine (red) was added to the resin cement. A superficial penetration of the
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resin cement was observed at the top of the hybrid layer (arrows - Fig 4B), and
dark spots related to the presence of Pre-Bond resin were noted within the resin
cement layer at the top of the dentin surface (asterisks - Fig 4A and 4B). SEM
images demonstrated a thinner hybrid layer than that observed in CLSM images.

Fig 5A and 5B show the bonded interface using CLSM , Fig 5C presents
the SEM image created when All Bond 2 was applied to the dentin surface and
the primer was left in the uncured state and the resin cement was light-activated,
but Rhodamine was added to the adhesive resin (Pre-Bond) instead of to the
resin cement. Pre-Bond resin (red) penetrated into all dentin tubules at
apparently the same depth, approximately 12 um (Fig 5A), and changes in the
red-shade from light to dark red were also observed at the adhesive/resin cement
layer (asterisks, Fig 5B). A light orange shade area was noted at the top of the
hybrid layer (arrows, Fig 5B), indicating the mixture between primer and Pre-
Bond resin at the top of the hybrid layer. When compared to the hybrid layer in
the CLSM image, the thinner hybrid layer present in the SEM image (Fig 5C)
after acid-base challenge seemed to correspond to the hybrid layer region
containing both primer and Pre-Bond resin.

Fig 6A and 6B show the bonded interfaces created by All Bond 2 / Duolink
on the dentin surface when the mixture of primers A and B was left in the
uncured state and the resin cement was allowed to self-cure. Fig 6C corresponds
to the SEM images obtained from dentin restored following a similar experimental
protocol. The penetration of resin cement was observed at the entrance of most
dentin tubules (Fig 6A and 6B - arrows). However, no morphological evidences of
the presence of the resin cement into the dentin tubules, such as the presence of
filler particles at the entrance of the dentin tubules, were noted in SEM images
(Fig 6C).

Fig 7A and 7B present CLSM images of the bonded interfaces, and 7C
shows the SEM interface created when Bond 1 was left in the uncured state and
the resin cement was light-activated through cured composite resin. The change
in shade from green to light yellow, orange or even red represents the mixture

between the bonding agent and the resin cement within the hybrid layer (Fig 7A
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and 7B). The SEM image indicates a hybrid layer thickness similar to that
observed in the CLSM images; however, no evidences of mixed components
were seen.

When Bond 1 was not light-activated and the resin cement was allowed to
self-cure (Fig 8A and 8B), a darker red shade was observed at the bottom of the
hybrid layer in comparison to the shade observed within the hybrid layer when
the resin cement was light-activated (Fig 7A and 7B). Deeper penetration of resin
cement components (red) were also observed into dentin tubules along the entire
bonded interface (Fig 8A and 8B). It was possible to observe the filler particles
within the resin cement layer (arrows), but no filler particles were noted the dentin
tubules.

Fig 9A and 9B show the bonded interfaces using CLSM ,and 9C presents
the SEM images created by Bond 1 / Lute-it when the adhesive and resin cement
layers were each light-activated separately. A non-uniform adhesive layer was
observed, which was thicker in some regions than in others (Fig 9A). Some
regions exhibited thick adhesive layers (Fig 9B, approximately 22 um) and the
mixture between resin monomers from the oxygen-inhibited uncured adhesive
and resin cement layers was noted along the whole interface (Fig 9B - orange
line — arrows). Separate adhesive and hybrid layers were also evident in the
SEM images. The same application technique of Bond 1 / Lute-it also created
bonded interfaces without a separate adhesive layer above the hybrid layer (Fig
10A, 10B, and 10C). Those interfaces were characterized by resin cement
infiltration at the top of the hybrid layer (Fig 10B — arrows) and at the entrance of
the dentinal tubules (Fig 10C - asterisks).

DISCUSSION

The results of this study demonstrated that resin cement and bonding agent
components created a combined, mixed layer on the dentin surface when both
the 4™ and 5™ generation adhesive systems were applied to dentin and left in the
uncured state. Therefore, the first research hypothesis was validated for the

cementing systems. However, only the bonded interfaces created by the 5™
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generation bonding agent and its respective resin cement exhibited the new
combined layer within the hybrid layer.

The bonded interfaces created by the 5™ generation bonding agent
differed from those created by the 4™ generation cementing system All Bond 2 /
Duolink, which exhibited penetration of resin cement components only at the
entrance of the dentin tubules (Fig 4 and 6). The main feature of 4™ generation
bonding agents is the separate bottles containing primer and bonding resin,
respectively. According to the manufacturer’s instructions, Pre-Bond bonding
resin must be applied to dentin after application and light-activation of the mixture
of primers A and B. The adhesive resin is developed to link resin composite to
primed dentin, and is composed of a high concentration of hydrophobic
monomers, such as Bis-GMA (Table 1). This monomer may be responsible for
the high viscosity observed in Pre-Bond resin. As can be observed in Fig 3, Pre-
Bond resin combines with the resin cement during the seating of the indirect
restoration. Therefore, it is possible to speculate that the presence of the viscous
Pre-Bond resin impairs and slows resin cement diffusion through it and within the
hybrid layer when the primer was left in the uncured state. This speculation may
be confirmed by the evidence that an apparently deeper penetration of the resin
cement at the entrance of the dentin tubules was observed when the resin
cement was allowed to self-cure (Fig 6).

Surprisingly, the 5" generation dual-cured cementing system Bond 1 /
Lute-it exhibited resin cement components not only into the dentin tubules, but
also within the hybrid layer (Fig 7 and 8). The darker orange and red shades
correspond to higher concentration and yellow represents lower concentration of
resin cement components within the hybrid layer. Therefore, higher concentration
of resin cement components were observed at the top of the hybrid layer and into
the dentin tubules as well, and lower concentration of those components was
observed at the bottom of the hybrid layer. The infiltration of such resin cement
components within the hybrid layer can be attributed not only to the low viscosity
of the 5" generation bonding agent Bond 1 (Pentron), but also to the low
viscosity of Lute-it (Pentron) when compared to that of Duolink (Bisco). The
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resultant effects of this mixture between dentin bonding agent and resin cement
components on the mechanical properties at the hybrid layer will depend on the
chemical compatibility among components, monomer conversion, and curing
mode as well.?> However, assuming confluence, it would be reasonable to
assume that presence of the more hydrophobic resins from the cement at and
into the hybrid layer would substantially improve the physical properties of the
polymer formed in those areas.

Self-curing components, or co-initiators, were added to these bonding
systems to overcome the chemical incompatibility between dual-cured resin
cements and acidic monomer from the bonding agents to occur.'? Otherwise, the
tertiary amines from peroxide-amine component can react with acidic monomers
to form a charge transfer complex (CT complex)® and loose their ability as

212232 As a consequence, a poor

reducing agents in redox reaction.
polymerization reaction would be expected from the combined adhesive/resin
cement layer or from the mixture between the primer / adhesive oxygen-inhibited

1921 and resin cement components at the top of the light-activated bonding

layer
agent layer. This mixture between the primer / adhesive oxygen-inhibited layer
was represented by the light orange line between the primer / adhesive and resin
cement layers (arrows) (Fig 3B and 9B). Therefore, this interaction between resin
cement and bonding agent components is only acceptable when dual-cured
adhesive systems are used, even when the primer / adhesive layer are light-
activated prior to resin cement application.

When Bond 1 was applied to dentin and left in the uncured state (the
manufacturer recommended condition), a significant change in shade within the
hybrid layer was observed when self-cured resin cement groups were compared
with the light-activated ones. A light yellow hybrid layer was observed when the
resin cement was light-activated, while dark red hybrid layer was noted when
Lute-it was allowed to self-cure. Such differences in shade are probably related
to the longer resin cement setting time promoted by its self-polymerization, which
can take several minutes.'®® Therefore, the longer setting time allowed deeper
resin cement penetration within the hybrid layer and co-mixture of these
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compounds with those of the primer/adhesive material. This change in monomer
composition within the hybrid layer may result in higher content of hydrophobic
monomers, which can contribute to longer durability at not only the adhesive
layer but also within the hybrid layer.5?

A non-uniform adhesive layer, which was totally absent at some bonded
interfaces, was observed when the primer / adhesive layers of both 4™ and 5"
generation bonding agents were light-activated before the indirect restoration
was seated (Fig 3A, 3C, 9A and 9B). Therefore, the second hypothesis of the
current study was invalidated. Although the 3-D features of the CLSM images do
not provide a clear indication about differences in dentin tubuli density, it is
possible that a thinner or absent primer /adhesive layer is related to the higher
density of dentin tubules when the bonding agents were applied to deep dentin
surfaces.'® More primer / adhesive resin would be necessary at deep dentin to
compensate its higher permeability due the higher dentin tubuli density, and
consequently create a uniform layer on the dentin. On the other hand, the same
amount of primer / adhesive resin may create a thick layer when applied to other
dentin surfaces where tubuli size and density may be less (Fig 3B and 9B). The
layer thickness observed in some regions (approximately 23 um — Fig 9B) can
compromise the internal adaptation of indirect restorations and, as a
consequence, may promote a thicker luting space at some internal and marginal
areas of the restoration.®'"'” Several clinical and in vitro investigations revealed
the luting space as being the weakest part of a ceramic inlay restoration.'*232°
For these reasons, in order to avoid a non-uniform or thick polymerized adhesive
layer (Fig 3B, 9B, and 9C), care must be taken when a gentle air stream is
applied before light-activation, in order to create a uniform layer not only at the
cavity surfaces, but also at the cavity angles. Moreover, careful visual analysis of
the bonded cavity may allow the clinician to distinguish regions with thick
adhesive layer before the light-activation.

The SEM analysis (Fig 3D, 4C, 5C, 6C, 7C, 9C and 10A) was a useful tool
to distinguish and confirm the micromorphological structures observed at the

adhesive interface of the CLSM images. The acid treatment (5 N HCI) combined
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with 2.5% NaOCI| was used to provide clear observation of the hybrid layer
morphology and resin tags: demineralization of dentin and removal of
unprotected collagen fibril. However, other studies have demonstrated that
specimen polishing and acid treatment can damage the micromorphology and
change the composition of the hybrid layer.>*%*" On the other hand, as specimen
preparation for CLSM analysis does not involve chemical superficial treatments,
and imaging is obtained below the surface, the micromorphology of the adhesive
interface is preserved.! Furthermore, the CLSM images provided detailed
information about component distribution from the adhesive resin and resin
cements at the resin cement layer and within the hybrid layer as well, while such
distinctions were not possible using SEM analysis.

Based on the findings of this study, it is recommended that care must be
taken when dual-cured 4™ or 5™ generation adhesive systems are applied and
indirect restorations are cemented on bonded dentin. Much more knowledge is
needed to reliably provide an adequate marginal adaptation and proper formation
of a combined layer at the bonded interface. Further in vivo studies are needed
to evaluate the effects of dentinal fluids under pulpal pressure on the penetration
of dual-cured resin cements into dentin tubules and within the hybrid layer, as
well as the clinical performance of the mixture created by dual-cured bonding
agents and resin cements such as that observed in this study.

CONCLUSION

Within the limitations imposed in this study, the following conclusions may be
made:

[1] A combined layer composed of primer / bonding agent and resin cement was
observed on the dentin surface and at the entrance of the dentinal tubules when
4™ generation dual-cured adhesive system was used; the 5" generation dual-
cured bonding agent used created the combined layer not only on the dentin
surface, but also within the hybrid layer and in the dentin tubules.

[2] Light-activation of the primer for All Bond 2 and bonding agent for Bond 1
before the cementation of indirect restoration provided a non-uniform adhesive
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layer, which was also totally absent in some regions, and did not allow monomer
infiltration from the resin cement or Pre-Bond resin into the hydrophilic bonding
agent and dentin.

[3] The option of not light curing the bonding agent prior to the application of resin
cement can be a reliable technique considering the changes in composition and
morphology of the adhesive interface; however, only the evaluation of the
mechanical properties of the adhesive interfaces created when this technique is

used will confirm its effectiveness.
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Table 1. Manufacturers and compositions of dual-cured adhesive systems used

Product
(code) Composition (manufacturer provided) (Batch Number) Manufacturer’s Instructions and exceptions
(Manufacturer)
All Bond 2 Primer A: acetone; ethanol; Na-N-tolylglycine; Mix primers A and B. Apply 5 consecutive coats to dentin; Dry all
(AB2) glycidylmethacrylate (0500003574); Primer B: acetone; ethanol; surfaces for 5-6 seconds with an air syringe; Light -cure 20 seconds;
(Bisco Inc.) biphenyl dimethacrylate (0500003579);  Pre-Bond Resin: Bis - Apply thinlaye rof Pre -Bond Resin immediately prior to

4thGeneration GMA, TEGDMA; benzoyl peroxide; BHT (0500004345).

cementation. Air thin. Do not light-cure.

Activator: Methacrylate monomers in Ethanol and/or Acetone,
Benzoyl Peroxide, Acetone (128878). Resin: Mixture

of PMGDM, a condensation product of PMDA and Glycerol,
Dimethacrylate HEMA and TMPTMA in ethanol and/or acetone
with photo initiator, amine accelerator and stabilizer, Pyromellitic
Dianhydride (129121).

Bond 1
(B1)
(Pentron Corp.)
5thGeneration

Mix one drop of Bond1 Dual Cure Activator with 2 drops of Bond1
Primer/Adhesive. Using a fully saturated brush tip each time, apply
two coats of Bond1 Primer/Adhesive to tooth within 10 seconds;
Apply a gentle stream of air for a minimum of ten (10) seconds.

Hold air syringe 1 inch from site, positioned so as not to dis turb
resin surface. (Avoid excess of Bond1 Primer/Adhesive in internal
line angles or point angles).

TEGDMA: triethylene glycol dimethacrylate; Bis -GMA: bisphenol A diglycidyl ether methacrylate; PMDA: pyromellitic dianhydride; PMGDM: pyromellitic
glycerol dimethacrylate; BHP: butylated hydroxytoluene; TMPTMA: trimethylolpropane trimethacrylate; HEMA: 2 hydroxyethyl methacrylate; GPDM:

glycerophosphoric acid dimethacrylate.
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Table 2. Manufacturers and compositions of the dual-cured resin cements used

Product N Batch
Composition
(Manufacturer) Number
Duolink Base: Bis-GMA; TEGDMA,; glass filler; urethane dimethacrylate.
0500003751
(Bisco Inc.) Catalyst: Bis-GMA; TEGDMA; glass filler.

In both Base & Catalyst: UDMA, HDDMA, Amine and inorganic pigments
Lute-It! (in base only), Benzoyl Peroxide (in Catalyst only), UV Stabilizers (in both Base:130666
(Pentron Corp.) base and catalyst), Barium Glass, Inorganic Fluoride, Borosilicate Glass, Catalyst:126388

Silane Silica Zirconia.

TEGDMA: Triethylene glycol dimethacrylate, Bis-GMA: Bisphenol A diglycidyl ether methacrylate, UDMA: Urethane
dimethacrylate, HDDMA: 1,6-hexanediol dimethacrylate.
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LEGENDS:

Fig 1. Schematic diagram exhibiting the experimental groups created according
to the curing modes of the adhesive layer and resin cement for All Bond
2 / Duolink.

Fig 2. Schematic diagram exhibiting the experimental groups created according
to the curing modes of the adhesive layer and resin cement for Bond 1/
Lute-it.

Fig 3. Bonded interface created when All Bond 2 / Duolink was applied to the
dentin surface and the primer (green) and the resin cement were light-
activated as recommended by the manufacturer (control). (A)
Representative CLSM image exhibiting a non-uniform primer layer
(arrows). (B) The presence of a primer layer (AL) and the mixture
between oxygen-inhibited uncured primer and resin cement components
were noted (between arrows). (C) No primer layer was observed in some
regions, which showed the resin cement penetration at the entrance of
dentin tubules (asterisks) and a red line corresponding to the deposition
of organic matrix from the resin cement (between arrows). (D)
Representative SEM image of the bonded interface. RC — resin cement;
HL — hybrid layer; RT — resin tag; D — dentin; AL — adhesive layer; CD —
composite disc.

Fig 4. Bonded interface created when All Bond 2 / Duolink was applied to the
dentin surface and the primer (green) was left in the uncured state
(experimental group) and the resin cement (red) was light-activated. (A)
A uniform hybrid layer and a dark red layer (asterisk) were noted along
the whole extension of the dentin surface. The green shade above the
resin cement corresponds to the primer AB, which was applied to the
resin disc surface according to the manufacturer’s instructions. (B)
Superficial resin cement penetration (arrows) was noted at the entrance
of the dentin tubules, and a dark red layer (asterisk) corresponding to the
presence of Pre Bond resin was observed within the resin cement layer
(RC). (C) Representative SEM image of the bonded interface. HL —
hybrid layer; RT — resin tag; D — dentin; CD — composite disc.
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Fig 5.

Fig 6.

Bonded interface created when All Bond 2 / Duolink was applied to the
dentin surface and the primer (green) was left in the uncured state
(experimental) and the resin cement was allowed to light-cure for 40 s,
but Rodhamine was incorporated to Pre-Bond resin (red) instead of in the
resin cement (RC). (A) Pre-Bond resin penetration (red) into the dentin
tubules and at the top of the hybrid layer was noted throughout the length
of the dentin surface. (B) Orange areas indicating the mixture between
Pre-Bond resin (red) and the primer (green) within the hybrid layer
(arrows) and the mixture between Pre-Bond resin and resin cement
(darker red areas, asterisks) were noted more clearly at higher
magnification. (C) Representative SEM image showing corresponding
areas of the bonded interface. RC — resin cement, HL — hybrid layer; RT
— resin tag; D — dentin.

Bonded interface created when All Bond 2 / Duolink was applied to the
dentin surface. The mixture of primers A and B (green) was left in the
uncured state (experimental) and the resin cement (red) was allowed to
self-cure. (A) The penetration of the resin cement components (red) was
noted at the entrance of dentin tubules along the whole extension of the
bonded interface. (B) Deeper resin cement penetration (red, arrows) at
the entrance of the dentin tubules was observed when compared to the
resin cement penetration observed when the resin cement was light-
activated (Fig 4B). (C) Representative SEM image showing the bonded
interface. RC — resin cement layer; HL — hybrid layer; RT — resin tag; D —

dentin; CD — composite disc.

Fig 7. Bonded interface created when Bond 1 / Lute-it was applied to the dentin

surface, the bonding agent (green) was left in the uncured state and the
resin cement was light-activated: manufacturer's recommended
directions (control). (A) Resin cement (red) penetration was observed
into the entrance of all dentin tubules. A change in shade from green to
yellow within the hybrid layer is seen denoting mixture between resin
cement components (red) and bonding agent (green) along the whole

bonded interface. (B) Higher magnification showing the resin cement
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(red) penetration into the dentin tubules and within the hybrid layer. (C)
Representative SEM image of the bonded interface. RC — resin cement;

HL — hybrid layer; RT — resin tag; D — dentin; CD — composite disc.

Fig 8. Bonded interface created when Bond 1 / Lute-it was applied to the dentin

Fig 9.

surface, the bonding agent was left in the uncured state (control) and the
resin cement was allowed to self-cure. (A) Intense resin cement
penetration (red) was observed into all dentin tubules and within the
hybrid layer along the entire bonded interface. (B) Higher magnification
showing the change in shade from green to red within the hybrid layer
denoting the higher concentration of resin cement components within the
hybrid layer. The distribution of filler particles (dark areas, arrows) was
also noted within the resin cement layer, but none were present in the
hybrid layer. RC — resin cement; HL — hybrid layer; RT — resin tag; D —
dentin; CD — composite disc.

Bonded interface created in the 5" generation product when Bond 1 /
Lute-it was applied to the dentin surface and bonding agent and resin
cement were light-activated separately (experimental). (A) A non-uniform
adhesive layer (green) and a 9-um thick hybrid layer (green) were
observed along the entire bonded interface. (B) A thick hybrid layer
(green) and a yellow/orange line denoting the mixture between uncured,
air-inhibited dentin bonding layer (AL) and resin cement (between
arrows) were noted. (C) Representative SEM image of the bonded
interface. HL — hybrid layer; RT — resin tag; RC — resin cement; D —

dentin; AL — air-inhibited layer; CD — composite disc

Fig 10. Bonded interface created when Bond 1 / Lute-it was applied to the

dentin surface and bonding agent (green) and resin cement (red) were
light-activated separately. (A) Representative SEM image of the bonded
interface. (B) No adhesive layers were observed at some regions of the
bonded interface when the bonding agent was light-activated and resin
cement penetration (red) into the dentin tubules (arrows) in those

regions. (C) Resin cement penetration was also observed into the
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demineralized dentin (yellow-orange area, asterisks). RC — resin cement;

HL — hybrid layer; RT — resin tag; D — dentin.
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ABSTRACT

Purpose: To evaluate the effects of different curing conditions on the degree of
conversion (DC) of dual-cured cementing systems [combination of bonding agent
(BA) and resin cement (RC)] using infrared spectroscopy.

Materials and Methods: Seven dual-cured BAffive RCs were used. The 4"
generation products [Scotchbond Multipurpose Plus/RelyX (3M ESPE),
Optibond/Nexus2 (Kerr), All Bond2/Duolink (Bisco), and Bond-It/Lute-It (Pentron)],
and 5" generation materials [Bond1i/Lute-It (Pentron), Prime&Bond NT Dual-
Cure/Calibra (Dentsply), and Optibond Solo/Nexus 2 (Kerr)] were applied to
surface of a horizontal attenuated-total-reflectance unit, and were polymerized
using one of four conditions: self-cure (SC), direct light exposure (DLE/XL3000/3M)
through glass slide or through pre-cured resin discs (shades A2;A4/2mm-
thick/Z250/3M-ESPE). Infrared spectra were obtained after placing components
(uncured), 5 and 10 min later (cured) (16 scans at 2cm™, FTS-40/Digilab/Bio-Rad).
DC was calculated using standard techniques of observing changes in aliphatic-to-
aromatic peak ratios pre- and post-curing. Data (n=5) were analyzed by two-way
repeated measure ANOVA and Tukey’'s test (p=0.05). Spectral irradiance
(mW/cm?) of light passing through the glass slide or A2/A4 discs was measured
(DAS-2100/Labsphere).

Results: Changes in aliphatic-to-aromatic peak ratios before and after placing RC
onto the BA demonstrated that a combined layer was created on the diamond
surface. All products exhibited higher DC after 10 minutes than after 5 minutes. No
significant difference in DC was observed among light-activated groups regardless
of the resin disc shade for most 4™ generation cementing systems. The SC groups

exhibited lower DC than the DLE groups for both 4™ and 5™ generation products.

Conclusion: The chemistry of the bonding interface changed when RCs were
applied to uncured BAs. The presence of indirect restoration can decrease the DC
of some cementing systems and the self-curing mode is less effective than light-

activating one.
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INTRODUCTION
The clinical success of composite and ceramic indirect restorations is attributed to
the reliable bond between adhesive cementing systems (resin cements / bonding
agents) and mineralized dental tissues.'®® Light intensity reaching the resin
cement is strongly attenuated by either the distance from the light source or by the
absorbing characteristics of the indirect restorative material. This attenuation
results in low degree of conversion (DC) and compromised mechanical properties
of the dentin/adhesive interface when only light-cured resin materials are used to
bond the restorations.??* In an attempt to overcome this problem, manufacturers
developed dual-cured resin materials, which contain self-curing components to
initiate the polymerization reaction in the absence of light.'*'®

Dual-cured cementing systems contain a mixture of monomers and
catalysts, and are formulated to not depend only on light activation to polymerize.
Therefore, light activation of adhesive resins prior to delivering an indirect
restoration might not be necessary. Among commercial resin-based indirect
cementing systems available, manufacturer instructions differ widely in advocating
the pre-curing of the dentin bonding agent (DBA). Some products advocate light-
curing of the DBA prior to cementation, others indicate the clinician can choose to
light cure or not, while others state that light curing should not be performed prior to
resin cement application. Clinically, however, it would be an advantage not to light-
cure the DBA separately. If the polymerized DBA thickness is large, its added
dimensions would result in incomplete seating of the restoration, generating large
marginal discrepancies and the necessity to adjust occlusion.®

It has been reported that acidic resin monomers from two-step total etch and
self-etching adhesives may impair the polymerization of dual-cured cements and
composites that are initiated via peroxide-amine binary redox catalysts.?*?® As a
consequence, low bond strength values are reported when light activation of the

d.”?? In order to overcome this chemical

dentin bonding agent is not performe
incompatibility, chemical co-initiators have been introduced, such as aryl sulfinic

acid salts, organoboron compounds, and barbituric acid/cupric chloride.”’ These
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components react with the acidic resin monomers to produce either phenyl or
benzenesulfonyl free radicals that initiate the reaction of dual-cured resin cements
when light from the curing unit is not available.""*’

Several studies have demonstrated that ceramic or resin-based composite
inlays/onlays reduce the amount of light reaching the bottom of the restoration, and
therefore compromise photo-activation of photo-active luting materials.?®
Moreover, when evaluating in vitro occlusal wear, quantity of remaining double
bonds, and cement system hardness, some authors indicate that the chemical
curing mechanism alone is less effective than the light activated reaction when
dual-cured resin cements were used.?® However, there is no information regarding
the DC of such dual-cured resin cements when they were combined with dual-
cured adhesive systems in simulated clinical conditions when light intensity is
strongly attenuated or totally absent.

Thus, the purpose of this study was to measure the DC of representative
commercial 4™ and 5™ generation dual-cured cementing systems when they were
light-activated with little attenuation (through a microscope slide) or when light was
attenuated by passing through pre-cured resin discs (shades A2/A4), or when light
from the curing unit was totally absent. The research hypotheses were: (1) within a
given dual-cured cementing system, conversion using direct light-cure (low light
attenuation) will be higher than when the systems were allowed to self-cure only;
(2) The attenuation of curing light to the dual-cured cementing system by passing
through pre-cured resin discs will result in lower DC of all systems when compared
to when light passed through only a glass slide (low attenuation); (3) for similar
thickness of pre-cured composite, the conversion of dual-cured cementing systems
when light-cured would be less for the darker-shaded composite; and (4) DC after
10 min will be higher than that measured after 5 min from polymerization initiation

for both SC and light-curing modes.
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MATERIALS AND METHODS

Degree of Conversion

Four 4™ and three 5™ generation adhesive systems (Tables 1 and 2) and their
recommended dual-cured resin cements (Table 3) were used (adhesive system /
resin cement): All Bond2 / Duolink (AB2/DUQ; Bisco), Bond-It / Lute-It (BIT/LUTE;
Pentron), Optibond / Nexus 2 (OPT/Nexus; Kerr), Scotchbond Multipurpose Plus /
Rely X (SBMP/RelyX; 3M ESPE); Bond1 / Lute-It (B1/LUTE; Pentron); Prime &
Bond NT Dual-Cure / Calibra (NTD/Cal; Dentsply) and Optibond Solo Dual Cure /
Nexus 2 (SOLOD/Nexus, Kerr), respectfully. Light-cured composite resin discs (2-
mm thick ,10 mm in diameter — A2/A4 shade — Z250, lot# 5LB; 3M ESPE) were
prepared to simulate overlying laboratory-processed composite resin restorations.
The adhesive systems and resin cements were applied as described on Tables 1
and 2 to a horizontal diamond ATR element (Golden Gate, Specac, Woodstock,
GA, USA) in the optical bench of a Fourier transform infrared spectrometer (FTIR)
(FTS-40, Digilab/BioRad, Cambridge, MA, USA). All adhesive systems were
placed according to manufacturer instructions, but none were light-cured prior to
placement of the resin cement. Adhesive tape (3M) was placed around the
diamond surface to act as spacer, ensuring standard thickness for all specimens
(100 — 120 um). The deposited material was covered with Mylar strip and
polymerized using 4 different curing modes: light activation (XL3000, sn#202149,
power density: 600 mW/cm?; 3M/ESPE) according to manufacturers’ instructions
through a glass slide (1 mm thick) (direct light curing (DLC)); light activation
through A2 or A4-shade pre-cured resin discs (A2/A4); or they were allowed to

self-cure under Mylar strip and the glass slide (SC), with no curing light exposure.

Monomer Conversion

Infrared spectra were collected between 1680 and 1500 cm™ at a rate of one-per-
second at 2-cm™' resolution, from the moment when the first layer of adhesive resin

was applied to the ATR surface through the next 10 min. Five replications were
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made for each test condition. The first scan collected following detection of the
presence of the resin cement at the adhesive-covered diamond surface (as noted
by a change in aliphatic-to-aromatic C=C absorption ratios — Fig 1) served to
supply the infrared spectra of the uncured mixed resin (adhesive resin / resin
cement) interface. Monomer conversion was calculated by standard methods using
changes in the ratios of aliphatic-to-aromatic C=C absorption peaks in the uncured
and cured states obtained from the infrared spectra.’®*® The DC of all curing
modes was compared within each product at 5 and 10 minutes from the time the
resin cement was applied to the adhesive system, as well as between the two
periods. All specimens were carefully removed from the FTIR spectrometer and
measured for thickness to the nearest 0.01 mm using a digital micrometer (Series
406; Mitutoyo America Corp., Aurora, IL, USA) to ensure that pressure applied to
either the microscope slide of pre-polymerized resin disc provided the same
thickness for all specimens.

Light irradiance values

The irradiance (mW/cm?) of the curing unit was determined using a laboratory-
grade spectral radiometer (DAS 2100, Labsphere, N. Sutton, NH, USA) with a 7.62
cm-diameter integrating sphere. Five measurements were obtained when the glass
slide or the A2/A4 pre-cured resin discs were placed between the integrating
sphere aperture and the light guide tip. Irradiance values were obtained between
350 and 600 nm by dividing the total emitted power (mW) by the area of the sphere

aperture.

Statistical Analyses

A two-way repeated measure analysis of variance (ANOVA) (effect of curing mode
and time) was performed for each product when the DC was the variable selected,
and one-way ANOVA was performed to compare the differences in light intensity.
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All statistical tests were performed at a pre-set alpha of 0.05 and followed by
Tukey’s post-hoc test.

RESULTS
Monomer Conversion - Within dual-cured cementing systems

For most dual-cured cementing systems, a decrease in aliphatic-to-aromatic
C=C absorption ratios was noted when the dual-cured resin cements were applied
to the diamond surface containing uncured bonding agents (Fig 1). The only
exception was observed for SOLOD, which showed an increase in the C=C
absorption ratio when the resin cement was applied.

Table 4 displays DC results of all 4" and 5™ generation dual-cured
cementing systems, respectively. No significant differences in the DC were
observed when A2 values were compared to DLC for the 4™ generation cementing
systems, except for OPT/Nexus at 5 min. However, with the 5" generation
systems, the A2 groups exhibited lower DC than the DLC groups (Table 4). The
DC of A4 specimens was significantly lower than that of the DLC group in most of
the dual-cured cementing systems. The only exception was when AB2/DUO,
BIT/LUTE (at 5 min) and SBMP/Rx were used, which showed no significant
differences in DC between DLC and A4 groups.

For most of the 4" and 5™ dual-cured cementing systems, the SC group
exhibited lower DC than DLC, A2 and A4 experimental groups. The only
exceptions were observed for BIT/LUTE at 10 min, which showed no significant
differences among SC, A2 and A4 groups, and for B1/LUTE and SOLOD/Nexus,
which showed no significant differences between SC and A4 groups at 10 min. The

thickness of all specimens ranged from 100 um to 120 um.
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Monomer Conversion - Within curing modes

All 4" and 5™ generation cementing systems exhibited lower DC at 5 min than at
10 min in all curing modes. The only exception was seen in DLC of BIT/LUTE
where no difference in DC values was found between 5 and 10 min (Tables 4).

Light attenuation of pre-cured resin discs

Table 5 presents irradiance values measured when light passed through the
microscope glass slide, as well as through A2- and A4-shade pre-cured resin
discs. When the A2-shade pre-cured resin disc was used, irradiance decreased
approximately 89%, while 92% lower irradiance was noted when using the A4 disc.

DISCUSSION
The results of this study demonstrated that all research hypotheses tested were
accepted or rejected depending on the curing mode and the dual-cured cementing
system generation evaluated. The research hypothesis stating that conversion
using direct light-cure would be higher than when the systems were allowed to self-
cure within the same dual-cured cementing system was accepted for both
cementing system generations, at 5 and 10 min. This finding agrees with other
reports, which showed that the self-curing mode was less effective when compared
to the dual-cured or photo-cured ones.?® One possible explanation for this finding
may be related to the slow rate of polymerization promoted by the self-curing
mode, as was confirmed when low DC was observed at five min in all products
when they were allowed to self-cure (Table 4). Rueggeberg and Caughman'’
speculated that the change in viscosity due to the reaction of polymerization
caused the inability of radicals to migrate and the final conversion is impaired as
consequence. Further studies are necessary to compare the DC promoted by the
SC mode with that obtained with DLC mode after 24 h.

When compared to the power density obtained when using the glass slide,

only 11% and 8% of the total irradiance reached the cementing systems when pre-
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cured A2 and A4 -shade resin discs were used, respectively (Table 5). However,
even when light intensity decreased approximately 92%, no difference in DC was
observed for most of the 4™ generation cementing systems when compared to the
values of DLC groups after 10 min. Therefore, the research hypothesis stating that
the presence of pre-cured resin disc may affect the DC was invalidated for the 4"
generation dual-cured cementing systems evaluated after 10 min. Considering the
fact that the main feature of such cementing systems is the presence of benzoyl
peroxide not only in the resin cements, but also in the adhesive systems, the
composition of the mixture obtained from resin cements and adhesive systems has
higher content of self-curing components than that of these materials when they
are not mixed together. As the higher content of such self-curing components
affect the DC of self-cured polymer materials,' the higher amine/benzoyl peroxide
content may have ensured that differences in light intensity did not affect the DC of
the cementing systems.

On the other hand, all 5™ generation dual-cured cementing systems
exhibited lower DC when pre-cured resin discs were used, so the same research
hypothesis discussed above was confirmed for the 5" generation systems.
Differently from the 4™ generation cementing systems, the 5™ generation dual-
cured cementing systems have benzoyl peroxide only in the resin cements and
parabenzene sulfinic acid sodium salts in the adhesive systems. These aryl sulfinic
acid salts are used to reduce or even eliminate the incompatibility between the
acidic monomers from the adhesive systems and the tertiary aromatic amines from
the resin cements.'?® Therefore, the lower content of self-curing components in
the 5™ generation systems may have not been capable of compensating for the
decrease in light intensity promoted by the presence of pre-cured resin discs.

Among all 5™ generation adhesive systems evaluated, Bond 1 was the only
adhesive system having benzoyl peroxide instead of aryl sulfinic acid salts in its
composition. However, the DC of this dual-cured cementing system was also
affected by the presence of the pre-cured resin discs. One possible explanation for
this finding may be related to the lack of the aryl sulfinic acid salts in its
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composition. Although the amount of benzoyl peroxide was increased due to its
presence in both the resin cement and adhesive system, it is possible to speculate
that the chemical incompatibility between the adhesive resin and dual-cured resin
cement may have impaired the formation of starting radicals and consequently the
self-curing reaction was compromised.'®?? Thus, the polymerization may rely most
on light exposure, which was drastically reduced by the presence of pre-cured
resin discs. This speculation might also explain the lower DC of A4 experimental
group when compared with that of A2 when B1/LUTE was used. Despite the lower
light intensity observed when the A4-shade pre-cured resin disc was used
(Table5), B1/LUTE was the only cementing system showing significant differences
in DC when values of A2 and A4 groups were compared to each other. However,
the effects of self-curing mechanisms in compensating light attenuation can only be
confirmed when comparing the DC of light-activated and dual-cured adhesive
systems applied together with dual-cured resin cements.

This study compared DC at 5 and 10 minutes after initial mixture of
components. Most manufacturers recommend the clinician wait at least five
minutes prior to adjusting a recently cemented indirect restoration. All dual-cured
cementing systems exhibited lower DC after 5 min than the values observed after
10 min within A2, A4 and SC experimental groups. Thus, the research hypothesis
that the cementing systems would show higher DC at 10 min than at 5 min was
confirmed. When light was not available, the difference in DC between 5 and 10
minute intervals ranged approximately from 4% to 17% (Table 4). As a
consequence, mechanical properties such as flexural and compressive strengths,
elastic moduli, and hardness may be proportionally affected by this range in the
DC.>'® Therefore, longer time period should pass before performing occlusal
adjustment or removing excess marginal resin cement than is currently advocated
(5 minutes).

The results of this study need to be considered with respect to many
aspects related to testing conditions. The penetration of the infrared beam into the
materials placed above the crystal was approximately 3 microns. Thus, changes in
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resin content upon introducing the uncured cement paste into the unpolymerized
dentin bonding agent were only observed within this thickness. However, the area
of infrared observation, and thus characterization of conversion, is considered to
be clinically relevant, as it is similar to that of a hybrid layer that would be present
on acid etched dentin. Also, some of the dentin bonding agents used in this study
are acidic in nature.?? It has been demonstrated that the acidity of self-etching
adhesive systems is neutralized after placement by the dissolution of the
hydroxyapatate dentin matrix.'® Such neutralization is thought to permit maximal
conversion, as opposed to when curing takes place at low pH values.?® The ATR
plate upon which the acidic bonding agents were placed could not provide any
buffering capability to the dentin bonding agents, and thus could not truly simulate
the clinical situation. For this reason, no self-etching adhesive systems were
evaluated in this study. As 4™ and 5™ generation adhesive systems are applied to
demineralized dentin, which does not have hydroxyapatite, no change in pH is
expected in the clinical situation, considering the evidences that the resin
monomers do not fully infilirate the demineralized dentin and therefore do not react
with hydroxyapatite.** Thus, the experimental system used seems to not be
different from the in vivo condition when applying acidic bonding agents to dentin.

This in vitro study was based on well-controlled laboratory conditions.
However, other variables such as presence of water and quality of resin infiltration
into demineralized dentin can affect the DC and the mechanical properties of
polymer materials when they are applied to teeth.*'® The monomer conversion
values for dentin bonding agents applied and light cured alone were not
determined in this study. Because the chemistry of the analyzed interface changed
when the resin cement was applied and diffused into the uncured bonding agent,
direct comparison of conversion values between the light cured bonding agent
alone and that of the mixture of bonding agent and cement cannot be made. Thus,
the significance of these differences is not known. Only additional testing, such as
bond strength comparison between specimens of similar curing modes, would
reveal the importance of such changes.

73



CAPITULO 3

CONCLUSION

Within the limitations of this study, the following conclusions were made: (1)
monomer conversion using direct light exposure was higher than when the
systems were allowed to self-cure only; (2) The attenuation of curing light to the
dual-cured cementing system by passing through pre-cured resin discs resulted in
lower DC for the 5" generation cementing systems; (3) darker-shaded composite
did not result in lower DC in all products; and (4) DC after 10 min was higher than
that measured after 5 min from polymerization initiation for both SC and light-curing

modes in almost all products.
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Clinical Relevance

A combined layer created at the adhesive interface when dual-cured resin cements
are placed on uncured bonding agents is capable of polymerizing even in the worst
simulated clinical condition, in which light from the curing unit is strongly attenuated

or totally absent.
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LEGENDS:
Figure 1 lllustrative FTIR spectrum exhibiting the changes in absorbing peak

corresponding to C=C aromatic double bond (1608 and 1582) after resin cement

application on the top of uncured bonding agent.
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Table 1  Brand, composition, batch number and manufacturers’ instructions of the 4" generation dual-cured adhesive systems used
Product
Composition (manufacturer supplied) ) )
(code) Manufacturer’s Instructions and exceptions
(Batch Number)
(Manufacturer)
All Bond 2 Primer A: acetone; ethanol; Na-N-tolylglycine; Mix primers A and B. Apply 5 consecutive coats to dentin; Dry
(AB2) glycidylmethacrylate (0500003574); Primer B: acetone; ethanol; all surfaces for 5-6 seconds with an air syringe; Light-cure 20
biphenyl dimethacrylate (0500003579); Pre-Bond Resin: Bis- seconds*; Apply thin layer of Pre-Bond Resin immediately prior
(Bisco Inc.,

Schaumburg, IL,
USA)

GMA, TEGDMA; benzoyl peroxide; BHT (0500004345).

to cementation. Air thin. Do not light-cure.

Bond-It!
(BIT)

(Pentron Corp.,
Wallingford, CT
USA)

Primer A: NTG-GMA magnesium salt in acetone, Acetone
(123280). Primer B: Mixture of PMGDM, a condensation product

of PMDA and Glycerol (126514). Unfilled dual resin activator:

Mixture of UDMA and HDDMA resins with self curing initiator,
stabilizer, Benzoyl peroxide (110743). VLC Adhesive: Dental
methacrylate resin mixture with photo initiator, amine, and
stabilizer (128389).

Mix equal parts of primer A and B. Apply 5 coats to the etched
surface to achieve a shiny appearance; Dry only after final coat.
Mix equal parts of Bond-It Light cure resin and Dual-Cure
Activator and apply; Surface may be light cured or allowed to

self-cure.

Optibond
(OPT)
(Kerr Corp.,
Orange, CA, USA)

Primer. Ethyl Alcohol, Alkyl
(423435). Dual Cure Paste (3B). Uncured Methacrylate Ester
Monomers; Triethylene Glycol Dimethacrylate (424560); Inert

Dimethacrylate Resins, Water

glass filler, pigment and stabilizers. Dual Cure Activator Resin
(8A): Uncured Methacrylate; Ester Monomers; Benzoyl Peroxide
(423073).

Apply Optibond Prime (bottle 1) to dentin and enamel surfaces
with microbrush, scrubbing the surface for thirty (30) seconds;
Air dry for 5 seconds; Dispense Optibond Dual Cure paste (3B)
and 1 drop of Dual Cure Activator (3A) and thoughtfully mix
them for 15 seconds; Apply a thin coat of the mixed dual cure to
the dentin surface.; Do not air thin and do not light cure it.

Scotchbond
Multipurpose
(SBMP)
(3M ESPE, St.
Paul, MN, USA)

Primer: water; 2-hydroxyethyl methacrylate; copolymer of acrylic
and itaconic acids (5AT). Activator: ethyl alcohol; sodium
(5KT); Bis-GMA; 2-hydroxyethyl
methacrylate; benzoyl peroxide (3AP).

benzenesulfinate Catalyst:

Apply activator (1.5) to enamel and dentin. Dry gently for 5
seconds; apply primer (2.0) to enamel and dentin. Dry gently for
5 seconds; apply catalyst (3.5) to enamel and dentin; mix and
apply a self-cure or dual-cure luting material to the bonding
surface of the restoration; seat the restoration. If a dual-cure
cement was used, light-cure the margins.

TEGDMA: Triethylene glycol dimethacrylate, Bis-GMA: Bisphenol A diglycidyl ether methacrylate, UDMA: Urethane dimethacrylate, PMDA: Pyromellitic
Dianhydride; HADDMA: 1,6-hexanediol dimethacrylate; PMGDM: pyromellitic glycerol dimethacrylate; BHP: Butylated Hydroxytoluene
* The adhesive systems were not light-activated before the cementation of indirect resin composite disc.
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Table 2 Brand, composition, batch number and manufacturers’ instructions of the 5" generation dual-cured adhesive systems used
Product Composition Manufacturer supplied) . .
Manufacturer’s Instructions and exceptions
(Manufacturer) (Batch Number)
Activator: Methacrylate monomers in Ethanol and/or Mix one drop of Bond1 Dual Cure Activator with 2 drops of Bond1
Acetone, Benzoyl Peroxide Unknown, Acetone Primer/Adhesive. Using a fully saturated brush tip each time, apply two
B1 (128878). Resin: Mixture of PMGDM, a condensation coats of Bond1 Primer/Adhesive to tooth within 10 seconds; Apply a
(Pentron product of PMDA and Glycerol, Dimethacrylate HEMA gentle stream of air for a minimum of ten (10) seconds. Hold air syringe
Corp.) and TMPTMA in ethanol and/or acetone with photo 1 inch from site, positioned so as not to disturb resin surface. (Avoid
initiator, amine accelerator & stabilizer, Pyromellitic excess of Bond71 Primer/Adhesive in internal line angles or point
Dianhydride (129121). angles).
Resin:Acetone, Urethane dimethacrylate resin, Place 1-2 drops of the adhesive and equal number of drops of Self-
Dipentaerythritol pentaacrylate phosphate, Cure Activator into a mixing well; Mix contents for 1-2 seconds with a
Polymerizable dimethacrylate resins, Polymerizable clean, unused brush tip; Using the disposable brush supplied,
NTD trimethacrylate resins (050413). Activator: Aromatic immediately apply mixed adhesive/activator to thoroughly wet all the
(Dentsply Sodium Sulfinate, (Self cure initiator), Acetone, Ethanol tooth surfaces. These surfaces should remain fully wet for 20 seconds
Caulk, Milford, (041110). and may necessitate  additional applications of  mixed
DE, USA) adhesive/activator; Remove excess solvent by gently drying with a
dental syringe for at least 5 seconds. Surface should have a uniform
glossy appearance. Cure mixed adhesive/activator for 10 seconds
using a curing light unit.”
Adhesive resin: Ethyl alcohol, Alkyl dimethacrylate Dispense one drop of Optibond Solo Plus and Optibond Solo Activator
SOLOD resins, Barium aluminoborosilicate glass, Fumed silica into a disposable mixing well. Mix for 3s; apply mixture to dentin with a

(Kerr Corp.)

(silicon dioxide), Sodium hexafluorosilicate (428904).
Activator: Ethyl alcohol, Alkyl dimethacrylate resins,
Benzene Sulfinic Acid, Sodium Salt (428260).

light brushing for 15s to cover dentin surface; lightly air thin for 3s; light-
cure for 20s.*

PMDA: Pyromellitic dianhydride; PMGDM: pyromellitic glycerol dimethacrylate; BHP: Butylated hydroxytoluene; TMPTMA: Trimethylolpropane
trimethacrylate; HEMA: 2-Hydroxyethyl methacrylate.
* The adhesive systems were not light-activated before the cementation of indirect resin composite disc.
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Table 3 Brand, composition and batch number of the dual-cured resin cements used

Product

- Batch
(code) Composition
Number
(Manufacturer)
Duolink
Base: Bis-GMA; TEGDMA; glass filler; urethane dimethacrylate.
(DUO) . 9 . y 0500003751
Catalyst: Bis-GMA; TEGDMA; glass filler.
(Bisco Inc.)
Nexus 2
(Nexus) Activator: ethyl alcohol; alkyl dimethacrylate resins; benzene sulfinic acid sodium salt. Base:423638
Monomers of methacrylic acid esters, Ba—Al —borosilicate glass, chemical and photoinitiators. Cataly.:423975
(Kerr Corp.)
Lute-It! In both Base & Catalyst: UDMA, HDDMA, Amine and inorganic pigments (in base only), Base:130666
(LUTE) Benzoyl Peroxide (in Catalyst only), UV Stabilizers (in both base and catalyst), Barium Glass,

(Pentron Corp.)

Inorganic Fluoride*, Borosilicate Glass, Silane Silica Zirconia.

Cataly.:126388

Calibra
(CAL)
(Dentsply Caulk)

Base paste: Barium boron fluoroalumino silicate glass, Bis-GMA resin, Polymerizable
dimethacrylate resin, Polymerizable dimethacrylate resin, Hydrophobic Amorphous Fumed
Silica, Titanium Dioxide, Other colorants are inorganic iron oxides. Catalyst paste: Barium
boron, fluoroalumino silicate glass, Bis-GMA resin, Polymerizable dimethacrylate resin,
Hydrophobic Amorphous Fumed Silica, Titanium Dioxide, Benzoyl Peroxide.

Base:0504111

Cataly.:0505121

Rely X
(Rx)
(3M ESPE)

Paste A: Silane treated ceramic, Triethylene glycol dimethacrylate (tegdma), Bis-GMA, Silane
treated silica, Functionalized dimethacrylate polymer, Paste B:_Silane treated ceramic,
TEGDMA, Bis-GMA, Silane treated silica, Functionalized dimethacrylate polymer.

EYFH

TEGDMA: Triethylene glycol dimethacrylate, Bis-GMA: Bisphenol A diglycidyl ether methacrylate, UDMA: Urethane dimethacrylate, HDDMA:

1,6-hexanediol dimethacrylate.
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Table 4 Degree of Conversion (%) (DC) for adhesive/resin cement systems (mean (SD))

I8

Bonding agent / Time after mixing DLC A2 A4 SC
Cement or exposure
5 min 612 (08) A 58.6 (0.4) Aa 58.4 (1.2) Aa 371 (4.3) Ab
AB2/DUO 10 min 63.4 (0.9) 61.7 (0.6) Ba 61.5 (0.9) Ba 49.5 (1.0) Bb
5 min 63.4 (1.2) Aa 58.5 (2.8) Aab 53.5 (3.0) Ab 457 (9.7) A
BIVLUTE 10 min 66.3 (0.8) A 62.8 (2.0) Bab 59.3 (2.0) Bab 57.3 (3.2) Bb
5 min 65.0 (0.3) A 62.2 (0.8) Ab 62.0 (0.6) Ab 39.5 (2.4) A
OPT/Nexus 10 min 66.8 (0.3) 65.2 (0.5) Bab 64.7 (0.5) Bb 55.9 (0.7) B
5 min 52.0 (2.5) Aa 50.1 (3.4) Aa 481 (1.1) Aa 36.2 (3.0) Ab
SBMP/R
X 10 min 55.1 (2.4) Ba 53.8 (3.1) Ba 52.6 (1.3) Ba 44.3 (2.4) Bb
5 min 59.3 (0.7) A 54.1 (0.5) Ab 52.3 (0.8) Ac 48.3 (0.7) A
BI/LUTE 10 min 62.2 (0.9) 58.3 (0.2) Bb 57.4 (0.7) Bbc 56.1 (0.9) B
5 min 59.0 (0.7) A 553 (1.1) Ab 54.6 (1.5) Ab 466 (2.2) A
NTD/Cal
10 min 61.5 (0.9) Ba 58.1 (0.9) Bb 57.8 (0.9) Bb 52.6 (1.7) B
5 min 705 (1.9) A 66.6 (1.2) Ab 658 (1.8) Ab T 20 A
SoloD/Nexus
10 min 72.6 (1.8) 69.2 (1.2) Bb 68.8 (1.7)Bbc 65.8 (1.9) B

Within only a adhesive/cement system, similar letters indicate no significant difference between values (Capital letters —
columns; lower case letters — rows). LC = light-cured; A2; A4 = system light-cured through 2 mm-think procured composite
disc of specific shade; SC = No light exposure, total self-curing.
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Table 5

shade pre-cured resin discs (Mean (SD))

Power density (mW/cm?) measured through glass slide and through 2 mm-thick A2 / A4-

Glass Slide A2 A4
545.4 (6.3) 60.8 (0.2) 45.4 (0.3)
All values were significantly different from one another (p < 0.05). N = 5 replications per test
condition
Fig 1
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ABSTRACT

Statement of the problem. The effectiveness of bond strength using dual-
polymerizing cementing systems (DCS, defined as the combination of dual-
polymerizing bonding agents and resin cements) used with indirect restorations
has not been evaluated when used solely with the auto-polymerizing mode.
Purpose. This study evaluated the in vitro microtensile bond strength (MTBS) of
fourth and fifth generation DCS with indirect composite restorations either photo-
polymerized or auto-polymerized.

Material and methods. Occlusal dentin surfaces of 48 human third molars were
exposed and flattened. Teeth were assigned to 8 groups (n=6) according to the
DCS and polymerizing modes: All Bond2/Duolink (AB2), Optibond/Nexus2 (OPT),
Bond1/Lute-it (B1) and Optibond Solo Dual Cure/Nexus2 (SOLO). Bonding agents
were applied to dentin surfaces and left in the unpolymerized state. Resin cements
were applied to pre-polymerized resin discs (2-mm thick/Z250), which were
subsequently bonded to the dentin surfaces. The restored teeth were photo-
polymerized according to manufacturers’ instructions (PP/XL 3000), or allowed to
auto-polymerize (AP). Restored teeth were water-stored at 37°C for 24 hours and
were both mesio-distally and bucco-lingually sectioned to obtain multiple bonded
beams (1.2 mm? of cross-sectional area). Each specimen was tested in tension at
a crosshead speed of 0.6mm/min until failure. Data (MPa) were analyzed by 2-way
ANOVA and Tukey’s post-hoc test (a=.05). Failure patterns of tested specimens
were analyzed using scanning electron microscopy.

Results. MTBS means (MPa) (SD) were: AB2/PP: 36.9(6.5); AB2/AP: 32.7(7.3);
B1/PP: 38.2(7.0); B1/AP: 13.0(4.2); SOLO/PP: 33.2(7.2); SOLO/AP: 23.4(3.4);
OPT/PP: 30.8(7.5); OPT/AP: 13.1(5.8). AP groups showed significantly lower
MTBS than PP groups (P<.0001), except for AB2, which showed no differences
between polymerizing modes (P = .2608).

Conclusion. The auto-polymerizing mode of some dual polymerizing cement

systems may not be effective in promoting bond strength.
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Clinical implications
Dual-polymerizing bonding agents are effective in developing a strong bond
to dentin when light from the light-polymerizing unit is attenuated by the overlying

indirect composite resin restoration.

INTRODUCTION
Clinical success of composite and ceramic indirect restorations is attributed
to the reliable bond between cementing systems (CS): defined as the combination

2 Dual-

of resin cement, bonding agent and mineralized dental tissues.
polymerizing (D) resin materials were developed to compensate for loss or
absence of light due to either the distance between the activating light tip and the
cementing system or to the absorption characteristics of the indirect restorative
materials through which light must pass in order to photo-polymerize the adhesive
resin material.>®

Dual polymerizing bonding agents, being composed of a mixture of
monomers and catalysts are formulated to allow polymerization without the need
for polymerizing light exposure.”'® Therefore, light activation of the bonding agents
prior to delivering an indirect restoration might not be necessary. Indirect
restoration placement on the unpolymerized bonding resin layer and resin cement
mixture is usually recommended in an attempt to provide adequate marginal
adaptation and to avoid incomplete seating of the restoration. Moreover, the newly
combined layer composed of resin cement and bonding agent components would
have an overall lower content of hydrophilic monomers and higher content of
hydrophobic monomers at the resin/tooth structure interface, which could provide a
reduced water soluble layer when compared to only the polymerized bonding agent
itself.”'1?

Previous in vitro research demonstrated the auto-polymerizing mechanism
for resin-based restorations alone is not only slower but also less effective than
when using photo-activation as a supplement to the final total conversion, as noted
in the higher occlusal wear, higher quantity of remaining double bonds, lower
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hardness, and higher solubility of dual-polymerizing resin cements.'*?? However,
little is known about the effectiveness of dual-polymerizing cementing systems
(DCS - defined as the combination of a dual-polymerizing bonding agent/dual-
polymerizing resin cement) in bonding indirect composite restorations when light
from the light-polymerizing unit is not available or is greatly attenuated by indirect
restorations.

The purpose of this study was to measure and compare the microtensile
bond strength (MTBS) of fourth and fifth generation DCS when they were either
allowed to auto-polymerize or when they were exposed to light through a pre-
polymerized disc of composite resin. In addition, the failure site morphology was
classified and compared with respect to materials and polymerizing mode type.

The research hypotheses tested were [1] fourth and fifth generation DCSs
will demonstrate significantly higher MTBS when they are photo-activated than
when they are allowed to auto-polymerize only, and [2] there will be no differences
in MTBS among products from fourth and fifth generations within the photo- and

auto-polymerizing modes.

MATERIAL AND METHODS
Indirect restorative bonding procedures

Forty-eight freshly extracted, erupted human third molars were used. The
teeth were stored in saturated thymol solution at 5°C for no longer than 3 months.
The research protocol was approved by the Human Assurance Committee of The
Medical College of Georgia (HAC #0403333). Teeth were transversally sectioned
in the middle of the crown using a diamond blade (Series 15HC Diamond, number
11-4244; Buehler Ltd, Lake Bluff, Ill) on an automated sectioning device (Isomet
2000; Buehler Ltd) under water irrigation, exposing areas of middle-depth dentin.
The exposed dentin surfaces were wet-polished by machine (Supermet Grinder;
Buehler Ltd) with 600-grit SiC paper (pn 810-281-PRM, Silicon Carbide PSA Discs;

Leco Corp, St. Joseph, Mich) to create a flat surface with standard smear layer
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formation before application of the bonding agents.?*?* Prepared teeth were
divided into eight groups (n = 6).

Two fourth- and 2 fifth-generation dual-polymerizing dentin bonding agents
and the corresponding dual-polymerizing resin cements from each manufacturer
were used (Table | and Il). Forty-eight pre-cured, photo-polymerized composite
resin discs, 2 mm thick and 10 mm in diameter, (A2 shade, Z250; 3M ESPE, St.
Paul, Minn) were prepared to simulate overlying laboratory-processed composite
resin restorations. One surface of each pre-cured resin disc was airborne-particle
abraded with 50 um aluminum oxide particles (micron white; Danville Engineering
Inc, San Ramon, Calif) for 10 seconds (air pressure: 80 psi; distance from the tip:
1.5 cm) (Comco MB 1002; COMCO Inc, Burbank, Calif). The dentin surfaces were
acid etched with 35% phosphoric acid (Scotchbond Etchant; 3M ESPE) for 15
seconds, thoroughly water-rinsed, and excess water removed by absorbent paper.
All bonding agents and resin cements were manipulated and applied according to
manufacturers’ instructions, with some exceptions as noted in Table I. The mixed
resin cement pastes were applied to the airborne-particle abraded surface of the
pre-polymerized composite resin disc following manufacturers’ instructions, and the
composite disc was positioned and fixed to the adhesive-coated dentin surface
under load of 500 g for 5 minutes, where the resin cement was allowed to auto-
polymerize. When the cementing materials were photo-polymerized through the
pre-polymerized composite resin disc, the light activating tip was positioned against
the composite resin disc and each cementing material was light-activated using a
40-second exposure from light-polymerizing unit (XL 3000; 3M ESPE). A 3-mm
thick block of auto-polymerizing composite resin (shade A3/A3.5, Bisfil 2B; Bisco
Inc, Schaumburg, IL) was then added to the untreated, polymerized composite
resin surface to facilitate specimen gripping while the MTBS test was performed.
For groups using the auto-polymerizing mode, the block of auto-polymerizing
composite resin was applied to the composite resin disc only after the time
stipulated for the cement’s auto-polymerization reaction had passed (5 minutes).
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Microtensile bond strength test

Restored teeth were stored in distilled, deionized water at 37 °C for 24 hours
and were vertically, serially sectioned into several 0.8-mm thick slabs using the
same cutting instrument previously described (Isomet 2000; Buehler Ltd). Each
slab was further sectioned to produce bonded sticks of approximately 1.2 mm? in
cross section. Each bonded stick was attached to the grips of a testing jig (Bisco
Inc) with cyanoacrylate (Zapit; Dental Ventures of America Inc, Corona, Calif) and
tested in tension on a universal testing machine (Vitrodyne V1000 Universal
Tester; Chatillon, Greensboro, NC) at a crosshead speed of 0.6 mm/min until
failure. After testing, the specimens were carefully removed from the fixtures with a
scalpel blade and the cross-sectional area at the site of fracture was measured to
the nearest 0.01 mm with a digital micrometer (Series 406; Mitutoyo America Corp.,
Aurora, lll). Specimen cross-sectional area was calculated in order to present
uTBS data in units of stress: MPa. A 2-way analysis of variance (ANOVA)
(products and polymerizing mode) was performed. Tukey’s post-hoc test was used
to detect pair-wise differences among experimental groups. All statistical testing

was performed at a pre-set alpha of 0.05.

Failure pattern analysis

Fractured surfaces of tested specimens were allowed to air-dry overnight at
37°C. The surfaces were then sputter-coated with gold (EMS-76M; Fullan Corp,
NY) and examined in a scanning electron microscope (XL-30; Philips, Hillsboro,
Ore). Failure patterns were classified as cohesive within the resin cement,
adhesive along the pre-polymerized composite overlay-resin cement interface,
adhesive along the dentin surface, and mixed when simultaneously exhibiting

remnants of both hybrid layer and resin cement.®
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RESULTS
Microtensile bond strength test

The statistical analysis results are displayed in Table Ill. The 2-way ANOVA
indicated a significant effect for both main factors as well as their interaction term
(P=.0012). The MTBS results are displayed in Table IV. No significant differences
were noted when the DCSs were photo-polymerized through pre-polymerized resin
discs (P=.1707). The systems exhibited lower MTBS when they were allowed to
auto-polymerize than when they were photo-polymerized (P<.0001), except when
AB2 was used. That specific product exhibited no significant difference in MTBS
between auto - and photo-polymerized groups (P=.2608). No significant difference
in MTBS was noted between AB2 and SOLO, which exhibited the highest MTBS
when products were compared to each other within the auto-polymerizing mode.
The systems OPT and B1 exhibited the lowest MTBS and were not significantly

different.

Failure pattern analysis

Figure 1 shows the proportional prevalence (%) of the failure patterns in all
experimental groups. For AB2, the predominant failure pattern was adhesive along
the dentin surface for either the photo - or auto-polymerized groups (Fig. 2). The
mixed failure mode exhibiting simultaneous failure within the hybrid layer and resin
cement (Fig. 3) as well as adhesive failure along the dentin surface occurred at
similar proportions when B1 was photo-polymerized (Fig. 1). However, the mixed
failure was the predominant pattern observed when B1 was allowed to
autopolymerize. Mixed failure was also the predominant failure noted when OPT
was photo-polymerized. However, the predominant failure mode was adhesive
along the dentin surface when OPT was allowed to auto-polymerize. When
fractured surfaces of SOLO specimens were analyzed, adhesive failure along the
dentin surface was the most predominant failure pattern for photo-polymerized
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groups, and the mixed failure mode occurred predominantly when SOLO was
allowed to auto-polymerize.

DISCUSSION

This in vitro study was designed to simulate the worst clinical conditions
when indirect composite resin restorations are cemented on tooth: when light from
the light-polymerizing unit is compromised or completely blocked by the presence
of the restorative material.>'”'® The results demonstrated that polymerizing mode
significantly affects MTBS of DCSs, regardless of the cementing system
generation: the auto-polymerizing mode promoted lower MTBS values than did the
photo-polymerized mode. Therefore, the first research hypothesis that fourth and
fifth generation DCSs will demonstrate significantly higher MTBS when they are
photo-polymerized relative to when they are allowed to auto-polymerize, was
validated for most DCSs evaluated. The only exception was observed with use of
the fourth generation AB2 system, where MTBS on photo- and auto-polymerizing
modes did not differ.

The fourth generation bonding agents AB2 and OPT have benzoyl peroxide
and tertiary amines as the auto-polymerizing components (Table 1). Presumably,
these components would ensure effective monomer conversion and subsequent
reliable mechanical properties of the adhesive resin within the demineralized
dentin. However, only AB2 showed no significant difference in MTBS when auto-
polymerized group was compared to the photo-polymerized group, while the auto-
polymerized OPT group exhibited lower MTBS than photo-polymerized group.
Differences in bonding agent composition as well as in monomer infiltration into the
demineralized dentin could explain the differences in values observed between
these 2 products. However, this speculation is invalidated since no significant
differences in MTBS were observed between the fourth generation systems when
photo-polymerized groups were compared to each other. Therefore, it is possible
to speculate that the higher MTBS observed in this study may be related to higher
monomer conversion of the DCSs. Thus, further studies are needed to evaluate
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and compare the monomer conversion of dual-polymerizing bonding agents with
and without the incorporation of resin cements.

The fourth and fifth generation bonding agents differ considerably in
composition regarding the auto-polymerizing components. Usually, fifth generation
dual-polymerizing bonding agents do not only have benzoyl peroxide/tertiary
amines as auto-polymerizing components, but contain co-initiators such as
benzene sulfinic acid sodium salt (Table I). Two fith generation bonding agents
were evaluated in this study: B1, which has benzoyl peroxide/tertiary amines, and
SOLO, which contains a benzene sulfinic acid sodium salt. It has been reported
that benzene sulfinic acid sodium salt is added to fifth generation dual-polymerizing
bonding agents to avoid chemical incompatibility between such bonding agents
and dual-polymerizing resin cements.”® Therefore, the lack of sulfinic sodium salts
in B1 may have allowed the reaction between tertiary amines and acidic monomers
to form a charge transfer complex (CT complex),? which compromises their ability

as reducing agents in redox reaction”®'

and lowers bond strength. As a
consequence, a poor polymerization reaction is expected from the combined
adhesive/resin cement layer. This hypothesis seems confirmed by the fact that the
mixed failure mode was the predominant failure pattern of B1 specimens (Fig. 1),
and may also explain why the auto-polymerized B1 group showed one of the
lowest MTBS values in this study. These differences in MTBS among auto-
polymerized groups and the lack of significant differences among photo-
polymerized DCSs systems, regardless of the generation, validated the second
research hypothesis, which anticipated that there would be no significant
differences in MTBS between DCS generations.

The higher MTBS of SOLO when compared to that of the other fifth
generation DCS may confirm the partial effectiveness of benzene sulfinic sodium
salts in reducing the chemical incompatibility between fifth generation bonding
agents and their dual-polymerizing resin cements as previously reported.”'
However, auto-polymerized SOLO demonstrated lower MTBS than the photo-

|19

polymerized mode. Hoffman et al’® demonstrated that the auto-polymerizing mode
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compromised mechanical properties such as flexural strength, modulus of
elasticity, and surface hardness of the dual-polymerizing resin cement Nexus 2,
which may have consequently affected the MTBS of SOLO when the resin cement
was allowed to auto-polymerize. The predominant failure pattern in this
experimental group was adhesive along the adhesive dentin surface, although a
considerable proportion of mixed failure mode was also observed in this group
(Fig. 1). Therefore, it is difficult to determine if the lower MTBS in the auto-
polymerized SOLO group was due to the partial effectiveness of sulfinic sodium
salts or to the compromised mechanical properties of the resin cement. Monomer
conversion analysis of fifth generation DCSs, either with or without the presence of
co-initiator in their compositions, could shed some evidence about the limitations of
these products.

Other factors may also be involved in the effectiveness of monomer
conversion and development of mechanical properties of dual-polymerizing
bonding agents when light from the light-polymerizing unit is not available. Tanoue

et al?®

observed higher solubility and water absorption in some dual-polymerizing
resin cements when they were allowed to auto-polymerize. All bonding agents
evaluated in this study were applied using the wet bonding technique. A slower
polymerization reaction is expected when DCSs are allowed to auto-

polymerize,?*#!

and the increased solubility of the adhesive resin within the hybrid
layer may have decreased monomer conversion, and consequently the short- or
long-term bond strength of the adhesive interface.!” Solubility is also related to the
composition of adhesive resin within the hybrid layer, as higher concentrations of
hydrophobic monomer may contribute to lower solubility values and higher bond
strength.’®'® It is possible that the composition of the hybrid layer may vary
according to the ability of some resin cementing system components to penetrate
into this layer and change the ratio between the concentration of hydrophilic and
hydrophobic monomers. Therefore, water absorption by the adhesive resin within
the hybrid layer may depend on the ability of the resin cement system components

to penetrate into the hybrid layer and to mix with the bonding agent prior to
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polymerization. Such a mixture within the demineralized dentin prior to
polymerization may substantially reduce solubility. However, as there are no data
about the penetration of such components into the dentin, further studies are
necessary to evaluate the morphology, chemical composition of the hybrid layer,
as well as long-term bond strength of indirect composite resins bonded to dentin
with different DCS products.

This in vitro study evaluated the MTBS of dual-polymerizing resin cements
and adhesive systems in laboratory conditions. Therefore, factors such as dentinal
fluid movement and internal stress related to the cavity configuration for indirect
restorations were not simulated in this methodology. Therefore, further studies are
necessary to evaluate the influence of those factors on the mechanical properties
of the adhesive interface created by such cementing systems bonded to teeth.

Based on the findings of this current study, it is evident that care must be
taken when selecting a dual-polymerizing cementing system for indirect restorative
procedures, since some cementing systems require light activation of the bonding
agent itself to ensure proper bond strength to dentin. Conversely, other systems
can confidently rely on solely the auto-polymerizing mode. These products are
indicated in clinical conditions where limited light will reach the interface to be
polymerized: both intracoronally as well as within a root canal.

CONCLUSION

Based on the limitations imposed in this study, the following conclusions
were drawn:
1. Some fourth and fifth generation dual-polymerizing resin cementing systems,
Optibond, Optibond Solo Dual Cure, and Bond 1, demonstrate significantly higher
bond strengths when they are photo-polymerized than when they were allowed to
auto-polymerize.
2. There were no differences in MTBS between fourth and fifth generation
cementation systems within photo-polymerized modes, but significant differences
were noted in the auto-polymerizing modes. Differences in auto-polymerized
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groups were product dependent: All Bond 2 and Optibond Solo presented the
highest MTBS, and Optibond and Bond 1 exhibited the lowest values.
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Table I. Manufacturers and compositions of all 4" and 5" generation cementing systems

Product
(code)
(Manufacturer)

Composition (manufacturer provided) (Batch Number)

Manufacturer’s Instructions and exceptions

All Bond 2
(AB2)
(Bisco Inc.)

Bond 1
(B1)
(Pentron Corp.)

Optibond
(OPT)
(Kerr Corp.)

Optibond Solo
(SOLO)
(Kerr Corp.)

Primer A: acetone; ethanol; Na-N-tolylglycine; glycidylmethacrylate
(0500003574); Primer B: acetone; ethanol; biphenyl dimethacrylate
(0500003579); Pre-Bond Resin: Bis-GMA, TEGDMA; benzoyl
peroxide; BHT (0500004345).

Activator: Methacrylate monomers in Ethanol and/or Acetone,
Benzoyl Peroxide Unknown, Acetone (128878). Resin: Mixture of
PMGDM, a condensation product of PMDA and Glycerol,
Dimethacrylate HEMA and TMPTMA in ethanol and/or acetone with
Pyromellitic

photo amine accelerator &

Dianhydride (129121).

initiator, stabilizer,

Primer: Ethyl Alcohol, Alkyl Dimethacrylate Resins, Water (423435).
Dual Cure Paste (3B): Uncured Methacrylate Ester Monomers;
Triethylene Glycol Dimethacrylate (424560); Inert glass filler, pigment
Dual Cure Activator Resin (3A):

Methacrylate; Ester Monomers; Benzoyl Peroxide (423073).

and stabilizers. Uncured

Adhesive Resin: ethyl alcohol; Bis-GMA; HEMA; GPDM;
photoinitiators; barium aluminoborosilicate glass; fumed silica (silicon
dioxide); sodium hexafluorosilicate. Activator: ethyl alcohol; alkyl
dimethacrylate resins; benzene sulfinic acid sodium salt.

Mix primers A and B. Apply 5 consecutive coats to dentin; Dry all
surfaces for 5-6 seconds with an air syringe; Light activate 20
seconds®; Apply thin layer of Pre-Bond Resin immediately prior to
cementation. Air thin. Do not light activate.

Mix one drop of Bond? Dual Cure Activator with 2 drops of Bond1
Primer/Adhesive. Using a fully saturated brush tip each time, apply two
coats of Bond1 Primer/Adhesive to tooth within 10 seconds; Apply a
gentle stream of air for a minimum of ten (10) seconds. Hold air syringe
1 inch from site, positioned so as not to disturb resin surface. (Avoid
excess of Bond1 Primer/Adhesive in internal line angles or point
angles).

Apply Optibond Prime (bottle 1) to dentin and enamel surfaces with
microbrush, scrubbing the surface for thirty (30) seconds; Air dry for 5
seconds; Dispense Optibond Dual Cure paste (3B) and 1 drop of Dual
Cure Activator (3A) and thoughtfully mix them for 15 seconds; Apply a
thin coat of the mixed dual cure to the dentin surface.; Do not air thin
and do not light activate it.

Dispense one drop of Optibond Solo Plus and Optibond Solo Activator
into a disposable mixing well. Mix for 3s; Apply mixture to dentin with a
light brushing for 15s to cover dentin surface; Lightly air thin for 3s;
Light activated for 20s™.

¥ O11NLIdVO

TEGDMA: triethylene glycol dimethacrylate; Bis-GMA: bisphenol A diglycidyl ether methacrylate; PMDA: pyromellitic dianhydride; PMGDM: pyromellitic glycerol
dimethacrylate; BHP: butylated hydroxytoluene; TMPTMA: trimethylolpropane trimethacrylate; HEMA: 2-hydroxyethyl methacrylate; GPDM: glycerophosphoric
acid dimethacrylate.
* The bonding agents were not photo-polymerized before the cementation of indirect composite resin disc.
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Table Il. Brand, composition and batch number of the dual-polymerizing resin cements used

" Batch
Product (Manufacturer) Composition
Number
Duolink Base: Bis-GMA; TEGDMA,; glass filler; urethane dimethacrylate. 0500003751
(Bisco Inc., Catalyst: Bis-GMA; TEGDMA; glass filler.
Schaumberg, IL)
Nexus 2 Monomers of methacrylic acid esters, Ba—Al —borosilicate glass, chemical and Base:423638

(Kerr Corp., Orange,
CA)
Lute-It!
(Pentron Corp.,

Wallingford, CT)

photoinitiators.

In both Base & Catalyst: UDMA, HDDMA, Amine and inorganic pigments (in base
only), Benzoyl Peroxide (in Catalyst only), UV Stabilizers (in both base and catalyst),

Barium Glass, Inorganic Fluoride, Borosilicate Glass, Silane Silica Zirconia.

Cataly.:423975

Base:130666

Cataly.: 126388

TEGDMA: Triethylene glycol dimethacrylate, Bis-GMA: Bisphenol A diglycidyl ether methacrylate, UDMA: Urethane dimethacrylate,
HDDMA: 1,6-hexanediol dimethacrylate.

¥ O1NLIdVO
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Table Ill. The 2-way analysis of variance

Source DF Type lISS  Mean Square F Value P value
Products 3 1064.93 354.98 8.94 0.0001
Polymerizing mode 1 2419.68 2419.68 2419.68 <.0001
Products * Polymerizing mode 3 758.30 252.76 6.37 0.0012

DF: Degree of Freedom.
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Table IV. Microtensile bond strength (MPa) of dual-polymerizing cementing systems either photo-
polymerized or allowed to auto-polymerize (mean (sd))

Bonding agent/cement (generation) (code) Photo-polymerized  Auto-polymerized
All Bond 2 / Duolink (4™ generation) (AB2) 36.9 (6.5)Aa 32.7 (7.3)Aa
Optibond Solo Dual Cure / Nexus 2 (5" generation) (SOLO) 33.2 (7.2)Aa 23.4 (3.4)Ab
Bond 1/ Lute-it (5" generation) (B1) 38.2 (7.0)Aa 13.0 (4.2)Bb
Optibond / Nexus 2 (4" generation) (OPT) 30.8 (7.5)Aa 13.1 (5.8)Bb

Values of groups having similar letters were not significantly different (Capital letters = column; lower
case letter = rows). N = 6 specimens per experimental group.
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LEGENDS
Fig. 1. Proportional prevalence (%) of failure patterns for all experimental groups.

Fig. 2. (a) Fractured end of a specimen restored with AB2 exhibiting failure pattern
classified as adhesive along the dentin surface (original magnification X142). (b)
Fractures located predominantly within the hybrid layer (HL) are seen (original
magnification X1000). This failure pattern was observed predominantly in the AB2

group, in auto-polymerized OPT, and in photo-polymerized SOLO.

Fig. 3. (a) A mixed failure mode is seen exhibiting the coincident presence of
hybrid layer (HL) and resin cement (RC). This failure mode was most prominent in
auto-polymerized B1 and SOLO, as well as in photo-polymerized OPT (original
magnification X135). (b) Higher magnification demonstrating HL and RC from the

same fractured surface observed in Figure 3A (original magnification X710).
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ABSTRACT

This study evaluated the effect of blue light emitting diode (LED) and conventional
halogen light (HAL) on the degree of conversion (DC) of an etch-and-rinse Single
Bond adhesive system (SB) and a mixture composed of primer solution and resin
bond from self-etching Clearfil SE Bond adhesive system (CB) using Fourier
Transform Infrared Analysis (FTIR). Adhesives were applied to KBr pellet surfaces
and FTIR analyses were performed before and after photo-activation for 10
seconds with either LED (Freelight 1 — 400mw/cm® or HAL (XL 3000 —
630mw/cm?) light-curing units (n=8). Additional FTIR spectra were obtained from
photo-activated samples stored in distilled water for 1 week. The DC was
calculated by comparing the spectra obtained from adhesive resins before and
after photo-activation. The results were analyzed by two-way split-plot ANOVA and
Tukey’s test (p<0.05). Both adhesive systems exhibited low DC (%) immediately
after photo-activation (SB/HAL: 18.7+3.9; SB/LED: 13.5+£3.3; CF/HAL: 13.6%1.9;
CF/LED: 6.1+£1.0). The DC of samples light-cured with LED was lower than DC of
those light-cured with HAL, immediately after light curing and after 1 week
(SB/HAL: 51.346.6; SB/LED: 50.3+4.8; CF/HAL: 56.5+2.9; CF/LED: 49.2+4.9). The
LED curing unit used to photo-activate the adhesive resins promoted lower DC

than when HAL curing unit was used.

Keywords: LED, halogen lamp, degree of conversion, adhesive system.

INTRODUCTION

For many years quartz-tungsten-halogen bulbs have been used as the
lighting source to photo-activate visible-light cured composite resins. However,
some factors may compromise the performance of halogen light curing units
(LCUs), such as fluctuations in the line voltage, the condition of the bulb and filter,
contamination of the light guide, damage to the fiber-optic bundle as well as bulb
overheating within the unit. These factors can contribute to reduce the efficiency
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and lifetime of halogen lamps, leading to poorly polymerized composite resins with
impaired mechanical properties (1).

Blue light emitting diode (LED) technology has been indicated as an
alternative to conventional halogen lights. LEDs LCUs consume little power in
operating and do not require filters to produce blue light. Moreover, the use of
semiconductors for light emission instead of hot metal filaments found in halogen
bulbs generate less heat and undergo little degradation over time. The gallium
nitride LEDs produce a narrow wavelength peak around 470 nm, which matches
the absorption peak value of camphorquinone, the most common photoabsorbing
compound that initiates the polymerization of resin monomers in dental restorative
composites (2).

Some mechanical and physical properties of resin composites light-cured by
LED have been reported in the dental literature, such as compressive and flexural
strength, hardness, degree of conversion and depth of cure. Although LED
polymerization technology tends to reach the performance level of halogen LCUs
(3-6), additional studies are needed to determine the degree of conversion of
dental resin-based materials (7,8).

Optimal monomer infiltration into the demineralized collagen network and
achievement of high degrees of monomer conversion are crucial factors for
establishing long-lasting resin/dentin bonding (9). Some factors might affect the
conversion of resin monomer, such as the residual water or organic solvents, and
the quality of the light source applied to photo-activate the adhesive systems.
Although there are many reports about the effects of LED on composite resins,
little-to-no studies exist about the efficiency of LED on the degree of conversion of
adhesive systems (10). This study evaluated the degree of monomer conversion of
two adhesive systems photo-activated with LED and halogen LCUs, using Fourier
Transform Infrared (FTIR) analysis. The null hypothesis was that there is no
difference in the degree of conversion when adhesive systems are photo-activated
by LED or halogen LCUs.
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MATERIALS AND METHODS

The adhesive systems investigated were: Single Bond (3M ESPE, St. Paul,
MN, USA) and Clearfil SE Bond (Kuraray Medical Inc., Kurashiki, Okayama,
Japan). Their compositions are described in Table 1. Two commercially available
LCUs (Table 2) were tested: XL 3000 halogen-based (3M ESPE — light intensity:
550-630 mw/cm?) and Elipar Freelight 1 LED-based (3M ESPE - light intensity: 400
mw/cm?). Thus, four experimental groups (n = 5) were formed and studied,
according to the factors under study (adhesive system and curing unit).

For FTIR analysis of Single Bond, one drop of the adhesive resin solution
was placed into mixing well. An applicator tip was dipped into adhesive solution
and the adhesive was applied to the surface of a potassium bromide pellet. Single
Bond adhesive was air dried for 10 seconds, following the manufacture’s
instructions, before curing for 10 seconds. Clearfii SE Bond specimens were
prepared by mixing four drops of bonding resin and one drop of primer in a mixing
well and air dried for 90 seconds. One adhesive layer was applied using an
applicator tip and light-cured for 10 seconds. The adhesive systems were light
cured without Mylar strip over adhesive layer.

FTIR spectra of non-polymerized adhesive solution were obtained using 20
scans at 4 cm™ in the transmittance mode (Equinox 55, Bruker Optik GmbH,
Ettlingen, Germany). Additional FTIR spectra were obtained immediately after 10
second light-curing and after sample storage in distilled water for 1 week.

For calculating the DC, the aliphatic carbon-to-carbon double bond
absorbance peak intensity located at 1638 cm™' and that for the aromatic
component located at 1608 cm™ (aromatic) were compared in each spectrum
before and after the polymerization reaction, and monomer conversion was

determined using the following equation (11):
[abs (aliphatic C = C)/abs (aromatic C . . .C)] polymer
(% C=0C)= x 100
[abs (aliphatic C = C)/abs (aromatic C . . . C)] monomer
(% C = C): Percentage of remaining carbon double bonds.

abs : absorbance
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The DC was obtained by subtracting the percentage of remaining carbon
double bonds (% C = C) from 100%. Conversion data was analyzed using two-way
split-plot ANOVA and Tukey’s post-hoc test (o = 0.05).

RESULTS

Tables 3, 4 and 5 show the degree of conversion means and standard
deviations for adhesive systems light cured with halogen and LED-based LCUs.
Two-way ANOVA revealed that there were statistically significant differences for
the factor “adhesive system” (p = 0.00001), for the factor “curing unit” (o = 0.00001)
and for factor interactions (p = 0.01432).

Tukey test showed that the degree of conversion of Single Bond was higher
than Clearfii SE Bond photo-activated with LED-based LCUs. The monomer
conversion of both Single Bond and Clearfil SE Bond adhesive systems was
affected by LCU type (Table 3). The adhesive systems exhibited low degree of
conversion immediately after photo-activation with both LCUs (Tables 4 and 5).
The degree of conversion of samples light-cured with LED was lower than those
light-cured with halogen light, either immediately after light curing or after 1 week
stored (Tables 3, 4 and 5).

Figure 1 shows the spectrum sites obtained from Single Bond and Clearfil
SE Bond before and immediately after light curing, as well as after 1 week of
storage in water. These sites were used to calculate the degree of conversion.
Figures 1A and 1B exhibit the spectrum sites obtained from Single Bond light cured
by halogen light and LED LCUs, respectively, while Figures 1C and 1D
corresponds to the sites from Clearfil SE Bond light cured by halogen light and
LED LCUs. There was little reduction in the peak located at 1638 cm™ after 10
seconds of light curing for both adhesive systems. Compared to the spectra
obtained from samples immediately after-curing by halogen light, the spectra
obtained from samples light cured with LED demonstrate an apparently smaller
reduction in the peak corresponding to carbon-double bonds (1638 cm™ - Figures
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1B and 1D). After 1 week of storage in water, a pronounced reduction in the same
peak was observed for both Single Bond and Clearfil SE Bond.

DISCUSSION

The degree of monomer conversion depends on the output and wavelength
of the light, exposure time and composition of light-activated resin-based material.
In this current study, the resin-based materials tested were adhesive systems,
which were light cured with two commercially available LCUs. The results indicated
that the LED-based LCU did not polymerize the adhesive systems at different
times of post-light curing like conventional halogen lamp does, therefore, the null
hypothesis was rejected.

One possible reason for this result may be the difference in light intensities.
The light intensity of the halogen LCU evaluated in this study is approximately 600
mW/cm?, while the LED LCU has light intensity of approximately 400 mW/cm?. The
higher light intensity increases the peak height at 470 nm and more
camphorquinone molecules will be excited. As a consequence, more free radicals
are generated and faster monomer conversion will occur, resulting in higher degree
of conversion in shorter time (12). Some studies have suggested that halogen light
still produce greater curing energy and higher degree of composite monomer
conversion than the first generation of LED lights (7,8,13).

Halogen LCUs generate heat during operation, increasing the temperature
on the surface. Based on the fact that the adhesive systems are spread into a layer
thinner than that of restorative composites prior to light curing (10), the rise of
surface temperature occurred during polymerization can additionally improve the
rate of polymerization. The heat can be absorbed, increasing the molecular
movements and the collisions, which can contribute to increase the degree of
conversion (1,6,14,15).

A great amount of unpolymerized monomers from Clearfi SE Bond
adhesive were detected by FTIR analysis immediately after LED photo-activation.
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Regardless of the lower power density emitted by LED (7,8,13), differences in resin
adhesive composition and sample preparation might have affected the degree of
conversion when LED LCU was tested. The mixture of Bond and Primer of Clearfil
SE Bond results in a solution with low pH (approximately 2) and high water
content, which can impair the polymerization reaction of the adhesive. The Clearfil
SE Bond samples were composed of the mixture of four drops of Bond and one
drop of Primer in an attempt to reduce the water content and increase the
monomer pH that allows the polymer conversion to occur. When applied to tooth
surface, the self-etching primer acidity can be buffered by mineral content of dentin
and enamel (18), allowing the higher monomer conversion. The changes for
preparations of Clearfil SE Bond samples, such as reduction in the water content
from Primer solution and the increase in Bis-GMA content, might have altered the
adhesive material, which would modify the maximal rate of conversion and the
result of the polymerization reaction (19).

Like when adhesive systems are applied clinically, the contact between
resin adhesive and atmospheric oxygen was not avoided during the photo-
activation of adhesive samples (16,17). This might explain the low degree of
conversion observed in the thin cured adhesive layers immediately after light
exposition by both LCUs tested. Thus, an uncured adhesive layer affected by
oxygen inhibition may form poor polymer chain in the hybrid layer, reducing the
longevity of tooth-composite bonding (9).

On the other hand, FTIR analysis of adhesive samples after 1 week
exhibited a pronounced increase in degree of conversion compared to the initial
values for both LCUs used and adhesive systems evaluated. A possible
explanation was that the polymerization reaction might last for periods longer than
24 hours (12). Moreover, based on the fact that incomplete conversion of
monomers could result in increased adhesive resin solubility, the water immersion
could lead to the removal of the oxygen-inhibited resin layer from the surface of
lighted-cured samples stored for one week (20). Therefore, FTIR analysis of
samples without uncured layer will only count the amount of residual carbon double

111



CAPITULO 5

bonds from the cured layer and those from the uncured layer that can be also
covalently bound to the polymer chain with further potential to react chemically and
cannot leach out (1).

Within the limits of the methodology employed in this study, we concluded
that the measurements of the degree of monomer conversion showed that LED
LCU did not produce similar performance level of conventional halogen LCU for
adhesive systems tested. Considering the low initial degree of adhesive monomer
conversion into polymer and LED LCU performance, concerns related to the
formation of high quality hybridization zones arise when the adhesive systems are
applied to deep or unfavorable cavity preparations where curing energy decreases
significantly. This condition can have clinical significance on the durability of the
adhesive.
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GRAU DE CONVERSAO DE SISTEMAS ADESIVOS FOTOATIVADOS POR LED
E LUZ HALOGENA

RESUMO

Este estudo avaliou a influéncia de sistemas de fotoativacdo no grau de conversao
(GC) de adesivos odontoldgicos através da analise Infravermelha Transformada
de Fourier (FTIR). Os sistemas adesivos Single Bond (SB) e Clearfil SE Bond (CF)
foram aplicados em pastilhas de brometo de potassio e fotoativados com luz
halégena (XL 3000 — 630 mw/cm?)(HA) e LED (Elipar Freelight 1 — 400 mw/cm?)
por 10 segundos. Foram obtidos espectros de FTIR antes e imediatamente apos a
fotoativacdo, e tambem apdés 1 semana de armazenamento em agua destilada
(37°C) (n=8). Calculou-se o0 GC comparando-se a razédo entre os picos das bandas
1609 e 1638 (C=C) dos espectros, antes e apds a fotoativacdo. Os resultados de
GC foram submetidos a ANOVA e ao teste de Tukey (5%). O GC (%) obtido
imediatamente apds a fotoativagdo com LED foi inferior ao obtido utilizando-se
HAL (SB/HAL: 18.7+3.9; SB/LED: 13.5+3.3; CF/HAL: 13.6+1.9; CF/LED: 6.1+1.0).
Apo6s uma semana foi observado um aumento significativo no GC de todos os
grupos, porém os valores dos grupos fotoativados com LED mantiveram-se
inferiores aos obtidos com HAL (SB/HAL: 51.346.6; SB/LED: 50.3+4.8; CF/HAL.:
56.5+2.9; CF/LED: 49.2+4.9). O GC dos adesivos fotoativados com LED foi inferior
ao observado apoés fotoativacdo com HA, imediatamente apéds fotoativagdo como
apos 1 semana de armazenamento em agua.

Keywords: LED, luz halégena, grau de conversao, sistemas adesivos.
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LEGENDS:

Figure 1. FTIR spectrum sites obtained from Single Bond and Clearfil SE Bond
adhesive resins before light exposure (segmented line), immediately after light
exposure (o) and after 1 week (B). Little reduction in the peak located at 1638 cm™
was observed immediately after light exposure (o) when Single Bond was light-
cured with halogen light (A) or LED (B). FTIR analysis of Clearfil SE Bond exhibited
similar reduction when halogen light was applied (C), while this reduction was less
pronounced when LED was used (D). After 1 week, FTIR analysis of all samples

exhibited a pronounced reduction in the same peak (f).
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Figure 1
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Table 1. Composition of the adhesive systems used in this study.

Adhesive Composition Lot

Systems Number

Single Bond  Bis-GMA, HEMA, UDMA, Bisphenol A glycerolate, PAA,

dimethacrylate, water, ethanol. 3HR

Clearfil SE Bond SE-Primer: MDP, HEMA, CQ, N.N -Diethanol p -toluidine,
hydrophilic dimethacrylate and water. 315
SE-Bond: MDP, Bis -GMA, HEMA, hydrophobic
dimethacrylate, CQ, N,N -Diethanol p -toluidine and silanated

colloidal silica.

HEMA: 2-hydroxyethyl methacrylate; PAA: polyalkenoic acid copolymer; Bis-GMA: bisphenol A
glycidy 1 methacrylate; UDMA: urethane dimethacrylate; MDP: 10 -methacryloxydecyl-

dihydrogen phosphate and CQ: camphorquinone.

Table 2. Specifications and technicality details of the light-curing units used in this study.

Curing Unit Power Ligth Type Tip diameter Light Source
Source (mm)
XL-3000 Mains Quartz tungsten 8 1 QTH bulb

halogen (QTH)
Elipar Freelight 1 Battery Light emitting diode 6 19 LED in an array

(LED)
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Table 3. Degree of conversion means (+ standard deviation) for adhesive
systems after photo-activation with halogen light (HAL) and light emitting diode

(LED) -based curing units.

Single Bond Clearfil SE Bond
HAL 35.0£t52Aa 350+24Aa
LED 32.0t40Ba 27.7+3.0Bb

Means followed by different letters (capital letter — column; lower case — row)

differ statistically by Tukey test (p < 0.05).

Table 4. Single Bond degree of conversion (DC) means (+ standard deviation)

with halogen light (HAL) and light emitting diode (LED) curing units.

DC immediately after curing DC after 1 week
HAL 18.7£39Aa 51.3+6.6 Ab
LED 13.5+3.3Ba 50.3+48Bb

Means followed by different letters (capital letter — column; lower case — row)

differ statistically by Tukey test (p < 0.05).

Table 5. Clearfil SE Bond degree of conversion (DC) means (+ standard

deviation) with halogen light (HAL) and light emitting diode (LED) curing units.

DC immediately after curing DC after 1 week
HAL 13.6+19Aa 56.5+29Ab
LED 6.1+1.0Ba 492+49Bb

Means followed by different letters (capital letter — column; lower case — row)

differ statistically by Tukey test (p < 0.05).
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4. DISCUSSAO GERAL

A todo instante tem-se buscado o desenvolvimento de técnicas
restauradoras e materiais resinosos que proporcionem a formacdo de uma
interface de uniao com melhores propriedades mecénicas e com alta durabilidade.
A qualidade de infiltracdo, composicao e grau de conversao dos monOmeros
resinosos infiltrados na dentina constituem alguns dos fatores primordiais para que
tais propriedades apresentem as minimas exigéncias para a criagdo de interfaces
de unido de restauragdes diretas e indiretas confidveis a curto e longo prazo (De
Munck et al., 2003; Erickson, 1992; Nakabayashi et al., 1982). Neste contexto,
agentes de unidao de dupla ativagdo foram desenvolvidos com o intuito de
assegurar que adequado grau de conversdo seja obtido na interface de unido
quando restauracdes indiretas sdo confeccionadas, uma vez que tais sistemas
adesivos poderiam assegurar que a reacao de polimerizagdo ocorresse mesmo
quando a luz da unidade de fotoativacdo fosse extremamente atenuada pela
presenca da restauracao indireta (Milleding et al., 1995; Nathanson, 1987). Além
disso, tais sistemas adesivos impedem que ocorra a incompatibilidade quimica
com cimentos resinosos de dupla ativagao previamente descrita na literatura (Mak
et al., 2002; Sanares et al., 2001; Yamauchi, 1986).

O primeiro capitulo deste estudo foi voltado para a avaliagdo da
efetividade de uma técnica alternativa de aplicacao de sistemas de unido de dupla
ativacao na cimentacado de restauracdes indiretas de compdsito. Uma vez que
estudos tém demonstrado que a fotoativagdo prévia dos agentes de unido pode
promover a desadaptacao da restauracao indireta (Frankenberger et al., 1999;
Hahn et al., 2000; Pashley, 1991), este estudo avaliou a efetividade dos agentes
de unido de dupla ativacdo quando os mesmos nao foram fotoativados
previamente a aplicagdo do cimento resinoso e o assentamento da peca protética.
A evidéncia de que os valores de unido nao foram afetados e que até aumentaram
quando um dos sistemas de cimentacdo de dupla ativagcdo nao foi fotoativado
permite a adocao desta técnica de cimentacdo de restauracdes indiretas quando
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utilizados os materiais avaliados no Capitulo 1. No entanto, cabe salientar que tal
procedimento s6 pode ser considerado confiavel quando sistemas de unido de
dupla ativacdo sao utilizados, uma vez que 0s mesmos apresentam alguns
componentes como sulfinatos aromaticos de so6dio que impedem que as aminas
terciarias da reacédo perdoxido-amina sejam neutralizadas, o que impediria que a
reacdo de autopolimerizagdo ocorresse (Sanares et al., 2001; Yamauchi, 1986).
Considerando-se que outros sistemas adesivos de dupla ativacdao contém
componentes diferentes dos sulfinatos aromaticos de sdédio como peréxido de
benzoila e outras aminas aromaticas, torna-se necessaria a avaliacdo desses
outros sistemas para validacao desta técnica de fixacdo adesiva de restauracoes
indiretas.

A anadlise da morfologia da interface de unido utilizando-se microscopia
confocal laser forneceu evidéncias que podem justificar as diferencas observadas
na resisténcia de unidao quando All Bond 2 foi utilizado, em que valores de unido
foram superiores quando o primer n&o foi fotoativado. De acordo com as imagens
exibidas no Capitulo 2, foi possivel observar que a resina adesiva Pre-Bond pdde
penetrar no interior dos tubulos dentinarios bem como também em parte da
camada hibrida. Composto principalmente por monémeros hidréfobos de longa
cadeia e sem solventes, a resina Pre-Bond aparentemente alterou a composi¢ao
da resina adesiva no interior da camada hibrida, resultando em um polimero com
propriedades mecanicas melhoradas. Devido provavelmente a viscosidade da
resina Pre-Bond aplicada previamente a aplicagcdo do cimento resinoso Duolink,
nao foi observada a penetracdo do cimento no interior da camada hibrida, mas
apenas na entrada dos tubulos dentinarios.

Quando o sistema adesivo de dupla ativacado de quinta geracdo Bond 1
(adesivo de frasco Unico com condicionamento com &cido fosforico
separadamente) foi utilizado, foi possivel notar a penetragdo de componentes do
cimento resinoso de dupla ativacao (Lute-it) no interior da camada hibrida e nos
tubulos dentinarios. Esta penetragcdo mostrou-se mais acentuada quando os
sistemas nao foram fotoativados e deste modo a lenta reagdo de
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autopolimerizacdo permitiu maior difusdo do cimento no interior da dentina. O
aumento da concentracdo de Bis-GMA e outros mondmeros hidréfobos da resina
adesiva Pre-Bond para All Bond 2 ou mesmo do cimento resinoso para Bond 1 no
interior da camada hibrida pode reduzir o grau de solubilidade do polimero
infiltrado na dentina desmineralizada como descrito previamente por Asmussen &
Uno (1993). Como conseqléncia, uma interface de unido mais resistente a
degradacao pode ter sido formada e deste modo maior durabilidade da interface
de unido pode ser esperada. No entanto, apenas estudos envolvendo a anélise de
resisténcia a tracdo da interface de unido ap6s armazenamento de dentes
restaurados indiretamente pode confirmar tal hipétese.

Na intencdo de se averiguar a efetividade dos sistemas adesivos de
dupla ativacéo, a andlise do grau de conversao foi realizada através da simulagéao
da fixacdo de restauracdes indiretas utilizando-se os agentes de unido, os
respectivos cimentos resinosos e discos pré-polimerizados de compdésito, os quais
simularam a restauracdo protética. Simulagcdes das mais severas condicoes
clinicas em que a luz fotoativadora é extremamente atenuada ou até mesmo
ausente foram também realizadas como descrito no Capitulo 3. Através deste
método de analise, foi possivel verificar que todos os sistemas de cimentagao
apresentaram adequada reacao de polimerizagcdo mesmo nas condigcdes em que
fotoativagcdo nao foi realizada. As diferengcas no grau de conversao podem ser
atribuidas as proprias limitacbes da reacdo de autopolimerizacdo, como baixa
cinética de reacdo e alta viscosidade atribuida aos cimentos resinosos como
previamente demonstrado (Rueggeberg & Caughman, 1993). Estudos pilotos
realizados utilizando o mesmo método de analise do grau de conversao da
interface de unido de restauragdes indiretas de compdsito mas com a utilizacdo de
sistemas adesivos de quinta geracdo convencionais, ou seja, sem co-iniciadores,
demonstrou que a presenca dos adesivos foi suficiente para inibir a reagao de
autopolimerizacao da superficie de cimento resinoso em contato com a resina
adesiva. Este achado corrobora com os resultados de outros autores que

observaram baixa resisténcia de unido quando compdsitos autopolimerizaveis
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eram aplicados sobre resinas adesivas com baixo pH (Sanares et al., 2001; Suh et
al., 2003) e denota a importancia da utilizacao sistemas adesivos de dupla
ativacao na fixacao de restauracgdes indiretas. A utilizacao deste tipo de agente de
unido se faz necessaria mesmo quando a camada de resina adesiva for
polimerizada previamente a aplicagdo do cimento resinoso, considerando-se que
mesmo nestas condicées haverda a camada de adesivo ndo polimerizada devido a
presenca de oxigénio, camada esta capaz de interagir com o cimento resinoso e
impedir a reagao de autopolimerizacdo quando a luz fotoativadora for insuficiente
ou ausente devido a presencga da restauragéo indireta (Rueggeberg & Margeson,
1990; Ruyter, 1981).

Os resultados do grau de conversdo observados no Capitulo 3
correspondem ao grau de conversdo da camada combinada criada, composta por
resina adesiva e cimento resinoso. Desta forma, os resultados aqui demonstrados
podem representar o grau de conversao de diferentes regides da interface de
uniao, os quais podem variar de acordo com o sistema de cimentagdo utilizado.
Em outras palavras, no caso de sistemas de cimentacdo em que a penetragao do
cimento resinoso restringe-se apenas a entrada dos tdbulos, os resultados
observados neste capitulo correspondem ao grau de conversdo da camada
adesiva localizada na superficie dentinaria e na entrada dos tabulos. Neste caso,
estudos adicionais envolvendo a andlise do grau de conversdo de adesivos
dentinarios de dupla ativacdo em diferentes condicbes de ativagcdo sem a
presenca do cimento resinoso sdo fundamentais para o melhor entendimento
sobre a polimerizacdo destes monOGmeros na camada hibrida quando a
fotoativacao é comprometida. Por outro lado, quando o cimento resinoso penetrou
nao sé no interior dos tubulos dentinarios como também no interior da camada
hibrida, como observado para o adesivo de quinta geracdo no Capitulo 2, os
valores de grau de conversao observados no Capitulo 3 podem corresponder ao
grau de conversao do sistema no interior da camada hibrida.

No intuito de se verificar as propriedades mecanicas da interface de

unido de restauragdes indiretas quando a resina de unido nao foi fotoativada e a
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restauracgéo foi fotoativada ou nao, diferentes sistemas foram avaliados, entre eles
sistemas de cimentacdo adesiva de quarta e quinta geragdes, como descrito no
Capitulo 4. Embora a maioria dos sistemas de cimentacao de dupla ativacdo nao
tenha mostrado acentuada diferenca no grau de conversdao quando
autopolimerizados como exposto no Capitulo 3, os valores de unido da maioria
dos sistemas foram consideravelmente baixos em um sistema de quarta geracao e
em um de quinta. A evidéncia de que os valores de unido ndo estao relacionados
ao grau de conversao poderia ser explicada por diferencas no modo de
penetragdo do cimento resinoso no interior da camada hibrida. No entanto, como
se pode observar nos Capitulos 2 e 4, o sistema de cimentacdo de dupla ativagcéao
Bond 1 / Lute-it apresentou elevado grau de conversao e penetragao do cimento
resinoso no interior dos tubulos dentinarios e na camada hibrida, porém
apresentou baixos valores de unido quando o sistema nao foi fotoativado. Os
agentes de unido de quinta geracdo sao aplicados em dentina Umida e os
mondmeros misturam-se com a agua residual do substrato dentinario no momento
da polimerizacao (Jacobsen & Soderholm, 1995). Como previamente demonstrado
(Asmussen, 1981; Lee & Um, 2001) e também observado no Capitulo 4, a cinética
de reacdo dos sistemas de cimentacdo para autopolimerizacdo mostrou-se
consideravelmente lenta em comparagdo com aquela observada quando os
sistemas foram fotoativadas. Provavelmente por esta razdo, Tanoue et al. (2003)
observou que cimentos resinosos de dupla ativacdo apresentavam maior
solubilidade e sorpcdo de agua quando autopolimerizados. Deste modo, é
possivel que a presenca de agua tenha levado a formacao polimérica deficiente no
interior da camada hibrida quando o sistema de cimentacao foi autopolimerizado.
Curiosamente, o sistema de cimentacédo de dupla ativacdo All Bond 2 /
Duolink exibiu as maiores diferengas quando comparados os valores de grau de
conversdo do sistema fotoativado com os valores de grau de conversao do
sistema autopolimerizado, porém foi o Unico sistema de cimentacdo que nao
demonstrou diferenca significante nos valores de unido quando o modo
autopolimerizavel foi comparado ao fotopolimerizavel. Como descrito no Capitulo
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4, o padrdao de fratura predominante observado para All Bond 2 / Duolink foi
basicamente localizado na regido de camada hibrida, onde ndo houve penetracéao
do cimento resinoso. Desta forma, pode-se especular que a resisténcia de unido
neste caso dependeu principalmente da capacidade de autopolimerizacao do
agente de unido sem a presenca do cimento resinoso apds 24 horas, tempo de
armazenamento aguardado previamente a realizacdo do ensaio mecanico.

A utilizacdo de diferentes tipos de unidades fotoativadoras pode
comprometer ainda mais a efetividade dos sistemas de cimentagdo de dupla
ativacdo, uma vez que a baixa intensidade de luz de alguns deles pode promover
baixo grau de conversdo de materiais resinosos logo apés fotoativacdo, como
demonstrado no Capitulo 5. Entretanto, independentemente da unidade de
fotoativagcao utilizada, baixos valores de grau de conversdao foram observados
imediatamente apds a fotoativacado para os produtos avaliados. Tal evidéncia pode
ser atribuida aos efeitos da presenca de oxigénio na fina camada de adesivo e
consequentemente a formacdo da camada de adesivo com polimerizacao inibida
pelo oxigénio (Rueggeberg & Margeson, 1990; Ruyter, 1981), bem como pelo
pouco tempo de fotoativacdo (10 segundos) e de reagdo entre 0 momento da
fotoativacdo e a realizacdo da analise do espécime através da Espectroscopia
Infravermelha Transformada de Fourier. Considerando-se que a espessura da
camada de adesivo nao polimerizada devido a presenca de oxigénio depende da
viscosidade do material e da intensidade da luz fotoativadora (Ruyter, 1981), é
provavel que sistemas de unido que apresentam baixa viscosidade como alguns
de quinta geracdo possam apresentar camada nao polimerizada estendida até o
interior da camada hibrida. Esta hip6tese pode constituir uma das razdes para a
penetragdo de componentes do cimento resinoso no topo da camada hibrida
mesmo quando a resina de unido foi fotoativada previamente a aplicagdo do
cimento resinoso, como observado no Capitulo 2.

A unidade de fotoativagdao LED utilizada no estudo descrito no Capitulo
5 pertence a primeira geragédo de LEDs, apresentando densidade de luz em torno
de 400 mW/cm?, de acordo com o fabricante. Como demonstrado no Capitulo 4,
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dependendo da cor da restauracao indireta, apenas 10% da densidade de luz de
uma unidade de fotoativagdo atinge o cimento resinoso abaixo da restauracéao.
Como conseqliéncia, apenas aproximadamente 40 mW/cm? de luz emitida pelo
LED iniciaria a polimerizagcdo do cimento resinoso e menor densidade de luz
atingiria o agente de unido quando comparada a obtida com a utilizacdo da luz
halégena. Deste modo, em comparagdo ao grau de conversdao observado no
Capitulo 4 quando restauragdes indiretas de diferentes cores impediam a
completa passagem da luz fotoativadora, menores valores de grau de conversao
podem ser esperados de sistemas de cimentacdo de dupla ativacdo quando LED
e utilizado.

Com base nos resultados aqui observados, cuidados devem ser
tomados no momento da selecdo e da técnica de cimentacdo dos sistemas de
dupla ativacédo para que adequada polimerizacéo e propriedades mecanicas sejam
alcancadas, as quais dependerdo de algumas condicbes clinicas, como
possibilidade de fotoativacdo com densidade de luz minima para o inicio da
reacao de polimerizacdo, uma vez que a reagao de autopolimerizagdo ainda nao
proporciona resisténcia de unido aceitavel para diversos sistemas de cimentagéo
de dupla polimerizagdo. Considerando-se as vantagens que oferece, a técnica de
cimentacao de restauracoes indiretas em que a camada do sistema adesivo néao é
fotoativada previamente a aplicacdo do cimento resinoso pode ser considerada
uma opgao aceitavel do ponto de vista clinico desde que os sistemas de unido
sejam de dupla ativagdo para eliminar a incompatibilidade entre as resinas de
uniao e os cimentos resinosos de dupla ativagdo. No entanto, estudos adicionais
envolvendo a analise em longo prazo dos efeitos desta técnica de cimentacao sao
fundamentais para melhor compreensao da combinacdo entre agentes de uniao

nao polimerizados e cimentos resinosos.
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5. CONCLUSOES GERAIS:

De acordo com os resultados obtidos nos diferentes estudos realizados, pode-se

concluir que:

1. A resisténcia a tracdo de sistemas de cimentacdo de dupla ativacdo quando
os agentes de unido de dupla ativagdo deixados na forma nao polimerizada
previamente a aplicacdo dos cimentos ndo foi reduzida em comparacdo aos
valores obtidos quando os agentes de unido foram fotoativados. Para um
sistema de cimentacdo, os valores de unidao foram superiores quando 0s
agentes de unido de dupla ativacao foram deixados na forma nao

polimerizada.

2. As analises de microscopia confocal laser e eletrbnica de varredura
demonstraram diferentes morfologias de interface de unido, as quais
variaram de acordo com os sistemas de cimentacdo e com os modos de

ativacdo dos agentes de unido e dos cimentos resinosos avaliados.

3. Os resultados de grau de conversao dos sistemas de cimentacao de dupla
ativagdo avaliados demonstraram que o uso de diferentes valores da cor A
em restauragdes indiretas de compodsito posicionadas entre a luz
fotoativadora e os sistemas reduziu o grau de conversao para a maioria dos
sistemas e 0 modo autopolimerizavel ndo atingiu os valores obtidos quando

os sistemas foram diretamente expostos a luz fotoativadora.

4. A autopolimerizacdo dos sistemas de cimentacdo reduziu as propriedades
mecanicas da maioria dos sistemas de cimentacao de dupla ativacdo em
comparacao com a fotoativacdo. Apenas um sistema de cimentacdo néao
apresentou diferencas significantes nos valores de unido quando comparados
os dois modos de ativacao.

129



5. A fotoativacdo com LED promoveu valores de grau de conversao inferiores
aos obtidos quando luz haldégena foi utilizada, tanto imediatamente quanto

uma semana apos a fotoativagao.
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Human Assurence Commities ([HAC)
Institutional Review Board il

October 1
Fradenck Rueggeharg, ODS Clabes 17, 2000

A0 3258654 Oral Rehabiitation

Prowcol Tilla: 1. Assessing Bond Strength of Resturalive Malarials to Human Enamel or Dentin; 2. Microtensile
Bond Skrength Analysis of Centin Bonged Using indirect Restorative Procedures: Effect of Curing
Moda and Aliernaive Bonding Technique

HAC File Mumber:  04-03-333
Approval Cate: 10/17/2005

Dear Dr. Rueggeberg:
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7.2. ANEXO: Primeira pagina do artigo referente ao Capitulo 1

®Operative Dentistry, 2006, 32-1, 37-44

Effect of Curing Mode on
Microtensile Bond Strength to
Dentin of 2 Dual-cured Adhesive
Systems in Combination with
Resin Luting Cements
for Indirect Restorations

CAG Arrais ® M Giannini
FA Rueggeberg ¢ DH Pashley

Clinical Relevance

The separate step of light curing the adhesive resin component of some fourth and fifth
generation dual-cured adhesive systems may be eliminated prior to cementation of an
indirect resin composite restoration without deterioration in microtensile bond strength.

SUMMARY

This study evaluated the microtensile bond
strength (MTBS) of dual-cured adhesive systems
when the different components were either light
activated or left in the uncured state prior to
cementation of an indirect composite restoration.
Occlusal dentin surfaces of 40 human third
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molars were flattened. The teeth were randomly
assigned to 8 groups (n=5) according to the dual-
cured systems (bonding agents/resin cements)
and curing modes: All Bond 2/Duolink (AB2-
BISCO Ine) and Optibond Solo Plus Dual
Cure/Nexus 2 (SOLO-Kerr). Resin cements were
applied to pre-cured resin composite dises (2 mm
thick/Z-250/3M ESPE), which were fixed to dentin
surfaces containing adhesive resin in either
cured (LP) or uncured states (SP). The restored
teeth were light activated according to the manu-
facturers’ instructions (LRC-XL3000/3M ESPE) or
allowed to self-cure (SRC). The restored teeth
were water-stored at 37°C for 24 hours. They were
then both mesial-distally and buceal-lingually
sectioned to obtain bonded specimens (1.2 mm?).
Each specimen was tested in tension at a
crosshead speed of 0.6 mm/minute until failure.
Data (MPa (SD)) were analyzed by 2-way ANOVA
and Tukey’s post-hoc test (p<.05). AB2/SP exhibit-
ed higher nTBS than AB2/LP (p=.00001); however,
no significant differences were noted between
SOLO/LP and SOLO/SP. Results suggested that
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