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RESUMO

O objetivo deste estudo foi formular adesivos dentarios experimentais com wollastonita e avaliar
as propriedades fisicas, quimicas e de bioatividade das resinas. A wollastonita foi caracterizada
por espectroscopia de infravermelho com transformada de Fourier, analises de difragdo de raios-
X e laser e microscopia eletronica de varredura. Uma resina adesiva experimental foi formulada
e a wollastonita foi usada como carga inorganica a 0 (grupo controle), 0,5, 1 ou 2%, em peso. Os
adesivos experimentais foram avaliados quanto a sua radiopacidade, grau de conversédo (DC%),
microdureza Knoop, amolecimento em solvente, resisténcia a tracdo (UTS), resisténcia da unido
adesiva a microtracdo apds 24 horas e um ano (uTBS), deposi¢do mineral e cor dos adesivos.
Particulas de wollastonita mostraram uma forma semelhante a agulha, um diametro médio de 70
(= 30) um, picos quimicos caracteristicos e fase p-CaSiO3 cristalina pura. N&o houve diferencas
significativas (p>0,05) para radiopacidade, amolecimento em solvente e mudanca de cor. O
grupo com 2%, em peso, de wollastonita apresentou maior microdureza Knoop e UTS em
comparagdao ao grupo controle (p <0,05). Apds um ano, 0 grupo controle apresentou menor
uTBS em comparacao ao valor imediato (p <0,05). Os grupos com Wollastonita apresentaram
UTBS estavel ap6s um ano em comparagdo ao uTBS imediato (p> 0,05). A Wollastonita induziu
a deposicdo mineral na superficie adesiva ao longo do tempo de armazenamento em fluido
corporal simulado. A adi¢cdo de wollastonita melhorou o comportamento mecanico do adesivo

sem alterar as propriedades quimicas analisadas.

Palavras-chave:

Agentes de unido de dentina, silicatos de calcio, polimeros, polimerizacédo



ABSTRACT

The aim of this study was to formulate experimental dental adhesives with wollastonite and
evaluate the physical, chemical, and bioactivity properties of the resins. Wollastonite was
characterized by Fourier transform infrared spectroscopy, X-ray and laser diffraction analyses,
and scanning electronic microscopy. An experimental adhesive resin was formulated, and
wollastonite was used as an inorganic fillers at 0 (control group), 0.5, 1, or 2% wt. Radiopacity,
degree of conversion (DC%), Knoop micro-hardness, softening in solvent, ultimate tensile
strength (UTS), 24 hours and one year- micro tensile bond strength (uTBS), mineral deposition,
and color of the experimental adhesives were evaluated. Wollastonite particles showed a needle-
like shape, a mean diameter of 70 (£ 30) um, characteristic chemical peaks, and pure crystalline
-CaSiO3 phase. There were no significant differences (p >0.05) for radiopacity, softening in
solvent, and color change. The group with 2 wt. % of wollastonite showed higher Knoop micro-
hardness and UTS in comparison to the control group (p < 0.05). After one year, the control
group showed reduced uTBS compared to the immediate value (p <0.05). The groups with
wollastonite presented stable uTBS after one year in comparison to the immediate uTBS (p
>0.05). Wollastonite induced mineral deposition on the adhesive surface over the time of storage
in simulated body fluid. The addition of wollastonite improved the mechanical behavior of the
adhesive without changing the analyzed chemical properties.

Keywords:

Dentin-bonding agents, Calcium silicates, Polymers, Polymerization
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1. INTRODUCAO
1.1 ODONTOLOGIA ADESIVA

As técnicas de restauracdo contemporaneas baseadas nas propriedades adesivas foram
introduzidas pela primeira vez pelo Dr. Hagger em (1949), que foi o primeiro a introduzir um
material de vedacdo de cavidade para ser usado em combinac¢do com a resina de cura quimica. O
primeiro experimento de adesdo ao esmalte por ataque acido foi realizado por Buonocore em
(1955). Enquanto, o processo de condicionamento foi descrito por Fusayama et al. (1979) como
a infiltracdo da resina no tecido desmineralizado permitindo a formacgéo de uma matriz de resina
reforcada por fibras de colageno. Nakabayashi, em (1982) foi o primeiro a demonstrar uma
verdadeira formacdo de camada hibrida que é considerada o principal mecanismo de ligacdo dos
agentes de ligacdo (Edward et al., 1995). O objetivo principal dos adesivos dentais é fornecer
retencdo para restauracbes com resinas compostas ou cimentos resinosos. Varios estudos
revelaram que de acordo com a exposi¢do 0 ambiente oral, a falha clinica das restauracdes ocorre
com mais frequéncia devido a inadequacdo selamento levando a perda de retencdo (Pashley et
al., 2004, Ferreira et al., 2007 e Breschi et al., 2008).

Os sistemas adesivos sdo incapazes de se infiltrar completamente na rede de colageno com
mondmeros de resina, resultando em espacos ricos em agua ao longo das fibrilas de colageno
desprotegidas e responsaveis pela nanoinfiltracdo e micropermeabilidade dentro das camadas
hibridas (Sauro et al., 2009). Camadas hibridas com presenca de agua e solvevnte residual sdo
mais propensas a degradacdo ao longo do tempo. Além disso a rede de fibrilas de coladgeno
parcialmente exposta esta sujeita a degradacdo enzimatica de MMPs enddgenos e cistepsinas de
cisteina, ativadas por componentes acidos de sistemas adesivos (Mazzoni et al., 2013). A
combinacdo de hidrélise do componente de resina, atividade colagenolitica, temperatura, &cidos
bacterianos e tensdes mecanicas comprometem a integridade interfacial de longo prazo de
restauracoes adesivas (Frassetto et al., 2016).

Em relacdo a esses problemas, varios métodos tém sido preconizados para reduzir a
degradacdo da camada hibrida dentro das interfaces resina-dentina, incluindo a inibicdo das
metaloproteinases da matriz dentinaria (MMPs), que causam degradacdo enzimatica da matriz de
coldgeno, pela adicdo de agentes reticulantes (Seseogullari-Dirihan et al., 2016). Além disso, a

melhoria das propriedades quimicas e fisicas do sistema adesivo pode contribuir para 0 aumento
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da resisténcia a degradacdo hidrolitica e aumentando a estabilidade ao longo do tempo (Dos
Santos et al., 2011, Dodiuk-Kenig et al., 2012, Leitune et al., 2013, Burujeny et al., 2015).

Diversos autores sugeriram que a adicdo de cargas inorganicas em pequenas concentragoes
as resinas adesivas pode fortalecer a camada adesiva (Schulz et., 2008, Leitune et al., 2013,
Degrazia et al.,, 2016, Almeida et al., 2017, Garcia et al., 2018 e Balbinot et al., 2020).
Dependendo de sua composicdo quimica, as cargas também podem fornecer radioopacidade, o
que pode ser importante no diagnostico diferencial de caries adjacentes a restauragdo (Furtos et
al., 2012), acdo antimicrobiana (Cruzetta et al., 2020) e acdo remineralizante (Garcia et al.,
2017). Em relacdo a composicdo carga, podem ser compostos por ions silicato (Si-O) acredita-se
que eles possam desempenhar um papel na melhoria das propriedades mecanicas dos adesivos
resinosos (Belli et al., 2014). Além disso, os ions de silica hidratada liberados com carga
negativa fornecem um local favoravel para a formacgdo de apatita na interface da dentina aderida
(Gandolfi et al., 2011).

A remineralizacdo das interfaces resina-dentina visa substituir o espaco desmineralizacao
durante do condicionamento &cido e ndo preenchido por polimeros, bem como regifes que
sofreram algum tipo de desmineralizacdo (Profeta et al 2012). Com isso, seria possivel aumentar
as propriedades mecanicas da interfase dentina-resina e proteger o colageno exposto de desafios
externos (He et al., 20019).

1.2 WOLLASTONITA

A wollastonita (CaSiO3) é um mineral natural de silicato de célcio de cor branca composto
por 51,7% de SiO; e 48,3% de CaO (Asar et al., 2010). Apresenta excelente estabilidade térmica,
estabilidade quimica e propriedades mecanicas adequadas, além de sua capacidade de liberar
calcio (De Aza et al., 1994). Possui grande importancia em aplicacdes clinicas, seja na forma de
p6 como enchimento 6sseo ou como material a bulk para confeccdo de préteses da crista iliaca,
vértebras artificiais e discos intervertebrais (Park and Lakes 2007). Acredita-se que o CaSiOs
induza o crescimento do 0sso como uma camada de apatita ligada ao 0sso vivo em um curto
periodo de tempo, mantendo altas propriedades mecanicas no ambiente corporal (Cannillo et al.,
2009).

O CaSiO3; é usado em aplicacbes médicas (Dziadek et al., 2017) e dentais como um

potencial material de revestimento de superficie de implante dentario para regeneracdo de tecido
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0sseo (Saadaldin et al., 2014). Além disso, tem sido utilizado como carga em polimeros e
cimentos para melhoria de suas propriedades mecanicas e bioativas (Chen et al., 2016, Flores-
Ledesma et al., 2017 e Herrera et al., 2018). A bioatividade das particulas & base de CaSiO; esta
relacionada a alcalinizagdo promovida pelos ions hidroxila liberados da fase cristalina do
hidroxido de calcio. O aumento do pH local inibe a atividade de MMP e favorece a precipitacdo
mineral, além de exercer atividade antimicrobiana (Profeta et al., 2013). A deposicdo mineral do
material depende da capacidade da silica com carga negativa liberada encontrada na superficie
do tecido para formar um local favordvel para a formacao de apatita por atracao de ions de calcio
liberados pelas particulas e ions de fosfato presentes em fluidos fisiologicos (De Aza et al.,
1994). Esse mecanismo supostamente fornece uma condicao favoravel para a remineralizacédo
dos tecidos duros dentais por meio de efeitos terapéuticos / protetores que podem aumentar a
longevidade da interface resina-dentina (Profeta et al., 2013).

A degradacdo da camada hibrida dentro das interfaces resina-dentina pode ser atribuida ao
aumento das concentracdes de mondmeros hidrofilicos e acidos presentes na composi¢do dos
adesivos de resina (Van Landuyt et al., 2007). Além disso, a degradagdo hidrolitica da ligacéo
éster em tais monémeros pode apresentar um efeito adverso nas propriedades mecéanicas da rede
polimérica (Van Landuyt et al.,, 2008). A aplicacdo de preenchimentos inorganicos na
composicdo de sistemas adesivos dentais tentou reduzir a degradacdo do coladgeno dentinario
mediada por MMP e aumentar a durabilidade das ligacdes resina-dentina (Toledano et al., 2012).
No entanto, sua propriedade de liberacdo de ions assumida para demonstrar uma eficacia na
remineralizacdo de regifes esparsas de resina empobrecida de minerais da matriz de colageno
desmineralizado que supostamente aumentam a qualidade e a longevidade das interfaces resina-
dentina (Tay et al., 2008). Em contraste, a incorporacdo de materiais a base de silicato nos
mondémeros especificos da resina, foi proposta para melhorar as propriedades mecénicas e a

resisténcia de unido aos tecidos dentais (Sauro et al., 2012).
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2.0bjetivo
2.1 Objetivos gerais:

O objetivo deste estudo foi avaliar o efeito da adicdo de wollastonita como carga em

adesivos dentais experimentais em diferentes concentragdes.
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3 MANUSCRITO

A presente tese € composta por um manuscrito. O manuscrito foi submetido para o periddico
Journal of Dentistry e encontra-se publicado (https://doi.org/10.1016/].jdent.2020.103472)
(Bendary et al., 2020).
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ABSTRACT

Objective: The aim of this study was to formulate experimental dental adhesives with
wollastonite and evaluate the physical, chemical, and bioactivity properties of the resins.

Methods: Wollastonite was characterized by Fourier transform infrared spectroscopy, X-ray
and laser diffraction analyses, and scanning electronic microscopy. An experimental adhesive
resin was formulated, and wollastonite was used as filler at 0 (control group), 0.5, 1, or 2 wit.
%. Radiopacity, degree of conversion (DC%), micro-hardness, softening in solvent, ultimate
tensile strength (UTS), 24 h- and 1 year- microtensile bond strength (uTBS), mineral

deposition, and color of the adhesives were evaluated.

Results: Wollastonite particles showed a needle-like shape, a mean diameter of 70 (x 30)
um, characteristic chemical peaks, and pure crystalline p-CaSiO; phase. There were no
significant differences (p > 0.05) for radiopacity, softening in solvent, and color change.
The group with 2 wt. % of wollastonite showed higher microhardness and UTS in
comparison to the control group (p < 0.05). After one year, the control group showed reduced
uTBS compared to the immediate value (p < 0.05). The groups with wollastonite presented
stable WTBS after one year in comparison to the immediate pnTBS (p > 0.05). Wollastonite
induced mineral deposition on the adhesive surface over the time of storage in simulated
body fluid.

Conclusion: The addition of wollastonite improved the mechanical behavior of the
adhesive without changing the analyzed chemical properties. The adhesives with this filler
presented mineral deposition and acceptable clinical color. Moreover, dentin treated with

wollastonite-doped adhesives showed higher bonding stability after one year of aging.

Clinical significance: Wollastonite, a silicate-based material, provided bioactivity for the
adhesives, which assists in producing therapeutic tooth-restoration interfaces. Moreover,
incorporation of this mineral improOfiller improves the biological properties of adhesives

and assists in dentin-restoration stability.

Keywords:

Dentin-bonding Agents Calcium silicates Polymers Polymerization
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1. Introduction

The maintenance of a long-lasting bonding of restorative materials to dentin is challenging
due to degradation processes [1-3], which affect the adhesive or collagen network [1-3]. The
adhesive degradation occurs via water sorption and catalysis of ester groups because of water
presence or esterases from microorganisms and saliva [1,2]. The collagen degradation occurs
via hydrolytic degradation, mainly in areas of exposed collagen, or due to the activity of
endogenous dentin matrix metalloproteinases (MMPs) [4]. These events may lead to

marginal discolorations, leakage, and loss of restoration over time [1].

The incorporation of inorganic fillers in adhesives has been proposed to address these
concerns. Tantalum oxide [5,6], niobium pentoxide [7], calcium phosphates [8-10], zinc
chloride [11], titanium dioxide [12], and zirconium dioxide [13] were used to improve the
organic matrix properties. The particles increase the mechanical properties of polymers via
toughening mechanisms, and they can act as obstacles in front of crack propagation [14].
Moreover, some particles present ion-releasing ability that induces mineral precipitation and
collagen remineralization, improving the bonding longevity [15,16]. The mineral deposition
on collagen has also been reported as a feasible approach to fossilize MMPs and protect dentin

against biodegradation [17].

Calcium silicates (CaSiO3) are widely used to coat implants [18], promote pulp and
bone regeneration, and induce remineralization of dental tissues [19]. Mineral trioxide
aggregate and Portland cement are two classic examples of CaSiOs-based materials used in

operative dentistry and endodontics [19]. These cements release ions of calcium (Ca2+) and

hydroxyl groups (OH—) that favor the remineralization process [20]. However, they present
drawbacks such as the longer setting time in comparison to light-curable materials and increased
dissolution rate [19]. The development of light-curable restorative materials with bio-
interactivity via ion-releasing property, such as that presented by CaSiOs, could favor the
adhesion to dentin. Therefore, CaSiOs-derived fillers were incorporated into adhesives to provide
them bioactivity [16,21,22]. In those studies, improved dental bonding was achieved when
CaSiOgs-derived fillers were incorporated into the adhesives [16,21,22]. In these previous in vitro
studies [16,22], the adhesives doped with CaSiOs-derived fillers were tested for bonding
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effectiveness and bioactivity. However, the adhesives were tested after aging for only six months
[16,22], while an extended period of aging assists in increasing the correlation between the
microtensile bond strength test and in vivo outcomes [23]. Adhesives doped with CaSiO3; could
be further explored regarding other physical and chemical properties, such as radiopacity, degree
of conversion, ultimate tensile strength, softening in solvent, and color evaluation. This set of
analyzed properties, together with an extended period of aging of teeth restored with adhesives

doped with CaSiOs-derived fillers, could assist in understanding materials’ behavior deeply.

In this context, wollastonite is a CaSiO3 that occurs in nature, and that was not tested in
dental adhesives so far. The availability of wollastonite in the environment reduces the steps of
syntheses of this CaSiO3, which may increase the chances of transferring the knowledge about
wollastonite-doped adhesives for clinical scenarios. This mineral can be arranged as masses or

tabular crystals of metamorphosed limestone [24]. It presents bioactivity via the release of

Ca2t, inducing apatite formation [25], which could provide therapeutic properties to adhesives
and protective effects to dental tissues [15,26]. The aim of this study was to formulate
experimental dental adhesives with wollastonite and evaluate the physical, chemical, and
bioactivity properties of the resins. For this purpose, after the characterization of the wollastonite
used as filler, we also analyzed the adhesives for possible effects on the radiopacity, degree of
conversion, micro-hardness, softening in solvent, ultimate tensile strength, microtensile bond
strength (uTBS) immediately and after one year of aging, mineral deposition, and color. The null
hypothesis to be tested is that the addition of wollastonite up to 2 wt. % does not affect the

evaluated properties of the dental adhesives.
2. Materials and methods

The methods applied in this study to evaluate the wollastonite particles and the experimental

adhesive resins are indicated in Fig. 1.

2.1.Chemical characterization of wollastonite

Wollastonite (NYCO Minerals, Inc., NY, USA) was analyzed by Fourier Transform
infrared spectroscopy (FTIR) using a Vertex 70 spectrophotometer (Bruker Optics, Ettlingen,

Germany) with wave-length ranging from 4000 to 400 cm-1 and resolution of 4 cm=1. The
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powder of wollastonite was placed on the diamond crystal of an attenuated total reflectance

(ATR) accessory of FTIR to be chemically characterized.
2.2. Determination of the crystalline phase of wollastonite by X-ray diffraction analysis

The determination of the crystalline phase of wollastonite was car- ried out by X-ray
diffraction analysis (XRD). A diffractometer (X’pert- PRO, PANalytical MPD, Eindhoven,
Netherlands) was used with copper Ka radiations at 40 kV and 40 mA at an angular range

between 5° and 100° with step size 0.02° over 2 s.
2.3. Evaluation of wollastonite morphology by scanning electron microscopy

The powder of wollastonite was placed on a metallic stub and was coated with a gold-sputter
(15 25 nm) (SCD 050, Baltec, Vaduz, Liechtenstein). Particle morphology was analyzed with
scanning electron microscopy (SEM, JSM-56060, Jeol, Akishima, Tokyo, Japan) set at 3 kV.
Images were magnified at 100 and 330 X.

2.4. Evaluation of particle size of wollastonite by laser diffraction

The powder was dispersed in ultrasound for 10 s with isopropyl alcohol. Then, the particle

size of wollastonite was measured by laser diffraction (CILAS 1180, Orleans, France).
2.5. Adhesive resins formulation

The adhesive resin was formulated by mixing bisphenol A-glycol dimethacrylate and
hydroxyethyl methacrylate (Sigma-Aldrich, St. Louis, MO, USA) in a mass ratio of 66.66 wt%
and 33.33 wt. %, respectively. The photo-initiation system composed of camphorguinone and
ethyl 4-dimethylamino benzoate was added at 1 mol% to the mixture. The adhesive was divided
into four groups according to wollastonite concentration: unfilled adhesive, which was used as a
control group (Gow); 0.5 wt.% (G0.5 %); 1 wt.% (Gix); 2 Wt.% (Gay). The three filled
experimental adhesives were homogenized by hand- mixing for 5 min, sonicated for 180 s, and

hand-mixed for more 5 min [6].
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2.6.Radiopacity

The determination of the radiopacity of the experimental adhesives was performed
according to the International Standards Organization (ISO) 4049/2009 [27]. Five samples
per group with a diameter of 5.0 mm (£0.5 mm) and a thickness of 1.0 mm (£0.2 mm)

were photo-activated for 20 s on both sides by a light-emitting diode (LED) unit (Radii Cal

1200 mW/cm?2, SDI LTD., Bayswater, VIC, Australia). X-ray images were obtained using a
digital system with phosphorous plates (VistaScan, Diirr Dental GmbH & Co. KG, Bietigheim-
Bissingen, Germany) at 70 kV and 8 mA with 0.4 s of exposure and a focus-film distance of 40
cm. One sample from each group was positioned on the film, while an aluminum step-wedge
was exposed with the samples for the acquisition of each image. The aluminum step-wedge
thickness ranged from 0.5 to 5.0 mm in increments of 0.5 mm. A total of five images were
acquired. The images were saved in the tagged image file format (TIFF) for less compressed
files. The digital images were processed using Photoshop software (Adobe Systems
Incorporated, CA, USA) to obtain the pixel density for each group.

2.7. Degree of conversion

The degree of conversion (DC%) was obtained using FTIR-ATR (Vertex 70, Bruker
Optics, Ettlingen, Germany). Three samples from each group were evaluated. The analysis

was performed at a controlled room temperature of 23 (x2) °C and 60 (+5) % humidity.
Samples were directly dispensed in a polyvinyl silicone mold on the diamond crystal of ATR,

and they were analyzed before and after photoactivation for 20 s. The DC% was calculated
from the ratio between the integrated area of absorption bands of the aliphatic C—C bond

(1638 cm—l) to that of the aromatic C=C bond (1609 cm'l) obtained from the polymerized
and unpolymerized sample according to Eq. (1).

DC% =100 X [1 _ ( Rpolymerized )]

Runpolymerized

(1)

Where R is the ratio between the integrated area of 1638 cm-1 and 1609 cm-1.
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2.8. Microhardness and softening in solvent

Five samples per group were prepared with 5 mm diameter and 1 mm thickness after the
photoactivation for 20 s on each side. The samples were polished (Model 3v, Arotec, Cotia, SP,
Brazil) using #600, #1200, #2000 grits abrasive papers (30 s each with water irrigation), and a
felt disc saturated with an alumina suspension. The samples were subjected to a microhardness
test in which five indentations (10 g/ 5 s) with magnification at 40X were performed per sample
(HMV 2, Shi- madzu, Tokyo, Japan). These values represented the initial Knoop hardness
(KHN1). The samples were immersed in a solvent solution (30% water mixed with 70 %
ethanol) for 2 h, and then they were tested again to obtain the final Knoop hardness (KHN2).
The Knoop hardness values were recorded as the average of the five indentations per sample.
Softening in solvent (AKHN%) was calculated by the percentage difference between KHN1 and
KHN2 [28].

2.9. Ultimate tensile strength

Five samples per group were prepared in a metallic mold with an hourglass design with

dimensions of 8 mm long, 2 mm wide, 1 mm thick, and with a cross-sectional area of 1 mm2.
The samples were photo-activated for 20 s on each side and then fixed with a cyanoacrylate
adhesive to a metallic device. The samples were tested using a universal testing machine (EZ-SX
Series; Shimadzu) at a crosshead speed of 1 mm/ min until the samples fracture. The values were

expressed in MPa[29].

2.10. Microtensile bond strength and failure pattern analysis

One-hundred sixty extracted sound bovine teeth were used in the microtensile bond strength
(LTBS) test, totalizing eighty teeth for the immediate pTBS and another eighty for the uTBS
after one year of aging. Each tooth was prepared to expose the superficial dentin surface. In order
to create a standardized smear layer, each surface was polished with 600-grit silicon carbide paper
under running water for 30 s. The prepared dentin surface was etched using 37 % phosphoric acid
for 15 s and rinsed for 15 s. Excess water was removed with an absorbent paper. A thin layer of a
commercial primer (3 M ESPE, Adper Scotchbond, St. Paul, MN, USA) was actively applied for
20 s, and the solvent was evaporated with air-spray for 5 s. A layer of the experimental adhesives

was applied and photoactivated for 20 s. Finally, two layers with 2 mm thickness each one
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(2350, 3 M ESPE, St. Paul, MN, USA) were applied and photoactivated for 40 s with the light-
tip 1 mm from the top of resin surface. The samples were sectioned into a series of beams under
constant water cooling using a precision cutting device and a diamond disc (Law Speed Saw,
Buehler Ltd, Lake BIuff, IL, USA). Four beams from the center of each resin composite
restoration were measured using a digital caliper to check their thickness in the bonding area and
tested for uTBS. The sample unit was the tooth. Specimens were subject to the uTBS test
immediately or after one year of storage in simulated body fluid (SBF), which was changed
every month [30]. Each beam was attached to a metallic jig with cyanoacrylate resin. The jig
was placed in the lower fixed compartment of the universal testing machine, and the upper part
was pulled at a constant speed of 1 mm/min. The required load for debonding the substrate-
adhesive interface of each beam was recorded in MPa. The fracture pattern was evaluated with a
stereomicroscope (HMV-2, Shimadzu Corp., Kyoto, Japan) at 10x magnification and classified

as adhesive, mixed, cohesive within the dentin, or cohesive within the resin composite.
2.11. Mineral deposition

Three samples from each experimental adhesive group with a diameter of 6 mm and 2 mm in
height were used for mineral deposition analysis. They were then polished using a #1200-grit

abrasive paper under constant irrigation. Samples were immersed in SBF for 1, 7, and 28 days at

37 °C. After each storage period, samples were washed with distilled water and analyzed using
micro-Raman spectroscopy (Senterra, Bruker Optics, Ettlingen, Germany). Chemical changes
on the sample surfaces were evaluated by irradiating an area of 500 500 um that was analyzed
by a 785 nm-laser of 100 mW on 100 equidistant points for 3 s per each point. Spectra were

obtained at wavelengths ranging from 1800 to 440 cm-1. Integration of the 960 cm-1 peak
(symmetric stretching vl mode of phosphate) was calculated using the spectroscopy software
(Opus 7.5, Bruker Optics, Ettlingen, Germany). Sigma Plot version 12.0 (Systat Software Inc,
San Jose, CA, USA) was used to convert data obtained from the spectroscopy software into

digitalized images [31].
2.12. Color evaluation

Five samples for each group with a diameter of 5 mm and a thickness of 1 mm were evaluated.

All samples were polished using #600-grit abrasive paper to standardize the surface. Samples

22



were measured with reflectance spectroscopy (Cary5000 UV-vis, Agilent, Santa Clara, USA).
This instrument utilizes a double beam ratio integrated with a sphere reflectometer that collects
specular and diffuse reflectance. All samples were scanned from 400 to 700 nm, with a data
interval of 1 nm at a speed of 480 nm/min. CIE L*a*b* was used to quantitatively show the
color difference, movements on the white-black (value scale L), red- green (a), and yellow-
blue (b) scales. Colour planes (chroma scales) were compiled by the Perkin Elmer color
program (Perkin Elmer, Norwalk, CT, USA) converted into L*a*b* values, which was
recorded and analyzed. Changes in overall color (AE) were calculated for each group comparing
their parameters with those obtained for Go, (EQ. (2)).

Change in color AE =/ (AL2) + (Aa2) + (4b2) (2)

2.13. Statistical analysis

The characterization of wollastonite via FTIR, X-ray analysis, laser diffraction analysis, and
SEM, as well as the mineral deposition on adhesives surfaces, were descriptively analyzed. The
physicochemical properties of the adhesives were statistically analyzed using SigmaPlot
software (version 12.0, Systat Software, San Jose, CA, USA). Shapiro- Wilk test was used to
analyze the data distribution. The data of radio- pacity, microhardness, softening in solvent,
DC%, ultimate tensile strength (UTS), and color change were analyzed via one-way ANOVA
and Tukey post-hoc test. The differences between KHN1 and KHN2 within each group were
assessed via paired t-tests. Two-way ANOVA and Tukey post-hoc test were used to
analyze the data of pTBS, considering the two factors: concentration of CaSiO; in the
adhesive (0.5, 1, or 2 wt.%) and time of storage of the beams (24 h or 1 year). All tests were
analyzed at a significance level of 0.05.
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3. Results

Results for wollastonite characterization by SEM and laser diffraction showed particles
distributed in a needle-like form (Fig. 2) with a mean diameter of 70 (£30) um. FTIR spectra
(Fig. 3) showed broadband stretching of hydroxyl groups (vO-H) due to moisture content of the

sample in the region of 1,150 cm-1 Wollastonite showed characteristic peaks of the amorphous

Si0, (vSi-0-Si) and Si-O-Ca at 1,025 and 900 cm-1, respectively. The band near 450 cm-1
resulted from the vibration of the Si—-O bond Fig. 3. The XRD pattern indicated the pure
crystalline B-CaSiO3 phase via the intensity peak shown in Fig. 4.

The results of radiopacity, DC%, microhardness, and softening in solvent are described in
Table 1. The radiopacity evaluation indicated that the pixel density ranged from 31.9 (£ 4.6)
for Goy to 35.9 (= 6.0) for Gie, With no statistically significant differences among the
unfilled and filled adhesives (p > 0.05). DC% results of the experimental adhesive showed
values ~60 % after 20 s of photoactivation for all groups, without statistically significant
differences among them (p >0.05). The KHN1 was significantly higher for the group
containing 2 wt. % of wollastonite incomparisontoall other groups (p <0.05). The KHN2 was
lower than KHN1 within each group (p < 0.05). There was no statistically significant
difference among groups for AKHN% (p > 0.05).

The results of UTS and pTBS are displayed in Table 2. UTS ranged from 34.9 (x7.1) MPa
for Goy, to 46.0 (£4.0) MPa for Gay, With a statistically significant difference between these
groups (p < 0.05). The two-way ANOVA revealed that the outcomes of uTBS were
concentration-dependent for the immediate test, and that the time affected the outcomes
depending on the concentration of wollastonite added. Goy, had the highest value (61.0 + 8.0
MPa) after 24 h of storage, with a statistically significant difference in comparison to G, (40.6
*+ 9.3 MPa) (p <0.05) and no differences compared to G0.5 % or Gy (p > 0.05). There were no
statistically significant differences among groups after one year of aging in SBF (p > 0.05).
When the values of 24 h- and 1 year- uTBS are compared within each group, Ggy decreased
from 61.0 (£8.0) MPa in the 24 h-uTBS to 43.4 (x9.7) MPa in the 1 year- uTBS (p < 0.05).

Groups containing wollastonite showed no statistically significant differences between 24 and 1
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year- uTBS (p > 0.05) within each adhesive. The failure pattern differed among groups, with

high percentages of mixed and adhesive failures for all groups Fig. 5.

The mineral deposition on the adhesives’ surface increased for all samples containing
wollastonite compared to Ggy. The images obtained from micro-Raman spectroscopy
demonstrated an increase in the mineral deposition after 7 and 28 days of immersion in SBF, as

illustrated in Fig. 6.

Mean and standard deviation values of the color analysis showed that the experimental
adhesives with wollastonite had AE values (Gos, USed as a pattern) of 2.6 (x1.7), 4.3 (£0.3), and
4.3 (£ 2.6) for GO.5 %, Gie, and Gy, respectively. There was no statistically significant

difference among groups (p > 0.05).

4. Discussion

The maintenance of adhesive properties and collagen stability are considered critical factors in
restoration success [1,3]. The formulation of adhesives with improved mechanical properties and
bioactivity may extend the survival of restorations [3,32]. In this study, an experimental dental
adhesive was doped with wollastonite, which reinforced the methacrylate-based resin, besides
inducing mineral deposition on adhesives surfaces and supporting the uTBS over time. Thus, the
addition of wollastonite up to 2 wt. % changed some of the evaluated properties. Therefore, the

null hypothesis must be partially rejected.

Wollastonite, a CaSiOs that can be found in nature, was characterized and incorporated in an
organic matrix of dental adhesive. The addition of inorganic particles into adhesives can
increase the radiopacity of these restorative materials due to the higher atomic weight of fillers
in comparison to the organic elements of polymers [6,33,34]. The enhanced radiopacity of
adhesive resins may assist clinicians in differentiating radiolucent areas of caries to restorative
materials [35]. The results of this study showed a slight increase in the mean values of
radiopacity for wollastonite groups in comparison to the unfilled adhesive. However, there was
no statistical difference among groups from 0 to 2 wt. % of wollastonite. This finding may have
occurred due to the low concentrations of wollastonite tested. The resins were doped with
wollastonite up to 2 wt. % to maintain the manipulation features and adequate DC% of the

adhesives. The modification of experimental CaSiO; to incorporate elements with a higher
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atomic number could be a strategy to keep the suitable properties of CaSiOs and supply

radiopacity for the adhesives.

As aforementioned, the incorporation of inorganic fillers in dental adhesives should not
compromise the DC%. The proper conversion of carbon-carbon double bonds into single bonds
of monomers is an essential chemical property that these materials must present with the
photoactivation. An efficient DC% is related to the achievement of suitable mechanical
properties, such as high UTS, and better hydrolytic stability, such as lower sorption and
solubility [29]. However, it is not unlikely to decrease the DC% by increasing the filler
content in the polymer [6,7,34]. This effect is attributed to the mismatch of refractive
indexes between fillers and organic matrix [36] or the lower light transmittance with the
increase of filler content [37]. In the present study, all groups showed DC% higher than 50
%, which is commonly observed for commercial adhesives [38], and no significant differences
from O to 2 wt. % of wollastonite. The slight variation (~1.5-1.6) between the refractive
indexes of wollastonite [39] and organic matrix [7] may have assisted in the availability of

light in the adhesive during the photoactivation, maintaining high DC% for all groups.

The mechanical properties of the experimental adhesives were tested via UTS and
microhardness. Wollastonite incorporated at 2 wt. % in the organic matrix increased the values
of KHN1 and UTS in comparison to the control group. The rationale for that is the higher
hardness of the inorganic filler compared to the methacrylate resin [8] and increased elastic
modulus of the composite (wollastonite adhesive) in comparison to the unfilled adhesive
[14]. Another reason for the higher UTS of Gy could be the behavior of the inorganic
particles within the organic matrix when the samples were tensioned in the universal testing
machine. Toughening mechanisms such as crack deflection and plastic deformation around
the particles can be involved and support the higher mechanical properties of filled adhesives
[14,40].

The softening in solvent assessment is commonly used to measure the crosslink density of the
polymers and to analyze the hydrophilic behavior of the adhesives with different fillers addition
[28,41]. KHN2 values were lower than KHN1 for all groups, which is in accordance with
previous analyses of adhesives [6,8,28]. Methacrylate networks, as used in this study, swell

during the storage in solvents, leading to carbon chain relaxation or degradation [41]. One could
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think that the incorporation of the intrinsically hydrophilic CaSiOg into the organic matrix would
facilitate the hydrolysis under organic solvents storage. However, the addition of wollastonite did
not affect the AKHN%, showing that the crosslink density and the hydrophilic characteristics
of the polymers probably did not change among groups. The high DC% that all groups

presented probably assisted in the achievement of proper physico- chemical properties.

The bonding to dentin is a complex process that relies on the permeation and
polymerization in situ of the adhesive in the heterogeneous dentin structure [1]. The failure
pattern showed high percentages of adhesive and mixed modes for all groups, indicating that
the failure probably started in similar areas regardless of the filler concentration [42]. The
addition of 2 wt. % of wollastonite may have changed the adhesive viscosity, which could
explain its lower 24 h-uTBS [43]. However, Goy was the only group that showed lower uTBS
after 1 year in comparison to 24 h-uTBS. During the aging, the collagen fibrils and adhesive are
prone to degradation after the swelling of the polymer and hydrolysis [32]. The activity of
MMPs on collagen cleavage contributes to the instability of bond strength over time [4].
Consequently, it is essential to analyze the new adhesives formulations for their bonding

effectiveness to dentin over time.

Gow showed lower uTBS after 1 year. On the other hand, groups containing wollastonite
presented no difference within each adhesive when 24 h-uTBS was compared to 1 year-uTBS.
The degradation may have occurred more accented for the unfilled adhesive in comparison to
those with wollastonite. These results were in agreement with Profeta et al. [22], who
demonstrated the effect of CaSiOs-based materials as reinforcing fillers, maintaining the
bond strength after six months of aging. Despite there was no difference among groups in the
uTBS after one year, the results could be jeopardized for Gy in comparison to wollastonite
groups after more extended periods of storage. Therefore, the use of wollastonite as filler in the

adhesives could provide a promising long-term result for dentin-resin bonds.

The bioactivity of wollastonite could assist in explaining the protective effect observed in 1
year-uTBS. The ability to induce mineral deposition on adhesives surfaces was analyzed via
micro-Raman after SBF storage. This analysis indicated more phosphate groups on the
surfaces of filled adhesives. The mineral deposition on polymers with wollastonite occurs via

the following steps [44]: Ca2™ is released from CaSiOj to the SBF. The Ca2* is exchanged with
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hydroxyl groups, and silanol groups are formed on the polymer’s surface. The increased silanol

content on the surface makes the polymer more negatively charged and prone to receive Ca2*
from the SBF. Over time, wollastonite has promising sites for apatite nucleation [44]. This
process could induce mineral deposition on dentin-resin interfaces of groups with wollastonite

during the storage of beams for uyTBS in the SBF.

The micro-Raman analysis shows that wollastonite has the potential to provide bioactivity for
the adhesive-dentin interface. As a limitation of this study, we did not evaluate the
possible biomimetic remineralization of collagen. This approach would be tested with bio-
mimetic agents to induce the nucleation of calcium phosphates in specific sites of collagen.
For instance, it could be applied biomimetic solutions based on poly- _-aspartic acid to treat
the dentin before employing the adhesive systems on dentin and storing the teeth in artificial
saliva or simulated body fluid [45,46]. Interestingly, previous studies without biomimetic
analogous showed lower nanoleakage, improvements on mineral-depleted sites of dentin, and
higher y'TBS when adhesives doped with bioactive fillers were used [16,22,47]. The authors
attributed these results to a possible biomimetic activity of silanol species [47]. In addition to
this effect, the formation of Ca/P-MMPs species with high molecular weight was reported as
a feasible explanation to decrease MMPs activity via fossilization, increasing uTBS when
bioactive fillers are used [22,47]. Further studies about the importance of biomimetic analogous
in this scenario could be addressed. However, the evaluation of mineral deposition on the
polymerized samples, as performed in this study, supports that the adhesives with wollastonite

have the potential to be used for remineralization purposes.

Finally, the adhesives were evaluated regarding their color change in comparison to the
unfilled resin. The addition of inorganic fillers into adhesives can change the color of the
material [48]. The specification of AE thresholds depends on the material, observer, and
incident light [49]. Diamantopoulou et al. [50] analyzed the effects of water aging of
composites regarding their color. The authors used AE = 2.6 as a perceptible threshold and AE
5.5 as an acceptable threshold [50]. These values were applied according to previous research
that analyzed how much color difference mismatch is considered perceivable and acceptable to
observers of an intraoral dental prosthesis [51]. In the present study, the AE for adhesives

with wollastonite showed values between 2.6 (x1.7) and 4.3 (£ 2.6), which are nearly those
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clinically perceptible threshold and below the acceptable threshold [50,51]. The rationale for
that is the similar refractive index between the wollastonite particles and the adhesive. The
optical property observed for the formulated materials may encourage the use of wollastonite

as novel bioactive filler for dental adhesives.

5. Conclusion

The addition of wollastonite improved the mechanical behavior of the adhesive without
changing the analyzed chemical properties. The adhesives with this filler presented mineral
deposition and acceptable clinical color. Moreover, dentin treated with wollastonite-doped
adhesives showed higher bonding stability after one year of aging. Wollastonite is a promising

filler to improve the biological properties of adhesives and assist in dentin-restoration stability.
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Fig. 1. Schematic representation of the experimental procedures applied in the present study. The particles of
wollastonite were characterized and used as filler for an experimental adhesive resin. The adhesive resins without
wollastonite and 0.5 wt. %, 1 wt. %, or 2 wt. % of wollastonite were evaluated regarding their physical, chemical, and
bioactive properties.
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Fig. 2. SEM images of the CaSiOj3 used in the adhesives’ formulation, evidencing the needle-like morphology of the
particles. The images were acquired with 100 (A) and 330 (B) magnification.
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Fig.3. Chemical composition of CaSiO;. The FTIR spectrum shows the band near 450 cm™* related to Si—O bond.
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Fig.4. Characterization of phase composition of CaSiO; the X-ray diffraction analysis of CaSiO3 evidences
the B-CaSiO; phase.
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Fig.5. Failure pattern analysis of pTBS after 24 h or 1 year of storage in SBF showing that mixed and adhesive
failures were the most predominant among groups.
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Fig.6 Micro-Raman analysis of the adhesives’ surface after 24 h, 7 days, and 28 days of storage in SBF. The images
show the mineral deposition on the adhesives’ surface based on the intensity of the phosphate group (peak at 960

cm—L). The higher the mineral deposition on the adhesives’ surfaces, the more greenish areas are observed.



Table 1

Mean and standard deviation values of radiopacity, degree of conversion (DC%), initial
Knoop hardness (KHNL1), final Knoop hardness (KHNZ2), and difference of Knoop hardness
in percentage (AKHN%) of the experimental adhesives.

Table 1 Radiopacity, DC (%), KHN1, KHN2 and A (KHN%)

Radiopacity DC (%) .
(pixels) (KHN1) (KHN2) A (KHN %)

Groups

60.3 (+1.0)A

0% 31.9 (+4.6)" 215 (£1.6)>% 8.2 (+1.4)° 625 (55"

60.9 (+1.6)A

05%  32.5(+5.0)" 21.9 (+0.5)%% 8.4 (+1.6)° 615 (59"

61.6 (+2.6)A

1% 35.9 (+6.0)" 226 (+1.2)%% 85 (x1.4)°  61.7 (x4.9) "

59.1 (+1.0)A

2% 35.4 (+5.8)" 25.6 (+2.7)*% 9.8(x1.6)°  61.5(+5.3)"

Different capital letters indicate a statistically significant difference in the same column (p < 0.05).
Different lowercase letters indicate a statistically significant difference in the same row (p < 0.05).

Table 2

Mean and standard deviation values of ultimate tensile strength (UTS) in MPa and
microtensile bond strength (WTBS) in MPa of the experimental adhesives.

Table B UTS (MPa) and uTBS (MPa)

UTBS (Mpa)
Groups UTS (Mpa)
24 h 1 year
0% 34.9 (+7.1)® 61.0(x8.0)** 43.4(+9.7)AP
0.5% 39.5 (+4.5)"®  44.1(x12.9)"®2 40.4(£9.7)"2
1% 36.8 (+4.3)"®  46.7(+9.1)"P2 47.7(+9.8)*
2% 46.0 (+4.0)" 40.6(+9.3)5? 47 4(8.7)"2

Different capital letters indicate a statistically significant difference in the same column (p < 0.05).
Different lowercase letters indicate a statistically significant difference in the same row (p < 0.05).
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4. CONSIDERACOES FINAIS

Aumentar a longevidade clinica das restauracdes de resina € uma preocupacao para 0S
dentistas clinicos e um dos objetivos dos pesquisadores da area odontoldgica. Para tanto, muitas
pesquisas foram realizadas na tentativa de criar adesivos dentais com propriedades fisico-
quimicas e biologicas melhoradas que possam resistir a degradacdo hidrolitica e permanecer
estaveis ao longo do tempo. Com relacéo a esta questdo, o reforco de resina adesiva a base de
metacrilato com carga a base de silicato demonstrou resultados positivos, especialmente no
aumento das propriedades fisico-quimicas e biocompativeis de materiais a base de polimero
(Profeta et al., 2013, Martins et al., 2014, Sfalcin et al., 2017 e Balbinot et al., 2020).

No presente estudo, a incorporacdo do CaSiOs € ilustrada como um obstaculo na propagacao
de fissuras, conforme demonstrado em resultados de resisténcia coesiva. Além disso, a sua
capacidade de interagir com a matriz polimérica organica contribui com as propriedades elasticas
gerais da matriz, reforcada a rigidez adesiva dentaria (Sauro et al., 2012), sem dificultar a
fotopolimerizacdo adequada necessaria para manter a resisténcia fisico-mecanica de a matriz de
polimero.

A avaliacdo da resisténcia da unido adesiva ap6s um ano de envelhecimento obtida para
grupos de adesivos com wollastonita em comparagdo com o controle mostrou uma maior
estabilidade. Isso pode estar relacionado a liberagdo de fons Ca? * pela primeira troca com H *,
levando a formacdo de silanol (Si — OH). Essa reacao possui liberacdo de hidroxido de célcio
(Liu et al., 2004), que apresentou efeito na reducéo da atividade das MMPs na interface resina-
dentina devido ao aumento da alcalinidade do meio (Breschi et al., 2008). Enquanto, a silica
hidratada carregada negativamente (Si — O) formada na superficie fornece um local favoravel
para a nucleagdo da apatita (Liu et al., 2004). fons de Ca®* liberados foram inicialmente atraidos
na camada rica em silica antes dos fons de fésforo (PO, %) da midia circundante ou no substrato
de dentina. Além disso, a formagdo de novos depdsitos minerais ilustrados em imagens de
espectroscopia Raman indicou mais deposicdo mineral na superficie das amostras adesivas
preenchidas ap6s 7 e 28 dias, que tém efeitos remineralizantes terapéuticos observados na
interface resina-dentina. A formagdo de apatita na interface de dentina colada pode ter
aumentado a formacéo de novos depositos minerais sobre os constituintes minerais existentes na
matriz dentinaria (biocatalisacdo) (Gandolfi et al., 2010). Os quais, podem desempenhar um

papel na protecdo da interface resina-dentina dos &cidos produzidos, reduzir a nanoinfiltracdo e o
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efeito desmineralizante das bactérias nos meios orais (Profeta et al., 2013 and Degrazia et al.,
2018).

A aplicagdo de CaSiO3; como nova carga inorganica adicionada ao adesivo dentario promoveu
deposicdo mineral e sendo na interface resina-dentina pode auxiliar na estabilidade da uniéo

adesiva, sem impedimento de fotopolimerizacao adequada, nem efeito na tonalidade da cor.

40



REFERENCIAS

1. M. Buonocore, A simple method of increasing the adhesion of acrylic filling materials
to enamel surfaces. J Dent Res. 1955; 34: 849-853.

2. T. Fusayama, M. Nakamura, N. Kurosaki, M. Iwaku, Non-pressure adhesion of a new
adhesive restorative resin, jour. of dental res. (1979),
https://doi.org/10.1177/00220345790580041101.

3. N. Nakabayashi, K. Kojima, E. Masuhara, The promotion of adhesion by the infiltration

of  monomers into  tooth  substrates, J Biomed Mater Res. (1982).
https://doi.org/10.1002/jbm.820160307.

4. J. Edward, J Perdigao and H O Heymann: Bonding to enamel and dentine: A brief
history and state of the art, 1995. Quintessence Int. 1995 Feb; 26(2):95-110.

5. D. H. Pashley et al., Collagen degradation by host-derived enzymes during aging. J
Dent Res. v. 83, n. 3, p. 216-221, 2004.

6. M. Ferreira, T Kummer, R Vieira and M Calv: Short Resin-posts Bonding to Primary

Dentin. Microleakage and Micro-morphological an in vitro study. J Clin Pediatr Dent (2007) 31
(3): 202—-206.

7. L. Breschi, A. Mazzoni, A. Ruggeri, M. Cadenaro, R. Di Lenarda, E. De Stefano Dorigo,
Dental Adhesion Review: Aging and Stability of the Bonded Interface, Dent. Mater. 24 (2008)
90-101, https://doi.org/10.1016/j.dental.2007.02.009.

8. S. Sauro, T Watson, F Mannocci, K Miyake, B Huffman, F Tay et al., Two-photon laser

confocal microscopy of micropermeability of resin-dentin bonds made with water or ethanol wet
bonding. J Biomed Mater Res B Appl Biomater 2009; 90: 327-337.

Q. A. Mazzoni, P Scaffa, M Carrilho, L Tjaderhane, R Di Lenarda, A Polimeni et al.,
Effects of etch-and-rinse and self-etch adhesives on dentin MMP-2 and MMP-9., J Dent Res
2013; 92: 82-86.

10.  A. Frassetto, L. Breschic, G. Turco, G. Marchesi, R. Di Lenarda, F.R. Tay, D. H.
Pashley, M. Cadenaro, Mechanisms of degradation of the hybrid layer in adhesive dentistry and
therapeutic agents to improve bond durability—a literature review, Dent. Mater. 32 (2016) 41-53,
https://doi.org/10.1016/j.dental.2015.11.007.

11. R. Seseogullari-Dirihan, F Apollonio, Mazzoni et al., “Use of crosslinkers to inactivate
dentin MMPs,” Dental Materials, vol. 32, no. 3, pp. 423432, 2016.

41



12. P.H Dos Santos, S Karol and A.K Bedran-Russo, Longterm nano-mechanical properties
of biomodified dentin-resin interface components, Journal of Biomechanics, vol. 44, no. 9, pp.
1691-1694, 2011.

13. H. Dodiuk-Kenig, Y Maoz, K Lizenboim, | Eppelbaum, B Zalsman & S Kenig, The
effect of grafted caged silica (polyhedral oligomeric silesquioxanes) on the properties of dental
composites and adhesives. Pages 1401-1412 https://doi.org/10.1163/156856106778456609.

14, V.C. Leitune, F.M. Collares, A. Takimi, G.B. de Lima, C.L. Petzhold, C.P.
Bergmann,S.M. Samuel, Niobium pentoxide as a novel filler for dental adhesive resin, J. Dent.
41 (2013) 106-113, https://doi.org/10.1016/j.jdent.2012.04.022.

15.  S.B. Burujeny, M. Atai and H. Yeganeh, Assessments of antibacterial and physico-

mechanical properties for dental materials with chemically anchored quaternary ammonium
moieties: Thiol-ene—methacrylate vs. conventional methacrylate system. Dent. Mat. 31 (3) 2015,
Pages 244-261.

16. H. Schulz, B. Schimmoeller, S.E. Pratsinis, U. Salz, T. Bock, Radiopaque dental
adhesives: dispersion of flame-made Ta205/SiO2 nanoparticles in methacrylic matrices, J. Dent.
36 (2008) 579-587, https://doi.org/10.1016/j.jdent.2008.04.010.

17.  V.C. Leitune, F.M. Collares, R.M. Trommer, D.G. Andrioli, C.P. Bergmann, S.M.
Samuel, The addition of nanostructured hydroxyapatite to an experimental adhesive resin, J.
Dent. 41 (2013) 321327, https://doi.org/10.1016/j.jdent.2013.01.001.

18.  F. Degrazia, V Leitune, A Takimi, F Collares, S Sauro, Physicochemical and bioactive

properties of innovative resin-based materials containing functional halloysite-nanotubes fillers.
Dent Mater. 2016 Sep; 32(9):1133-43. https://doi.org/10.1016/j.dental.2016.06.012.

19. G.S. Almeida, E.M. da Silva, J.G.A. Guimaraes, R.N.L. da Silva, G.B. Dos Santos, L. T.
Poskus, ZnCI2 incorporated into experimental adhesives: selected physicochemical properties
and  resin-dentin  bonding  stability, Biomed. Res. Int. (2017) 5940479,
https://doi.org/10.1155/2017/5940479,2017.

20. I.M. Garcia, V.C.B. Leitune, C.J. Ferreira, F.M. Collares, Tantalum oxide as filler for
dental adhesive resin, Dent. Mater. J. 37 (2018) 897-903, https://doi.org/10.4012/dmj.2017-308.
21. G. Balbinot, VCB Leitune, FA Ogliari, FM. Collares, Niobium silicate particles promote

in vitro mineral deposition on dental adhesive resins. J Dent. 2020 Oct;101:103449.
https://doi.org/10.1016/j.jdent.2020.103449.

42



22.  G. Furtos, B Baldea, L Silaghi-Dumitrescu, M Moldovan, C Prejmerean, L Nica,
Influence of inorganic filler content on the radiopacity of dental resin cements. Dent Mater J.
2012; 31(2):266-72. https://doi.org/10.4012/dmj.2011-225.

23. L. Cruzetta, IM Garcia, G de Souza Balbinot, AS Motta, FM Collares, S Sauro, V.

Leitune, Evaluation of the Physicochemical and Antibacterial Properties of Experimental
Adhesives Doped with Lithium Niobate. Polymers (Basel). 2020 Jun 11; 12(6):1330.
https://doi.org/10.3390/polym12061330.

24, I.M. Garcia, V.C.B. Leitune, S.M.W. Samuel, F.M. Collares, Influence of different
calcium phosphates on an experimental adhesive resin, J. Adhes. Dent. 19 (2017) 379-384,
https://doi.org/10.3290/j.jad.a38997.

25. R. Belli, S. Kreppel, A. Petschelt, H. Hornberger, A.R. Boccaccini, U. Lohbauer,

Strengthening of dental adhesives via particle reinforcement, J. Mech. Behav. Biomed. Mater.
37(2014) 100-108, https://doi.org/10.1016/j.jmbbm.2014.05.007.

26. M. Gandolfi, P Taddei, F Siboni, E Modena, E De Stefano, C Prati, Biomimetic
remineralization of human dentin using promising innovative calcium-silicate hybrid "smart"
materials. Dent Mater. 2011 Nov; 27(11):1055-69. https://doi.org/10.1016/j.dental.2011.07.007.
27.  A.C. Profeta, F. Mannocci, R.M. Foxton, I. Thompson, T.F. Watson, S. Sauro, Bioactive

effects of a calcium/sodium phosphosilicate on the resin-dentine interface: a microtensile bond
strength, scanning electron microscopy, and confocal microscopy study, Eur. J. Oral Sci. 120
(2012) 353-362, https://doi.org/10.1111/].1600-0722.2012.00974.x.

28. L. He, Y Hao, L Zhen, H Liu, M Shao, X Xu, et al., Biomineralization of dentin. J Struct
Biol 2019; 207: 115-122.

29. N. Asar , T. Korkmaz , EB. Gil, The effect of wollastonite incorporation on the linear

firing shrinkage and flexural strength of dental aluminous core ceramics: A preliminary study.
Materials & Design (1980-2015) 31 (5) 2010, Pages 2540-2545.

30. P.N. De Aza, F. Guitian, D.A. S, Bioactivity of wollastonite ceramics: in vitro evaluation,
Scripta Metall. Mater. 31 (1994) 10011005, https://doi.org/10.1016/0956-716X(94)90517-7.
31. JPark and R Lakes, Biomaterials: an introduction. 3rd Ed. New York, London: Springer;
2007.

43



32. V. Cannillo, J Colmenares-Angulo, L Lusvarghi, F Pierli, S Sampath, In vitro
characterisation of plasma-sprayed apatite/wollastonite glass—ceramic biocoatings on titanium
alloys. J Eur Ceram Soc 2009; 29(9):1665-77, 200906.

33. M. Dziadek, E Stodolak-Zych and K Cholewa-Kowalska, Biodegradable ceramic-
polymer composites for biomedical applications: A review. Mat Sci. and Eng, C 2017; 71: 1175-
1191.

34.  S.A. Saadaldin, A.S. Rizkalla, Synthesis and characterization of wollastonite glass-
ceramics for dental implant applications, Dent. Mater. 30 (2014) 364-371,
https://doi.org/10.1016/j.dental.2013.12.007.

35. S. Chen, G Mestres, W Lan, W Xia and H Enggvist, Cytotoxicity of modified glass
ionomer cement on odontoblast cells. J Mater Sci Mater Med, 2016; 27(7):116.

36.  A. Flores-Ledesma, F Barcel6 Santana, L Bucio, J Arenas-Alatorre, M Faraji and A
Wintergerst, Bioactive materials improve some physical properties of a MTA-like cement. Mater
Sci Eng C Mater Biol Appl, 2017; 71; 150-155.

37. M. Herrera, A Flores-Ledesma and F Barcelé Santana, Microleakage in MTA-type dental
cement modified with wollastonite and bioactive glass. Revista Odontologica Mexicana 2018; 22
(1): 34-38.

38.  A.C. Profeta, F. Mannocci, R. Foxton, T.F. Watson, V.P. Feitosa, B. De Carlo, R.
Mongiorgi, G. Valdre, S. Sauro, Experimental etch-and-rinse adhesives doped with bioactive
calcium silicate-based micro-fillers to generate therapeutic resin-dentin interfaces, Dent. Mater.
29 (2013) 729-741, https://doi.org/10.1016/j.dental.2013.04.001.

39. K. Van Landuyt, A Mine, J De Munck, E Countinho, M Peumans, S Jaecques, P
Lambrechts and B Van Meerbeek, Technique sensitivity of water-free one-step adhesives. Dent
Mater. 2008 Sep; 24(9):1258-67. https://doi.org/10.1016/j.dental.2008.02.003.

40. M Toledano , M Yamauti , M Ruiz-Requena, R Osorio, A ZnO-doped adhesive reduced

collagen degradation favouring dentine remineralization. J Dent 2012; 40: 756-765.

41.  F. Tay and D Pashley, Guided tissue remineralisation of partially demineralised human
dentine. Biomaterials 2008; 29: 1127-1137.

42. S. Sauro, R Osorio, T Watson and M Toledano, Therapeutic effects of novel resin
bonding systems containing bioactive glasses on mineral-depleted areas within the bonded-
dentine interface. J Mater Sci Mater Med 2012; 23: 1521-1532.

44



43. L. Breschi, T. Maravic, S.R. Cunha, A. Comba, M. Cadenaro, L. Tjaderhane, D. H.
Pashley, F.R. Tay, A. Mazzoni, Dentin bonding systems: from dentin collagen structure to bond
preservation  and  clinical  applications, Dent.  Mater. 34  (2018)  78-96,
https://doi.org/10.1016/j.dental.2017.11.005.

44, L. Tjaderhane, F.D. Nascimento, L. Breschi, A. Mazzoni, I.L. Tersariol, S. Geraldeli, A.
Tezvergil-Mutluay, M. Carrilho, R.M. Carvalho, F.R. Tay, D.H. Pashley, Strategies to prevent
hydrolytic degradation of the hybrid layer - a review, Dent. Mater. 29 (2013) 999-1011,
https://doi.org/10.1016/j.dental.2013.07.016.

45.  A. Mazzoni, L. Tjaderhane, V. Checchi, R. Di Lenarda, T. Salo, F.R. Tay, D. H. Pashley,
L. Breschi, Role of dentin MMPs in caries progression and bond stability, J. Dent. Res. 94
(2015) 241-251, https://doi.org/10.1177/0022034514562833.

46. A. Wagner, R. Belli, C. Stotzel, A. Hilpert, F.A. Muller, U. Lohbauer, Biomimetically-
and hydrothermally-grown HAp nanoparticles as reinforcing fillers for dental adhesives, J.
Adhes. Dent. 15 (2013) 413-422, https://doi.org/10.3290/j.jad.a29534.

47. J. Sun, E.J. Petersen, S.S. Watson, C.M. Sims, A. Kassman, S. Frukhtbeyn, D. Skrtic,
M.T. Ok, D.S. Jacobs, V. Reipa, Q. Ye, B.C. Nelson, Biophysical characterization of
functionalized titania nanoparticles and their application in dental adhesives, Acta Biomater. 53
(2017) 585-597, https://doi.org/10.1016/].actbio.2017.01.084.

48. C. Provenzi, F.M. Collares, M. Cuppini, SM.W. Samuel, AK. Alves, C.P.
Bergmann,V.C.B. Leitune, Effect of nanostructured zirconium dioxide incorporation in an
experimental  adhesive  resin, Clin.  Oral Investig. 22 (2018) 2209-2218,
https://doi.org/10.1007/s00784-017-2311-z.

49, G. Abuna, V.P. Feitosa, A.B. Correr, G. Cama, M. Giannini, M.A. Sinhoreti, D. H.
Pashley, S. Sauro, Bonding performance of experimental bioactive/biomimetic self-etch

adhesives doped with calcium-phosphate fillers and biomimetic analogs of phosphoproteins, J.
Dent. 52(2016) 79-86, https://doi.org/10.1016/j.jdent.2016.07.016.

50. M.G. Brackett, N. Li, W.W. Brackett, R.J. Sword, Y.P. Qi, L.N. Niu, C.R. Pucci, A.
Dib, D.H. Pashley, F.R. Tay, The critical barrier to progress in dentine bonding with the etch-
and-rinse technique, J. Dent. 39 (2011) 238-248, https://doi.org/10.1016/j.jdent.2010.12.009.

45



51. C. Prati, M.G. Gandolfi, Calcium silicate bioactive cements: biological perspectives and
clinical applications, Dent. Mater. 31 (2015) 351-370,
https://doi.org/10.1016/j.dental.2015.01.004.

52. N.J. Coleman, K. Awosanya, J.W. Nicholson, Aspects of the in vitro bioactivity of
hydraulic calcium (alumino)silicate cement, J. Biomed. Mater. Res. A. 90 (2009) 166-174,
https://doi.org/10.1002/jbm.a.32070.

53. A.-K. Lihrs, W. Geurtsen, The application of silicon and silicates in dentistry: a review,

in. W.E.G. Miller, M.A. Grachev (Eds.), Biosilica in Evolution, Morphogenesis, and
Nanobiotechnology. Progress in Molecular and Subcellular Biology, 2009, pp. 359-380. Berlin.
54, B. Van Meerbeek, M. Peumans, A. Poitevin, A. Mine, A. Van Ende, A. Neves, J. De
Munck, Relationship between bond-strength tests and clinical outcomes, Dent. Mater. 26 (2010)
e100-121, https://doi.org/10.1016/j.dental.2009.11.148.

55. R. Shamsudin, F. Abdul Azam, M.A. Abdul Hamid, H. Ismail, Bioactivity and cell
compatibility of beta-wollastonite derived from Rice Husk Ash and Limestone, Materials (Basel)
10 (10) (2017), https://doi.org/10.3390/ma10101188.

56. R.R. Braga, B.M. Fronza, The use of bioactive particles and biomimetic analogues for

increasing the longevity of resin-dentin interfaces: a literature review, Dent. Mater. J. 39 (2020)
6268, https://doi.org/10.4012/dmj.2019-293.

57. International Organization for Standardization, 1SO 4049/2009: Dentistry— Polymer-
based Restorative Materials, 2009, p. 28.

58. A.H.S. Machado, I.M. Garcia, A.S.D. Motta, V.C.B. Leitune, F.M. Collares, Triclosan-
loaded chitosan as antibacterial agent for adhesive resin, J. Dent. 83 (2019) 33-39,
https://doi.org/10.1016/j.jdent.2019.02.002.

59. F.M. Collares, F.A. Ogliari, C.H. Zanchi, C.L. Petzhold, E. Piva, S.M. Samuel,
Influence of 2-hydroxyethyl methacrylate concentration on polymer network of adhesive resin, J.
Adhes. Dent. 13 (2011) 125-129, https://doi.org/10.3290/j.jad.a18781.

60. T. Kokubo, H. Takadama, How useful is SBF in predicting in vivo bone bioactivity?
Biomaterials 27 (2006) 2907-2915, https://doi.org/10.1016/j.biomaterials.2006.01.017.

61. A.S.P. Altmann, F.M. Collares, G.S. Balbinot, V.C.B. Leitune, A.S. Takimi, S.M. W.
Samuel, Niobium pentoxide phosphate invert glass as a mineralizing agent in an experimental
orthodontic adhesive, Angle Orthod. 87 (2017) 759-765, https://doi.org/10.2319/122417-140.1.

46



62. L. Breschi, A. Mazzoni, A. Ruggeri, M. Cadenaro, R. Di Lenarda, E. De Stefano
Dorigo, Dental Adhesion Review: Aging and Stability of the Bonded Interface, Dent. Mater. 24
(2008) 90-101, https://doi.org/10.1016/j.dental.2007.02.009.

63. I. Espelid, A.B. Tveit, R.L. Erickson, S.C. Keck, E.A. Glasspoole, Radiopacity of
restorations and detection of secondary caries, Dent. Mater. 7 (1991) 114-117,
https://doi.org/10.1016/0109-5641(91)90056-5.

64. I.M. Garcia, V.C.B. Leitune, A.S. Takimi, C.P. Bergmann, S.M.W. Samuel, M.A. Melo,
F.M. Collares, Cerium dioxide particles to tune radiopacity of dental adhesives: microstructural

and physico-chemical evaluation, J. Funct. Biomater. 11 (2020),
https://doi.org/10.3390/jfb11010007.

65. S. Gu, B.J. Rasimick, A.S. Deutsch, B.L. Musikant, Radiopacity of dental materials
using a  digital X-ray  system, Dent. Mater. 22 (2006) 765-770,
https://doi.org/10.1016/j.dental.2005.11.004.

66. A.C. Shortall, W.M. Palin, P. Burtscher, Refractive index mismatch and monomer

reactivity influence composite curing depth, J. Dent. Res. 87 (2008) 84-88,
https://doi.org/10.1177/154405910808700115.

67. M. Par, N. Spanovic, D. Mohn, T. Attin, T.T. Taubo"ck, Z. Tarle, Curing potential of
experimental resin composites filled with bioactive glass: a comparison between Bis-EMA and
UDMA based resin systems, Dent. Mater. 36 (2020) 711-723,
https://doi.org/10.1016/j.dental.2020.03.015.

68. L.A. Gaglianone, A.F. Lima, L.S. Goncalves, A.N. Cavalcanti, F.H. Aguiar, G. M.

Marchi, Mechanical properties and degree of conversion of etch-and-rinse and self-etch adhesive

systems cured by a quartz tungsten halogen lamp and a light- emitting diode, J. Mech. Behav.
Biomed. Mater. 12 (2012) 139-143, https://doi.org/10.1016/j.jmbbm.2012.01.018.
69. S.J. Edrees, M.M. Shukur, M.M. Obeid, First-principle analysis of the structural,

mechanical, optical and electronic properties of wollastonite monoclinic polymorph,
Computational Condensed, Matter 14 (2018) 20-26,
https://doi.org/10.1016/j.cocom.2017.12.004.

70. U. Lohbauer, A. Wagner, R. Belli, C. Stoetzel, A. Hilpert, H.D. Kurland, J. Grabow,
F.A. Miller, Zirconia nanoparticles prepared by laser vaporization as fillers for dental adhesives,
Acta Biomater. 6 (2010) 4539-4546, https://doi.org/10.1016/].actbio.2010.07.002.

47



71. L.F. Schneider, R.R. Moraes, L.M. Cavalcante, M.A. Sinhoreti, L. Correr-Sobrinho,S.
Consani, Cross-link density evaluation through softening tests: effect of ethanol concentration,
Dent. Mater. 24 (2008) 199203, https://doi.org/10.1016/j.dental.2007.03.010.

72. F.W. Degrazia, V.C.B. Leitune, F. Visioli, S.M.W. Samuel, F.M. Collares, Long-term
stability of dental adhesive incorporated by boron nitride nanotubes, Dent. Mater. 34 (2018)
427-433, https://doi.org/10.1016/j.dental.2017.11.024.

73. S.E. Elsaka, Antibacterial activity and adhesive properties of a chitosan-containing
dental adhesive, Quintessence Int. 43 (2012) 603-613.
74. X. Liu, C. Ding, P.K. Chu, Mechanism of apatite formation on wollastonite coatings in

simulated body fluids, Biomaterials 25 (10) (2004) 1755-1761,
https://doi.org/10.1016/j.biomaterials.2003.08.024.
75. R. Osorio, S. Sauro, T.F. Watson, M. Toledano, Polyaspartic acid enhances dentine

remineralization bonded with a zinc-doped Portland-based resin cement, Int. Endod. J. 49 (9)
(2016) 874-883, https://doi.org/10.1111/iej.12518.

76. S. Sauro, R. Osorio, T.F. Watson, M. Toledano, Influence of phosphoproteins’
biomimetic analogs on remineralization of mineral-depleted resin-dentin interfaces created with
ion-releasing resin-based systems, Dent. Mater. 31 (2015) 759-777,
https://doi.org/10.1016/j.dental.2015.03.013.

77. S. Sauro, R. Osorio, E. Osorio, T.F. Watson, M. Toledano, Novel light-curable materials

containing experimental bioactive micro-fillers remineralise mineral- depleted bonded-dentine
interfaces, J. Biomater. Sci. Polym. Ed. 24 (2013) 940-956,
https://doi.org/10.1080/09205063.2012.727377.

78. V.C.B. Leitune, P.R. Schiroky, B. Genari, M. Camassola, F.A.L. S, S.M.W. Samuel, F.
M. Collares, Nanoneedle-like zinc oxide as a filler particle for an experimental adhesive resin,
Indian J. Dent. Res. 30 (2019) 777-782, https://doi.org/10.4103/ijdr.IJDR_779 16.

79. R.D. Paravina, M.M. P’erez, R. Ghinea, Acceptability and perceptibility thresholds in

dentistry: a comprehensive review of clinical and research applications, J. Esthet. Restor. Dent.
31 (2019) 103-112, https://doi.org/10.1111/jerd.12465.
80. S. Diamantopoulou, E. Papazoglou, V. Margaritis, C.D. Lynch, A. Kakaboura, Change

of optical properties of contemporary resin composites after one week and one month water
ageing, J. Dent. 41 (2013) e62—69, https://doi.org/10.1016/j.jdent.2013.04.001.

48



81. R.D. Douglas, T.J. Steinhauer, A.G. Wee, Intraoral determination of the tolerance of
dentists for perceptibility and acceptability of shade mismatch, J. Prosthet. Dent. 97 (2007) 200
208, https://doi.org/10.1016/j.prosdent.2007.02.012

82. G Martins, M Meier, A Loguercio, A Reis, J Gomes, O Gomes, Effects of adding

barium -borosilicate glass to a simplified etch-and-rinse adhesive on radiopacity and selected
properties., J Adhes Dent. 2014 Apr; 16(2):107-14. https://doi.org/10.3290/j.jad.a30687.

83. R Sfalcin, A Correr, L Morbidelli, T Araujo, V Feitosa, L Correr-Sobrinho , T Watson,
S Sauro, Influence of bioactive particles on the chemical-mechanical properties of experimental
enamel resin infiltrants. Clin Oral Investig. 2017 Jul;21(6):2143-2151
https://doi.org/10.1007/s00784/016/2005-y.

84. L. Breschi, T. Maravic, S.R. Cunha, A. Comba, M. Cadenaro, L. Tjaderhane, D. H.
Pashley, F.R. Tay, A. Mazzoni, Dentin bonding systems: from dentin collagen structure to bond

preservation and  clinical  applications, = Dent. = Mater. 34  (2018) 78-96,
https://doi.org/10.1016/j.dental.2017.11.005.
85. M Gandolfi, K Van Landuyt, P Taddei, E Modena, B Van Meerbeek and C Prati,

Environmental scanning electron microscopy connected with energy dispersive X-ray analysis

and Raman techniques to study ProRoot mineral trioxide aggregate and calcium silicate cements

in wet conditions and in real time. J of Endodontics 2010; 36: 851—7.

49



