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RESUMO

Mondmeros vém sendo sintetizados para reduzir o uso de derivados do bisfenol A e aumentar
as propriedades mecanicas do colageno e do polimero, com o intuito de aperfeicoar a
biocompatibilidade e o desempenho em longo prazo dos materiais dentarios. Uma fonte natural
e renovavel de lipidios fenolicos é o liquido da casca da castanha de caju (LCC), o qual em sua
forma técnica é composto principalmente por cardanol, o qual apresenta variados sitios
reacionais, estrutura molecular flexivel e hidrofobica, favoraveis ao desenvolvimento de
mondmeros metacrilicos. Dessa forma, a presente tese é constituida por trés capitulos, que tém
como objetivo, respectivamente: 1) sintetizar monémeros metacrilicos obtidos a partir da
incorporacdo de grupos metacrilatos na cadeia carbdnica do cardanol, podendo adicionar
concomitantemente na hidroxila fendlica, para aplicacdo em materiais odontolégicos; 2) avaliar
os efeitos na inibicao de metaloproteinases de matriz (MMPs), nas propriedades fisico-quimicas
e na adesdo dentinéria de adesivo universal incorporado com cardanol metacrilato; 3) analisar
a influéncia nas propriedades fisico-quimicas e mecanicas de resinas compostas da substituicdo
do Bis-GMA por trimetacrilato derivado do cardanol. Os monémeros cardanol metacrilato
(CNMA) e cardanol trimetacrilato (CTMA) foram sintetizados e caracterizados por ressonancia
magnética nuclear e espectroscopia de infravermelho com transformada de Fourier (FT-IR). No
capitulo 2, crosslinkers foram adicionados em 2% ao adesivo Ybond Universal® (controle):
proantocianidina, cardanol ou CNMA. Avaliou-se a inibicdo de MMPs por zimografia, grau de
conversdo por FT-IR, sorcdo de agua e solubilidade, resisténcia de unido a microtracdo e
nanoinfiltragdo por microscopia eletronica de varredura apds 24 horas e 6 meses de
envelhecimento. Dados foram analisados por ANOVA e pos-teste de Tukey (a=0,05). CNMA
foi eficaz em inibir MMPs, reduzir a solubilidade e néo interferir na polimerizacdo do adesivo;
contudo, ndo minimizou a degradacdo da interface adesiva em longo prazo. No capitulo 3,
formularam-se resinas compostas (50% Bis-GMA + 50% TEGDMA) e foi analisado o efeito
da incorporacdo de CTMA no grau de conversdo por FT-IR, sorcéo e solubilidade, viscosidade,
degradacdo térmica e propriedades mecénicas. Dados foram analisados por ANOVA e pos-teste
de Tukey (0=0,05). As resinas com CTMA e a controle ndo apresentaram diferencas
significativas em relacdo ao grau de conversdo e as propriedades mecanicas (p>0,05); no
entanto, a incorporacdo do trimetacrilato foi eficaz na reducéo da viscosidade, sorcdo de agua
e solubilidade quando comparada com as resinas a base de Bis-GMA (p<0,05). CTMA revelou-

se como um trimetacrilato promissor, substituto do Bis-GMA, para incorporacdo em materiais



dentérios resinosos, visto que ndo interferiu significativamente nas propriedades quimicas e

mecanicas, além de ter melhorado as propriedades fisicas das resinas.

Palavras-chave: metacrilatos; anacardium; adesivos dentinarios; resinas compostas;
longevidade.



ABSTRACT

Monomers have been synthesized to reduce the use of bisphenol A derivatives and to increase
the mechanical properties of collagen and polymers in order to improve the biocompatibility
and long-term performance of dental materials. A natural and renewable source of phenolic
lipids is the cashew nut shell liquid (CNSL), which in its technical form is composed mainly of
cardanol. Cardanol presents a variety of reactional sites, besides its flexible and hydrophobic
molecular structure, favorable for the development of methacrylic monomers. Thus, this thesis
consists of three chapters, which aim, respectively, to: 1) synthesize methacrylic monomers
obtained from the incorporation of methacrylate groups in the carbon chain of cardanol, which
may also be added to the phenolic hydroxyl, for application in dental materials; 2) evaluate the
effects on matrix metalloproteinases (MMPSs) inhibition, physicochemical properties and dentin
adhesion of the incorporation in universal adhesive of cardanol methacrylate; 3) analyze the
influence on physicochemical and mechanical properties of composite resins of the replacement
of Bis-GMA by a cardanol-derived trimethacrylate. Monomers cardanol methacrylate (CNMA)
and cardanol trimethacrylate (CTMA) were synthesized and characterized using nuclear
magnetic resonance and Fourier transform infrared spectroscopy (FT-IR). In chapter 2, the
following collagen crosslinkers were added in 2 wt % to the Ybond Universal® adhesive
(control): proanthocyanidin, cardanol and CNMA. Inhibition MMPs was evaluated by
zymography, the degree of conversion was assessed by FT-IR, water sorption and solubility,
and dentin adhesion by microtensile bond strength and nanoleakage tests by scanning electron
microscopy after 24 hours and 6-month aging. Data were analyzed by ANOVA and Tukey's
post-test (a=0.05). CNMA was effective in inhibiting MMPs and reducing solubility without
interfering with adhesive polymerization; however, it could not promote less degradation of the
adhesive interface in long-term. In chapter 3, composite resins were formulated (50 wt % Bis-
GMA + 50 wt % TEGDMA), and the effect of CTMA incorporation was investigated by means
of degree of conversion by FT-IR, water sorption and solubility, viscosity, thermal degradation,
and mechanical properties were evaluated. Data were analyzed by ANOVA and Tukey's post-
test (a=0.05). CTMA and control resins did not show significant differences regarding degree
of conversion and mechanical properties (p>0.05); however, the incorporation of the
trimethacrylate was effective in reducing viscosity, water sorption and solubility when
compared to Bis-GMA resins (p<0.05). CTMA is a feasible co-monomer for dental restorative
materials, as a Bis-GMA substitute, since it did not interfere in the chemical and mechanical

properties and further improved the physical properties of the resins.



Keywords: methacrylates; anacardium; dentin-bonding agents; composite resins; longevity.
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1 INTRODUCAO GERAL

A dentina ainda € um substrato bastante desafiador em termos de adesdo, por conta de
seu contetdo organico e caracteristica hidrofilica, que propiciam a degradacdo da camada
hibrida pela hidrolise polimérica ocasionada pela presenca de agua na interface adesiva
(CARDOSO et al., 2011). Além disso, a porcdo de dentina desmineralizada que permanece
exposta e ndo infiltrada pelo adesivo dentinario torna-se sujeita a perda progressiva de suas
fibrilas de coladgeno desprotegidas, as quais sdo vulneraveis a atividade de enzimas enddgenas,
como as metaloproteinases de matriz (MMPs) e as catepsinas (SCAFFA et al., 2017). Essa
biodegradacdo influencia diretamente na reducdo da longevidade dos procedimentos
restauradores odontoldgicos (HUANG et al., 2018).

Uma alternativa para melhorar a qualidade e a longevidade da adesdo a dentina é o
aumento das propriedades mecanicas do coldgeno dentinario através de sua reticulacdo
(MOREIRA et al.,, 2017). Nesse contexto, diversos agentes biomodificadores vém sendo
empregados em materiais odontoldgicos para proteger as fibrilas de colageno da biodegradacgéo
através da formacao de ligacOes cruzadas (crosslink), ja que estas aumentam as propriedades
mecanicas do colageno e minimizam a degradacdo enzimatica, contribuindo para a estabilidade
da camada hibrida e a consequente maior durabilidade das restauracdes (HASS et al., 2016;
MOREIRA et al., 2017; TREVELIN et al., 2020). Agentes biomodificadores sintéticos, como
o glutaraldeido, ja foram testados e, apesar de interagirem bem com o colageno, apresentam
uma aplicacdo clinica reduzida em razdo de sua baixa biocompatibilidade (EYUBOGLU,
YESILYURT e ERTURK, 2015).

Um agente biocompativel e bastante pesquisado como crosslinker de colageno € a
proantocianidina (PAC), um flavonoide natural comumente disponivel em vegetais e frutas,
como na semente da uva (Vitis vinifera). O uso da PAC em diversos estudos in vitro revelou
uma significativa melhora da resisténcia de unido (ASTHANA et al., 2021; MARYA e
HANDA, 2021; TREVELIN et al., 2020), da estabilidade do colageno dentinario (AYDIN et
al., 2019), da nanodureza e do modulo de elasticidade das interfaces resina-dentina (LEME-
KRAUS et al., 2017). Entretanto, esses resultados ndo se mostram estaveis clinicamente apds
24 meses e sua coloragédo escura limita o uso clinico, por conta do manchamento de substratos
dentais (DE SOUZA et al., 2020; MOREIRA et al., 2017).

Dentre os produtos de origem natural e renovavel que tem o0s compostos sendo
pesquisados como crosslinkers de colageno, destaca-se o liquido da casca da castanha de caju

(LCC) (MOREIRA et al., 2017), uma biomassa rica em lipidios fendlicos, que compde
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aproximadamente 25% do peso da castanha de caju (LOMONACO, MELE e MAZZETTO,
2017). O LCC pode ser classificado em dois tipos, a depender do método de extracdo: o LCC
natural é extraido por solvente e € rico em acido anacéardico, o qual sofre descarboxilacdo sob
elevadas temperaturas e converte-se em cardanol, passando entdo a se chamar LCC técnico
(LCCt) (LOMONACO, MELE e MAZZETTO, 2017). O LCCt é um subproduto da inddstria
de processamento da castanha de caju e ndo é citotoxico ou mutagénico (LEITE et al., 2019).
Apesar desse subproduto apresentar amplas possibilidades de exploracdo em aplicacdes
industriais ou biologicas, por exemplo como revestimento anticorrosivo (DA SILVA et al.,
2022), larvicida (KALA et al., 2019) e antimicrobiano (DE OLIVEIRA SOUZA et al., 2022),
estdo concentradas em segmentos de baixo valor agregado.

A agroindustria do caju tem relevancia expressiva para a geracao de empregos e para a
economia brasileira, visto que o Brasil produziu cerca de 140 mil toneladas de castanha de caju
apenas em 2020, destacando-se o estado do Ceara, que respondeu por mais de 60% da producao
de castanha de caju nacional, seguido pelo Piaui e Rio Grande do Norte (IBGE, 2021). O
processamento dessa améndoa produz em torno de 45 mil toneladas por ano de LCCt como
subproduto no Brasil, tornando seu descarte complexo (LOMONACO, MELE e MAZZETTO,
2017). Diante da importancia econdmica da agroindustria do caju para o Cearéa e para o Brasil,
associada a decorrente producdo de volumosas quantidades de LCCt de baixo valor agregado,
essa biomassa sustentavel torna-se uma matéria-prima atrativa para o desenvolvimento de
novos produtos, buscando aumentar a rentabilidade alcan¢ada com os derivados do LCCt.

O principal componente do LCCt é o cardanol (67,8 a 94,6%), o qual possui
caracteristicas estruturais interessantes para 0 emprego em materiais dentarios, como longa
cadeia carbonica (LOMONACO, MELE e MAZZETTO, 2017). O uso de mondmeros de longa
cadeia espacadora em sistemas resinosos é favoravel, como explicado no estudo de Feitosa et
al. (2014), que concluiu que quanto maior a cadeia espacadora do mondmero, maior sua
hidrofobicidade, resultando em menor sor¢do de &gua e degradacdo polimérica e maior
estabilidade hidrolitica ao polimero. Além disso, o anel aromatico do cardanol concede relativa
rigidez e resisténcia polimérica, as hidroxilas podem realizar ligacGes de hidrogénio com o
colageno, engquanto a cadeia alquilica propicia flexibilidade ao monémero, reduzindo sua
viscosidade e a consequente necessidade de incorporacdo de mondmeros diluentes de baixo
peso molecular. Ainda dispde de variados sitios reacionais, distribuidos pelo anel aromatico,
hidroxila fenolica e insaturacbes ao longo da cadeia carbbnica (Figura 1), aptos para a

incorporacgdo de grupos funcionais, como metacrilatos, que podem aprimorar as propriedades
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fisico-quimicas e mecénicas dos materiais dentarios, como a reducdo da lixiviacdo de

mondmeros residuais presentes nos polimeros.

Figura 1 — Estrutura molecular do cardanol e seus principais sitios reacionais em destaque

OH

Fonte: Elaborada pela autora.

Baseado nessas promissoras caracteristicas estruturais da molécula, o cardanol foi
avaliado como agente de biomodificacdo dentinaria e revelou a maior resisténcia a
biodegradacdo dentre os produtos testados, formacédo de ligacdes cruzadas com o colageno,
auséncia de pigmentacdo dos substratos dentarios, além de elevar o médulo de elasticidade da
dentina em 109,9% (MOREIRA et al., 2017). O estudo de Moreira et al. (2018) sintetizou o
mondmero cardanol metacrilato epoxidado, o qual foi empregado em dessensibilizante resinoso
e resultou na superficie mais homogénea e ocluida dentre os dessensibilizantes dentinarios
investigados, como também na maior reducdo da permeabilidade dentindria, mesmo apds
desafio &cido. Portanto, o cardanol destaca-se como uma molécula com caracteristicas
estruturais bastante atrativas para aplicacdo na Odontologia, estimulando a sintese de novos
mondmeros metacrilicos para incorporacdo em materiais resinosos, como sistemas adesivos e
resinas compostas.

O mondmero metacrilico mais comumente utilizado nas matrizes orgénicas € o bisfenol
A glicidil metacrilato (Bis-GMA), em razdo de seu alto peso molecular, baixa contracdo de
polimerizagdo e propriedades mecénicas elevadas. Todavia, sua alta viscosidade
(aproximadamente 1200 Pa.s), atribuida a formacé&o de ligacdes de hidrogénio intermoleculares,
demanda a adicdo de mondmeros de baixo peso molecular, chamados de diluentes, como o
hidroxi-etil-metacrilato (HEMA) e o trietileno glicol dimetacrilato (TEGDMA) (Figura 2)
(SZCZESIO-WLODARCZYK etal., 2022). O monémero TEGDMA é amplamente empregado
em resinas compostas para reducdo da viscosidade e aumento da quantidade de carga
incorporada, todavia ocasiona maior contracéo de polimerizacao, sorcéo de agua e reducéo das
propriedades mecanicas dos compoésitos (GONZALEZ-LOPEZ et al., 2020).
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Além disso, o Bis-GMA é um derivado do bisfenol A (BPA), um composto quimico
sintético usado extensivamente na industria plastica, uma vez que confere maior resisténcia,
flexibilidade e estabilidade aos materiais. Entretanto, o BPA é um desregulador enddcrino que,
mesmo em baixas doses, aumenta o risco de diversas doencas, como enddcrinas e oncologicas
(CIMMINO et al., 2020). Por conseguinte, em 2006 a EFSA (European Organization for Food
Safety) reduziu o limite de ingestdo diaria de BPA, oriundo principalmente das embalagens de
alimentos, para 0,05 mg/kg de peso corporal (EFSA, 2015). A exposicdo ao BPA na cavidade
oral tem sido explorada, ja que esse composto pode ser liberado pela degradacéo de derivados
usados na formulacdo de materiais resinosos, como o Bis-GMA, quando estes entram em
contato com a saliva humana (DE NYS et al., 2021). Preocupantemente, o potencial impacto

dessa liberacdo na sade humana permanece incerto.

Figura 2 — Estrutura molecular do bisfenol A glicidil metacrilato (Bis-GMA),
hidroxietil metacrilato (HEMA\) e trietileno glicol dimetacrilato (TEGDMA)
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Fonte: Elaborada pela autora.

Mondmeros vém sendo sintetizados para reduzir o uso de derivados do BPA com o
intuito de aperfeicoar cada vez mais a biocompatibilidade dos materiais dentarios, como
dimetacrilato fluoretado (LUO et al., 2016) e uretano-dimetacrilato (XU; WANG; XIE, 2018);
assim como novos sistemas resinosos, como tiol-enos (CHILDRESS et al.,, 2020) e
vinilciclopropanos (CATEL et al., 2018). Entretanto, alguns desses mondmeros apresentaram
prejuizos as propriedades dos materiais resinosos, como reducdo do grau de conversao (XU;
WANG; XIE, 2018) ou aumento da viscosidade (CATEL et al., 2018; LUO et al., 2016).
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Na busca por melhorias nas propriedades fisico-quimicas e mecéanicas dos materiais
dentérios, mondmeros multimetacrilicos vém sendo amplamente pesquisados. Um
trimetacrilato derivado de acidos biliares apresentou propriedades mecéanicas comparaveis ao
Bis-GMA,; no entanto, ocasionou um aumento na sorcao de dgua e na viscosidade de resinas
compostas experimentais (GAUTHIER; ZHANG; ZHU, 2009). O trimetacrilato sintetizado por
Pérez-Mondragon et al. (2020) revelou propriedades mecénicas similares ao Bis-GMA,
contudo resultou em uma taxa de polimerizacdo mais baixa e em uma maior sor¢do e
solubilidade em agua, devido a presenca de trés hidroxilas. Park et al. (2012) investigaram a
influéncia da estrutura quimica dos mondmeros metacrilicos em adesivos dentinérios e
concluiram que a mistura copolimérica com um trimetacrilato elevou a densidade de ligacGes
cruzadas e reduziu a sorcao de agua.

Nesse contexto, torna-se relevante a investigacdo das potencialidades do cardanol, ndo
sO diante da importancia econbémica e ambiental, como também por conta de estudos
promissores ja realizados utilizando-o no setor odontoldgico. A sintese de novos mondmeros
proporciona alternativas para aperfeicoar as propriedades de materiais dentarios,
principalmente diante da possibilidade de incorporacdo de grupamentos polimerizaveis, como
metacrilatos, trazendo consigo uma vasta gama de aplica¢des odontolégicas. Portanto, a sintese
de um trimetacrilato a partir do cardanol, como componente majoritario do LCCt e com
propriedades fisico-quimicas e estruturais bastante promissoras, poderia gerar materiais
dentérios hidrofobicos, com elevada resisténcia mecénica e estabilidade hidrolitica. Outra
caracteristica favoravel é a associacdo da rigidez e resisténcia do anel aromatico com a
flexibilidade da cadeia carbdnica, culminando em um monémero com provavel boa resisténcia
mecénica somada a uma baixa viscosidade, reduzindo assim o uso de monémeros derivados do
BPA. Ainda, a sintese de um monometacrilato hidrofébico derivado do cardanol que apresente
simultaneamente um grupamento polimerizavel e hidroxilas livres para realizar ligacbes de
hidrogénio podera originar um sistema adesivo contendo crosslinkers de colageno, reduzindo
assim um passo clinico vinculado a aplicacdo separada de primer contendo agentes de
biomodificagdo dentinaria. Esse adesivo dentinario bioativo poderia promover crosslink das
fibrilas de col&geno e inibi¢do de enzimas proteoliticas concomitantemente a sua polimerizagédo
na matriz organica do polimero, gerando um material resinoso estavel a longo prazo, com baixa

sorcdo e solubilidade em agua.
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2 PROPOSICAO

2.1 Objetivo geral

Desenvolver materiais resinosos odontologicos utilizando mondémeros metacrilicos

derivados do cardanol e avaliar suas propriedades fisico-quimicas e mecanicas.

2.2 Objetivos especificos

e Sintetizar monémeros metacrilicos a partir do cardanol e caracterizar suas estruturas
quimicas através de diferentes técnicas espectroscopicas para aplica¢do desses produtos
em materiais dentarios resinosos.

e Auvaliar os efeitos na inibicdo de enzimas proteoliticas, nas propriedades fisico-quimicas
e na adesdo dentinaria da incorporacdo em adesivo universal do cardanol metacrilato,
um mondmero polimerizével crosslinker de colageno.

e Formular resinas compostas com base na matriz resinosa Bis-GMA/TEGDMA (50:50%
em peso) e analisar o efeito da substituicdo do Bis-GMA pelo mondmero cardanol
trimetacrilato nas propriedades fisico-quimicas e mecéanicas dos compdsitos

experimentais.
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3 CAPITULOS

3.1 Capitulo 1

Esta tese estd baseada no Artigo 46 do Regimento Interno do Programa de Pos-
graduacdo em Odontologia da Universidade Federal do Ceara, que regulamenta o formato
alternativo para dissertacGes de Mestrado e teses de Doutorado e permite a inser¢do de relatorios
de patentes de autoria ou coautoria do(a) candidato(a) (ANEXO A). Assim sendo, esta tese é
composta por um primeiro capitulo contendo uma patente de invencgéo, sob nimero de processo
BR 102022 010193 0, peticionada junto ao Instituto Nacional da Propriedade Industrial (INPI),

conforme descrito abaixo:

Sintese e aplicacdo odontolégica de monémeros funcionais metacrilicos derivados do liquido

da casca da castanha de caju

Moreira MM, Pereira RCS, Rocha da Silva LR, Feitosa VP, Lomonaco D
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RESUMO

SINTESE E APLICACAO ODONTOLOGICA DE MONOMEROS FUNCIONAIS
METACRILICOS DERIVADOS DO LIQUIDO DA CASCA DA CASTANHA DE
CAJU

A presente invencao refere-se aos procedimentos de sintese de monémeros funcionais
metacrilicos obtidos a partir de modificacGes quimicas da longa cadeia carbonica e hidroxila
fendlica do cardanol, o principal componente do liquido da casca da castanha de caju técnico,
um subproduto da industria de processamento dessa améndoa. Essa invenc¢do pode ser aplicada
no setor odontolégico e engloba diversas aplicacdes odontoldgicas de diferentes materiais
contendo mondmeros funcionais metacrilicos, como: primers para ceramicas, resinas, pinos,
metais, implantes ou outros materiais dentarios; sistemas adesivos; resinas compostas, inclusive
autoadesivas; cimentos resinosos, ionomericos ou autoadesivos; dessensibilizantes dentinarios,
entre outros. Tais produtos possuem a capacidade de realizar crosslink de colageno, inibir as
metaloproteinases de matriz, aumentar a reticulacdo do polimero e a hidrofobicidade dos
materiais, reduzindo assim a sor¢do de agua e a degradacdo hidrolitica, e, por consequéncia,
aumentando a durabilidade dos procedimentos restauradores. Além do potencial de melhora da
longevidade dos materiais odontologicos, esses monémeros séo derivados de uma biomassa e
podem vir a substituir mondmeros sintéticos amplamente utilizados com baixa
biocompatibilidade e potencial alergénico, como o bisfenol A glicidil metacrilato e o hidroxietil

metacrilato.

Inventores(as): Madiana Magalhdes Moreira, Rita de Cassia Sousa Pereira, Lucas Renan

Rocha da Silva, Victor Pinheiro Feitosa, Diego Lomonaco.
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SINTESE E APLICACAO ODONTOLOGICA DE MONOMEROS FUNCIONAIS
METACRILICOS DERIVADOS DO LiQUIDO DA CASCA DA CASTANHA DE
CAJU

CAMPO DA INVENCAO

[001] A presente invencdo refere-se aos procedimentos de sintese de mondémeros
funcionais metacrilicos obtidos a partir de modificacdes quimicas da cadeia carbonica alifatica,
podendo incluir também na hidroxila fenolica, do cardanol, principal componente do liquido da
casca da castanha de caju, para aplicagdo em materiais resinosos, principalmente no setor
odontologico.

[002] Dentre os produtos de origem natural e renovavel que tém demonstrado elevado
potencial em aplica¢bes odontoldgicas, destaca-se o liquido da casca da castanha de caju, uma
biomassa rica em lipidios fendlicos que representa aproximadamente 25% do peso da castanha
de caju. O cardanol, componente majoritario do liquido da casca da castanha de caju técnico e
com propriedades fisico-quimicas e estruturais peculiares, vem se revelando um reagente base
ideal na sintese de monémeros metacrilicos para uso na Odontologia. Esses monémeros
funcionais metacrilicos podem ser utilizados puros ou incorporados em diversas composicdes
odontolégicas, como: primers para ceramicas, resinas compostas, pinos, metais, implantes ou
outros materiais dentarios; sistemas adesivos (convencionais, autocondicionantes ou
universais); resinas compostas, inclusive autoadesivas; cimentos resinosos, ionoméricos ou
autoadesivos; dessensibilizantes dentinarios; selantes, entre outros. Tais monémeros possuem
a capacidade de realizar ligacdes cruzadas (crosslink) de colageno, inibir metaloproteinases de
matriz, aumentar a reticulacdo, as propriedades mecénicas dentina e a hidrofobicidade dos
materiais, reduzindo assim a sorcdo de agua e a degradacdo hidrolitica, e, por consequéncia,
aumentando a durabilidade dos procedimentos restauradores ou outros comuns da pratica

odontoldgica.

FUNDAMENTOS DA INVENCAO

[003] O cajueiro (Anacardium occidentale) é uma planta explorada na Asia, Africa e
América do Sul, produzindo como fruto a castanha de caju. O Nordeste brasileiro se destaca
por ser responsavel por mais de 99% da producéo e do processamento da castanha de caju do
Brasil. Dentre os produtos de origem natural e renovavel que tém demonstrado elevado
potencial em aplicacdes odontoldgicas, destaca-se o liquido da casca da castanha de caju, uma

biomassa rica em lipidios fenodlicos, a qual representa aproximadamente 25% do peso da
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castanha de caju. Esse liquido pode ser classificado em dois tipos, a depender do método de
extragdo: o natural é extraido por solvente e € rico em &cido anacérdico, o qual sofre
descarboxilacdo sob as elevadas temperaturas a que é submetido nas industrias, convertendo-
se em cardanol e passando, entdo, a ser classificado como técnico.

[004] O liquido da casca da castanha de caju técnico, um subproduto biodegradavel e
abundante proveniente da industria de processamento da castanha de caju, pode ser empregado
tanto em aplicacdes industriais, quanto em variadas aplicacdes bioldgicas, como larvicida e
antimicrobiano, destacando-se também por ndo ser um material toxico, citotoxico ou
mutagénico (Leite, A.S., et al., Biomed Res Int, 2015. DOI: 10.1155/2015/626835). Uma de
suas aplicacGes principais é na industria de polimeros, sendo utilizado para a fabricacdo de
produtos industriais como cimentos, pinturas e vernizes. Também é empregado em outras areas,
como na fabricacdo de resinas, as quais apresentam excelente resisténcia a acao de sulfatos de
6leos minerais e alta resisténcia aos alcalis e aos &cidos. Todavia, seu emprego é concentrado
em &reas de baixo valor agregado, tornando-o uma matéria-prima atrativa do ponto de vista de
aumento da rentabilidade de seus derivados. O processamento agroindustrial da castanha de
caju no Brasil gera aproximadamente 45 mil toneladas por ano de liquido da casca da castanha
de caju como subproduto, tornando complexo seu descarte. Em razdo da grande quantidade
desse liquido produzida, pesquisadores do mundo inteiro vém desenvolvendo uma importante
linha de pesquisa dedicada ao desenvolvimento de produtos oriundos de fontes renovaveis,
constituindo matérias-primas sustentaveis que podem substituir outras sintéticas ja empregadas
para a formulacdo de produtos comerciais.

[005] Do ponto de vista quimico, o liquido da casca da castanha de caju técnico
configura-se como uma matéria-prima versatil e interessante para uma série de modificacdes
quimicas, em virtude da natureza dualistica dos seus lipidios fendlicos constituintes: carater
aromatico e alifatico (com insaturagdes), associado a existéncia de grupos funcionais polares
no anel aromatico. Com o intuito de aperfeicoar suas caracteristicas e propriedades para
aplicacdo em materiais dentarios, tornam-se necessarias determinadas alteragdes na estrutura
guimica de componentes do liquido da casca da castanha de caju, o qual tem como principal
componente o cardanol (67,8 a 94,6%), uma das razdes pela qual foi o reagente base escolhido
para a presente patente. O cardanol possui caracteristicas estruturais favoraveis ao emprego em
materiais dentarios, como longa cadeia carbdnica e variados sitios reacionais para a
incorporagdo de grupos funcionais. O uso de monémeros de longa cadeia carbdnica espacadora
é promissor, pois quanto maior for essa cadeia do mondmero, maior sua hidrofobicidade, o que

resulta em menor sorcdo de agua e degradacdo polimérica/enzimatica, conferindo maior
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estabilidade hidrolitica ao polimero (Feitosa, V.P., et al, J Dent, 2014. DOI:
10.1016/j.dental.2014.06.006). Além disso, seu anel aromatico confere relativa rigidez e
resisténcia polimérica, enquanto a cadeia alquilica propicia flexibilidade ao monémero e
reduzir a viscosidade deste.

[006] Baseado nessas atrativas caracteristicas estruturais, o cardanol foi testado como
agente de biomodificacdo dentinaria, demonstrando étima interacdo quimica, formacgdo de
ligacGes cruzadas com o colageno dentinario e elevada resisténcia a biodegradacéo (Moreira,
M.A., et al., Dent Mater, 2017. DOI: 10.1016/j.dental.2017.07.003). O estudo subsequente
sintetizou 0 monémero cardanol metacrilato epoxidado, o qual foi empregado para formulagéo
de um dessensibilizante dentinario resinoso e apresentou a maior reducao da permeabilidade
dentinaria, mesmo ap6s desafio acido (Moreira, M.M., et al.,, Dent Mater, 2018. DOI:
10.1016/j.dental.2018.04.011).

[007] Varios mondmeros resinosos funcionais tém sido incorporados em diversas
formulacdes na area odontoldgica. A maioria desses mondmeros utilizados apresenta um, dois
ou trés grupamentos funcionais terminais, 0s quais sdo separados por uma cadeia espagadora.
Os mondmeros funcionais polimerizaveis sdo compostos por um ou mais grupamentos como:
grupamentos vinilico, metacrilatos, metacrilamidas e acrilamidas. Esses grupos funcionais sao
responsaveis pela polimerizacdo dos materiais dentarios resinosos por meio de suas ligacoes
duplas, o que contribui para a reticulacdo do polimero, o grau de conversdo, a resisténcia
mecanica e a longevidade dos compdsitos. A incorporacdo desses grupamentos polimerizaveis
a mondmeros permite a formulacdo dos mais diversos materiais resinosos, como sistemas
adesivos e resinas compostas.

[008] O mondmero mais comumente utilizado nas matrizes organicas é o classico
bisfenol A glicidil metacrilato (Bis-GMA), em razdo de sua elevado massa molecular, baixa
contracdo de polimerizacdo e excelentes propriedades mecénicas. Todavia, sua elevada
viscosidade (500 a 1200 Pa.s), atribuida principalmente a formacéo de ligacdes de hidrogénio
intermoleculares, implica na adicdo de mondmeros de sua baixa massa molecular, chamados de
diluentes, como hidroxietil metacrilato (HEMA) e trietileno glicol dimetacrilato (TEGDMA).
Além disso, o bisfenol A glicidil metacrilato € um derivado do bisfenol A (BPA), um composto
quimico sintético usado extensivamente na inddstria plastica, uma vez que confere maior
resisténcia, flexibilidade e estabilidade aos materiais. Entretanto, o bisfenol A é um
desregulador enddcrino que, mesmo em baixas doses, aumenta o risco de cancer de mama,
obesidade, diabetes, doenca cardiovascular, desordens reprodutivas, neuroenddcrinas, dentre

outras doencgas. Por conseguinte, em 2006 a EFSA (European Organization for Food Safety)
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reduziu o limite de ingestdo diaria desse composto, oriundo principalmente das embalagens de
alimentos, para 0,05 mg/kg de peso corporal. Apenas recentemente a exposic¢ao ao bisfenol A
na cavidade oral comecou a ser explorada, ja que pode haver sua liberacao oriunda de materiais
resinosos, por conta de polimerizacdo incompleta, de biodegradacdo bioldgica e fisico-
mecanica ao longo do tempo ou por meio de alguns procedimentos, como acabamento e
polimento de restauragcBes de resina composta. ApoOs a realizagdo de restauracfes de resina
composta ocorre essa liberacdo na cavidade oral dos pacientes, sendo possivel detectar
aumentos transitorios de bisfenol A na urina e na saliva. Preocupantemente, o potencial impacto
desse aumento na saude humana permanece incerto. A utilizacdo de monémeros metacrilatos
derivados do liquido da casca da castanha de caju como mondmeros substitutos do bisfenol A
glicidil metacrilato apresenta como vantagem ser oriundo de uma biomassa sustentavel e
biocompativel, além de apresentar uma estrutura quimica mais flexivel, podendo incorporar
uma menor proporc¢do de mondmeros diluentes, os quais contribuem para uma maior contragao
de polimerizacéo e reducéo das propriedades mecanicas dos materiais.

[009] O hidroxietil metacrilato € um dos mondémeros diluentes mais frequentemente
incorporado em composicgdes resinosas odontoldgicas, como os sistemas adesivos, sendo capaz
de reduzir a viscosidade dos materiais e minimizar a separacdo de fases entre componentes
hidrofébicos e hidrofilicos. Todavia, ocasiona maior sor¢do de agua e solubilidade, degradacédo
do polimero por lixiviagdo monomérica, difusdo intratubular e consequente potencial
alergénico. Apesar disso, observou-se que sua presenca em concentracdo de 10% melhorou a
resisténcia de unido de um adesivo autocondicionante simplificado (Van Landuyt, K.L., et al.,
Dent Mater, 2008. DOI: 10.1016/j.dental.2008.02.018). O mondmero diluente trietileno glicol
dimetacrilato, amplamente empregado em resinas compostas para reducdo da viscosidade e
aumento da quantidade de carga incorporada, ocasiona maior contracdo de polimerizacdo em
virtude de reduzida massa molecular, além de provocar maior sor¢do de &gua e prejuizo das
propriedades mecanicas. A utilizacdo de mondmeros metacrilatos derivados do liquido da casca
da castanha de caju como mondmeros diluentes substitutos do hidroxi-etil-metacrilato ou do
trietileno glicol dimetacrilato apresenta como vantagem o maior massa molecular, o que
diminui a penetragdo monomérica em dire¢do ao tecido pulpar, o potencial alergénico, a
contracdo de polimerizagdo e a lixiviagdo monomérica; além do que a hidrofobicidade
proporcionada pela longa cadeia carbdnica do cardanol culmina em uma menor sorc¢ao de agua
e degradacdo hidrolitica polimérica, gerando interfaces adesivas mais duradouras.

[010] Os monémeros metacrilicos vém sendo amplamente pesquisados, pois contribuem

significativamente com as propriedades fisico-quimicas e mecanicas dos produtos
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odontoldgicos, como sistemas adesivos e resinas compostas. Park et al., Dent Mater, 2012
(DOI: 10.1002/jbm.b.31987) investigaram a influéncia da estrutura quimica desses mondémeros
nas propriedades de adesivos dentindrios e concluiram que a mistura copolimérica com
multimetacrilatos elevou a densidade de ligacGes cruzadas e reduziu a sor¢do de agua. No
intuito de aperfeicoar cada vez mais a biocompatibilidade e o desempenho em longo prazo dos
materiais dentarios diante dos desafios mecanicos, fisicos e quimicos da cavidade oral,
mondmeros vém sendo sintetizados visando a reducao do uso de diluentes reativos de baixa
massa molecular e de derivados do bisfenol A. Alguns exemplos séo: uretano dimetacrilato,
poliéster dimetacrilato cicloalifatico e dimetacrilato fluoretado; assim como novos sistemas
resinosos: tiol-enos e vinilciclopropanos. Entretanto, varios desses materiais apresentaram
maior sorcdo de agua e reducdo das propriedades mecéanicas quando comparados
principalmente ao monémero odontoldgico mais comumente utilizado, o bisfenol A glicidil
metacrilato. Por ser derivado do bisfenol A, que é uma molécula tdxica e que apresenta
atividade estrogénica, existe um apelo comercial e sanitario para sintetizar monémeros
odontoldgicos livres desse composto e seus derivados, como o0 monbémero uretano-
trimetacrilato da patente BR-10 2014 031743 0 A2, que, entretanto, apresentou resisténcia
mecéanica inferior ao bisfenol A glicidil metacrilato. Ainda, a patente BR-10 2014 031743 0 A2
abrange um mondmero multimetacrilato livre de bisfenol A e de baixo conteudo lixiviavel para
aplicacdo em produtos odontoldgicos. Neste sentido, o cardanol, como componente majoritario
de uma biomassa e com propriedades fisico-quimicas e estruturais que podem propiciar
estabilidade aos materiais resinosos, vem se revelando um reagente base ideal na sintese de
mondémeros metacrilicos para uso na Odontologia, apresentando ainda a vantagem econémica
e ambiental por ser oriundo de fonte renovavel e subproduto industrial.

[011] Em relacdo a grupamentos polimerizaveis associados aos constituintes do liquido
da casca da castanha de caju é conhecida apenas a patente do nosso grupo BR 10 2016 015403
0, a qual se refere a sintese de mondmeros funcionais acidos para aperfeigoar a adesdo dos
materiais dentarios. Esses monémeros foram sintetizados a partir dos monémeros do liquido da
casca da castanha de caju, apresentando grupamentos fosfato e metacrilato. Essa patente
também inclui monémeros metacrilatos derivados do cardanol, entretanto, localiza-se apenas
na hidroxila fenolica, mantendo a cadeia carbbnica livre de grupamentos funcionais
polimerizaveis. Ja a proposta desta patente € justamente adicionar grupos polimerizaveis a
longa cadeia carbbnica (incluindo ou ndo esses grupamentos a hidroxila fendlica
simultaneamente) do cardanol, resultando em mondmeros com diferentes caracteristicas,

propdsitos e aplicagdes odontoldgicas das ja apresentadas anteriormente.
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[012] Ainda que a Odontologia Restauradora tenha avangado significativamente nos
ultimos anos, o plano estratégico NIDCR (National Institute of Dental and Craniofacial
Research) 2009-2013 sobre restauracdes dentais de resina relatou que o tempo médio para
substituicdo dessas restauracbes € de apenas 5,7 anos, gerando um custo econdmico de
aproximadamente cinco bilhdes de ddlares por ano apenas nos Estados Unidos. Os atuais
procedimentos restauradores dependem da formacdo de uma camada adesiva entre os materiais
dentarios poliméricos e o substrato dentario. A adeséo a dentina tem menor durabilidade que
ao esmalte, visto que a dentina contém 18-20% de matéria organica, dos quais 90% é colageno
tipo 1, que pode ser degradado quimicamente e reduzir a longevidade da interface adesiva. Apds
a desmineralizacdo da dentina (seja pelas bactérias envolvidas na formagéo da lesdo cariosa,
pelo condicionamento acido ou pela erosdo dentaria) permanece uma camada de colageno
dentinario exposto e nao infiltrado pelo sistema resinoso, a qual pode ser degradada por enzimas
do hospedeiro.

[013] As principais enzimas proteoliticas envolvidas nesse processo Sdo as
metaloproteinases de matriz localizadas na dentina ou na saliva, como as catepsinas e as
metaloproteinases 1, 2, 3, 8, 9 e 20. Essas enzimas proteoliticas se encontram no tecido em sua
forma latente de zimogénios inativos, que se tornam livres com a reducdo do pH (desafio acido)
e ativas apds a diminuicdo da concentracdo de metais, como o célcio e o zinco. Com a
subsequente neutralizacdo do pH, tornam-se capazes de degradar quase todas as proteinas de
matriz extracelular, incluindo o colageno desnaturado. Por isso o estudo de agentes inibidores
das metaloproteinases de matriz vem sendo tdo difundido, pois poderiam auxiliar na reducao
ou até mesmo na paralisacdo da degradacdo da matriz orgénica dentinaria. A atividade dessas
enzimas esta vinculada a degradacédo das fibrilas de coldgeno expostas e ndo protegidas pela
completa infiltracdo de monémeros resinosos na dentina condicionada por acido. Essa acdo
poderia explicar a deterioracdo progressiva da camada hibrida observada em iniumeros estudos
e evidenciar o papel das metaloproteinases de matriz nas falhas adesivas das restauragdes em
uma relacdo tempo-dependente. A ativacao dessas enzimas também pode exercer um papel na
progressao da erosdo dentindria através do processo de degradacdo das fibrilas de coldgeno apds
exposicao do ambiente oral ao meio acido. Finalmente, a prévia inibi¢do das metaloproteinases
enddgenas tem revelado ser efetiva na prevencao da degradacdo da matriz organica em carie
dentinaria, ja que a ativacdo das metaloproteinases de matriz 2, 8 e 9 desempenha um papel
crucial na degradacao do colageno da dentina cariada. Tudo indica que essas enzimas tém um
papel tdo importante na degradacdo da matriz orgénica durante o processo carioso quanto o

metabolismo bacteriano, uma vez que, com a queda do pH para abaixo de 5,5, ha dissolucéo
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dos cristais de apatita e exposicdo da rede de colédgeno dentinario, todavia a colagenase
bacteriana ndo resiste a um pH abaixo de 4,3, restando a acdo das enzimas enddgenas.

[014] Dentre as substancias inibidoras das metaloproteinases de matriz, destaca-se a
proantocianidina, um composto polifendlico bastante estudado na Odontologia, pois, através de
ligacBes cruzadas e inibicdo de enzinas proteoliticas, é capaz de estabilizar as fibrilas de
coladgeno e melhorar as propriedades mecénicas do substrato, como modulo de elasticidade e
resisténcia de unido a dentina. Entretanto, exibe algumas complicagcdes, como sua coloracao
escura, que pode pigmentar o tecido dentario, e seu longo tempo de aplicacdo relatado por
diversas pesquisas como clinicamente inviavel. Sua aplicagdo mais comum € como primer ou
incorporada ao adesivo, mas € alegado que o ultimo pode reduzir o grau de conversdo do
polimero. A hidrofilicidade da proantocianidina também pode prejudicar a sua incorporagéo
em adesivos, visto que pode aumentar a sor¢do de agua e a degradacdo hidrolitica ao longo do
tempo, além de interferir na estabilidade da interface dente-adesivo.

[015] Os monbémeros metacrilatos alifaticos derivados do liquido da casca da castanha
de caju podem atuar como inibidores de metaloproteinases de matriz e crosslinkers de colageno
por meio da formacdo de ligacdes de hidrogénio entre suas hidroxilas (presente no anel
aromatico e na cadeia carbonica) e a carbonila da amida proteica das fibrilas de colageno
desprotegida. Ainda tem a vantagem de ndo pigmentarem a dentina, serem mais hidrofébicos e
poderem ser incorporadas em sistemas resinosos, ja que possuem grupos polimerizaveis, de
forma a elevar a substantividade e reduzir a lixiviagdo monomeérica, 0 que aumentaria a
durabilidade e a estabilidade da adeséo.

[016] A presente patente refere-se aos procedimentos de sintese e aplicacdo
odontolégica de mondmeros funcionais metacrilicos obtidos a partir de modificacfes quimicas
da cadeia carbbnica alifatica, podendo incluir também na hidroxila fendlica, do cardanol,
principal componente do liquido da casca da casca da castanha de caju, o cardanol.

[017] Os materiais dentarios ainda enfrentam alguns problemas técnicos, uma vez que
grande parte deles sdo formulados com um derivado do toxico monémero bisfenol A, além de
requererem a adi¢do de mondmeros diluentes, os quais reduzem as propriedades mecénicas do
polimero, enquanto aumentam a degradacdo e contracdo polimérica. Ainda, a atividade de
proteases nas fibrilas de colageno expostas e ndo infiltradas com resina reduz a longevidade
dos procedimentos restauradores, em razao da degradacgéo hidrolitica da interface adesiva.

[018] A presente invencao apresenta vantagens em varios aspectos. Esta propde a sintese
de mondmeros metacrilicos para aplicacdo odontolégica a partir de uma matéria-prima

abundante, renovavel e reconhecida como um subproduto de descarte das industrias de
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processamento da castanha de caju. Possui, portanto, o potencial de aumentar o valor agregado
dos compostos derivados do liquido da casca da castanha de caju, uma améndoa bastante
explorada no Nordeste brasileiro. Além disso, 0 monémero adicionado com metacrilato na
cadeia carbonica alifatica, intitulado cardanol metacrilato (Figura 2), possui eficacia como
crosslinker polimerizavel de coldgeno, pela formacdo de ligagdes de hidrogénio entre as
hidroxilas no anel aromatico e na cadeia com a carbonila da amida proteica, especialmente da
prolina que compde o colageno tipo I. A presenca simultanea dos grupamentos metacrilato e
hidroxila no cardanol metacrilato, associada a sua hidrofobicidade, promove crosslink de
coladgeno simultaneamente a sua incorporacdo na rede polimérica de adesivos dentinarios,
gerando um material resinoso bioativo, capaz de reforcar as fibrilas de colageno e produzir
interfaces adesivas estaveis em longo prazo. Ainda, os monémeros multimetacrilatos, com
grupamentos polimerizaveis tanto na cadeia alifatica como substituindo a hidroxila fendlica,
intitulados cardanol di e trimetacrilatos (Figura 2) séo livres de bisfenol A, ou seus derivados,
e capazes de aumentar a reticulacdo do polimero, uma vez que os multimetacrilatos revelam
um excelente potencial como agente de reticulacédo e reforco da estrutura polimérica (Park, J.,
et al., Dent Mater, 2012. DOI: 10.1002/jbm.b.31987). Qutra caracteristica favoravel é a
associacao da rigidez e resisténcia do anel aromatico com a flexibilidade da cadeia carb6nica,
proporcionando ao monémero uma boa resisténcia mecéanica somada a uma baixa viscosidade.
Portanto, deve ser necessario uma menor incorporagdo de monémeros diluentes como trietileno
glicol dimetacrilato e hidroxietil metacrilato, que ocasionam maior contracdo de polimerizacéo,
sorcdo de agua e reducdo das propriedades mecanicas.

[019] Recentemente, proantocianidinas funcionalizadas com metacrilato foram
sintetizadas por Hass et al., Dent Mater, 2021 (DOI: 10.1016/j.dental.2021.04.006), e testadas
como primer, o qual demonstrou eficacia em reticular o colageno dentinario. Ademais, este
agente de biomodificacdo polimerizavel derivado das proantocianidinas foi adicionado a um
adesivo experimental e, ndo so estabilizou as fibrilas de colageno, como também melhorou a
polimerizacédo, as propriedades mecanicas e a estabilidade dos adesivos com uma reducao
significativa da lixiviagdo em comparagdo com o adesivo que continha a proantocianidina néo
funcionalizada (Wang, R. et al., Dent Mater, 2021. DOI: 10.1016/j.dental.2021.04.010). No
entanto, a proantocianidina é um conhecido antioxidante capaz de pigmentar a estrutura dental,
alem do que ndo foram realizados testes para avaliar o efeito desse monémero na adesdo
dentinaria e na nanoinfiltracdo da interface resina-dentina. O cardanol ainda ndo foi
funcionalizado com metacrilato para ser testado como um crosslinker polimerizavel, o qual

apresenta a vantagem de eliminar o passo clinico da aplicacdo de um primer contendo
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crosslinker de coldgeno ao incorpora-lo no adesivo dentinério. A sintese de um di/trimetacrilato
a partir do cardanol para reforco da estrutura polimérica e substituicdo de mondmeros

insatisfatorios ja empregados em sistemas resinosos também é inovadora.

BREVE DESCRIC}AO DAS FIGURAS

[020] Os desenhos anexos apresentam as estruturas moleculares do cardanol e dos seus
derivados metacrilicos, em que: A Figura 1, nos desenhos técnicos em anexo, apresenta todas
as possiveis estruturas quimicas, saturada e insaturadas, do cardanol: 3-n-pentadecilfenol, 3-(n-
pentadeca-8-enil)fenol, 3-(n-penta-8,11-dienil)fenol e 3-(n-pentadeca-8,11,14-trienil)fenol.
Todos esses compostos possuem em comum uma cadeia alifatica com 15 atomos de carbono
com diferentes graus de insaturacdo, que podem variar de zero a trés. Essa longa cadeia
carbdnica é responsavel por caracteristicas peculiares do liquido da casca da castanha de caju,
como a sua hidrofobicidade, que pode realgar seu desempenho em um vasto numero de
aplicacBes. Destaca-se também os principais sitios reacionais do cardanol: anel aromatico,
hidroxila fendlica e insaturacGes ao longo da cadeia carbbnica. A Figura 2, nos desenhos
técnicos em anexo, representa as estruturas moleculares dos compostos metacrilicos derivados
do cardanol, cujos procedimentos de sintese estdo apresentados nessa patente. Pode-se observar
as estruturas moleculares dos seguintes mondmeros: cardanol metacrilato, cardanol
dimetacrilato e cardanol trimetacrilato, respectivamente da regido superior & inferior da

imagem.

BREVE DESCRICAO DA INVENCAO

[021] A presente patente descreve a sintese e a aplicacdo em primers, adesivos, resinas,
cimentos, dessensibilizantes, dentre outros materiais dentarios resinosos, de monémeros
polimerizaveis produzidos por meio de modifica¢bes quimicas da cadeia alifatica, podendo
também substituir a hidroxila fendlica por grupo metacrilato, do cardanol, o principal
componente do liquido da casca da castanha de caju.

[022] Esta invencgdo apresenta vantagens em Varios aspectos, pois propde mondmeros
polimerizéaveis que empregam uma matéria-prima renovavel tida como produto de descarte nas
industrias de castanha de caju, um fruto bastante explorado no Nordeste brasileiro. O monémero
cardanol metacrilato possui hidroxilas e grupamento metacrilato que promovem crosslink de
coldgeno simultaneamente & sua reticulagdo no polimero de adesivos dentinarios, gerando um
material resinoso bioativo com substantividade e capaz de reforcar as fibrilas de colégeno,

reduzir um passo clinico de aplicacao do sistema adesivo e produzir interfaces adesivas estaveis
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em longo prazo. Os monbmeros cardanol di/trimetacrilato, por conta dos multiplos
metacrilatos, sdo capazes de aumentar a reticulacdo do polimero, melhorando a resisténcia
mecanica e as propriedades quimicas dos materiais resinosos. Por Gltimo, a longa cadeia
carbdnica desses monémeros metacrilicos resulta em caracteristicas hidrofdbicas, que resultam
em menor sorcdo de 4gua e degradacdo hidrolitica, melhorando a durabilidade da uni&o.

[023] As concentragOes utilizadas dos diferentes monémeros aqui descritos para a
fabricacdo de primers para resina, metal e ceramica é de 0,0001 até 90% em peso, enquanto nos
adesivos dentinarios varia de 0,1 a 75% em peso. Ja nas resinas compostas, dessensibilizantes
dentinarios, cimentos resinosos, ionoméricos e autoadesivos a concentracdo varia de 0,5 a 90%
em peso. Para outras aplicacfes odontoldgicas utilizando os monémeros metacrilicos que se

encaixem nas descri¢es da patente as concentragdes utilizadas seriam as mesmas.

DESCRICAO DETALHADA DA INVENCAO

[024] A sintese organica dos diferentes monémeros metacrilatos a partir do cardanol
pode ser realizada em duas etapas: (i) reacdo de epoxidacdo das ligacGes duplas da cadeia
carbdnica alifatica; (ii) adicdo de grupamento metacrilato a cadeia carb6nica através da abertura
do anel oxirano (cardanol metacrilato) formado na etapa anterior, podendo ocorrer a
substituicdo simultdnea da hidroxila fendlica por outro grupo metacrilato (cardanol
di/trimetacrilato).

[025] O cardanol é reagido com perdxido de hidrogénio e acido formico para obter o
composto intermediario cardanol epoxidado, de acordo com a metodologia aplicada por Pereira
et al., Agroindustrial Waste J Polym Environ, 2021 (DOI: 10.1007/s10924-021-02331-y), com
modificacOes. A sintese desse mondmero intermediério consiste na epoxidacao da insaturacéo
de cardanol, adicionando um anel oxirano na cadeia carb6nica, com acido perférmico formado
in situ a partir da reacéo entre acido férmico e peroxido de hidrogénio, catalisada por Amberlite
IR 120H, utilizando a razdo molar de 1,0: 0,5: 3,0 (insaturacdo: acido formico: perdxido de
hidrogénio). O procedimento tem inicio adicionando 10 g de cardanol (56,8 mmol de
insaturagdo) em um baldo de fundo redondo, seguido pela adi¢do de 1,26 mL de acido formico
(28,4 mmol) e 2 g de Amberlite IR 120H (20% em peso em relagdo ao cardanol). A mistura
deve ser mantida sob agitagdo magnética durante 10 minutos. Em seguida, utilizando uma
bureta, adiciona-se 16,3 mL de peroxido de hidrogénio (170,5 mmol), gota a gota, sob agitacéo
constante e sob temperatura ambiente. A solugédo reacional obtida deve ser aquecida em banho
de silicone a 65°C e agitada continuamente durante 4 horas. O progresso da rea¢do € monitorado

por meio da cromatografia em camada delgada. Ao final, a mistura deve ser resfriada a
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temperatura ambiente e filtrada a vicuo para remover o catalisador heterogéneo. O filtrado €
transferido para um funil de separagdo (250 mL), neutralizado com solucdo saturada de
bicarbonato de sodio e extraido com o solvente acetato de etila (100 mL). Finalmente, o produto
deve ser secado com sulfato de sodio anidro, concentrado sob pressao reduzida e purificado
através de uma coluna cromatogréfica de silica. O cardanol epoxidado obtido se apresenta como
um oleo castanho-avermelhado (90% de rendimento) e foi caracterizado por espectroscopia de
infravermelho com transformada de Fourier e técnicas de ressonancia magnética nuclear de *H
e °C.

[026] O mondmero cardanol metacrilato € sintetizado por meio de uma reacdo de
abertura do anel oxirano do cardanol epoxidado com acido metacrilico, sob irradiacéo de micro-
ondas, operando a uma frequéncia de 2,45 GHz. O procedimento tem inicio adicionando 4 g de
cardanol epoxidado (12,6 mmol) e 2,6 mL de &cido metacrilico (30,8 mmol) em um baldo de
fundo redondo (25 mL). Acopla-se o baldo a um condensador de Vigreux de 50 cm, que séo
posicionados a um micro-ondas Milestone (StartSYNTH, Shelton, USA) ajustado a uma
poténcia maxima de 800 W e programado para aumentar da temperatura ambiente para 130°C
durante um periodo de 3 minutos e manter a temperatura estabelecida durante 20 minutos, sob
agitacdo magnética constante. O progresso da reacdo € monitorado por meio da cromatografia
em camada delgada. Ao final desse processo, o produto da reacdo é resfriado a temperatura
ambiente e depois transferido para um funil de separacdo (250 mL), neutralizado com solucgéo
saturada de bicarbonato de sodio e extraido com acetato de etila (50 mL). A fase organica deve
ser recolhida, secada com sulfato de sédio anidro, concentrada sob pressdo reduzida e purificada
através de uma coluna cromatogréfica de silica. Devido a presenca do grupo metacrilato, o
produto deve ser mantido sob refrigeracdo (4 °C) e protegido por papel aluminio apés a adi¢do
de 0,01% de butil-hidroxitolueno para evitar a polimerizacdo espontanea. O cardanol
metacrilato (Figura 2) se apresenta como um 6leo amarelo-claro (70 a 85 % de rendimento) e
foi caracterizado por espectroscopia de infravermelho com transformada de Fourier e técnicas
de ressonéncia magnética nuclear de *H e 13C.

[027] O produto intermediario cardanol epoxidado obtido também pode ser empregado
para a sintese do cardanol di/trimetacrilato (Figura 2). Para a insercdo dos metacrilatos na
hidroxila fendlica e no anel oxirano se utiliza cardanol epoxidado e anidrido metacrilico na
razdo molar de 1:1. O procedimento inicia-se pesando-se 4 g de cardanol epoxidado (12,6
mmol) em um baldo de fundo redondo, seguido da adigdo de 2,0 mL de anidrido metacrilico
(12,6 mmol) e 0,1 g de trifenilfosfina (0,381 mmol). O bal&o é acoplado a um condensador de

Vigreux e colocado na cavidade do micro-ondas, ajustado para uma poténcia maxima de 800
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W e programado para aumentar: da temperatura ambiente até 80 °C em um periodo de 2 min e
mantendo-se essa temperatura constante por 20 minutos; de 80 °C para 120 °C em um periodo
de 2 min e mantendo-se por mais 10 min. Ao final desse processo, o produto é transferido para
um funil de separacéo, neutralizado com solucéo saturada de bicarbonato de sodio e extraido
com acetato de etila (50 mL). Por fim, a fase orgéanica é coletada, secada com sulfato de sodio
anidro, concentrada em rotaevaporador e purificada em coluna cromatogréafica de silica gel para
se obter o respectivo produto metacrilato (80 a 90 % de rendimento).

[028] Os principais grupamentos polimerizaveis usados na Odontologia sdo metacrilato,
acrilato, metacrilamida, acrilamida e epoxido (ou anel oxirano), os quais podem ser
incorporados por sintese organica através de esterificacdo ou outra rota organica. A reacdo de
esterificacdo podera ser realizada por diversos métodos, a depender do grupamento
polimerizavel a ser adicionado a estrutura molecular do cardanol, contudo, preferencialmente,
utiliza-se o metacrilato por conta dos resultados consolidados em diversos mondmeros
odontolégicos sintéticos de estrutura quimica similar. Os reagentes de primeira escolha para as
esterificacdes da presente patente sdo o acido metacrilico, que atacara o anel oxirano formado
apos a epoxidacdo das duplas ligacGes da cadeia carbonica alifatica do cardanol, como no
método  descrito  por  Ladmiral, V., et al, Euro Pol, 2017 (DOI:
10.1016/j.eurpolymj.2017.04.003); e o anidrido metacrilico, que além de atacar o anel oxirano,
também substitui a hidroxila fendlica por um grupamento metacrilato.

[029] Os mondmeros metacrilicos derivados do cardanol sdo capazes de promover um
efeito estérico, causando relaxamento entre as cadeias poliméricas e diminuindo os efeitos da
contracdo de polimerizacdo também pela maior massa molecular quando comparado a
mondmeros diluentes frequentemente empregados em composic¢Ges odontolédgicas. A adigdo de
grupamentos polimerizaveis apenas na cadeia alifatica preserva a hidroxila fenélica (cardanol
metacrilato, Figura 2), o que contribui para uma maior formacéo de ligaces de hidrogénio e
reticulagdo do colageno dentinario. Ja a adicdo de metacrilatos concomitantemente a cadeia
alifatica e a hidroxila fenolica contribui para o aumento da reticulacéo e do reforco da estrutura
polimérica, j& que esses grupamentos polimerizam através de suas ligagdes duplas & matriz
orgénica de materiais dentarios, melhorando as propriedades das formulagdes. Alem disso, em
razao da caracteristica hidrofobica conferida pela longa cadeia carbonica alifatica, podem ser
usados em sistemas resinosos para minimizar a sor¢do de agua e diminuir os efeitos de
degradacéo por hidrdlise do polimero e/ou do colageno.

[030] A incorporagdo de metacrilatos ao cardanol traz consigo uma vasta gama de

aplicacdes odontoldgicas. Dentre essas diversas aplicagdes, destaca-se seu emprego como
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monémero funcional polimerizavel que pode ser utilizado para produzir primers para
ceramicas, resinas, pinos, metais, implantes ou outros materiais dentarios; sistemas adesivos;
resinas compostas, inclusive autoadesivas; cimentos resinosos, ionoméricos ou autoadesivos;
dessensibilizantes dentinarios; selantes, entre outros.

[031] Os monémeros com grupamentos metacrilatos sintetizados a partir do principal
componente do liquido da casca da castanha de caju técnico, o cardanol, podem ser aplicados
na Odontologia em primers para resina, metal, implantes, pinos, ceramicas, dentina, esmalte
etc. Esses primers podem ser aplicados isoladamente ou em conjunto com um ou mais
mondémeros (como o hidroxietil metacrilato), iniciadores, particulas de carga, além de outros
componentes dos materiais dentarios. Para a aplicagdo em dentina desmineralizada
(condicionada por acido, por cérie, erosdao ou outros processos), 0s mondémeros podem ser
dissolvidos em agua, etanol, acetona ou outro solvente (solugcdes aquosas, acetdnicas, etanélicas
ou hidroetandlicas).

[032] Esses mon6meros polimerizaveis também podem ser incorporados em sistemas
adesivos (convencionais, autocondicionantes, universais); resinas compostas; cimentos
resinosos ou ionoméricos; dessensibilizantes dentinarios; selantes resinosos; ou qualquer outro
material resinoso. Eles podem conter um ou mais grupos polimerizaveis na cadeia alifética,
incluindo ou ndo na hidroxila fendlica, e também a associagdo entre diferentes grupamentos
polimerizaveis, como por exemplo, metacrilato, metacrilamida e epdxido.

[033] Para a fabricacdo de primers, os monémeros polimerizaveis provenientes do
cardanol podem ser incorporados de 0,0001% até 90% em peso de concentracdo. Nos adesivos
dentinarios, eles podem ser incorporados de 0,1% até uma concentragdo de 75%, enquanto em
cimentos resinosos, ionoméricos e autoadesivos pode-se incorporar de 0,5 a 90%. Para formular
resinas compostas, dessensibilizante dentinarios e selantes a concentracdo incorporada sera de
0,5% ateé 90%.

[034] Os monémeros metacrilicos descritos podem ser empregados em composigdes
odontoldgicas resinosas que podem incluir componentes opcionais para proporcionar
determinadas caracteristicas desejaveis ndo alcangadas apenas com 0S mondmeros puros.

Alguns destes compostos que podem ser adicionados & composicao Sao 0s seguintes:

e Fotoiniciadores, preferencialmente a canforoquinona, ou outras cetonas, como fenil-
propadiona, ou ainda Oxidos fosfinicos, como Oxido bis-alquil-fosfinico e O6xido

trifosfinico.
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e Coiniciadores, como aminas terciarias aromaticas ou ndo aromaticas, preferencialmente
etil-dimetil-amino-benzoato.

e Aceleradores da reacdo de polimerizagcdo, como sais de iodonio, preferencialmente o
hexafluorofosfato de difenil-iodonio.

e Inibidores de polimerizacdo espontanea, preferencialmente adicionando-se butil-
hidroxitolueno (BHT) ou di-terc-butil metil fenol.

e Particulas inorgéanicas de carga, como microparticulas de vidro de bério silanizadas ou
nanoparticulas de silica coloidal, entre outras.

o Radiopacificadores, como aqueles baseados em ¢6xidos de chumbo, bismuto ou outros
metais, preferencialmente o éxido de tri-fenil bismuto.

e Pigmentos para fornecer a cor adequada ao material.

e Espessantes, como silica.

e Flavorizantes, como 6leo de horteld.

e Agentes antimicrobianos, como timol.

e Solventes, como agua, alcool ou acetona.

e Conservantes, como metilparabeno.

[035] Fotoiniciadores, coiniciadores, aceleradores, inibidores de polimerizacdo e
conservantes podem ser adicionados entre 0% e 10% na composicdo odontoldgica. Os
inibidores, preferencialmente, devem estar em concentragdo abaixo de 0,02%. As particulas de
carga podem fazer parte de 0% a 95% do peso da composicéo, enquanto os radiopacificadores
sdo adicionados entre 0,1% e 5%. Pigmentos, espessantes, flavorizantes e agentes
antimicrobianos sdo incorporados entre 0 e 80% da formulacdo odontoldgica, enquanto os

solventes sdo adicionados entre 0,2 e 99%.

EXEMPLOS DE CONCRETIZACOES DA INVENCAO

[036] Aplicacao de sistema adesivo universal incorporado com 2% em peso de mondémero
cardanol metacrilato (Figura 2) proveniente do liquido da casca da castanha de caju.
Previamente a aplicacdo da composicao é interessante agitar o frasco de armazenamento para
homogeneizar a mistura. O protocolo de aplicacdo do material em dentina ou em esmalte
previamente preparados para receber uma restauragcao segue 0 passo a passo descrito abaixo:

1) Limpeza com pedra-pomes da superficie dental a ser restaurada e enxague com agua;
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2) No caso de emprego da técnica autocondicionante, apenas secagem com jato de ar; no caso
de emprego da técnica de condicionamento &cido total, aplicacdo de gel de acido fosférico 37%
por 30 segundos em esmalte e 15 segundos em dentina, enxague por 30 segundos e secagem
com papel absorvente ou bolinha de algoddo para manter o substrato dentinario Umido;

3) Aplicacdo com microbrush do adesivo universal incorporado com o mondémero cardanol
metacrilato por 20 segundos de forma ativa em toda a estrutura a ser restaurada;

4) Leve jato de ar a distancia por 10 segundos;

5) Segunda aplicacao do adesivo universal por 20 segundos;

6) Fotoativacdo por 40 segundos com aparelho de fotopolimerizagdo odontoldgico com
400mW/cm2 de irradiancia minima;

7) Adaptacdo dos incrementos de resina composta e fotopolimerizacdo destes de acordo com

fabricante.
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SINTESE E APLICACAO ODONTOLOGICA DE MONOMEROS FUNCIONAIS
METACRILICOS DERIVADOS DO LiQUIDO DA CASCA DA CASTANHA DE CAJU

REIVINDICACOES

1. Aplicagdo odontoldgica de mondmero cardanol metacrilato caracterizado por
incorporar um grupo funcional metacrilato na cadeia alifatica do cardanol, principal
componente do liquido da casca da castanha de caju, obtido pelo processamento
industrial dessa améndoa.

2. Aplicacdo odontoldgica de mondémero cardanol dimetacrilato caracterizado por
incorporar dois grupamentos metacrilatos no cardanol: um na cadeia alifatica e um
substituindo a hidroxila fendlica.

3. Aplicacdo odontoldgica de mondmero cardanol trimetacrilato caracterizado por
incorporar trés grupamentos metacrilatos no cardanol: dois na cadeia alifatica e um
substituindo a hidroxila fendlica.

4. Composicao odontoldgica caracterizada por incorporar entre 0,0001% e 90% em peso
dos monémeros metacrilicos descritos nas reivindicacdes 1, 2 e 3, para a fabricacao de
primers para resina, metal, ceramica, implantes, pinos, dentina e esmalte.

5. Composicdo odontoldgica caracterizada por incorporar entre 0,1 a 75% em peso dos
mondmeros metacrilicos descritos nas reivindicaces 1, 2 e 3, para a fabricacdo de
sistemas adesivos convencionais, autocondicionantes ou universais.

6. Composicdo odontoldgica caracterizada por incorporar entre 0,5% até 90% em peso
dos monémeros metacrilicos descritos nas reivindicagdes 1, 2 e 3, para a fabricacdo de
cimentos resinosos, ionoméricos ou autoadesivos.

7. Composicdo odontoldgica caracterizada por incorporar entre 0,5% até 90% em peso
dos monémeros metacrilicos descritos nas reivindicacdes 1, 2 e 3, para a fabricacéo de
resinas compostas convencionais, flow, bulk-fill ou autoadesivas.

8. Composicdo odontoldgica caracterizada por incorporar entre 0,5% até 90% em peso
dos monémeros metacrilicos descritos nas reivindicagdes 1, 2 e 3, para a fabricagédo de
dessensibilizantes resinosos.

9. Composicdo odontologica caracterizada por incorporar entre 0,5% até 90% em peso
dos mondmeros metacrilicos descritos nas reivindicacdes 1, 2 e 3, para a fabricacdo de

selantes resinosos.
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Composi¢des odontolégicas, de acordo com as reinvindicagbes 4, 5, 6, 7, 8 e 9
caracterizadas por poderem conter adicionalmente fotoiniciadores, coiniciadores,
aceleradores da reacdo de polimerizacdo, inibidores de polimerizacdo espontanea,
particulas inorgénicas de carga, radiopacificadores, pigmentos, espessantes,
flavorizantes, agentes antimicrobianos, solventes e/ou conservantes.

Composicdes odontologicas, de acordo com as reinvindicagbes 4, 5, 6, 7, 8 e 9
caracterizadas por poderem conter preferencialmente até 10% em peso de
fotoiniciadores, como canforoquinona, outras cetonas (como a fenil-propadiona),
Oxidos fosfinicos (como o 6xido bis-alquil-fosfinico e o Oxido trifosfinico), dentre
outros.

Composicdes odontoldgicas, de acordo com as reinvindicacbes 4, 5, 6, 7, 8 e 9
caracterizadas por poderem conter preferencialmente até 10% em peso de
coiniciadores, como aminas tercidrias aromaticas ou ndo aromaticas, utilizando de
preferéncia etil-dimetil-amino-benzoato.

Composicdes odontoldgicas, de acordo com as reinvindicacbes 4, 5, 6, 7, 8 e 9
caracterizadas por poderem conter preferencialmente até 10% em peso de
aceleradores da reacdo de polimerizagdo, como sais de ioddnio, utilizando de
preferéncia o hexafluorofosfato de difenil-iodonio.

Composi¢des odontolégicas, de acordo com as reinvindicacbes 4, 5, 6, 7, 8 e 9
caracterizadas por poderem conter até 10% em peso de inibidores de polimerizacéo
espontanea, preferencialmente até 0,5%, utilizando de preferéncia butil-hidroxitolueno
ou hidroquinona.

Composi¢des odontolégicas, de acordo com as reinvindicacbes 4, 5, 6, 7, 8 e 9
caracterizadas por poderem conter preferencialmente até 95% em peso de particulas
inorganicas de carga, como particulas de vidro de béario silanizadas ou nanoparticulas
de silica coloidal, dentre outras.

Composigdes odontoldgicas, de acordo com as reinvindicacbes 4, 5, 6, 7, 8 e 9
caracterizadas por poderem conter preferencialmente até 5% em peso de
radiopacificadores, como os baseados em Oxidos de chumbo, bismuto ou outros metais,
empregando de preferéncia oxido de tri-fenil bismuto.

Composigdes odontoldgicas, de acordo com as reinvindicacbes 4, 5, 6, 7, 8 e 9
caracterizadas por poderem conter preferencialmente até 80% em peso de pigmentos

a serem selecionados dentre corantes organicos ou outros.
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Composi¢des odontoldgicas, de acordo com as reinvindicacbes 4, 5, 6, 7, 8 e 9
caracterizadas por poderem conter preferencialmente até 80% em peso de espessantes
a serem selecionados dentre silica coloidal, diéxido de silicio, glicerina, entre outros,
utilizando de preferéncia silica.

Composi¢des odontoldgicas, de acordo com as reinvindicacbes 4, 5, 6, 7, 8 e 9
caracterizadas por poderem conter preferencialmente até 80% em peso de
flavorizantes, como 0Oleos de hortel&, menta, entre outros.

Composic¢des odontoldgicas, de acordo com as reinvindicacbes 4, 5, 6, 7, 8 e 9
caracterizadas por poderem conter preferencialmente até 80% em peso de agentes
antimicrobianos como timol, clorexidina, entre outros.

Composicdes odontoldgicas, de acordo com as reinvindicacbes 4, 5, 6, 7, 8 e 9
caracterizadas por poderem conter preferencialmente até 99% em peso de solventes a
serem selecionados dentre 4gua, agua deionizada, etanol, acetona, entre outros.
Composi¢des odontolégicas, de acordo com as reinvindicacbes 4, 5, 6, 7, 8 e 9
caracterizadas por poderem conter preferencialmente até 10% em peso de
conservantes a serem selecionados dentre metilparabeno, benzoatos, formaldeidos,
entre outros.

Uso das composicOes descritas nas reivindicagfes de 1 a 22 caracterizadas por
poderem ser empregadas para reduzir a separacdo de fases das composicoes, realizar
crosslink de colageno, inibir metaloproteinases de matriz, aumentar a reticulacéo, a
hidrofobicidade e as propriedades fisico-quimicas e mecanicas dos polimeros,
reduzindo assim a sor¢do de agua e a degradacdo hidrolitica, e, por consequéncia,
aumentando a durabilidade dos procedimentos restauradores ou outros comuns da

pratica odontologica.
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3.2 Capitulo 2

Esta tese estd baseada no Artigo 46 do Regimento Interno do Programa de Pos-
graduacdo em Odontologia da Universidade Federal do Ceara, que regulamenta o formato
alternativo para dissertagOes de Mestrado e teses de Doutorado e permite a insercdo de artigos
cientificos de autoria ou coautoria do candidato (ANEXO A). Por se tratar de uma pesquisa
envolvendo dentes humanos, o projeto de pesquisa deste trabalho foi submetido a apreciacao
do Comité de Etica em Pesquisa da Universidade Federal do Cear4, tendo sido aprovado,
conforme o parecer consubstanciado n® 1.482.602 de 7 de abril de 2016 (CAAE:
52463116.0.0000.5054) (ANEXO B). Assim sendo, esta tese é composta por um segundo
capitulo contendo um artigo cientifico que submetido ao periddico Dental Materials, conforme

descrito abaixo:

Methacrylic monomer derived from cardanol incorporated in dental adhesive as a

polymerizable collagen crosslinker

Moreira MM, Farrapo MT, Pereira RCS, Rocha da Silva LR, Koller G, Watson T, Feitosa VP,

Lomonaco D
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Methacrylic monomer derived from cardanol incorporated in dental adhesive as a

polymerizable collagen crosslinker

ABSTRACT
Objectives - The aim of this study was to evaluate the influence on MMP inhibition, dentin
adhesion and physicochemical properties of an adhesive system incorporated with
polymerizable collagen crosslinker monomer derived from cardanol.
Methods — The intermediary cardanol epoxy (CNE) was synthesized through cardanol
epoxidation, followed by synthesis of cardanol methacrylate through methacrylic acid solvent-
free esterification. Zymographic analysis was performed to evaluate the substances’ ability to
inhibit gelatinolytic enzymes. Collagen crosslinkers were added into adhesives systems
according to the following groups: Ybond Universal® (Control), Ybond® + 2%
proanthocyanidin (PAC), Ybond® + 2% unsaturated cardanol (Cardanol) and Ybond® + 2%
cardanol methacrylate (CNMA). Degree of conversion (DC) of the adhesives was assessed by
FT-IR. Disk-shaped specimens were prepared for water sorption (WS) and solubility (SL) tests.
Human third molars were sectioned to expose medium dentin and restored according to the
different adhesives used (n=5). Then, the specimens were cut into 1mm? sticks to evaluate, after
24 hours and 6-month aging, microtensile bond strength (UTBS) and nanoleakage by scanning
electron microscopy. Data were analysed with ANOVA and Tukey's post-test (0=0.05).
Results — CNMA and PAC completely inhibited all forms of gelatinolytic enzymes.
Cardanol achieved a significantly lowest DC, while the other groups did not differ from each
other (p>0.05). PAC achieved significantly higher water sorption, while CNMA solubility was
significantly lower when compared to the other adhesives (p<0.05). PAC provided a
statistically higher 24h and 6-month aging bond strength. Intermediary similar uyTBS were

presented by control and CNMA (p=0.108). All adhesives applied attained significantly
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reduced bond strength after aging (p<0.05). Interfaces created using CNMA were almost devoid
of silver deposits initially, however all groups showed large amounts of silver deposits on resin-
dentin interface subjected to water aging.

Significance - Although CNMA was effective in inhibiting gelatinolytic enzymes, when
incorporated into a universal adhesive it could not promote less degradation of the adhesive
interface in long-term. Since it is a hydrophobic monomer, CNMA did not interact well with
dentin collagen, however it reduced the solubility of the adhesive system besides not interfering

in its polymerization.

Keywords: Cardanol. Organic synthesis. Methacrylates. Dentin-bonding agents.
Hydrophobic and hydrophilic interactions. Fibrillar collagens. Collagen crosslinkers. Matrix

metalloproteinase inhibitors. Longevity.
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1 INTRODUCTION

Despite the progress of science related to dental adhesion, this topic is still widely
explored due to its particularities and challenges, as it directly influences the quality and
longevity of dental restorations [1]. In this regard, the bonding between tooth and resin
restorative materials occurs by means of dental adhesives, acting majorly through
micromechanical retention, in which the infiltration of resin monomers into enamel micropores
and into exposed collagen fibrils of partially demineralized dentin is promoted [2].

In the early 2010s, the search for simplified adhesive materials and strategies resulted
in the development of universal adhesives (UNAD) [3], which may be employed at both
adhesive strategies (etch-and-rinse or self-etch) and bond adequately to enamel, dentin and
various direct and indirect restorative materials [3,4]. Although UNADs have a wide range of
use and can additionally perform chemical bonding with dental tissues by means of acidic
functional monomer, the stability of the bonding is material-dependent and prone to hydrolytic
degradation [5].

Adhesion to enamel can be predictably achieved, but dentin is still a challenging
substrate due to the presence of significant amount of water and organic compounds in the
substrate [6]. The portion of demineralized dentin that remains exposed and not infiltrated
presents unprotected collagen fibrils, which are subjected to progressive degradation by
endogenous enzymes, such as matrix metalloproteinases (MMP) and cathepsins, jeopardizing
the long-term stability of dentin bonding [7,8,9].

Therefore, a strategy to decrease the enzymatic degradation is to increase the
mechanical properties of dentin collagen through its crosslinking by biomodification [10].

Indeed, several biomodification agents have been employed in dental materials to protect
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collagen fibrils, which increases the stability of hybrid layer and the durability of restorations
[10,11,12].

A widely accredited and biocompatible natural (plant-derived) compound used as
biomodification (crosslinker) agent is proanthocyanidin (PAC). It is a natural flavonoid
commonly available in vegetables and fruits, such as in grape seed (Vitis vinifera). Several in
vitro studies revealed that the application of PAC resulted in significant improvement on bond
strength [13,14], dentin collagen stability [15], nanohardness and modulus of elasticity of resin-
dentin interfaces [16]. However, these results are not stable after aging (i.e., 24 months water
storage) and dark coloration limits the clinical use of PAC because of its natural oxidation
process which yields staining dental substrates [10,17].

Further natural-origin renewable product that has been gaining interest in dentistry is
cashew nut shell liquid (CNSL), a biomass rich in phenolic lipids [18]. Technical CNSL is a
by-product of the industrial processing of cashew nuts, which is extracted under high
temperatures and rich in cardanol [18]. This compound (cardanol) has chemical features
favorable for use in dental materials, such as long spacer carbon chain, which promotes greater
hydrophobicity and may result in less water sorption and polymer degradation, providing
greater hydrolytic stability of polymers [19]. Cardanol was tested as a dentin biomodification
agent, which demonstrated optimal chemical interaction, cross-linking with dentin collagen,
increase in dentin modulus of elasticity by 109.9%, high resistance to biodegradation and
absence of pigmentation of dental substrates [10].

From a chemical perspective, cardanol has several reaction sites suitable for
incorporation of functional groups (Figure 1), such as methacrylate, which could enable its
addition to dental resin-based materials, improving their physicochemical properties due to its
long spacer carbon chain. Therefore, cardanol stands out as a molecule with very attractive

structural characteristics for synthesis of new methacrylic monomers, such as cardanol
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methacrylate (CNMA), for potential incorporation in adhesive systems. CNMA also contains
phenolic hydroxyls, which are expected to act on exposed collagen, stabilizing fibrils by
crosslinking them and inhibiting proteolytic enzymes [20].

Since unprotected collagen fibrils may suffer rapid hydrolysis vyielding bond
deterioration, it is desirable to investigate whether incorporating collagen crosslinkers into
adhesive systems would benefit adhesion durability without increasing the adhesive application
time, this might occur by the interaction of such bioactive monomers with the denuded collagen.
Unlike further biomodification agents in the literature [17], it is possible that the simultaneous
presence of methacrylate and hydroxyl groups in CNMA monomer, associated with its
hydrophobicity, promotes collagen crosslinking prior to, during and after the formation of
adhesive polymeric network. This may generate long-term stable dentin bonds for resin
composite fillings in the clinical scenario.

The aim of this manuscript was to evaluate the influence on MMP inhibition, dentin
bonding and physicochemical properties of a simplified adhesive incorporated with light-
curable biomodification agent derived from CNSL. The hypotheses of the study are that the
addition of CNMA in adhesive (1) inhibits proteolytic enzymes, (2) does not jeopardize
polymer physicochemical properties (degree of conversion, water sorption and solubility) and

(3) promotes less degradation of adhesive interface in long-term.

2 MATERIALS AND METHODS

2.1 Reagents

Cardanol was kindly supplied by Satya Chemicals (Eluru, India). Formic acid (85%),

hydrogen peroxide (35%), ethyl acetate, sodium bicarbonate, and anhydrous sodium sulfate
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were used as received from LabSynth (Sdo Paulo, Brazil). BHT (3,5-Di-tert-4-
butylhydroxytoluene), and methacrylic acid were purchased from Sigma-Aldrich (St. Louis,
USA) and used as received. Silica gel (63-200 pum; Sigma-Aldrich, St. Louis, USA) was

employed in the chromatographic separations.

2.2 Synthesis of cardanol methacrylate (CNMA)

Cardanol was reacted with hydrogen peroxide to obtain cardanol epoxy (CNE) as
performed by Pereira et al. [21] with modifications. The synthesis of the intermediate
compound CNE consisted of epoxidation of unsaturations of cardanol with performic acid
formed in situ from the reaction between formic acid and hydrogen peroxide, catalyzed by
Amberlite IR 120H, using the molar ratio of 1.0: 0.5: 3.0 (unsaturation: formic acid: hydrogen
peroxide). In a round bottom flask (100 mL), 10 g of cardanol (56.8 mmol of unsaturation) was
weighed followed by the addition of 1.26 mL of formic acid (28.4 mmol) and 2 g of Amberlite
IR 120H (20 wt % of cardanol). The mixture was kept under magnetic stirring for 10 minutes.
Then, using a burette, 16.3 mL of hydrogen peroxide (170.5 mmol) was added dropwise under
constant stirring at room temperature. After that, the mixture was heated in a silicone bath at
65°C and continuously stirred for 4 hours to obtain CNE as a reddish-brown oil (90%).

Cardanol methacrylate (CNMA) monomer was obtained by a ring-opening reaction of
CNE with methacrylic acid under microwave irradiation. In a round bottom flask (25 mL), 4 g
of CNE (12.6 mmol) was weighed and 2.6 mL of methacrylic acid (30.8 mmol) was added. The
flask was attached to a 50 cm Vigreux condenser and placed in the microwave space, which
was programmed to increase from room temperature to 130°C over a period of 3 minutes and
kept at the established temperature for 20 minutes under constant magnetic stirring to obtain

CNMA monomer as a light-yellow oil (76 % yield). CNMA synthesis was carried out using a
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Milestone microwave reactor (StartSYNTH, Shelton, USA) operating in an open-vessel
configuration with a frequency of 2.45 GHz. The temperature set was controlled by an IR sensor
and the power limited to 800 W.

The reactions described previously were monitored by thin layer chromatography. At
the end of each reaction, mixture was cooled down to room temperature and vacuum filtered to
remove the heterogeneous catalyst. The filtrate was transferred to a separation funnel (250 mL),
neutralized with saturated sodium bicarbonate solution and extracted with ethyl acetate.
Organic phase was collected, dried with anhydrous sodium sulfate, concentrated under reduced
pressure and purified through a silica chromatography column to obtain the respective products.
Moreover, to avoid spontaneous polymerization, the monomers were stored in refrigerator

(4°C) with 0,01% BHT in amber glasses covered with aluminum foil.

2.3 Monomer characterization

CNE and CNMA were characterized by Fourier transform infrared spectroscopy (FT-

IR) and *H and *3C nuclear magnetic resonance (NMR) techniques.

2.3.1 Fourier transform infrared vibrational spectroscopy (FT-IR)

FT-IR spectra were obtained in a Spectrum Frontier (Perkin-Elmer Corp., Norwalk,

USA) equipped with zinc selenide (ZnSe) crystal to perform attenuated total reflectance (ATR)

analysis. Samples of the isolated monomers were individually dispensed onto the crystal. The

wavelength range of analyzes was 4000—-550 cm—1 with a resolution of 4 cm—1 and 32 scans.

2.3.2 Nuclear magnetic resonance (NMR)
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The 'H NMR and 3C NMR spectra were recorded on a nuclear spectrometer instrument
(Avance DPX, Bruker, Rheinstetten, Germany) operating at 75 MHz for 1*C and 300 MHz for

'H. Deuterated chloroform was used to solubilize samples at room temperature.

2.4 Gel Zymography of MMPs

Twenty extracted sound human third molars were selected after approval by the
Research Ethics Committee of Federal University of Ceara (protocol 1482602) and stored in
0.1 wt % thymol solution at 4°C refrigeration for no longer than two months.

A highly sensitive zymographic technique was performed as previously described [22]
to detect proteolytic enzymes, such as matrix metalloproteinases (MMP), and, consequently,
the effect of new monomers as MMP inhibitors. Initially, 2mme-slices of radicular dentin were
obtained and frozen by pulverizing liquid nitrogen, to be shredded using a universal testing
machine (Instron, Canton, MA, USA). The resulting dentin powder was then demineralized
with 1 mol/L citric acid for 24 hours. One-gram aliquots of dentin powder were obtained and
assigned to one of the following substances: cashew nut shell liquid (CNSL), cardanol (CN),
cardanol methacrylate (CNMA) or proanthocyanidin (PAC). Fifty microliters of each substance
were added to the respective dentin powder, which were diluted in Laemmli sample buffer in a
2:1 ratio. After two hours, samples were subjected to electrophoresis under non-reducing
conditions on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE,
Bio-Rad, Hercules, CA, USA). Pre-stained low-range molecular-weight SDS-PAGE standards
(Bio-Rad) were used as molecular-weight markers. Untreated demineralized and mineralized
dentin powder were used as control groups. Afterwards, gels were washed twice with agitation

in 2.5% Triton X-100, 50 mM Tris-HCI, 5 mM CaCl2 and 1uL ZnCI2. Next, they were rinsed
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with incubation buffer (1% Triton X-100, 50 mM Tris-HCI, 5 mM CaCl2 and 1pL ZnClI2) and
incubated for 24 hours at 37°C. Finally, gels were silver stained (Silver Stain Plus, Bio-Rad)
and destained. Wet gels were scanned using a Bio-Rad imaging system (Bio-Rad, Hercules,

CA, EUA).

2.5 Formulation of Adhesives

Ybond® universal adhesive (Yller, Pelotas, Brazil) was employed as a control adhesive
(Control). In PAC group, 2 wt % of proanthocyanidin was incorporated into Ybond® resin.
Cardanol group had 2 wt % of unsaturated cardanol (Cardanol) and CNMA group had 2 wt %

of cardanol methacrylate (CNMA) added to the universal adhesive (Table 1).

2.6 Degree of conversion

The polymerization of adhesives was evaluated using FT-IR with similar set-up
described in characterization section. One drop of each unpolymerized adhesive was placed
onto the crystal and spectra were obtained. Disc-shaped specimens (n=3) were prepared by
filling a stainless-steel mold of 6 mm in diameter and 1 mm thickness (Odeme Dental Research,
Luzerna, Brazil) with unpolymerized adhesives, which were covered by a polyester strip and
light-cured for 40 seconds on each side with LED curing unit (Valo, Ultradent, South Jordan,
USA). Polymerized specimens were evaluated 24 hours after dry storage at room temperature.
The conversion of the methacrylic double bond was monitored by calculating the ratio between
the bands 1637 cm™ (aliphatic C=C double bond) / 1608 cm™ (aromatic C=C double bond as
internal reference) from cured and uncured adhesives. The analysis was performed in triplicate.

The results were statistically analyzed using one-way ANOVA and Tukey’s test (0=0.05) [23].
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2.7 Water sorption and solubility evaluation

Disk-shaped specimens (n=6) were prepared for water sorption (WS) and solubility (SL)
tests according to 1SO 4049-2009, except for the size of specimens (6 mm diameter instead of
15 mm), by using a stainless-steel mold of 6 mm in diameter and 1 mm thickness (Odeme
Dental Research, Luzerna, Brazil). This matrix was filled with unpolymerized adhesives, which
were covered by a polyester strip, light-cured for 40 seconds on each side with LED (Valo) and
stored in a dissector with silica gel at 37°C. To obtain m1, disks were weighed at each 24 hours
in precision balance (Marte Cientifica AUW220D, S&o Paulo, Brazil) until a constant dry mass
was obtained (variation less than 0.2 mg in three weight measures). Next, adhesive disks were
stored in eppendorfs with 1.5 mL of distilled water at 37°C. After 7 days of immersion, the
specimens were washed, gently wiped with absorbent paper and weighed in the precision
balance to measure m2. Subsequently, the disks were dried in the desiccator and weighed daily
until a final constant mass was obtained (m3). The weighing was performed by a single
investigator in order to standardize the procedure. The volume (V) of the specimens (mm?) was
calculated by measuring the thickness and diameter with a digital caliper (£0.01 mm). WS and
SL were calculated (ug/mm?®) according to the formulas below [24]. Data was statistically
analyzed by one-way ANOVA and Tukey’s test (a=0.05).

WS =m2-m3 SL=ml-m3

V V

2.8 Dentin Bonding Investigation

2.8.1 Specimens Preparation
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Twenty extracted third molars had their roots removed 2 mm below cementoenamel
junction and a parallel cut was undertaken on the occlusal surface, 2 mm above this junction,
using a slow-speed water-cooled diamond saw (Isomet 4000; Buehler, Lake Bluff, USA) to
expose a flat middle coronal dentin, which was wet-polished for 30 seconds with 600-grit
silicon carbide paper (SiC) to create a standardized smear layer. These dentin disks were
randomly allocated into four groups (n=5), according to the adhesive to be applied in the
restorative procedure: control, PAC, cardanol or CNMA. Specimens were restored according
to etch-and-rinse technique: dentin was etched for 15s with 37% phosphoric acid (Condac 37,
FGM, Joinville, Brazil), rinsed with water for 30s and carefully dried with absorbent paper.
Afterwards, first layer of adhesive was actively applied for 20s, gently air-dried for 10s, second
layer of adhesive was applied for 20s and light activated for 40s using the Valo LED with
1200mW/cm? irradiance. Resin composite (Opallis, FGM) was used for build-ups. Bonded-
teeth were stored in distilled water for 24 hours at 37°C and subsequently sectioned into 1 mm?
sticks using a slow-speed water-cooled diamond saw (Isomet-1000, Buehler, Lake Bluff, USA).

Sticks from the periphery presenting residual enamel were excluded.

2.8.2 Microtensile Bond Strength (UTBS)

After 24 hours, half of the sticks from each bonded-tooth was fixed to jigs with
cyanoacrylate glue (Super Bonder gel; Loctite Henkel, Rocky Hill, USA) and tested to failure
under tension in a universal testing machine (DL 2000, EMIC, Séo José dos Pinhais, Brazil)
with 500-N load cell at 0.5 mm/min crosshead speed. The other half of the samples was stored
prior to testing in distilled water for 6 months, which was monthly exchanged. Bond strengths

of sticks from the same bonded-tooth were averaged and the mean was used as statistical unit.
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Sticks that failed prematurely were included as 0 MPa. The uTBS data (MPa) were statistically

analyzed using two-way ANOVA (adhesive and storage period) and Tukey’s test (0=0.05).

2.8.3 Nanoleakage evaluation

Three resin-dentin sticks were selected from each group to be evaluated for nanoleakage
assessment of the adhesive interface immediately and after aging, as previously described [25].
Briefly, after immersion in 50 wt % ammoniacal silver nitrate aqueous solution [Ag (NHs)2
NOg] for 24h protected from light, sticks were rinsed with distilled water and immersed in
photodeveloping solution for 8h under fluorescent light. The silver-impregnated specimens
were washed with distilled water, dehydrated and embedded in epoxy resin stubs, which were
wet-polished using 600-, 1200- 2000- and 4000-grit SiC papers and 1 pum diamond paste
(Buehler, Coventry, UK). After each polishing step, stubs were ultrasonically cleaned for 2
minutes. Specimens were then dehydrated in silica gel for 24h at 37°C, gold-sputter coated and
examined using a scanning electron microscopy (SEM) (Inspect S50, FEI Company,
Amsterdam, Netherlands) operated at 20 kV in backscattered electron mode at 2000x

magnification.

3. RESULTS

3.1 Monomer characterization

Figure 2 shows the FT-IR spectra and Figure 3 the 'H and **C NMR spectra for of

synthetized monomers, and the characteristic bands/peaks are listed as follows:
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CNE: FT-IR (ATR, cm™): 3374; 2925; 2854; 1588; 1455; 1352; 1272; 1229; 1154;
1072; 998; 943; 872; 826; 779; 749; 724; 694; 637; 596; 562. NMR H (300 MHz, CDCls,
ppm): 6 7.13 (t); 6.72 (d); 6.68 (d); 5.89 (m); 5.16 (m); 3.17 (m); 2.95 (m); 2.55 (t); 1.79 (m);
1.59 (m); 1.30 (m); 0.90 (m). NMR *3C (300 MHz, CDCls, ppm): § 155.98; 144.97; 129.45;
120.83; 117.57; 115.55; 112.76; 57.66; 35.86; 31.16; 29.80; 27.90; 26.94; 26.66; 22.66; 14.08.

CNMA: FTIR (ATR, cm™): 3388; 2926; 2855; 1716; 1588; 1455; 1295; 1157; 1069;
1011; 943; 873; 813; 754; 695; 598; 556. NMR H (300 MHz, CDCE, ppm): § 7.13 (t), 6.72
(d); 6.68 (d); 6.13 (d); 5.59 (d); 5.10 (m); 4.13 (m); 2.53 (t); 1.96 (s); 1.57 (m); 1.45 (m); 0.92
(m). NMR 3C (300 MHz, CDCI3, ppm): & 167.80; 156.25; 145.09; 136.24; 129.56; 126.28;
121.0; 116.57; 113.05; 73.11; 35.93; 31.95; 29.90; 25.68; 22.79; 18.81; 14.22.

In the FT-IR spectrum of CNE (Figure 2: green middle spectrum) demonstrated a
successful epoxidation: the stretch of the oxirane ring was observed at 826 cm™ (epoxy group),
while this absorption peak disappeared in CNMA spectrum (Figure 2: red bottom spectrum).
The cardanol epoxidation was also detected by *H and *3C NMR spectra: the signal at the range
of 6 2.95 - 3.17 (Fig. 3a - dotted rectangle 2) is attributed to the oxirane ring of CNE, also
confirmed by the signal at 57.66 ppm in **C NMR (Fig. 3b — dotted rectangle 2), which has
disappeared in CNMA spectra. In the FT-IR spectrum of CNMA (Figure 2: red bottom
spectrum), the absorption band was detected at 1717 cm™, referring to the bond C=0 (carbony!I
from methacrylate). The CNE esterification was confirmed by *H and *C NMR spectra: the
signal at the range of 167.8 ppm (Fig. 3b — dotted rectangle 5) is characteristic of the carbonyl
(C=0), in addition to the singlet at 5 1.96 ppm (Fig. 3a — dotted rectangle 3) and at & 18.81 ppm

(Fig. 3b — dotted rectangle 3) related to the methyl protons of methacrylate group of CNMA.

3.2 Presence of host-derived gelatinases
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The SDS-PAGE gel, shown in Figure 4, displayed multiple forms of host-derived
proteinases in demineralized dentin powder (DEM): pro MMP-2 and its active-form (72- and
66-kDa respectively) and MMP-9 (92-86-kDa), whereas mineralized dentin powder (MIN)
showed lower enzymatic presence. Dentin treated for 1 min with cashew nut shell liquid
(CNSL) was unable to inhibit MMPs, evidencing intense bands referring to these enzymes.
Cardanol (CN), on the other hand, resulted in lighter but detectable bands, compatible with
partial inhibition of MMPs. After treatment with CNMA and PAC no bands were exhibited,

suggesting a complete inhibition of all forms of MMP-2 and MMP-9.

3.3 Degree of conversion

The outcomes (means and standard deviations) of the degree of conversion analysis are
depicted in Figure 5. Cardanol achieved a significantly lowest (78.88\%) degree of conversion,

while the other groups did not differ from control adhesive (p>0.05).

3.4 Water sorption and solubility

Results of water sorption and solubility of the adhesives are summarized in Figure 6.
PAC group achieved significantly higher water sorption (0.28 ug/mm3) than all further groups,
which revealed no significant difference between them (p>0.05). The highest values of
solubility (p<0.05) were exhibited by cardanol group (0.18 pg/mm3), followed by control (0.14
png/mm3) and PAC (0.14 pg/mm3), which do not differ significantly from each other (p = 0.998).
Conversely, the solubility of CNMA was significantly lower when compared to the other

adhesives (0.09 pg/mm3) (p<0.05).
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3.5 Microtensile Bond Strength (uTBS)

The uTBS results are depicted in Figure 7. PAC provided a statistically higher initial
bond strength (mean 43.2 MPa), while cardanol group presented the lowest outcomes (15.3
MPa). Intermediary uTBS were found with control (31.1 MPa) and CNMA (36.2 MPa)
(p=0.108). After 6-month aging, the adhesive containing PAC also obtained the highest uTBS
(33.42 MPa), whereas control (26.44 MPa) and CNMA (24.0 MPa) presented intermediary
outcomes with no significant difference between them (p= 0.671). All adhesives showed

significantly reduced bond strength after aging (p<0.05).

3.6 Nanoleakage evaluation

Nanoleakage micrographs of dentin-adhesives interfaces are illustrated in Figure 8.
Interfaces created using CNMA (Figure 8G) were almost devoid of silver deposits initially,
while control, PAC and cardanol (Figure 8A, 8C and 8E respectively) showed noteworthy
amount of silver deposits. The nanoleakage was even greater with cardanol-containing
adhesive. Nevertheless, after 6-month aging, the nanoleakage of CNMA was remarkably
increased, represented by water channels (water-trees) within the adhesive layers (Figure 8H).
All groups showed large amounts of silver deposits on specimens subjected to water storage
aging (Figure 8B, 8D, 8F and 8H). Furthermore, PAC- and cardanol-containing adhesives also
presented gaps between the adhesive layer and the dentin (Figure 8C and 8F) and between the

adhesive layer and the resin composite (Figure 8D).

4. DISCUSSION
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The present investigation revealed the effectiveness of the novel methacrylic crosslinker
monomer in inhibiting MMPs. Therefore, first hypothesis should be accepted. Yet, the second
hypothesis must be accepted, once the physicochemical properties tested were not negatively
affected by the addition of CNMA. However, it was not observed lower long-term dentin
bonding degradation with the addition of CNMA to the universal adhesive. Consequently, third
hypothesis should be rejected.

Collagen crosslinking agents are able to increase the resistance to MMP-mediated
degradation of the dentin collagen matrix [26,27,28]. The present study compared the effect of
proanthocyanidin, the most widely used natural biomodification agent, with cardanol and its
derivative methacrylic monomer on the inhibition of host-derived MMPs. The detection of
MMPs was accomplished through the use of gelatin zymography, which revealed that the
intense bands related to the presence of these gelatinases on demineralized dentin and CNSL-
treated dentin. Such presence of enzymes was notably inhibited in PAC and CNMA-
biomodified groups (Figure 4). Accordingly, Liu et al. [29] found that PAC-treated groups
exhibited a complete inhibition of all forms of MMP-2 and MMP-9.

Recent studies have shown the application of primers containing biomodification agents
previously to the adhesive and concluded that there was a reduction in bonding degradation and
also an increase in the mechanical properties of demineralized dentin [10,11,12]. Conversely,
a two-year clinical trial of a PAC-based primer revealed that its application did not result in
clinical advantages [17]. Furthermore, the proposal of incorporating biomodification agents
into universal adhesives would enable an increase in PAC substantivity within the hybrid layer,
as well as reduce one clinical step by promoting an infiltration of resin monomers through
collagen fibrils simultaneously with their crosslinking. Green et al. [30] evaluated the
incorporation of 5% PAC in dental adhesive and observed that there was an increase collagen

degradation resistance by the presence of PAC in the model adhesive, which could be attributed
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to the release of PAC from the experimental adhesive that reduces possible cleavage sites and
decreases collagenase activity [29]. The survey of Epasinghe et al. [31] revealed that 2% PAC
added to a hydrophilic adhesive improved dentin adhesion immediately, providing the greatest
reduction in nanoleakage at the bonded interface without compromising the resin—dentine bond
strength.

Our study incorporated 2% PAC into a universal adhesive (UNAD) and found that the
degree of conversion was not adversely affected when compared to the control, as well as being
the only group able to significantly increase bond strength at both assessment times. Asthana et
al. [14] also revealed that acid-etched dentin treated by PAC results in increased uTBS. This
improvement in adhesion is due to the crosslinking of collagen fibers mainly through covalent
linkages [32], ionic interaction [33], hydrophobic or hydrogen bonding between the protein
amide carbonyl and PAC phenolic hydroxyl [34], which increases the mechanical properties of
the hybrid layer [16,35]. Also, catechols available in PACs form chemical bonds with collagen
and methacrylate groups that may reduce the pitfalls associated with dentin adhesion [16].

However, hydrogen bonds that are not stabilized by adjacent hydrophobic bonds can be
dissociated when exposed to water [35] and presumably act as hydrophilic groups, which
culminates in significantly higher water sorption with PAC to a previously hydrophilic
simplified UNAD (Figure 6). Hence, interface hydrolysis was detected by a significant decrease
in bond strength after aging and nanoleakage evaluation, which showed gaps and silver deposits
at the adhesive interface generated by PAC, immediately and after aging. The study of Bacelar-
Sé et al. [36] showed that the application of PAC increased the bond strength for all adhesives
tested in 24h; however, the results decreased after six months, in agreement with our results.
Moreover, a two-year follow-up clinical trial conducted by De Souza et al. [37] concluded that
PAC incorporation to a two-step etch-and-rinse adhesive jeopardized the retention of resin

composite restorations and increased the marginal staining, confirming the limitations of using
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PAC directly in a clinical setting. Several factors may act in limiting the efficacy of PAC in
clinical scenario, such as the salivary flux, presence of gingival fluids, its oxidation by food
compounds and its interaction with further tissues. The lack of clinical effectiveness as well as
the potential to stain the dentin highlights some drawbacks of PAC and reinforces the idea of
developing new plant-derived biomodification agents not based in tannins.

Cardanol, the most common compound of the CNSL, demonstrated ability to crosslink
dentin collagen without staining the substrate [10]. Therefore, it would be interesting to survey
the incorporation of cardanol in simplified adhesives, once it was effective when applied
separately as a primer [10]. The absence of light-curable groups in cardanol resulted in a
significant reduction on degree of conversion of cardanol-incorporated adhesive (Figure 5),
thus reducing dentin bond strength (Figure 7). In addition, the well-known antioxidant activity
of phenols of the CNSL has been evidenced [38] and plays a crucial role on such decrease of
adhesive resin polymerization. The large amount of residual uncured monomer provoked its
leaching from the polymeric network, generating the highest solubility among all adhesives
tested (Figure 6). Therefore, immediate nanoleakage revealed extensive deposits of silver at the
bottom of the hybrid layer, which led to large gaps at the adhesive-dentin interface after aging
(Figure 8).

Derived from cardanol, CNMA monomer was synthesized via two-step procedure
(Figure 1) in order to develop a strategy that can avoid degradation at both dentin collagen via
crosslinking and adhesive resin by increasing hydrophobicity. In the first step of synthesis, the
intermediary CNE was successfully obtained by means of an adaptation of a previously
published protocol [21]. The second step was the opening of the oxirane ring of CNE with
methacrylic acid, in order to afford the final product CNMA in high yields (>75%). The

monomers were isolated and characterized by FTIR, *H and *3C NMR. Spectra (Figures 2 and
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3) showed the functionalization of the cardanol unsaturation with an oxirane ring (CNE) and
subsequently of the CNE oxirane ring with a methacrylate pendant functionality (CNMA).

The incorporation of 2% CNMA monomer into the simplified adhesive did not affect
the degree of conversion (Figure 5) and dentin-resin interface bond strength when compared to
control, even after aging (Figure 7). The hydrophobicity of CNMA is based on its long aliphatic
carbon chain [19] and was probably responsible for the adhesive interface being virtually free
of silver deposits in the immediate nanoleakage evaluation. In addition, this hydrophobicity and
high degree of conversion reached by the polymer also contributed to CNMA achieving
significantly lower solubility when compared to the further groups (Figure 6).

By observing the adhesive interface created with CNMA-containing adhesive after
aging, the new methacrylic monomer was not able to keep the interface water-free over time,
depicting signs of adhesive layer degradation represented by water trees (Figure 8). This pattern
was very similar to the 24h nanoleakage micrographs of the control group. Although CNMA is
a small molecule (<1000 g/mol) to freely diffuse around demineralized collagen fibrils [39],
the inherent phase separation of universal adhesives [40] probably directed the monomer to the
hydrophobic phase of the adhesive, favoring its presence within the adhesive layer. Thus,
CNMA was not able to effectively protect the hydrophilic collagen network, thereby
diminishing dentin collagen crosslinking and allowing interface degradation after aging.
Furthermore, CNMA is a monomethacrylate monomer, yielding only linear polymer chains.
Even with initial higher hydrophobicity, this path between polymer chains may allow water
seepage during aging, which explains the high increase in nanoleakage.

Recently, methacrylate-functionalized proanthocyanidins were synthetized by Hass et
al. (2021) [41] and tested as a primer, which demonstrated collagen crosslinking efficacy. In
addition, this light-curable biomodification agent derived from PAC was added to an

experimental adhesive and not only stabilized dentin collagen, but also improved
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polymerization, mechanical properties and stability of the adhesives with significant reduction
in PAC leaching compared to PAC-containing adhesive [20]. However, there have been no tests
to evaluate the effect of methacrylate-functionalized PACs on dentin bonding and nanoleakage
of the resin—dentin interface.

The incorporation of a biomodification monomer in adhesives was tested in order to
increase the durability of the dentin bonds of the selected universal adhesive (Ybond
Universal®). However, all groups showed decrease on bond strength and significant amount of
silver deposits after aging (Figures 7 and 8). The investigation of Zhang et al. [42] also observed
a significant reduction on uTBS for universal adhesives when they were used in etch-and-rinse
mode, proposing that there is an inconsistent and uneven infiltration of resin monomers into
dentin collagen fibrils. This is basically due to the interaction of 10-methacryloxy-
decyldihydrogen-phosphate (MDP) with hydroxyethyl methacrylate (HEMA), which produces
an MDP-HEMA aggregate that reduce the hydrophobicity of MDP and generates a weak
binding interaction with atelocollagen [43]. Moreover, the water content required by UNADs
for dissociation of the acidic functional monomers also contributes to hydrolytic degradation
and phase separation of monomers [40,44].

UNAD:s are essentially more prone to hydrolytic degradation, due to the presence of
water in its composition [44]. Moreover, the presence of the hydrophilic monomer HEMA in
the Ybond Universal® adhesive may enhance this issue. Also, the unbound phenolic hydroxyl
may have acted as a hydrophilic site that provided water sorption similar to the already
hydrophilic control group, generating hydrolysis of the bonds in aqueous solution. Therefore,
the addition of CNMA was not able to promote higher durability and hydrolytic stability of the

adhesive interface.

5. CONCLUSION
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Although CNMA was effective in inhibiting proteolytic enzymes, when incorporated
into a universal adhesive it could not promote less degradation of the adhesive interface in long-
term. However, the hydrophobic monomer CNMA reduced the adhesive resin solubility
without interfering in polymerization. Further investigations should be conducted tailored to
improve the synthesis of newly hydrophobic monomers derived from cardanol towards

reducing the hydrolytic degradation of simplified dental adhesives.
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TABLES

Table 1 - Composition of the adhesives employed

ADHESIVES COMPONENTS

Control Hydrophilic and hydrophobic methacrylate monomers (Bis-GMA,
Ybond Universal® TEGDMA, HEMA, MDP, GPDM)?, initiators, stabilizers, silane,
Lote n® 9909 ethanol, water and silanized nanoparticles.

PAC Ybond Universal® + 2 wt % of proanthocyanidin.

Cardanol Ybond Universal® + 2 wt % of cardanol.

CNMA Ybond Universal® + 2 wt % of cardanol methacrylate.

Bis-GMA: bisphenol A glycidyl methacrylate. TEGDMA: triethylene glycol dimethacrylate. HEMA:
hydroxyethyl methacrylate. MDP: 10-methacryloxy-decyldihydrogen-phosphate. GPDM: glycerol phosphate
dimethacrylate.

PAC: proanthocyanidin. CNMA: cardanol methacrylate.
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Figure 1 — Molecular structure of cardanol with main reaction sites: aromatic ring, phenolic
hydroxyl, and unsaturations in the aliphatic carbon chain. Synthetic route: unsaturated cardanol
(CN) was epoxidized with hydrogen peroxide (H20>), using formic acid as a catalyst, in order
to incorporate an oxirane ring where the unsaturation was located and form cardanol epoxy
(CNE). CNE was esterified with methacrylic acid to incorporate a methacrylate pendant where
the oxirane ring of CNE was located and to obtain the final monomer cardanol methacrylate

(CNMA).
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Figure 2 — FTIR spectra obtained from the monomers unsaturated cardanol (CN - top
spectrum), cardanol epoxy (CNE — middle spectrum) and cardanol methacrylate (CNMA —
bottom spectrum). The stretch of the C-H sp? (aliphatic) bond at 3009 cm™, is only observed in
CN. The stretch of the C-O-C (oxirane ring) bond at 826 cm™ is presented in CNE,
demonstrating the successful epoxidation. After the ring-opening, the stretch of the C-O-C
(oxirane ring) bond at 826 cm™ has disappeared in CNMA. The spectra of CN, CNE and
CNMA shows the absorption band at 3388 cm™, characteristic of vibrational stretch of the O-
H bond of the phenol. The absorption band at 1717 cm™ referring to the bond C=0 (carbonyl

from methacrylate) occurred only in CNMA.
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Figure 3 —*H NMR (a) and **C NMR (b) spectra of the monomers cardanol unsaturated (CN -
blue spectrum), cardanol epoxy (CNE — green spectrum) and cardanol methacrylate (CNMA —
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red spectrum). CN showed a signal at the range of 6 5.37 — 5.43 ppm (Fig. 3a - dotted rectangle
1) relative to the olefinics hydrogens of the lateral chain, that was absent in CNE and CNMA.
The signal at the range of 6 2.95 - 3.17 (Fig. 3a - dotted rectangle 2) is attributed to the oxirane
ring of CNE, also confirmed by the signal at 57.66 ppm in 3C NMR (Fig. 3b — dotted rectangle
2), which has disappeared in CNMA spectra. Between & 5.59 — 6.13 ppm are observed the
signals referring to the vinylics hydrogens (Fig. 3a - dotted rectangle 4) in addition to the singlet
at 6 1.96 ppm related to the methyl protons of the CNMA methacrylate group (Fig. 3a - dotted
rectangle 3). The 3C NMR confirmed the presence of the methacrylate group in CNMA
showing the signal at 167.8 ppm (Fig. 3b — dotted rectangle 5), characteristic of the carbonyl

(C=0). The terminal methyl group is observed at 6 18.81 ppm (Fig. 3b — dotted rectangle 3).
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Figure 4 - Zymographic (SDS-PAGE) analysis was performed to determine the effect of
different compounds on inhibition of matrix metalloproteinases at the molecular level. MMP-9
(92-86-kDa), MMP-2 pro and active-form (72- and 66-kDa respectively) are labeled with
arrows. Aliquots of demineralized dentin powder were incubated for 1 min with the following
products. Lane 1: molecular masses, expressed in kDa, are reported in the standard lane (STD).
Lane 2: cashew nut shell liquid (CNSL) showing intense bands related to the presence of MMP-
9, MMP-2 pro- and active-form. Lane 3: cardanol presented fainter bands compared to CNSL
related to MMP-9, MMP-2 pro- and active-forms, representing a partial inhibition of the
activity of the MMPs. Lane 4: cardanol methacrylate (CNMA) totally inhibited both MMP-2
and -9 activities. Lane 5: proanthocyanidin (PAC) also totally inhibited both MMP-2 and -9
activities. Lane 6: demineralized dentin powder (DEM) showing the presence of intense bands
related to pro-MMP-2 and its active-form (72- and 66-kDa, respectively). Lane 7: mineralized
dentin powder (MIN) evidenced fainter molecular bands referring to MMP-9, pro- and active-
form of MMP-2 (72- and 66-kDa, and 95 respectively) when compared with the demineralized

dentin.
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Figure 5 - Degree of conversion (%) outcomes. Statistical analysis (one-way ANOVA and
Tukey’s test) of data are presented within the bars (means) of each group with standard
deviation. Different capital letters represent statistically significant different degree of
conversion results (p<0.05). Control: Ybond Universal®. PAC: proanthocyanidin. CNMA:

cardanol methacrylate.
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Figure 6 - Graph showing the outcomes (means and standard deviations) of water sorption
(WS) and solubility (SL) tests of the adhesives (ug/mm3). Different capital letters present
statistically significant difference among the WS of the groups (p<0.05). Different lower case
letters show significant difference between SL of the adhesives (p<0.05). The data of statistical
analysis (one-way ANOVA and Tukey’s test) are presented within the bars of each group with
standard deviation. Control: Ybond Universal®. PAC: proanthocyanidin. CNMA: cardanol

methacrylate.
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Figure 7 — Graph presenting the results of microtensile bond strength (MPa) of the different
dentin adhesives employed (24h and 6-month aging). The outcomes of statistical analysis (two-
way ANOVA and Tukey’s test) are presented within the bars (means) of each group with
standard deviation. Different capital letters present statistically significant difference among
24h groups (p<0.05). Different lower case letters show significant difference between 6-month
aging groups (p<0.05). All adhesives applied had significant drop in bond strength after aging,
as pointed out in the upper region of the graph by p-values <0.05. Control: Ybond Universal®.

PAC: proanthocyanidin. CNMA: cardanol methacrylate.
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!

Figure 8 - Backscattered scanning electron microscopy micrographs (2000x magnification)
depicting the most common features of silver uptake of the adhesive interface. The images on

the left (A, C, E and G) represent immediate nanoleakage (24h), while the ones on the right (B,
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D, F and H) indicate 6-month aging nanoleakage of the adhesive-dentin interface according to
the following groups: A and B - Control (Ybond® adhesive); C and D — PAC (Ybond® + 2%
proanthocyanidin); E and F — Cardanol (Ybond® + 2% cardanol); G and H — (Ybond® + 2%
cardanol methacrylate). White arrows indicate silver deposits within the resin-dentin interfaces
and/or in the adhesive layer. Black arrows point to gaps between the adhesive layer and the
dentin. Interfaces created using CNMA (Figure 8G) were almost devoid of silver deposits
before aging, but showed a noteworthy increase in number and thickness water channels after
aging (Figure 8H). Furthermore, PAC presented gaps before and after aging (Figure 8C and

8D).
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3.3 Capitulo 3

Esta tese estd baseada no Artigo 46 do Regimento Interno do Programa de Pos-
graduacdo em Odontologia da Universidade Federal do Ceara, que regulamenta o formato
alternativo para dissertagOes de Mestrado e teses de Doutorado e permite a insercdo de artigos
cientificos de autoria ou coautoria do candidato (ANEXO A). Assim sendo, esta tese é composta
por um terceiro capitulo contendo um artigo cientifico que sera submetido ao periodico Journal

of the Mechanical Behaviour of Biomedical Materials, conforme descrito abaixo:

Evaluation of the physicochemical and mechanical properties of composite resins formulated

with biobased trimethacrylate monomer as a Bis-GMA substitute

Moreira MM, Silva AL, Pereira RCS, Rocha da Silva LR, Feitosa VP, Lomonaco D
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Evaluation of the physicochemical and mechanical properties of composite resins

formulated with biobased trimethacrylate monomer as a Bis-GMA substitute

ABSTRACT

Objectives - The aim of this manuscript was to analyze the effect of incorporating cardanol
trimethacrylate monomer (CTMA) derived from the cashew nut shell liquid, as a substitute for
Bis-GMA, on the degree of conversion, water sorption and solubility, viscosity, thermal
degradation and mechanical properties of experimental composite resins.

Methods — The intermediary cardanol epoxy (CNE) was synthesized through cardanol
epoxidation, followed by synthesis of cardanol trimethacrylate (CTMA) through methacrylic
anhydride solvent-free esterification. Experimental composite resins were formulated with an
organic matrix composed of Bis-GMA/TEGDMA (50/50 wt %) (Control). CTMA were added
gradually replacing Bis-GMA: 10 wt % (CTMA-10), 20 wt % (CTMA-20), 40 wt % (CTMA-
40), and 50 wt % (CTMA-50). Composite resins were characterized with regard to degree of
conversion by FT-IR, water sorption and solubility, viscosity, thermogravimetric analysis
(TGA), dynamic mechanical analysis (DMA), flexural strength and elastic modulus. Data were
analysed with ANOVA and Tukey's post-test (a=0.05).

Results — CTMA composites achieved similar degree of conversion and reduced the viscosity,
water sorption and solubility when compared to Bis-GMA-based control composite. Also,
acceptable thermal stability and viscoelastic properties were obtained for safe use in the oral
cavity. CTMA-based and control resins did not show statistically significant differences
regarding flexural strength and modulus of elasticity.

Significance — In summary, incorporation of CTMA into resins resulted in similar chemical

and mechanical properties when compared to Bis-GMA-based resin, besides improving the
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physical properties of the resins. Within the limitation of this study, CTMA can be used in

dental restorative material as a Bis-GMA substitute monomer.

Keywords: Composite resins. Methacrylates. Cardanol. Organic synthesis. Physicochemical

properties. Flexural strength. Dynamic mechanical property.
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1 INTRODUCTION

The structure and functional groups of the monomers employed in dental materials
strongly influence polymer network formation and characteristics, such as mechanical
properties, degree of conversion, glass transition temperature, crosslinking formation and
viscosity [1]. Bisphenol A glycidyl methacrylate (Bis-GMA) is the most commonly monomer
used in polymer matrix formulations due to its high molecular weight, low polymerization
shrinkage and excellent mechanical properties [2]. However, its high viscosity (approximately
1200 Pa.s), attributed to intermolecular hydrogen bond formation, demands the addition of low
molecular weight monomers, such as hydroxyethyl methacrylate (HEMA) and triethylene
glycol dimethacrylate (TEGDMA) [2,3]. TEGDMA is widely used in composite resins to
reduce viscosity and increase the amount of incorporated filler; however, it reduces mechanical
properties and increases polymerization shrinkage and water sorption [4].

Moreover, Bis-GMA is a derivative of bisphenol A (BPA), a synthetic compound which
mimics the estrogen hormone, being considered an endocrine disruptor that, even at low doses,
may contribute to the pathogenesis of several diseases [5]. Exposure to BPA in the oral cavity
has been explored, as this compound can be released by degradation of derivatives used in the
formulation of resin-based materials, such as Bis-GMA, when exposed to saliva and
Streptococcus mutans [6]. Worryingly, the potential impact of this release on human health
remains uncertain.

In this constant search for improvements in biocompatibility, Bis-GMA free compounds
have been widely researched, such as dimethacrylate monomers from bio-based material
creosol [7], isosorbide-based monomer [8], and dendrimers [9]; as well as new resin-based
systems, such as thiol-enes [10] and vinylcyclopropanes [11]. In order to improve long-term

performance of dental materials, multimethacrylates have been investigated. The
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trimethacrylate synthetized by Pérez-Mondragon et al. (2020) showed comparable mechanical
properties to the Bis-GMA composite, however it resulted in a lower polymerization rate and
higher water sorption and solubility, due to the presence of three pendant hydroxyls [12]. A
trimethacrylate derivative of bile acids showed comparable mechanical properties to Bis-GMA,;
nevertheless, it also caused an increase in water sorption and viscosity [13]. Park et al. (2012)
concluded that a trimethacrylate monomer added to dentin adhesives reduced viscosity and
increased crosslink density and double bond conversion [14].

Among the natural and renewable sources that has been employed for the synthesis of
new monomers for dental applications, the cashew nut shell liquid (CNSL) stands out [15,16],
a biomass rich in phenolic lipids that represents approximately 25% of the cashew nut weight
[17]. Technical CNSL is a byproduct of the cashew nut manufacturing industry, composed
primarily of cardanol (67.8 to 94.6%) [17], a monomer that exhibits structural characteristics
favorable for use in dental materials, such as long carbon chain and several reaction sites (Figure
1), suitable for the incorporation of functional groups, such as methacrylates. The use of
monomers with long spacer carbon chain is favorable since they provide high hydrophobicity,
resulting in lower water sorption, reduced polymer degradation, and greater hydrolytic stability
to the polymer [18]. Moreover, the aromatic ring of cardanol contributes to relative stiffness
and polymeric strength, while the alkyl chain provides flexibility to the monomer, reducing its
viscosity and the subsequent requirement of considerable incorporation of low molecular
weight monomers. Supported by these promising structural characteristics of the molecule,
cardanol methacrylate epoxidized monomer was synthesized and employed in a resin-based
desensitizer, achieving the greatest reduction in dentin permeability and most homogeneous
and occluded surface among desensitizers tested, even after acid challenge [15].

Therefore, cardanol highlights as a molecule with attractive structural features for the

synthesis of new methacrylate monomers, bringing alternatives to improve the properties of
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dental materials with wide range of dental applications. The synthesis of a trimethacrylate from
cardanol, as the major component of the CNSL and with promising physicochemical and
structural properties, could generate hydrophobic resin-based materials with high mechanical
strength, polymer crosslinking and hydrolytic stability, also reducing the use of BPA-derived
monomers.

The aim of this manuscript was to analyze the effect of incorporating cardanol
trimethacrylate (CTMA) monomer derived from CNSL, as a substitute for Bis-GMA, on the
physicochemical and mechanical properties of experimental resin composites. The hypotheses
of the study are that the addition of CTMA in resin composites (1) does not jeopardize chemical
properties (degree of conversion and thermal-degradation), (2) reduces the viscosity, water
sorption and solubility, (3) promote mechanical properties similar to traditional systems based

on Bis-GMA.

2 MATERIALS AND METHODS

2.1 Reagents

Cardanol was kindly supplied by Satya Chemicals (Eluru, India). Formic acid (85%),
hydrogen peroxide (35%), ethyl acetate, sodium bicarbonate, and anhydrous sodium sulfate
were used as received from LabSynth (Sdo Paulo, Brazil). BHT (3,5-Di-tert-4-
butylhydroxytoluene), and methacrylic anhydride were purchased from Sigma-Aldrich (St.
Louis, USA) and used as received. Silica gel (63-200 um; Sigma-Aldrich, St. Louis, USA) was

employed in the chromatographic separations.

2.2 Synthesis of cardanol trimethacrylate (CTMA)
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The organic synthesis of the methacrylic monomer was performed according to the
synthetic route illustrated in Figure 1, initially involving an epoxidation reaction of the
unsaturated carbon chain of cardanol, followed by replacement of the phenolic hydroxyl and
ring-opening to incorporate methacrylic groups. The intermediate product cardanol epoxy
(CNE) was obtained, as performed by Pereira et al. [19] with modifications, to be used in the
synthesis of cardanol trimethacrylate (CTMA). The synthesis of CNE consisted of epoxidation
of unsaturations of cardanol with performic acid formed in situ from the reaction between
formic acid and hydrogen peroxide, catalyzed by Amberlite IR 120H, using the molar ratio of
1.0: 0.5: 3.0 (unsaturation: formic acid: hydrogen peroxide). In a round bottom flask (100 mL),
10 g of cardanol (56.8 mmol of unsaturation) was weighed followed by the addition of 1.26 mL
of formic acid (28.4 mmol) and 2 g of Amberlite IR 120H (20 wt % of cardanol). The mixture
was kept under magnetic stirring for 10 minutes. Then, using a burette, 16.3 mL of hydrogen
peroxide (170.5 mmol) was added dropwise under constant stirring at room temperature. After
that, the mixture was heated in a silicone bath at 65°C and continuously stirred for 4 hours to
obtain CNE as a reddish-brown oil (90% yield).

Cardanol trimethacrylate (CTMA) monomer was obtained by a simultaneously ring-
opening and hydroxyl substitution esterification reaction of CNE with methacrylic anhydride
in a molar ratio of 1:1, and 2.5 wt % of triphenylphosphine. Also, 0.01 wt % BHT was added
to avoid spontaneous polymerization. CTMA synthesis was carried out under microwave
irradiation (Milestone microwave reactor; StartSYNTH, Shelton, USA) operating with 2.45
GHz frequency and 800 W maximum power. The procedure begins by weighing 4 g of CNE
(12.6 mmol) in a round bottom flask (25 mL), followed by the addition of 2.0 mL of methacrylic
anhydride (12.6 mmol) and 0.1 g of triphenylphosphine (0.381 mmol). The flask was attached

to a 50 cm Vigreux condenser and placed in the microwave space, which was programmed to
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increase: from room temperature to 80 °C in a period of 2 min and maintain this constant
temperature for 20 min; from 80 °C to 120 °C in a period of 2 min and maintain for 10 min
more, under constant magnetic stirring. CTMA was obtained as a light-yellow oil (87,4 %
yield).

The progress of the reactions described previously were monitored by thin layer
chromatography. At the end of each reaction, mixture was cooled down to room temperature
and vacuum filtered to remove the heterogeneous catalyst. The filtrate was transferred to a
separation funnel (250 mL), neutralized with saturated sodium bicarbonate solution and
extracted with ethyl acetate. Organic phase was collected, dried with anhydrous sodium sulfate,
concentrated under reduced pressure and purified through a silica chromatography column to
obtain the respective products. Products were kept in a fridge (4 °C) and protected by aluminum

foil to avoid spontaneous polymerization.

OH CN

H,0,
OH CNE

@\/\/\/\/ :
.’f \\.
NN NS
0 (0]
0 CTMA
O
) 0

(I)




91

Figure 1 — Molecular structure of cardanol highlighting main reaction sites: aromatic ring,
phenolic hydroxyl, and unsaturations in the aliphatic carbon chain. Synthetic route: unsaturated
cardanol (CN) was epoxidized with hydrogen peroxide (H20>), using formic acid as a catalyst,
in order to incorporate an oxirane ring where the unsaturation was located and form cardanol
epoxy (CNE). CNE was esterified with methacrylic anhydride in order to incorporate
methacrylate pendants: where the oxirane ring of CNE was located and also to substitute the

phenolic hydroxyl, achieving the final monomer cardanol trimethacrylate (CTMA).

2.3 Monomer characterization

CNE and CTMA were characterized by Fourier transform infrared spectroscopy (FT-

IR) and *H and *3C nuclear magnetic resonance (NMR) techniques.

2.3.1 Fourier transform infrared vibrational spectroscopy (FT-IR)

FT-IR spectra were obtained in a Spectrum Frontier (Perkin-Elmer Corp., Norwalk,
USA) equipped with zinc selenide (ZnSe) crystal to perform attenuated total reflectance (ATR)
analysis. Samples of the isolated monomers were individually dispensed onto the crystal. The

wavelength range of analyzes was 4000-550 cm—1 with a resolution of 4 cm—1 and 32 scans

2.3.2 Nuclear magnetic resonance (NMR)

The *H NMR and 3C NMR spectra were recorded on a nuclear spectrometer instrument

(Avance DPX, Bruker, Rheinstetten, Germany) operating at 75 MHz for **C and 300 MHz for

'H. Deuterated chloroform was used to solubilize samples at room temperature.
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2.4 Experimental resin composite formulation

Experimental resin was formulated with an organic matrix composed of 50 wt %
bisphenol A glycidyl methacrylate (Bis-GMA) and 50 wt % triethylene glycol dimethacrylate
(TEGDMA) (Control). CTMA were gradually added, replacing Bis-GMA: 10 wt % (CTMA-
10), 20 wt % (CTMA-20), 40 wt % (CTMA-40), and 50 wt % (CTMA-50) as shown on Table
1. Camphoroquinone (0.5 wt %) and ethyl 4-dimethylaminebenzoate (EDAB, 1 wt %) were
used, respectively, as photoinitiator and co-initiator with respect to the total amount of
monomers. The organic matrices of the resins were loaded with 65 wt% of silanated barium
borosilicate glass (average particle size of 0,7 um; Esstech Inc., Essington, USA) and were

mechanically manipulated in an amalgamator (Ultramat S, SDI, Victoria, Australia).

Table 1 - Organic matrix composition of the experimental resins

Groups Monomeric composition (wt %)
Bis-GMA TEGDMA CTMA
Control 50 50 0
CTMA-10 40 50 10
CTMA-20 30 50 20
CTMA-40 10 50 40
CTMA-50 0 50 50

Control: Bis-GMA/TEGDMA (50:50 wt %). CTMA: cardanol trimethacrylate. Bis-GMA: bisphenol
A glycidyl methacrylate. TEGDMA: triethyleneglycol dimethacrylate.

2.5 Degree of conversion

The polymerization of composite resins was evaluated using FT-IR with similar set-up

described in characterization section. The unpolymerized composite resins (Imm height) were
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placed directly on the diamond ATR crystal and spectra were obtained. Disc-shaped specimens
(n=3) were prepared by filling a stainless-steel mold of 6 mm in diameter and 1 mm thickness
(Odeme Dental Research, Luzerna, Brazil) with unpolymerized composite resins, which were
covered by a polyester strip and light-cured for 40 seconds on each side with LED curing unit
with 1200mW/cm? irradiance (Valo, Ultradent, South Jordan, USA). Polymerized specimens
were evaluated 24 hours after dry storage. The conversion of the methacrylic double bond was
monitored by calculating the ratio between the bands 1637 cm™ (aliphatic C=C double bond) /
1608 cm* (aromatic C=C double bond as internal reference) from cured and uncured composite

resins. The analysis was performed in triplicate [20].

2.6 Water sorption and solubility evaluation

Disk-shaped specimens (n=10) were prepared for water sorption and solubility tests
according to 1SO 4049-2009, except for the size of specimens (6 mm diameter instead of 15
mm), by using a stainless-steel mold of 6 mm in diameter and 1 mm thickness (Odeme Dental
Research). This matrix was filled with unpolymerized composite resins, which were covered
by a polyester strip, light-cured for 40 seconds on each side with LED (Valo) and stored in a
dissector with silica gel at 37°C. To obtain m1, disks were weighed at each 24 hours in precision
balance (Marte Cientifica AUW220D, Séo Paulo, Brazil) until a constant dry mass was obtained
(variation less than 0.2 mg in three weight measures). Next, composite resin disks were stored
in eppendorfs with 1.5 mL of distilled water at 37°C. After 7 days of immersion, the specimens
were washed, gently wiped with absorbent paper and weighed in the precision balance to
measure m2. Subsequently, the disks were dried in the desiccator and weighed daily until a final
constant mass was obtained (m3). The weighing was performed by a single investigator in order

to standardize the procedure. The volume (V) of the specimens (mm?®) was calculated by
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measuring the thickness and diameter with a digital caliper (x0.01 mm). Water sorption (WS)
and solubility (SL) were calculated (ug/mm3) according to the formulas below [21].
WS =m2-m3 SL=ml-m3
\/ \

2.7 Viscosity measurements

The organic matrix of the experimental resins had their viscosities measurements carried
out on a rotational rheometer equipped with a 50 mm diameter cone-plate geometry (RST-CPS,
Brookfield, Lorch, Germany). For each measurement 1 mL of resin formulation was applied on
the lower plate of the rheometer for 5 s before the upper plate was moved downward to adjust
the gap to a thickness of 0.045 mm. Each measurement was repeated three times, with a
recovery period between each run, and the following parameters were kept constant: shear rate

from 1 to 1000 s* at 20 °C for 120 s [22].

2.8 Thermogravimetric Analysis (TGA)

The thermal behavior of composite resins was determined as a function of the increasing
temperature using a TGA/SDTA851e thermogravimetric analyzer (Mettler Toledo,
Schwerzenbach, Switzerland), in a temperature range from 30 to 800 C at a heating rate of 10
°C/min, under nitrogen atmosphere. Samples (n=3; 10 mg of each organic matrix of the resins)
were light-cured for 40 seconds with LED curing unit (Valo). The thermal stability and
degradation characteristics of the composite resins were predicted according to the temperatures

at which decomposition (weight changes) of the polymers occurs [19].

2.9 Dynamic Mechanical Analysis (DMA)
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The viscoelastic properties of the resins organic matrix were characterized using a DMA
1 equipment (Mettler Toledo, New Castle, USA) with the following parameters: single-
cantilever clamp at a frequency of 1 Hz, amplitude of 10 um, in a temperature range from 30
to 200 -C and at a heating rate of 5 °C/min. The composite resins were dispensed in a stainless-
steel mold (25 mm length, 2 mm width and, 2 mm thickness; Odeme Dental Research) and
light-cured (four times of 20 s on each side) using the overlapping method with LED curing
unit (Valo). After 24 hours, the polymerized samples were subjected to dynamic-mechanical
analysis. Three specimens of each composite resin were measured (storage modulus and tan 9)

and the results were averaged [23].
2.10 Flexural strength

The flexural strength was evaluated according to 1SO 4049-2009, except for the
dimensions of the specimens. Bar-shaped specimens (n=6) were obtained by filling a stainless-
steel mold (10 mm length, 2 mm width and, 2 mm thickness; Odeme Dental Research) with the
experimental composites, which were covered by a polyester strip and light-cured (two times
of 20 s on each side) using the overlapping method with LED curing unit (Valo). After 24 h,
polymerized specimens were subjected to the three-point bending test performed with a
universal testing machine (EMIC 23-2S; Instron, Sdo José dos Pinhais, Brazil) at a crosshead
speed of 1.00 mm/min until fracture. The flexural strength (o) and elastic modulus (E) were

calculated using the following formulas:

o= 3Fl E=F
4bh°d

1®
2bh? 3

Where:
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F = maximum load (N) exerted on the specimen at the point fracture; | = distance
between the supports (7 mm); b = width (mm) of the specimen measured immediately prior to
testing; h = height (mm) of the specimen measured immediately prior to testing; F1 = load (N)
recorded when the deformation stops being directly proportional to the force registered in the

graph; d = deflection of the specimen corresponding to the load F1 [4].

2.8 Statistical analysis

The statistical analysis was performed using SigmaStat software (version 3.5). The data
were analyzed to verify the normal distribution and the homogeneity of the variance. The results
were analyzed statistically using one-way analysis of variance (ANOVA), followed by Tukey
post-hoc test (o = 0.05). Normality test failed for water sorption data, which were analyzed by

Kruskall-Wallis and Dunn’s method (a. = 0.05).

3. RESULTS AND DISCUSSION

3.1 Monomer synthesis and characterization

The trimethacrylate monomer was successfully synthesized by a two-step reaction:
cardanol reacted with hydrogen peroxide to afford CNE, which was converted to CTMA by the
reaction with methacrylic anhydride (Figure 1). The monomer characterization by FT-IR
(Figures 2), *H and *C NMR (Figure 3) confirmed the presence of the methacrylate groups in
CTMA. The characteristic bands/peaks are listed as follows:

CNE: FT-IR (ATR, cm™): 3374; 2925; 2854; 1588; 1455; 1352; 1272; 1229; 1154;

1072; 998; 943; 872; 826; 779; 749; 724; 694; 637; 596; 562. NMR 'H (300 MHz, CDCls,
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ppm): o 7.13 (t); 6.72 (d); 6.68 (d); 5.89 (m); 5.16 (m); 3.17 (m); 2.95 (m); 2.55 (t); 1.79 (m);
1.59 (m); 1.30 (m); 0.90 (m). NMR *3C (300 MHz, CDCls, ppm): § 155.98; 144.97; 129.45;
120.83; 117.57; 115.55; 112.76; 57.66; 35.86; 31.16; 29.80; 27.90; 26.94; 26.66; 22.66; 14.08.

CTMA: FTIR (ATR, cm™): 2926; 2855; 1736; 1637; 1587; 1451; 1378; 1294; 1233;
1148; 1121; 1002; 941; 807; 780; 723; 693; 647. NMR H (300 MHz, CDCls, ppm): § 7.20;
7.04 (d); 6.94 (d); 6.34 (d); 5.74 (d); 5.16 (m); 2.61 (t); 2.07 (s); 1.97 (t); 1.63 (m); 1.54 (m);
1.31 (m); 0.90 (m). NMR *3C (300 MHz, CDCls, ppm): § 166.01; 151.09; 144.44; 136.16;
132.36; 128.84; 126.88; 125.66; 121.30; 118.70; 115.55; 112.35; 72.65; 57.14; 35.60. 30.98;
29.54; 27.72; 25.44; 22.42; 18.20; 13.88.

In the FT-IR spectrum of CNE (Figure 2: orange middle spectrum), the stretch of the
oxirane ring was observed at 826 cm™ (epoxy group), while this absorption peak disappeared
in CTMA spectrum (Figure 2: purple bottom spectrum). The cardanol epoxidation was detected
by 'H and **C NMR spectra: the signal at the range of § 2.75 — 3.17 (Fig. 3a - dotted rectangle
2) is attributed to the oxirane ring of CNE, also confirmed by the signal at 57.66 ppm in *C
NMR (Fig. 3b — dotted rectangle 2), which has disappeared in CTMA spectra. In the FT-IR
spectrum of CTMA (Figure 2: purple bottom spectrum), the absorption band was detected at
1736 cm™, referring to the bond C=0 (carbonyl from methacrylate). The CNE esterification
was confirmed by *H and *3C NMR spectra: the signal at the range of 166 ppm (Fig. 3b — dotted
rectangle 5) is characteristic of the carbonyl (C=0), in addition to the singlet at & 2.07 ppm

related to the methyl protons of methacrylate groups of CTMA (Fig. 3a — dotted rectangle 3).



98

Transmitance (%)

L] L) L) L)

| | | | | |
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 2 — FTIR spectra obtained from the monomers unsaturated cardanol (CN - top
spectrum), cardanol epoxy (CNE — middle spectrum) and cardanol trimethacrylate (CTMA —
bottom spectrum). The stretch of the C-H sp? (aliphatic) bond at 3009 cm™, is only observed in
CN. The stretch of the C-O-C (oxirane ring) bond at 826 cm™ is presented in CNE,
demonstrating the successful epoxidation. After the ring-opening, the stretch of the C-O-C
(oxirane ring) bond at 826 cm™ has disappeared in CTMA. The absorption band at 3300 cm?,
characteristic of vibrational stretch of the O-H bond of the phenol disappeared in CTMA. The
absorption band at 1736 cm™ referring to the bond C=0 (carbonyl from methacrylate) occurred

only in CTMA.



99

BCN
CNE
B CcTMA

aliphatics
clE0echal)

aliphatics

CNE

lllllllllllllllllllllllll

CTMA

1.0

L5

20

3.0

35

4.0

4.5
Chemical shift (ppm)

5.0

55

6.0

7.0

7.5

BCN
I CNE

OH

aliphatics

HCTMA

(side-chain)

CN

N

aromatics / unsaturations

LU

LU
J

140 130

110 100 % 80 70

120

160 150

170

Chemical shift (ppm)

Figure 3 —*H NMR (a) and **C NMR (b) spectra of the monomers cardanol unsaturated (CN -

black spectrum), cardanol epoxy (CNE — orange spectrum) and cardanol trimethacrylate

(CTMA — purple spectrum). CN showed a signal at the range of 6 5.37 — 5.43 ppm (Fig. 3a -
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dotted rectangle 1) relative to the olefinics hydrogens of the lateral chain, that was absent in
CNE and CTMA. The signal at the range of 6 2.75 — 3.17 (Fig. 3a - dotted rectangle 2) is
attributed to the oxirane ring of CNE, also confirmed by the signal at 57.66 ppm in 3C NMR
(Fig. 3b — dotted rectangle 2), which has disappeared in CTMA spectra. Between 6 5.74 — 6.34
ppm the signals referring to the vinylics hydrogens (Fig. 3a - dotted rectangle 4) in addition to
the singlet at 6 2.07 ppm related to the methyl protons of the methacrylate group of CTMA (Fig.
3a — dotted rectangle 3). The *C NMR confirmed the presence of the methacrylate group in
CTMA showing the signal at the range of 166 ppm (Fig. 3b — dotted rectangle 5), characteristic
of the carbonyl (C=0). The terminal methyl group is observed at 6 18.20 ppm (Fig. 3b — dotted

rectangle 3).

3.2 Degree of conversion

The degree of conversion results (means and standard deviations) are depicted in Figure
4. All materials achieved a similar degree of conversion (p=0.052); therefore, the incorporation
of CTMA into the composite resins did not interfere in polymerization.

An effective polymerization plays a very important role on the physicochemical and
mechanical properties of resin-based dental materials. Double bond conversion of multi-
methacrylate polymers is rarely complete because of the flexibility of monomers during
propagation, and due to the limited mobility of partially cured macromolecules as the reaction
progresses [14]. The long flexible carbon chain of CTMA probably induced a delayed gelation,
increasing the mobility of the active species after the formation of microgels during
polymerization and achieving a similar degree of conversion as the traditional Bis-

GMA/TEGDMA control resin.
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Figure 4 - Means and standard deviations obtained from the degree of conversion (%) analysis.
Identical capital letters represent statistically similar degree of conversion (p>0.05). Control:
Bis-GMA/TEGDMA (50:50 wt %). CTMA: cardanol trimethacrylate. The symbols -10, -20, -

40, and -50 mean wt% CTMA incorporated into the resins as a substitute for Bis-GMA.

3.3 Water sorption and solubility

The outcomes of water sorption and solubility of the experimental resin composites are
summarized in Figure 5. The incorporation of CTMA monomer into composites reduced the
water sorption and solubility when compared to Bis-GMA-based resin (p<0.05). The
hydrophobicity of CTMA, based on its long aliphatic carbon chain [18], free of polar hydroxyls,
contributed to the low values of water sorption obtained by CTMA composites. Indeed, this
contributed to smaller amounts of leachable monomers from CTMA composites, and overall
soluble products. In the case of BisGMA-rich composites, the released products might

contaminate the body with BPA in contrary to CTMA.
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Figure 5 - Graph showing the outcomes of water sorption (median and interquartile range) and
solubility (mean and standard deviation) tests of the composite resins (pg/mms). Different
capital letters present statistically significant difference among the water sorption of the groups
(p<0.05). Different lower case letters show significant difference between solubility of the
composites (p<0.05). Control: Bis-GMA/TEGDMA (50:50 wt %). CTMA: cardanol
trimethacrylate. The symbols -10, -20, -40, and -50 mean wt% CTMA incorporated into the

resins as a substitute for Bis-GMA.

3.4 Viscosity

The viscosity of the filler-free resins was linear with increasing shear rate, suggesting
Newtonian behavior for all resins. Table 2 presents the viscosity outcomes, measured at 500 s
shear rate. CTMA incorporation gradually reduced the viscosity of the experimental resins
(p<0.05).

A relatively low viscosity is desired for monomers employed in resin-based dental
materials, in order to facilitate handling and incorporation of filler particles. The Bis-GMA

content reduces side-chain mobility, as it increases the formation of strong hydrogen bonds
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through its hydroxyls [24]. The observed decrease in viscosity was attributed to the substitution
of the viscous Bis-GMA by CTMA, since the latter has a high molecular weight but a long
flexible carbon chain free of hydroxyl groups, thereby not forming hydrogen bonds which
increase viscosity. CTMA-50 eliminated all content of Bis-GMA and the consequent formation

of hydrogen bonds, substantially reducing the viscosity of the resins.

Table 2 — Viscosities of the organic matrix of resins

Groups Mean viscosity (SD) (cP) p-value (<0.001)
Control 251.83 (0.50) A
CTMA-10 184.62 (0.55) B
CTMA-20 155.24 (1.35) C
CTMA-40 133.67 (0.48) D
CTMA-50 123.99 (0.29) E

Control: Bis-GMA/TEGDMA (50:50 wt %). CTMA: cardanol trimethacrylate. The
symbols -10, -20, -40, and -50 mean wt% CTMA incorporated into the resins as a
substitute for Bis-GMA.. SD: Standard deviation. cP: centipoise = 0.01 P.

3.5TGA

The TGA thermograms are plotted in Figure 6 and the degradation characteristic
temperatures were summarized in Table 3: the initial (5% weight loss) decomposition
temperature (Tas%), and the temperature with maximum decomposition rate (Tmax). All samples
were in general stable up to 200 °C, revealing similar and acceptable thermal stability of resins
for safe use in the oral cavity.

According to the data in Table 3, the addition of a maximum of 20% CTMA (CTMA-
10 and CTMA-20) to resins slightly increased the initial thermal degradation temperature, and
therefore improved the thermal degradation stability of the resins when compared to control.
Contrariwise, the addition of higher concentrations of CTMA (CTMA-40 and CTMA-50) led

to a decrease of the initial thermal degradation temperature. This demonstrated that the CTMA
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incorporation up to 20% can help improve thermal stability of resins, which could be attributed
to the bulky aromatic structure and long side alkyl chains of CTMA which prevented the
packing of the polymer chains leading to an increase in the voids in the system.

The survey of Jaillet et al. (2014) investigated the thermal degradation of novel
vinylester prepolymers from cardanol in comparison to diglycidyl ether of bisphenol A
(DGEBA), which showed similar thermal stability [25]. A maximum decomposition rate
around 430°C for cardanol-based resins was found, quite similar to the values obtained for

CTMA-based resins (Table 3; Tmax: 422 to 427°C).
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Figure 6 - Thermogravimetric Analysis (TGA): comparison of the mass loss of resins as a
function of the temperature increase. Control: Bis-GMA/TEGDMA (50:50 wt %). CTMA:

cardanol trimethacrylate. The symbols -10, -20, -40, and -50 mean wt% CTMA incorporated

into the resins as a substitute for Bis-GMA.
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Table 3 — TGA results

Resins T max Tds%

Control 418 °C 286 °C
CTMA-10 422 °C 295°C
CTMA-20 423 °C 294 °C
CTMA-40 427 °C 247 °C
CTMA-50 427°C 259 °C

Tmax: Maximum decomposition; Tase: 5% decomposition.

Control: Bis-GMA/TEGDMA (50:50 wt %). CTMA: cardanol trimethacrylate. The
symbols -10, -20, -40, and -50 mean wt% CTMA incorporated into the resins as a
substitute for Bis-GMA. MPa: megapascal.

3.6 Dynamic Mechanical Analysis (DMA)

The results of DMA for the resins are summarized in Figure 7 and Table 4. Dynamic
mechanical analysis provides information about the properties of polymer networks, such as
storage modulus and glass transition temperature (Tg), by evaluating the structure and stiffness
of the materials [23].

The storage modulus for all experimental resins decreased with increasing temperature
(Fig. 7a). The storage modulus at the rubbery region (180 °C) decreased slightly with increasing
CTMA content, while at 37 © C the CTMA-20 resin exhibited the highest storage modulus
(840.42 MPa) among the CTMA-based resins (Fig. 7a and Table 4). Control resin obtained the
highest value of storage modulus at the rubbery zone (180 °C), indicating greater entanglement
of polymer networks. Crosslinking density is an important variable in the viscoelastic behavior
of the polymers, and, typically, resin-based materials with multimethacrylates are highly
crosslinked polymer networks, once a higher number of functionalities is beneficial for the
storage modulus in the rubbery zone [14]. However, our results showed that the trimethacrylate

reduced the storage modulus, and, therefore, the crosslinking density of the resin.



106

The addition of CTMA revealed a plasticizing effect on Bis-GMA preventing close
packing between the polymer backbones, as seen in the lowering of Tq (determined as the
maximum of the tan & versus temperature) in comparison to the Bis-GMA control (Figure 7b
and Table 4). However, the T4 obtained by CTMA resins are still above body temperature and
food/beverage consumed (>115 °C); therefore, their physical and mechanical properties are
preserved, ensuring optimal intraoral performance of these materials.

The height of the maximum tan & peak reflects the extent of mobility of the polymer
chain segments as a function of temperature. When CTMA was used as a comonomer, all resins
showed higher tan 6 peaks than the control. This result reveals a high mobility of the CTMA
polymer networks (especially for CTMA-40 and CTMA-50) due to the flexible long carbon
chain, causing an increase in the viscous behavior (less energy is stored in the material) at the
expense of the elastic component. Also, regarding the width of tan 6 peaks, the samples revealed
similar wide peaks, which means that the glass transition occurs over a wide temperature range.
This wide glass transition is apparently related to the chain-growth polymerization in
heterogeneous networks and usually occurs with increasing crosslink density of the polymer

network [23].

Table 4 — DMA results

Resins Storage Modulus at ~ Storage Modulus at Tg (°C)?2
37 °C (MPa) 180 °C (MPa)

Control 981.84 31.34 141

CTMA-10 738.46 25.89 128.7

CTMA-20 840.42 25.10 125

CTMA-40 700.06 20.39 119.2

CTMA-50 786.09 18.36 115.1

Control: Bis-GMA/TEGDMA (50:50 wt %). CTMA: cardanol trimethacrylate. The symbols -10, -20, -40, and
-50 mean wt% CTMA incorporated into the resins as a substitute for Bis-GMA. MPa: megapascal.
2 Glass transitions temperature (Tg) were determined as the maximum of the tan & versus temperature.
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Figure 7 - Dynamic-mechanical analysis (DMA): comparison of the storage modulus (a) and

tan 6 (b) versus temperature curves for experimental resins. Glass transitions temperature (Tg)

of the materials were determined as the maximum of the tan 6 versus temperature (B). Control:

Bis-GMA/TEGDMA (50:50 wt %). CTMA: cardanol trimethacrylate. The symbols -10, -20, -

40, and -50 mean wt% CTMA incorporated into the resins as a substitute for Bis-GMA.
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3.7 Flexural strength

The outcomes of the flexural strength (FS) and elastic modulus (E) are depicted in
Figure 8. All composite resins formulated with CTMA showed FS and E similar to the control
resin (p > 0.05). The CTMA-20 material achieved the E highest values, which was statistically
significant different from CTMA-40 composite (p = 0.028).

FS is one of the few properties correlated with the clinical performance of resin-based
restorations, as this in vitro test is related to the clinical wear of restorations and plays an
important role in the acceptance of restorative materials [26]. Statistical analysis demonstrated
the absence of significant differences between the CTMA-based resins mechanical properties
when compared to control. The main reason that could explain this behavior is the CTMA
chemical structure, which has one aromatic ring that confer high mechanical resistance to the
material similar to the rigid backbone structure of the Bis-GMA monomer. The achievement of
similar degree of conversion values by the composites may also explain the results obtained for
flexural strength and elastic modulus, since physical and mechanical properties of resin-based
composites are influenced by the degree of conversion achieved during the polymerization

process [27].
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Figure 8 - Graph showing the flexural strength (a) and elastic modulus (b) results (MPa).

Different capital letters present statistically significant difference between the composite resins

(p<0.05). Control: Bis-GMA/TEGDMA (50:50 wt %). CTMA: cardanol trimethacrylate. The

symbols -10, -20, -40, and -50 mean wt% CTMA incorporated into the resins as a substitute for

Bis-GMA.
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The present results revealed that the first and second hypothesis must be accepted, once
the physicochemical properties tested were not negatively affected by the addition of CTMA
and there was a reduction in the viscosity, water sorption and solubility in comparison with
BisGMA-based resin by the addition of the novel trimethacrylate monomer. Also, CTMA
groups attained mechanical properties similar to traditional systems based on Bis-GMA.
Consequently, third hypothesis should be accepted. Therefore, it could be expected that the
substitution of Bis-GMA for CTMA monomer could lead to composite resins with successful
clinical performance and provide vital information for future development of durable, versatile

and BPA-free resin-based materials.

4. CONCLUSION

In summary, this research is the first to exhibit the synthesis of a CNSL-derived
trimethacrylate monomer and its possible application in resin-based dental materials.
Incorporation of CTMA into resins reduced its viscosity, water sorption and solubility without
interfering in flexural strength and polymerization when compared to Bis-GMA-based resin.
Within the limitation of this study, CTMA is a feasible co-monomer for dental restorative

materials, as a Bis-GMA substitute.
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4 CONCLUSAO GERAL

Diante dos resultados obtidos nessos capitulo dessa tese, pode-se concluir que:

1. Os mondmeros metacrilicos derivados do LCC, cardanol metacrilato (CNMA) e
cardanol trimetacrilato (CTMA), foram sintetizados com sucesso, em elevados

rendimentos, sem o0 emprego de solventes e em tempo reduzido.

2. CNMA apresentou-se como um mondémero capaz de inibir enzimas proteoliticas e
reduzir a solubilidade de adesivo universal sem interferir na polimerizacdo deste,

todavia ndo promoveu uma menor degradacao da interface adesiva em longo prazo.

3. Sugere-se que estudos venham a ser realizados a partir dos resultados obtidos no
presente estudo in vitro, com foco em reduzir a degradacdo hidrolitica dos adesivos

dentarios simplificados.

4. A substituicdlo do Bis-GMA pelo mondmero trimetacrilico CTMA reduziu a
viscosidade, sor¢do de agua e solubilidade de resinas compostas sem interferir
significativamente nas propriedades quimicas e mecanicas. Diante das limitacGes do
estudo, CTMA é um monémero viavel para ser empregado como um substituto de

origem renovavel do Bis-GMA.
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APENDICE A - TERMO DE DOACAO DE DENTES HUMANOS

TERMO DE DOACAOQ DE DENTES HUMANOS

Eu,

RG , residente em

, n° , ha
cidade de aceito doar o(s) dente(s)

, 0s quais foram armazenados em recipiente com solugéo
fisioldgica e sem identificacdo dos doadores, para a pesquisa intitulada “DESENVOLVIMENTO
DE MATERIAIS DENTARIOS RESINOSOS A PARTIR DO LIQUIDO DA CASCA DA
CASTANHA DE CAJU” sob responsabilidade da pesquisadora Madiana Magalhdes Moreira.

Estou ciente dos objetivos do projeto de pesquisa, que este foi aprovado pelo Comité de Etica em
Pesquisa da Universidade Federal do Ceara e que o(s) dente(s) foi(foram) extraido(s) por indicacdo
terapéutica para a melhoria da minha satde, como documentado em meu prontuario, fundamentando-
se em exames clinicos e/ou radiogréaficos. Fui informado (a) que, caso ndo aceitasse doar os dentes

para a pesquisa, meu tratamento ndo seria prejudicado. Fui informado (a) também que a minha

identidade na divulgacédo dos resultados sera preservada.

A qualquer momento poderei esclarecer minhas ddvidas com a pesquisadora Madiana
Magalhdes Moreira (+55 85 988039039) ou através do Comité de Etica em Pesquisa da
Universidade Federal do Ceara pelo telefone +55 85 33668346.

As informagbes acima mencionadas sdo verdadeiras e de minha inteira

responsabilidade, sendo que estou ciente das suas eventuais repercussdes civeis e penais.

Fortaleza,  de de

Assinatura do(a) doador(a):

Assinatura da pesquisadora responsavel:

CRO:
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ANEXO A - SEGUIMENTO DO REGIMENTO INTERNO

CAPITULO VI
DOS EXAMES E DA DEFESA DE DISSERTAGAO E TESE

Art. 45 - O Exame Geral de Qualificacdo de gue trata o Artigo 50 das Normas para os Cursos de
Pds-Graduagdo da UFC devera ser realizado perante uma comissao julgadora composta de no minimo 03
(trés) membros efetivos e um suplente, tendo o crientador como seu presidente.

§1° - O Exame Geral de Qualificagdo devera ser realizado antes da matricula na atividade
académica dissertagdo ou tese e serd composto por duas fases. A primeira constard da defesa do projeto de
pesquisa, a gual devera ser realizada até seis meses apos o ingresso no curso (nivel Mestrado) ou até 12
meses (nivel Doutorado). A segunda fase constara da defesa da pesqguisa (uma pré-defesa) e devera ser
realizada até 45 dias antes da defesa da dissertagdo ou da tese.

§2° - As duas fases do Exame Geral de Qualificagio constardo de sessdo publica com: (1) aula
expositiva com duragdo de 30 a 40 minutos; (2) arguigdo pelos membros da banca avaliadora com duragao
de 20 minutos para cada componente desta, bem como 20 minutos destinados as respostas do aluno para
cada avaliador.

§3° - As bancas das duas fases do Exame Geral de QualificagSo serdo compostas por 2 (dois)
avaliadores e pelo orientador.

§4° - No caso de ndo cumprimento do prazo estipulado no §1°, o orientador devera encaminhar a
coordenagao do PPGO, antes de seu vencimento e ouvido o aluno, solicitagio de ampliagio do prazo,
mediante justificativa e descricio da etapa de desenvolvimento do projeto.

§5% - O aluno que nao obtiver aprovagdo no Exame Geral de Qualificagio tera direito 4 nova
oportunidade, com data a ser definida pela Coordenagao do PPGO.

§6° - O aluno sd podera defender a dissertagdo ou tese apds aprovagdo no Exame Geral de
Qualificacdo de gue trata este artigo.

Art. 46 — As dissertagGes e as teses apresentadas ao Programa de Pos-Graduagdo em Odontologia
da Universidade Federal do Ceara poderao ser produzidas em formato alternative ou tradicional. O formato

P

UNIVERSIDADE FEDERAL DO CEARA
FACULDADE DE FARMACIA, ODONTOLOGIA E ENFERMAGEM

alternativo estabelece: a critério do orientador e com a aprovagao da Coordenagdo do Programa, que os
capitulos poderdo conter copias de artigos efou relatérios de patentes de autoria ou coautoria do candidato,
publicados ou submetidos para publicagio em revistas cientificas, escritos no idioma exigido pelo veiculo de
divulgagao.

§1° - O orientador e o candidato deverao verificar junto as editoras a possibilidade de inclusdo dos
artigos na dissertagdo ou tese, em atendimento a legislagdo que rege o direito autoral, obtendo, se
necessaria, a competente autorizagdo, deverdo assinar declaragio de que ndo estdo infringindo o direito
autoral transferido & editora.

§2° - A dissertagdo e a tese em formatos tradicionais ou formatos alternativos deverdo seguir as
normas preccnizadas pelo Guia para Normalizagdo de Trabalhos Académicos da Biblicteca Universitaria
disponivel no sitio http://'www biblicteca.ufc.br. As partes especificas do formato alternative deverdo ser
feitas em concordancia com o Manual de Normalizagdo para Defesa de dissertagdo de Mestrado e tese de
Doutorado no formato Alternafivo do PFGO, disponivel no sitio http:/fwww . ppgo.ufc.br.

§3° - As dissertacOes defendidas no formato alternativo deverdo constar de, no minimo, 01{(um)
capitulo, enguanto que as teses no mesmo formato deverdo constar de, no minime, 02 {dois) capitulos.

§4° - Admite-se que a dissertagdo ou a tese sejam escritas efou defendidas em lingua estrangeira
seguindo as diretrizes definidas no regimento interno do Programa;
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PARECER CONSUBSTANCIADO DD CEP

DADOS DO PROJETO DE PESQUISA

Titulo da Pesquisa: AVALIACAD DA ATIVIDADE ANTIBACTERIANA DO CARDOL-M ETACRILATOE O
EFEITO DE SUA APLICAGAD SOBRE AS PROPRIEDADES MECANICAS DA
DEMTINA E DA INTERFACE ADESIVA

Pesquisador: MARID AURED GOMES MOREIRA

Area Tematica:

Versao: 2

CAAE: 52463116.0.0000.5054

Instituigdo Proponente: UNIVERSIDADE FEDERAL DO CEARA
Patrocinador Principal: Financiameanto Proprio

DADOS DO PARECER

Nomero do Parecer: 1.482 602

Apresentacdo do Projeto:

Sara feita uma avaliagdo da atividade antibacteriana do cardol incorporado com radical matacrilato
(mondmeara cardol-matacrilato) em diferentes concentragies sobre a formagio e o dessnvolvimanto de
biofimes de Streptococcus mutans (através da analise com microscopia confocal com corantes liveldead e
microscopia elatrénica de varredura), sua ag¢do sobre propriedades superficiais de adesivos sobre a
dentinajatravés de medidas de angulos da contato) @ mecanicas da dentina (nanodureza e madula de
alasticidade) & sua influéncia quando aplicado coma primer a incorporado a um sistema adasivo (Single
Bond Universal - 3M-ESPE, 5t Paul, EUA) sobre a resisténcia de unio ao microcisalhamanto. A adesdo
antre sistemas adesivos e a dentina acontace predominantemeante por retengdo micromecanica através da
panatragio desses materiais no emaranhado de fibras colagenas axpostas na dentina parcialmeante ou
complatamentie desmineralizada. Essa interagio entre material adesivo & subsirato dentinario faz surgir na
interface adesiva uma regido com caracteristicas mistas chamada de camada hibrida. A mafriz de colagano
& a camada hibrida s30 astruturas suscetiveis 3 bicdegradacio. A biomodificagdo das fibrilas colagenas da
dentina, com o intuito da melhorar as propriedades mecanicas da camada hibrida e proteger a interface
adesiva de fatoras de degradagSo como a agio de proteases anddgenas (metaloproteinases da matriz-

MMPs e catepsinas) e de oufros fatores externos, tam
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sido uma das estratégias mais estudadas atualmente & & considerada um recurso importante na lentativa de
astender a longavidade da adesao entre dentina & rasina. O cardol & um dos principais compostos da liguido
axtraido da casca da castanha do caju e, dentre varias outras propriedades, apresanta potencial
antimicrobiano e de biomodificagdo da dentina. Os objetivos deste projeto de pesquisa s8o avaliar a
atividade antibacteriana do cardol incorporado com radical metacrilato (mondémers cardol-metacrilalo) em
diferentes concanftragbes sobre a formagio e o desenvolvimeanto de biofiimes de Straplococcus mutans
(afravés de analise com microscopia confocal com corantes liveldead e microscopia eletronica de
varredura), sua agdo sobre propriedades superficiais de adesivos sobre a dentina (através de medidas de
angules de contato) & mecanicas da dantina (nancdureza & modulo de elasticidada e swa influéncia quando
aplicado como primer @ incorporado & um sistema adesivo (Single Bond Univaersal - 3M-ESPE, 5t Paul,

EUA) sobre a resisténcia da unido ao microcisalhameanto.

DObjetivo da Pesquisa:

Objetivo Primaria:

Avaliar o efeito do uso do cardol-metacrilato nas propriedades fisico-quimicas da danfina & da intarface
adesiva dentina-resina & seus potenciais efaitos antimicrabianos.

Objetivo Sacundario:

Avaliar atividade antibacteriana do cardol-matacrilato na formagaoe e desanvolvimento do biofilme de
Streptococcus mutans; Mensurar a anargia de superficie da dentina apds a aplicagdo de primars de
cardolmetacrilato; Avaliar (apts 24 horas & 6 meses) o efeito da aplicagdo do cardolmetacrilato am
diferentes concantragdes como primer & incorporado a um sistema adesivo universal na resisténcia de unido
ao microcisalhameanto; Mensurar (apos 24h & 6 mases) a nanoduréza da dentina, da camada de adesivo e
da camada hibrida apés a aplicagdo do cardol-metacrilato em diferentes concentragias como primer ou
incorporado ao adesivo; Analisar o médulo de elasticidade da dentina desminaralizada apds a aplicagdo do
cardol-metacrilalo em diferentes concentragies atraves de tesla da flaxdo de trés pontos.

Avaliagio dos Riscos e Beneficios:

Riscos:

MEo ha riscos envolvidos na pesquisa. Os dentes ulilizados serfo axtraidos por razdes que ndo envaolvem a
pesquisa e doados por pacientes. TRATA-SE DE ESTUDO LABORATORIAL SEM INTERVENCAD EM
PACIENTES.

Beneficios:

Possibilidade de desanvaolvimanta de novos materiais adasivos gue possam influsnciar na
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durabilidade das restauragies odonfoldgicas.

Comentarios e Consideragoes sobre a Pesguisa:

Platalor
g mo

Pasquisa da grande relevancia para a area da denfistica restauradora com possibilidade de ampliagio de

materiais nessa araa restauradora.

Consideragoes sobre os Termos de apresentagao obrigatoria:

Apresentou a dispensa do TCLE, termo de doagio de dentes, dedlaragdo de custeio, projeto com anexos,

carta de apreciagio pelo comilté, declaragdo de concordancia dos pesguisadores, folha de rosto, carla de

autorizagdo do local onde a pesquisa vai ser desenvolvida, curriculo lattes e orgamento. O pesguisador

atualizou cronograma & inclui tarmo de fiel depositaria.

Recomendagoes:

Mao sa aplica.

Conclusdes ou Pendéncias e Lista de Inadequagtes:

Mao sa aplica.

Consideragoes Finais a critério do CEP:

Este parecer foi elaborado baseado nos documentos abaixo relacionados:

Tipo Documeanta Amuiva Pastagem Auwbar Siluacdo
Informagdes Basicas| PE_INFORMACOES_BASICAS_DO_P | 31/03/2016 Aceito
do Projeto ROJETO 488574.pdf 20:18:42
Projeto Detalhado ! | PROJETOO. pdf 3032016 | MARIO AURED Aceito
Brochura 20015:58 | GOMES MOREIRA
| Investigador
Cronograma CROMOGRAMADEEXECUCAD pdf 3032016 | MARIO AURED Aceito
20:13:50 | GOMES MOREIRA

Brochura Pesquisa | PROJETO. pdf 3032016 | MARIO AURED Aceito
20:13:34 | GOMES MOREIRA

Chutroes termodafieldepositario jpeg 310312016 | MARIO AURED Aceito
20:11:53 | GOMES MOREIRA

TCLE / Termos da | TCLEdispansanovo. pdf 13012016 | MARIO AURED Aceito

Assentimenta ! 221722 | GOMES MOREIRA

Justificativa da

Ausancia

Falha de Rosto folhadarostropdf. pdf 06012016 | MARIO AURED Aceito
08:48:12 | GOMES MOREIRA

Crcamanto CORCAMENTODOPROJETO. pdf 0ai2016 | MARIO AURED Aceito
15:41:53 [ GOMES MOREIRA

Outros cartadeencaminhamenio.pdf 002016 | MARIO AURED Acsita
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Outros

caradeencaminhamento. pdf 0%:59:43 [(GOMES MOREIRA Acsito

Declaragdo de dedlaracacdeconcordanciaufc jpg 030206 | MARIOD AURED Acaito
Pesquisadores 095717 | GOMES MOREIRA

Outros declaracaodecusteio. pdf 03012016 | MARIO AURED Aceito
09:53:56 | GOMES MOREIRA

Cutros termodedoacandedentas. pdf 0302016 | MARIO AURED Aceito
09:45:458 | GOMES MOREIRA

Declaragdo de Canadeautorizacao. jpeg 2312205 | MARIO AURED Aceito
Instituigio & 12:04:26 | GOMES MOREIRA

Hnfraestruturs

Situagao do Parecer:

Aprovada

Mecessita Apreciagao da COMEP:
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FERMANDO ANTONIO FROTA BEZERRA
{Coordenador)
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