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Resumo

GUIMARAES, Guilherme Zdradk. Influéncia da concentracdo e tipo de
mondmero &acido na adesdo de primers a zirconia. 2011. 38f. Dissertacao
(Mestrado). Programa de Pos-Graduagdo em Odontologia. Universidade Federal de
Pelotas, Pelotas.

Neste estudo avaliou-se o efeito da concentracdo e tipo de mondémero &cido na
resisténcia de unido (RU) de primers experimentais a zirconia antes e apos
simulagdo de envelhecimento. Primers foram formulados a partir da mistura dos
mondmeros dimetacrilato de uretano e metacrilato de 2-hidroxietila com o monémero
acido fosforico (MAF) dimetacrilato de glicerol-fosfato ou o mondémero acido
carboxilico (MAC) maleato de mono(2-metacriloiloxi)etila, além de etanol. Em cada
primer, MAF ou MAC foram adicionados nas concentra¢gdes 10, 20, 40 ou 60% em
massa. O grau de conversdo (GC) dos primers foi avaliado por espectroscopia
infravermelha (n=5). Para o teste de RU, blocos sinterizados de zircOnia estabilizada
por itria (Zircon-CAD, Angelus) foram utilizados. Os primers foram aplicados na
superficie da ceramica e nesta obtidos cilindros de cimento resinoso dual (Eco-Link,
Ivoclar Vivadent) para teste de RU ao cisalhamento (n=20). Em metade do namero
de espécimes de cada grupo, o teste de RU foi realizado apos 24h, em maquina de
ensaios mecanicos. Para simular envelhecimento e avaliar a estabilidade da unido a
zircbnia, a outra metade do numero de espécimes foi submetida a 3000 ciclos
térmicos antes do teste de RU. Os modos de falha foram classificados sob aumento
de 40x. Os dados de GC foram submetidos a Analise de Variancia de 1 critério para
cada mondmero; os dados de RU foram submetidos a Analise de Variancia de 2
critérios para cada condicdo de armazenamento. O teste post-hoc de Student-
Newman-Keuls foi utilizado. Comparacao de RU entre 24h e apds termociclagem foi
realizada com testes-t. Analises de regressao (ndo-)linear foram utilizadas para
investigar a relacdo entre concentracdo de mondémero acido e GC ou RU (a=0,05
para todas as andlises). Aumento na concentracdo de mondmeros acidos foi
associado a diminuicao linear no GC. A RU de primers a base de MAF foi maior que
materiais a base de MAC para todos os grupos exceto 10% a 24h. Para o MAF, o
primer com 40% de mondmeros acidos gerou RU maior que todos os demais, a 24h
ou apos termociclagem. Para o MAC, os resultados de RU a 24h foram 10% > 60%
> 40% > 20%, enquanto apos ciclagem o primer com 60% de monémeros acidos em
geral mostrou maior RU. Todos os grupos do MAF exceto 10% mostraram RU menor
apos os ciclos térmicos, enquanto 10% foi a Unica concentracdo que apresentou
menor RU apés a ciclagem para o MAC. Aumento na concentracdo de MAF teve
relacdo significativa com a adesdo a zirconia de acordo com um modelo de pico,
enquanto aumento no contetdo de MAC teve uma relacdo polinomial inversa. Os
modelos de regressao apos termociclagem néo foram significativos. O Unico grupo
gue teve falhas mistas foi o MAF 40%, enquanto todos os outros falharam
adesivamente. Como conclusédo, tanto o tipo quanto a concentracdo de monémeros
acidos tém papel significativo na adeséo de primers a zirconia. O primer com 40%
de MAF mostrou o melhor desempenho na adesao a zirconia.

Palavras-chave: Ceramicas. Cimentos resinosos. Oxido de zircénio. Materiais
dentarios. Polimerizag&o. Primer para ceramica. Resisténcia ao cisalhamento.



Abstract

GUIMARAES, Guilherme Zdradk. Influéncia da concentracdo e tipo de
mondmero &acido na adesdo de primers a zirconia. 2011. 38f. Dissertacao
(Mestrado). Programa de Pos-Graduagdo em Odontologia. Universidade Federal de
Pelotas, Pelotas.

In this study the effect of concentration and type of acidic monomer on the bond
strength (BS) of experimental primers to zirconia before and after aging simulation
was investigated. Primers were formulated from the mixture of the monomers
urethane dimethacrylate and 2-hidroxyethyl methacrylate with the phosphate
monomer (PAM) 1,3-glycerol dimethacrylate phosphate or the carboxylic monomer
(CAM) mono-2-(methacryloyloxy)ethyl maleate, and ethanol. In each primer, PAM or
CAM were be added at concentrations of 10, 20, 40 or 60 mass%. Degree of
conversion (DC) of the primers was evaluated by infrared spectroscopy (n=5). For
the BS test, sintered yttria-stabilized zirconia blocks (Zircon-CAD, Angelus) were
used. The primers were applied to the ceramic and cylinders of dual-cure resin
cement (Eco-Link, Ivoclar Vivadent) built-up on the surfaces for the shear BS test
(n=20). In the control group, adhesion of the cylinders will be carried out without
using primer. In half the number of specimens in each group, the BS test was carried
out after 24h on a mechanical testing machine. In order to simulate aging and
evaluate the stability of the zirconia bonds, the other half the number of specimens
was submitted to 3000 thermal cycles before the BS test. The failure modes were
classified under a 40x magnification. DC data were submitted to one-way ANOVA for
each monomer; BS data were submitted to two-way ANOVA for each storage
condition. The Student-Newman-Keuls’ post-hoc test was used. BS comparison
between 24h and after thermalcycling was carried out using t-tests. (Non-)linear
regression analyses were used to investigate the relationship between acidic
monomer concentration and DC or BS (a=0.05 for all analyses). Increase in acidic
monomers concentration was associated with a linear decrease in DC. The BS for
PAM-based primers was higher than CAM-based materials for all groups except 10%
at 24h. For PAM, the primer with 40% of acidic monomers yielded higher BS than all
the other primers, either at 24h or after thermalcycling. For CAM, the BS results were
at 24h were 10% > 60% > 40% > 20%, while after thermalcycling the primer with
60% of acidic monomers generally showed higher BS. All PAM groups except 10%
showed lower BS after the thermal cycles, while 10% was the only concentration that
showed lower BS after thermalcycling for CAM. Increased PAM concentration had a
significant relationship with the zirconia bonds according to a peak model, while
increase in CAM content had a polynomial inverse relationship. Regression models
after thermalcycling were not significant. The only group that showed mixed failures
was PAM 40%, while the other groups failed adhesively. In conclusion, both the
acidic monomer type and concentration have a significant role on the adhesion to
zirconia. The primer with 40% of PAM showed the best performance on bonding to
zirconia.

Keywords: Ceramics. Resin cements. Zirconium oxide. Dental materials.
Polymerization. Ceramic primer. Shear strength.
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1 Projeto de Pesquisa

1.1 Introducéo

Ceramicas odontologicas podem ser classificadas, de maneira geral, em
ceramicas vitreas, que podem ser reforcadas por cristais de leucita ou dissilicato de
litio, ou ceramicas (poli)cristalinas, baseadas em cristais de alumina e/ou zirconia. A
alta resisténcia mecéanica das ceramicas cristalinas as torna adequadas para a
confeccao de infraestruturas de préteses extensas. A auséncia ou pouca quantidade
de matriz vitrea, entretanto, torna as ceramicas cristalinas muito opacas, sendo
necessario o recobrimento das infraestruturas com ceramicas mais estéticas (AL-
AMLEH; LYONS; SWAIN, 2010; DENRY; KELLY, 2008; OZKURT; KAZAZOGLU,
2010; ZARONE; RUSSO; SORRENTINO, 2011).

A cimentacdo adesiva de ceramicas vitreas € possivel gracas ao alto
contetudo de vidro desses materiais, que permite criacdo de microporosidade pela
aplicacdo de acido fluoridrico ou jateamento com 6xido de aluminio. Uma vez criada
retencdo, a superficie € silanizada para promover unido quimica com o cimento
resinoso, e a porosidade € preenchida pelo cimento que, ao polimerizar, gera
retencdo mecanica (OZCAN; VALLITTU, 2003). Entretanto, a auséncia de matriz
vitrea em ceramicas cristalinas as torna resistentes a aplicacdo de acidos ou
jateamento; a auséncia de silica impossibilita, ainda, a utilizacdo de silano. Assim,
ceramicas cristalinas sdo geralmente cimentadas de forma nao-adesiva, com

cimentos de fosfato de zinco ou iondmero de vidro.

A cimentacdo adesiva € um procedimento fundamental para ceramicas
vitreas por resultar em reforco do conjunto restaurador (ADDISON; MARQUIS;
FLEMING, 2007; FLEMING et al., 2006). Tal reforco tem sido associado ao
selamento de microtrincas no interior do material, interrupcdo da propagacédo das
trincas e formacdo de conjunto restaurador que se comporta biomecanicamente
como corpo unico (ADDISON; MARQUIS; FLEMING, 2008; SOARES et al., 2008),
com transmissao homogénea de tensdes. Ceramicas cristalinas, por outro lado, néo

necessitam nem obtém reforco pela cimentacdo adesiva (ROSENTRITT et al.,



2009). Entretanto, situacdes em que ndo ha retencéo friccional da peca protética,
como cimentacdo de inlays e onlays e obtencdo de preparos coronarios curtos ou
conicos, suscitam a utilizacdo de procedimentos adesivos para fixacdo (THOMPSON
et al., 2011).

A literatura relata diversos métodos que tentar suprir a auséncia de matriz
vitrea em ceramicas a base de alumina e/ou zirconia criando retengcdo mecéanica nas
subestruturas e permitindo unido adesiva. Um dos procedimentos mais utilizados é a
cobertura triboquimica com silica (AKYIL; UZUN; BAYINDIR, 2010; BEHR et al.,
2011; DELLA BONA et al., 2007; DONASSOLLO; DEMARCO; DELLA BONA, 2009;
SPOHR et al., 2008), conhecida como silicatizacao. A técnica envolve jateamento da
superficie da ceramica cristalina com particulas de alumina revestidas com silica
com intuito de impregnar a silica na superficie. O procedimento resulta na criacéo de
retencdo micromecanica e preparacao da superficie para silanizacdo. Outro método
relatado é a deposicdo molecular por vapor (PIASCIK; WOLTER; STONER, 2011),
no qual o tetracloreto de silicio € combinado com vapor de agua para formar uma
camada ultrafina de silicato na superficie da ceramica, preparando-a para utilizacédo

de silano.

Uma nova técnica proposta para obtencdo de adesdo a zirconia € o
‘condicionamento por infiltracdo seletiva’ (ABOUSHELIB; KLEVERLAAN; FEILZER,
2007). O método utiliza processo induzido por calor para gerar tensdo ao redor dos
cristais de zirconia na superficie, criando espaco para posterior infiltracdo de vidro
fundido. A presenca de vidro permite a aplicacdo de acido fluoridrico, criando
retencdo mecanica, e aplicacdo de silano, propiciando unido quimica. O estudo
relatou aumento de aproximadamente 50% na resisténcia de unido a zircbnia
comparada a aplicacdo apenas de jateamento com particulas de alumina. Outra
técnica proposta mais recentemente, conhecida como ‘técnica de revestimento
interno’ (KITAYAMA et al., 2009), envolve o recobrimento total ou parcial da por¢éo
interna da peca de zirconia com ceramica vitrea fundida, permitindo realizacdo dos

procedimentos adesivos.

Todas as técnicas citadas, entre as quais pode ser incluida ainda a
irradiacdo da ceramica cristalina com lasers (AKYIL; UZUN; BAYINDIR, 2010;
PARANHOS; BURNETT; MAGNE, 2011; SPOHR et al., 2008), possuem limitacdes,

especialmente relacionadas a utilizagdo de jateamento para criacdo de retencao
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mecénica, que podem interferir na resisténcia a fadiga do material (ZHANG et al.,
2006), e utilizacdo de equipamentos especificos e caros, muitas vezes com pouca
aplicabilidade clinica. Outra alternativa para obtencdo de adesdo a zirconia, que
reduz as limitacbes citadas, € o emprego de primers para promover ades&o,
contendo mondmeros metacrilatos funcionalizados com grupos &acidos (KITAYAMA
et al., 2010; MAGNE; PARANHOS; BURNETT, 2010; OZCAN; NIJHUIS;
VALANDRO, 2008; URAL et al., 2010; YOSHIDA; TSUO; ATSUTA, 2006). Esses
primers foram inicialmente indicados para cimentacdo ou reparo de ceramicas
vitreas (COOLEY; TSENG; EVANS, 1991), sendo posteriormente indicados para

obtencédo de adeséo a zirconia.

Primers para metal/zircOonia sdo, em geral, compostos por mondmeros
(di)metacrilatos convencionais, mondmeros metacrilatos &cidos e solventes
(ABOUSHELIB et al., 2009; SUH; CHEN, 2010). A presenca de monémeros acidos é
necessaria para permitir interagdo quimica com os 6xidos presentes na ceramica,
enquanto os mondmeros convencionais polimerizam para criacdo de cobertura na
superficie, permitindo uni&o a cimentos resinosos. E crescente o nimero de estudos
avaliando a adesdo desses primers a ceramicas cristalinas; entretanto, grande
variacdo de desempenho entre as marcas comerciais € relatada (ABOUSHELIB et
al., 2009; BEHR et al.,, 2011; KITAYAMA et al., 2010; MAGNE; PARANHOS;
BURNETT, 2010; OZCAN; NIJHUIS; VALANDRO, 2008; URAL et al., 2010). Nao ha
evidéncia acerca do efeito de variaveis de formulacdo, como concentracéo e tipo de
mondmero acido, na obtencdo de adesao a ceramicas. Um estudo recente (LEAL et
al., 2011) mostrou que a concentragdo de mondmeros acidos, por exemplo,
influencia de forma significativa a longevidade da unido imediata de primers

autocondicionantes a dentina, porém tal efeito nao foi investigado na ceramica.
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1.2 Objetivos

Avaliar o efeito da concentracéo e do tipo de monémero acido empregado
na formulacdo de primers experimentais na resisténcia de unido a zirconia

policristalina antes e apds simulacéo de envelhecimento.
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1.3 Materiais e Métodos

1.3.1 Preparo dos primers experimentais

Primers experimentais serdo obtidos a partir da mistura dos monémeros
dimetacrilato de uretano (UDMA) e metacrilato de 2-hidroxietila (HEMA) com o
mondmero acido fosforico (MAF) dimetacrilato de 1,3-glicerol-fosfato ou 0 monémero
acido carboxilico (MAC) maleato de mono(2-metacriloiloxi)etila, além de etanol. A
estrutura molecular dos monémeros acidos é apresentada na Figura 1. A Tabela 1
apresenta os constituintes das formulacdes a serem testadas, determinados a partir
de experimentos-piloto e com base em uma patente de 2010 (SUH; CHEN, 2010).
Canforoquinona (massa 0,4%) e benzoato de etil-4-dimetilamino (massa 0,8%)

serdo utilizadas como fotoiniciador e co-iniciador de polimerizagdo, respectivamente.

H

O—'U—O

%y % JHrv\U

Figura 1 — Estrutura molecular dos mondémeros acidos dimetacrilato de 1,3-glicerol-
fosfato (A) e maleato de mono(2-metacriloiloxi)etila (B).
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Tabela 1. Constituintes dos primers experimentais a serem testados (% massa)

Primer UDMA HEMA MAF MAC Etanol
PFo 30% 30% - - 40%
PF1o 25% 25% 10% - 40%
PF2o 20% 20% 20% - 40%
PFa40 10% 10% 40% - 40%
PFso - - 60% - 40%
PCo 30% 30% - - 40%
PCio 25% 25% - 10% 40%
PC2o 20% 20% - 20% 40%
PCao 10% 10% - 40% 40%
PCoeo - - - 60% 40%

1.3.2 Grau de conversao

O grau de conversdao dos primers serd avaliado por espectroscopia
infravermelha média por transformada de Fourier (Prestige 21; Shimadzu, Toquio,
Japao) equipada com dispositivo de refletancia total atenuada (RTA) composto por
um cristal de ZnSe. O material sera fotoativado por 20s utilizando diodo emissor de
luz (Radii; SDI, Bayswater, Victoria, Austrdlia) com irradiancia de 600mwW/cm?. O
grau de conversdo serd calculado apdés 5min utilizando técnica de baseline
(RUEGGEBERG; HASHINGER; FAIRHURST, 1990), considerando a intensidade da
vibracdo de estiramento (altura do pico de absorcédo) da ligacdo C=C alifatica na
frequéncia 1635cm™. Como os materiais ndo conterdo mondmeros que apresentem
anéis aromaticos, sera utilizado como padréo interno o pico de absor¢cao dos grupos
éster (C=0) na frequéncia 1716cm™ (MORAES et al., 2011). O grau de convers&o
(%) sera calculado subtraindo o percentual de ligacdes duplas remanescentes de
100%.
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1.3.3 Resisténcia de unidao a zirconia e analise do modo de falha

Blocos CAD-CAM quadrangulares (10x10mm, espessura 5mm) pré-
sinterizados de zirconia policristalina estabilizada por itria (Zircon-CAD) serdo
obtidos junto a Angelus (Londrina, PR). Os blocos ndo serdo usinados, apenas
polidos com lixas SiC granulagdes 600, 1200, 1500 e 2000 para padronizacao da
lisura da superficie. Apos o polimento, a queima final da cerdmica sera conduzida,
de acordo com as instru¢gbes do fabricante, para simular a sinterizacédo realizada
apos a usinagem do bloco. Os blocos sinterizados serdo entéo incluidos em canos
de PVC utilizando resina epoxi, lavados em ultrassom com agua por 20min e secos

com ar comprimido.

Duas camadas do primer serdo aplicadas friccionando o microbrush na
superficie da ceramica por 20s. Apos 3min de espera, para permitir reacdo do
material com a superficie da ceramica, matrizes de silicone (espessura 0,5mm) com
dois orificios cilindricos (diametro 1,5mm) serdo posicionadas na superficie e o
primer fotoativado por 20s. As pastas base e catalisadora do cimento resinoso dual
Eco-Link (Ilvoclar Vivadent, Schaan, Liechtenstein) serdo misturadas por 10s e o0s
orificios da matriz preenchidos com o cimento. As matrizes serdo cobertas com tira
de poliéster e placa de vidro e neste conjunto sera aplicada carga de cimentacéo de
500g por 5min, seguida de fotoativacdo do cimento por 40s. No grupo controle a

adesdao dos cilindros de cimento sera realizada sem aplicacéo prévia de primer.

Os corpos-de-prova serdo armazenados em agua destilada a 37°C, por 24h,
e entdo submetidos ao teste de resisténcia de unido. Um fio de aco inoxidavel
(diametro 0,2mm) ser& colocado ao redor do cilindro de cimento e alinhado com a
interface de unido, sendo submetidos ao teste de cisalhamento em maquina de
ensaios mecanicos (DL500; EMIC, Sédo José dos Pinhais, PR), a velocidade de
0,5mm/min. Os valores de resisténcia de unido serdo calculados em MPa. Os
espécimes fraturados serdo observados em microscopia 6tica sob aumento de 40x

para determina¢do dos modos de falha.
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1.3.4 Ciclagem térmica

Com o objetivo de simular o envelhecimento dos espécimes e avaliar a
longevidade da unido a zirconia (YOSHIDA; TSUO; ATSUTA, 2006), metade do
namero de espécimes de cada grupo ser4 submetida a ciclagem térmica. O
procedimento sera realizado com imerséo alternada por 30s em agua a 5°C e 55°C.
O numero de ciclos térmicos utilizados sera definido com base na literatura e em

experimentos-piloto, sendo = 2500.

1.3.5 Tamanho da amostra e analise estatistica

O numero de espécimes testado em cada avaliacdo sera definido de acordo
com o andamento dos testes e com a reprodutibilidade dos mesmos. Para pH e grau
de conversdo, pelo menos cinco espécimes serdo testados por primer. Para
resisténcia de unido, pelo menos 10 corpos-de-prova serdo testados por grupo. Os
dados quantitativos e qualitativos serdo submetidos a analises estatisticas
apropriadas com nivel de significancia de 5%. Para obtencdo de resultados
confiaveis, o numero de corpos-de-prova podera ser ampliado em determinada
avaliacdo de acordo com o poder do teste estatistico empregado. Analises de
regressdo (ndo-)linear serdo utilizadas para investigar a relacdo entre concentracéo

de mon6meros acidos e grau de conversao ou resisténcia de uniao.
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3 Artigo

Acidic monomer type and concentration vs. adhesive performance of zirconia

primers

Abstract

This study evaluated the influence of acidic monomer type (phosphate—PAM or
carboxylic—-CAM) and concentration on the bonding of a dental resin luting agent to
yttria-stabilized polycrystalline zirconia (Zircon-CAD, Angelus) mediated by single-
solution model zirconia primers. The acidic monomers 1,3-glycerol dimethacrylate
phosphate or mono-2-(methacryloyloxy)ethyl maleate were added to a photocurable
blend of urethane dimethacrylate and hydroxyethyl methacrylate at mass fractions of
10, 20, 40 or 60%, with constant 40 mass% mass of ethanol. The degree of C=C
conversion (DC) of the primers was measured using infrared spectroscopy. Adhesion
to zirconia was assessed by shear bond strength testing with two aging conditions:
storage in water for 24 h or thermalcycling (3,000 alternated baths in water at 5°C
and 55°C). Data for DC were submitted to one-way ANOVA for each monomer type.
Bond strength data were submitted to two-way ANOVA for each aging condition.
Bond strength data for each primer at 24 h and after thermalcycling were compared
using t-tests. (Non)-linear regression analyses investigated the relationship between
monomer concentration and DC or bond strength (a=0.05 for all analyses). Lower
conversion was associated with increased acidic monomer concentration. The bond
strengths at 24 h followed peak and polynomial inverse relationships with the
concentration of PAM and CAM, respectively. After thermalcycling, no significant
relationship for the increased content of acidic monomers and zirconia bonds was
detected. The bond strengths for PAM-based primers were generally higher than for
CAM-based materials, irrespective of the acidic monomer concentration or the aging
condition. The zirconia bonds provided by primers with CAM were generally more
stable after thermalcycling. In conclusion, both the acidic monomer type and

concentration had a significant impact on the adhesive performance of zirconia
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primers. The primer with 40% of phosphate methacrylate showed the best

performance for bonding to zirconia.

Keywords: Adhesion by chemical bonding; Ceramics; Durability; Primers and

coupling agents

1. Introduction

The absence of vitreous phase in polycrystalline zirconia (PZ) ceramics
hinders the adhesive bonding of resin-based luting agents via traditional methods of
creating porosity — using hydrofluoric acid etching or airborne particle abrasion —
followed by silane application for chemical coupling. Although adhesive cementation
does not strengthen crystalline ceramics [1] as does for glass ceramics [2], adhesion
IS necessary in cases where the abutment teeth do not provide adequate mechanical

retention, for instance, or to obtain gap-free restoration margins [3].

In the last few years, extensive research work has been conducted in an
endeavor to promote adhesive bonding to PZ. The methods proposed usually include
abrasion of the ceramic to promote a tribochemical silica coating [4,5], irradiation
using lasers [4,6], or deposition of reactive glass/silicate layers on the PZ surface [7-
9]. These techniques are, however, time-consuming and not cost-effective. The
methods that apply abrasion also raise controversy as particle abrasion has been
shown to interfere with the fatigue resistance of glass and crystalline ceramic

restoratives [10].

An alternative to obtain adhesion to PZ is the use of primers. Zirconia primers
are agents designed to mediate chemical bond between the ceramic and
methacrylate-based luting composites. These primers are usually a mixture of
conventional and acidic methacrylates with a solvent carrier [11]. Monomers with
acidic functionalities are necessary to allow chemical interaction of the acidic groups
with the ceramics oxides, whereas the conventional monomers co-polymerize with
the resin luting agent. Previous studies have reported on the adhesion to zirconia
mediated by proprietary ceramic primers [12-16]. The effect of the different
constituents of the primer, however, has not received attention. It has been recently

shown that the content of phosphate methacrylates may have a determinant effect on
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the dentin bond stability of dental self-etch adhesives [17]. The impact of formulation

characteristics on the adhesive performance to PZ, on the other hand, is unknown.

The aim of this study was to investigate the effect of the acidic monomer type
(i.e. phosphate or carboxylic methacrylate) and its concentration on the adhesive
performance of resin luting agent to PZ mediated by model zirconia primers. The
hypothesis tested was that a better bond performance would be obtained by
increasing the concentration of acidic monomers, irrespective of the type of acid

functionality.

2. Materials and methods
2.1. Formulation of the model zirconia primers

A model co-monomer blend of urethane dimethacrylate (UDMA, Esstech,
Essington, PA, USA) and hydroxyethyl methacrylate (HEMA, Sigma-Aldrich, St.
Louis, MO, USA) mixed at a 1:1 mass ratio was obtained. The acidic monomers 1,3-
glycerol dimethacrylate phosphate (GDMA-P), synthesized as previously described
[17], or mono-2-(methacryloyloxy)ethyl maleate (MEM, Sigma-Aldrich) were added
serially to the co-monomer at mass concentrations of 10, 20, 40 or 60%. Figure 1
shows the molecular structure of the acidic monomers. To make the materials
photocurable, a 0.4% mass of camphorquinone (Esstech) and 0.8% mass of ethyl 4-
dimethylamino benzoate (Sigma-Aldrich) were added. A constant 40% mass of

ethanol was used as solvent. The constituents of each primer are shown in Table 1.

OH
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Fig. 1: Molecular structure of the acidic monomers tested. A: 1,3-glycerol
dimethacrylate phosphate (GDMA-P), B: mono-2-(methacryloyloxy)ethyl maleate
(MEM).
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Table 1. Constituents of the model zirconia primers (mass %)

PAM-based primers CAM-based primers

10% 20% 40% 60% 10% 20% 40% 60%

UDMA 25 20 10 0 25 20 10 0
HEMA 25 20 10 0 25 20 10 0
GDMA-P 10 20 40 60 0 0 0 0
MEM 0 0 0 0 10 20 40 60
Ethanol 40 40 40 40 40 40 40 40

2.2. Degree of C=C conversion

The degree of conversion (DC) of the primers was measured using Fourier
Transform mid-infrared (FTIR) spectroscopy (Prestige21; Shimadzu, Tokyo, Japan),
equipped with an attenuated total reflectance (ATR) device. The materials were
placed on the ATR cell and the unpolymerized spectra were obtained. The readings
were taken under using 32 scans co-addition, 4 cm™ resolution, and 2.8 mm/s mirror
speed. Photoactivation was carried out for 20 s using a LED unit (Radii; SDI,
Bayswater, Victoria, Australia) with 600 mW/cm? irradiance. The light guide tip was
positioned 2 mm away from the material. The diameter of the specimens was
restricted to match the diameter of the light guide. The DC (%) was evaluated in the
absorbance mode using a baseline technique [ref], considering the intensity of C=C
stretching vibration (peak height) at 1635 cm™ and, as an internal standard, using the
absorption peak of the C=0 ester groups, at 1716 cm™. Five specimens were tested

for each primer.

2.3. Preparation of specimens and aging conditions

Blocks (10 x 10 mm, thickness 5 mm) of fully-sintered yttria-stabilized PZ
(Zircon-CAD, Angelus, Londrina, PR, Brazil) were used. The primers were vigorously
applied to the ceramic surface using a microbrush for 20 s. The materials were left
undisturbed for 3 min and dried with compressed air for 20 s. The detailed

experimental setup used to obtain specimens for the bond strength test was
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described elsewhere [18]. Briefly, 0.5-mm-thick elastomer molds with a cylindrical
orifice (diameter 1.5 mm) were placed onto the zirconia surfaces and the primer was

photoactivated for 20 s.

Equal volumes of base and catalyst pastes of the dual-cured resin luting
agent Eco-Link (lvoclar Vivadent, Schaan, Liechtenstein) were mixed for 10 s; the
orifices were filled with the luting agent, and the molds covered with a polyester strip
and a glass slide. The specimens were submitted to a constant and uniform 500 g
cementation load for 3 min and the luting composite photoactivated for 40 s. For
each primer, 20 cylinder-shaped specimens were obtained on the zirconia surfaces.
Half the number of specimens for each primer was stored in distilled water at 37°C,
for 24 h. The other half was submitted to thermalcycling 24 h after the bonding
procedures: 3,000 cycles of alternated water baths (10 s dwell time) at temperatures
of 5+5 and 55+5°C were used.

2.4. Bond strength testing and failure analysis

For the shear test, a thin steel wire (diameter 0.2 mm) was looped around
each cylinder and aligned with the bonding interface. The test was conducted on a
mechanical testing machine (DL500; EMIC, S&o José dos Pinhais, PR, Brazil), at a
crosshead speed of 0.5 mm/min until failure. Bond strength values were calculated in
MPa. For each group, 10 specimens were tested. The fractured specimens were
examined under optical microscopy at a 40x magnification. Modes of failure were
classified as adhesive failure (clean zirconia surface) or mixed failure (remnants of

luting agent in the surface).

2.5. Statistical analysis

Bond strength data were submitted to two-way ANOVA (monomer type X
monomer concentration) separately for the different aging conditions (24 h or
thermalcycling). Data for DC were submitted to one-way ANOVA for each monomer
type. All pairwise multiple comparison procedures were performed by the Student-
Newman-Keuls’ method. Bond strength data for each primer at 24 h and after

thermalcycling were compared using t-tests. (Non)-linear regression analyses were
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used to investigate the relationship monomer concentration x DC or bond strength. A

5% significance level was set for all analyses.

3. Results and discussion

Results for DC are shown in Figure 2. The statistical analysis showed that for
both PAM- and CAM-based primers, each material showed a significantly different
DC compared to each other, with 10% > 20% > 40% > 60% (P < 0.001).
Comparisons between the two monomers regarding DC were not carried out as
photopolymerization reactivity of the material depends on the features of each
monomer molecule, such as molecular weight and mobility [19]. Also, while GDMA-P
is a dimethacrylate monomer, MEM is a monomethacrylate. The presence of
dimethacrylates renders the polymerizing material the ability to form crosslinks, when
the pendant C=C reacts intermolecularly with another growing polymer chain, or
primary cycles, when the pendant C=C reacts intramolecularly with the radical on its
propagating chain to form a loop [20]. Polymer crosslinking and cyclization may
reduce the diffusion of reactants at the latter stage of the reaction, causing a rapid
onset of reaction-diffusion-controlled termination, ultimately reducing the extent of
C=C conversion [21,22].
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Fig. 2: Results for DC for all primers (bars are means and SD). For each monomer

type (PAM or CAM) different letters indicate significant differences (n = 10).
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The regression analysis (Figure 3) showed that for both monomer types, the
increase in acidic monomer concentration was associated with a significant linear
decrease in DC. This event is explained by the presence of phosphate/carboxylic
methacrylates being associated with negative effects on the DC due to the ability of
the acidic functional monomers in quenching free radicals [23,24]. Radicals
terminated by an acid group are also less reactive than free radicals derived from

unmodified monomers, reducing the polymerization rate [25] and extent [26].
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Fig. 3: Linear regression plot with DC as dependent variable. The increase in acidic
monomer concentration, irrespective of its type, was associated with a linear

decrease in DC.

Results for bond strength at 24 h and after thermalcycling are shown in
Tables 2 and 3, respectively. The factors ‘monomer type’ and ‘monomer
concentration’, as well as the interaction between the two factors, were all significant

(P < 0.001) for both aging conditions. The power of the performed tests was = 0.918.
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Table 2. Means (SD) for bond strength at 24 h

Monomer type

Concentration
PAM CAM
10% 6.9 (1.3) *° 5.9 (2.1) *®
20% 10.2 (1.4) AP 1.3 (0.5) B4
40% 14.3 (4.2) A2 2.3 (0.6) B°
60% 7.9 (1.3) A° 3.3(1.2) B

Capital letters in the same row indicate differences for monomer type;
lowercase letters in the same column indicate differences for monomer
concentration (n = 10).

At 24 h, the bond strengths for the primers with PAM were significantly higher
than for the primers with CAM for all concentrations except 10%. Although little is
known as regards the chemical mechanism by which acidic methacrylates bond to
PZ, the process probably relies on an ionic interaction between the acid functional
groups with the zirconium oxides. A similar mechanism has been proposed recently
for the bond of acidic methacrylates used as coupling agents for glass filler particles
in resin luting composites [27]. The better bond provided by PAM might be related to
the fact that while a single acid hydroxyl group in the CAM molecule is available
(Figure 1), PAM has two acid hydroxyls, potentially enhancing the surface

interactions with the oxide ceramic. This is the first time such effect is suggested.

For PAM, the primer with 40% of acidic monomers yielded significantly higher
bond strengths compared to all the other primers (P < 0.014). The primer with 20% of
PAM showed intermediary results, while significantly lower bond strengths were
observed for the primers with 10% and 60% of PAM (P < 0.034). For CAM, the bond
strength results were 10% > 60% > 40% > 20%, with significant differences among
all monomer concentrations (P < 0.009). These findings indicate that (i) the DC has
little impact on the immediate bond strength of zirconia primers and (ii) the effect of

acidic monomer concentration on the zirconia bonds is material dependent.

Regression analysis shown in Figure 4 indicated that the increased PAM
concentration had a relationship with the zirconia bonds according to a significant

peak model, meaning that the increasing incorporation of PAM was associated with
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increase in bond strength only up to a certain level, after which the higher fraction of
acidic monomer was detrimental to the bonds. The low bond potential of the primer
with 60% of PAM might be related to the absence of polymerizable UDMA-HEMA co-
monomer, suggesting that the mixture of conventional and acidic methacrylates is
important for the bond strength of zirconia primers. On the other hand, the increase
in CAM content had a polynomial inverse significant relationship with the bond
strengths, which again indicates the monomer type had a critical role on the adhesive

performance of the primers.
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Fig. 4. Non-linear regression plot with bond strength at 24 h as dependent variable.

Both models were statistically significant.
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Table 3. Means (SD) for bond strength after thermalcycling

Monomer type

Concentration
PAM CAM
10% 6.6 (1.5) *° 1.5 (1.1) BP
20% 6.5 (1.5) *° 0.9 (0.4) B
40% 10.4 (2.5) A2 2.0 (1.9) B2
60% 5.0 (1.5) AP 2.9 (1.6) B2

Capital letters in the same row indicate differences for monomer type;
lowercase letters in the same column indicate differences for monomer
concentration (n = 10).

In corroboration with the findings observed at 24 h, the bond strengths for
PAM-based primers after thermalcycling were significantly higher compared with
CAM-based primers, irrespective of the acidic monomer concentration (P < 0.003).
The bonding results following the thermal aging also indicated that the primer with
40% of PAM yielded bond strengths significantly higher than all the other acidic
monomer contents (P < 0.001), which showed similar results (P = 0.069). This is
explained by the better surface interaction provided by the primer with 40% of PAM,
which seems to present the best balance of conventional and acidic methacrylates
when the phosphate monomer was used. Regression models after thermalcycling
(Figure 5) followed peak and linear behaviors for PAM and CAM, respectively, but

were not statistically significant.
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Fig. 5: Non-linear regression plot with bond strength after thermalcycling as

dependent variable. The models were not statistically significant.

Comparison for bond strength yielded by each primer at 24 h and after
thermalcycling is shown in Figure 6. All PAM groups showed significantly lower bond
strengths after the thermal cycles (P < 0.024) except for the concentration 10% (P =
0.635). It might be suggested that the result observed for the primer with 10% of
PAM is related to the high DC shown by this material, which could have interfered
with the degradation imposed by the thermal aging. For CAM, the only group
showing a significant difference between the aging conditions was the primer with
10%, which showed lower bond strength after thermalcycling (P < 0.001). The stable
zirconia bonds obtained by the primers with 20 to 60% of CAM is probably related to
the fact that these primes showed low bonding potential even in the 24 h analysis,
but it warrants further investigation as a stable, long-lasting bonding is preferred over

a high-initial bond that degrades over the course of the time.
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Fig. 6: Comparison between the bond strengths at 24 h or after thermalcycling for
each primer (bars are means and SD). Asterisks indicate groups with statistically
similar bond strengths for either aging conditions.

The samples not submitted to thermalcycling showed 100% of adhesive
failures for all groups except for the primer with 40% of PAM, for which 40% of the
failures were classified as mixed. The occurrence of mixed failures for this primer is
likely a result of the better bond provided by the material, leading the fracture to
propagate into the bulk of the cement during the shear testing. Association of higher
bond strength and mixed failures has been shown before for dentin bonds provided
by self-etch primers [28]. After thermalcycling, all failures were classified as adhesive,
which might be related to the negative effect of thermalcycling on the ionic interaction

of the primers to PZ, as well as with the reduction in the bond strength values [28].

4. Conclusion

The hypothesis tested was rejected, as both the acidic monomer type and
concentration had a significant impact on the adhesive performance of zirconia
primers. The primer with 40% of phosphate methacrylate showed the best bonding

performance.
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4 Concluséao

Considerando as limitagdes do presente estudo, pode-se concluir que tanto o
tipo quanto a concentracdo de monémeros acidos tém papel significativo na adesao
de primers & zirconia. O primer com 40% de mondmero acido fosforado mostrou o

melhor desempenho na adeséao a zirconia.



