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RESUMO

A nanotecnologia e a fotdnica tem trazido novas perspectivas para a odontologia:
nanoparticulas de prata (AgNPs) tem se destacado por suas propriedades
antimicrobianas e a Tomografia por Coeréncia Optica (OCT) tem sido empregada
como promissora ferramenta diagndstica. O principal objetivo do presente trabalho foi
avaliar os efeitos de AgNPs em cepas de Candida albicans e seu potencial de
citotoxicidade em células de mamiferos. Ainda como parte desta tese, OCT foi
utiizada como ferramenta de diagnéstico em areas de interesse na dentistica
restauradora: 1) para avaliagdo de materiais restauradores submetidos a
experimentos de resisténcia de unido ao microcisalhamento; 2) e, realizacdo de uma
revisao sistematica investigando a OCT como método de imagem para a deteccéo de
falha restauradora. Para isso, primeiramente foram realizados testes de
suscetibilidade fungica as AgNPs, ensaio do checkerboard, teste do tubo germinativo,
e testes de citotoxicidade. Para os experimentos com OCT, imagens foram obtidas de
espécimes de dentina (saudavel e desmineralizada) expostas a diferentes parametros
do laser femtosegundo (11 and 18 J/cm?), restauradas e submetidas a teste de
microcisalhamento. Por fim, foi realizada uma revisdo sistematica da literatura e meta-
analise quantitativa para investigar o uso da OCT como ferramenta de diagnéstico
para deteccdo de falha restauradora em restauracdes em resina composta. Os
resultados dos experimentos indicaram atividade das AgNPs sobre cepas resistentes
de C. albicans com menor citotoxicidade nas células de mamiferos do que nas células
fungicas. OCT foi ferramenta util na identificacdo do padrdo de resisténcia de unido

de materiais restauradores e na deteccao precoce de falhas restauradoras.

Palavras-chave: nanoparticulas metalicas; prata; Candida albicans; tomografia de

coeréncia optica; lasers; falha de restauragéo dentaria.



ABSTRACT

Nanotechnology and photonics have brought new perspectives to dentistry: silver
nanoparticles (AgNPs )have stood out for their antimicrobial properties and Optical
Coherence Tomography (OCT) has been used as a promising diagnostic tool. The aim
of the present study was to evaluate the effects of AQNPs against Candida albicans
strains and their cytotoxicity potential in mammalian cells. Then, Optical Coherence
Tomography (OCT) was used as a diagnostic tool in areas of interest in restorative
dentistry: 1) evaluation of restorative materials submitted to microshear bond strength
experiments; 2) and, a systematic review investigating OCT as an imaging method to
diagnoses restorative failure. For this, fungal susceptibility tests to AgNPs,
checkerboard assay, germ tube assay, and cytotoxicity tests were performed. Then,
OCT images were obtained from dentin specimens (sound and demineralized)
exposed to different femtosecond laser parameters (11 and 18 J/cm?), restored and
subjected to microshear test. Finally, a systematic review and gquantitative meta-
analysis were performed to investigate the use of OCT as a diagnostic tool for detecting
restorative failure in composite resin restorations. The results of the experiments
indicated activity of AgQNPs on resistant C. albicans strains with lower cytotoxicity in
mammalian cells than in fungal cells. OCT was a useful tool in identifying the bond
strength pattern of restorative materials and in the early detection of restorative

failures.

Keywords: metal nanoparticles; silver; Candida albicans; tomography, optical

coherence; lasers; dental restoration failure.
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1 INTRODUCAO

A nanotecnologia, tecnologia de materiais nanométricos (1 — 100 nm), tem se
mostrado de grande utilidade na obtencdo de melhorias no diagndstico, tratamento e
prevencdo de doencas bucais. Diante da revolugdo que a nanotecnologia tem
proporcionado na formulagdo de novos biomateriais e técnicas odontologicas, fica
claro seu vasto potencial ainda a ser explorado (DAS et al.,, 2022; DESAI;
SOMASUNDARAM, 2020).

O desenvolvimento e aprimoramento de nanoparticulas metalicas tém dado
destaque as propriedades Unicas que as tornam tdo desejaveis na ciéncia dos
materiais, na biologia e na area da saude. Além de seus efeitos antimicrobianos,
apresentam vantagens como: toxicidade relativamente baixa, hidrofilicidade e alta
estabilidade (MUSSIN et al., 2019). As nanoparticulas de prata (AgNPs) estdo entre
0S nanomateriais mais estudados para aplicacdes biomédicas devido as suas
potentes propriedades antimicrobianas, boa estabilidade quimica e biocompatibilidade
(SINGH et al., 2019).

A utilizacdo de AgNPs de maneira isolada ou em combinagdo com drogas
antifangicas disponiveis comercialmente tem sido investigada a fim de driblar a
crescente resisténcia microbiana, bem como as complicacdes associadas ao uso
prolongado de antifingicos (MUSSIN et al., 2019). A atividade dessas nanoparticulas
contra Candida albicans ja foi demonstrada (HAMIDA; ALI; GODA; REDHWAN, 2021;
HAMPE et al., 2017; LEE et al., 2019; LONGHI; et al., 2016). Esta espécie fungica faz
parte da microbiota normal da maior parte das pessoas saudaveis, mas também é a
principal espécie responsavel pela candidiase: uma infec¢cdo oportunista que pode
variar desde uma condicdo superficial a uma infeccédo sistémica invasiva e com
potencial risco de vida (R; RAFIQ, 2020). Além do surgimento de resisténcia flngica,
0 espectro limitado dos farmacos disponiveis constitui uma grande barreira para o
tratamento eficaz de infecgBes tanto locais como sistémicas (NGUYEN; TRUONG;
BRUNING, 2020).

Diante dessa situacdo, a busca por novas AgNPs com propriedades fisico-
quimicas mais seguras para uso humano ainda é uma demanda urgente, pois seu
potencial de citotoxicidade ainda néo estd bem estabelecido e tem sido motivo de
guestionamentos (PUNJABI et al., 2018). Assim, tem-se almejado n&o apenas um

meétodo inovador, econdmico e ecologicamente correto para produzir estas
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nanoparticulas, mas também se tem buscado avaliar sua atividade antimicrobiana e
sua biosseguranca a fim de validar seu potencial terapéutico (ROZALSKA et al.,
2018).

Além da nanotecnologia, as inovacdes ligadas a fotbnica tem proporcionado
novos horizontes para a pesquisa odontoldgica através de aplicagdes que incorporam
os estudos da biofotdnica (fotbnica aplicada as areas bioldgicas). Estudos voltados
para a interacdo da luz com os tecidos dentarios, bem como com materiais de
aplicacao na saude bucal tém surgido como uma promessa de meios de diagndéstico
mais precisos e de tecnologias menos invasivas. Nesse contexto, a Tomografia por
Coeréncia Optica (OCT), método de imagem ja consolidado na cardiologia e na
oftalmologia, tem sido vastamente explorada em diversas especialidades
odontoldgicas.

OCT € uma técnica de imagem bem estabelecida para diagndstico in vivo e ex
vivo (HUANG et al., 1991) e em uma infinidade de tecidos e biomateriais (DING; LI;
WANG, 2021). O principio de operacdo da OCT é semelhante ao do ultrassom,
utilizando ondas de luz em vez de ondas sonoras. A luz tem sido empregada para
investigar propriedades estruturais de tecidos bioldgicos e materiais diversos,
oferecendo vantagens ndo encontradas em outras técnicas de imagem. A técnica de
OCT atinge resolucdes espaciais longitudinais e laterais em escala micrométrica e
detecta fracBes extremamente pequenas dos sinais refletidos ou retroespalhados
(SWANSON; FUJIMOTO, 2017; WOJTKOWSKI, 2010) identificando detalhes e
particularidades estruturais, indo além do alcance dos microscopios O6pticos
tradicionais, que nao captam o interior do material.

Na dentistica restauradora, a OCT tem sido explorada de maneira diversa para
elucidar lacunas de pesquisas laboratoriais e clinicas, pois possui a vantagem de ser
um método nado-invasivo, fornecendo imagens transversais sem danificar amostras.
Além disso, sob uma perspectiva do atendimento clinico, aponta para a possibilidade
de eliminar a dose de radiacdo usual em diagndéstico por imagem (MATSUURA et al.,
2018). Portanto, a técnica de OCT é um método de imagem pratico, ndo destrutivo e
nao ionizante que tem direcionado novos panoramas em imagem, dando acesso a
reconstru¢des volumétricas tridimensionais em escala de tempo praticamente real
(WOJTKOWSKI, 2010), impactando aspectos na pesquisa, na pratica clinica e em
guestdes comerciais (SWANSON; FUJIMOTO, 2017).
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Sendo assim, foi avaliada a atividade de nanoparticulas de prata esféricas
frente a cepas de C. albicans, bem como seu potencial de citotoxicidade em células
de mamiferos. Em seguida, o tomografo por coeréncia Optica foi utilizado para
investigacdo em areas da dentistica restauradora: avaliamos a morfologia e
caracteristicas de superficie de corpos de prova submetidos a experimentos de
microcisalhamento, a fim de explicar as diferengas observadas na resisténcia de
unido; e, por fim realizamos uma revisdo sistematica da literatura e meta-analise
guantitativa para investigar o uso da OCT como ferramenta diagnéstica para a
deteccao de falha restauradora em restauragdes de resina composta.

Como aspectos de originalidade essa tese traz nanoparticulas de prata
produzidas através de metodologia simples, de baixo custo e baixa geracdo de
residuos; e nunca antes testadas em células fangicas. Estas nanoparticulas testadas
em cepas de C. albicans resistentes mostraram um resultado promissor
principalmente quando comparado a sua citotoxicidade. No que se refere ao OCT
destaca-se através de revisdo sistematica sua importancia como ferramenta

diagnéstica diante de um dos grandes desafios clinicos da dentistica restauradora.



22

2 METODOLOGIA

2.1 Estudo 1. Atividade de nanoparticulas de prata (PMAA-AgNPs) em cepas de

Candida albicans resistentes ao fluconazol: efeitos sinérgicos e citotoxicos

Os experimentos deste estudo foram realizados nos seguintes laboratorios:
Laboratorio de Fotdnica e Biofotbnica do Departamento de Fisica da Universidade
Federal de Pernambuco, Laboratério de Fisiologia e Bioquimica de Microrganismos
do Departamento de Antibioticos da Universidade Federal de Pernambuco e no
Laboratdrio de Biologia de Patdgenos do Departamento de Microbiologia do Instituto
Aggeu Magalhaes.

2.1.1 Sintese e caracterizacdo de PMAA-AgNPs

Nanoparticulas de prata (PMAA-AgNPs) foram sintetizados de acordo com
metodologia previamente descrita por Carvalho et al. (2018). Em solucdo aquosa de
nitrato de prata (AgNOs, 50 ml, 5 mmol/l) foi adicionado &cido poli(metacrilico) (PMAA,
50 ml, 0,5 mmol/l), sendo em seguida submetida a agitacdo magnética a 25 °C durante
5 min. Esta solugéo foi exposta a luz UV (8 W, comprimento de onda central de 370
nm) durante 6 h para reducao da prata (Figura 1). A solucao foi armazenada em frasco
ambar (SPADARO et al., 2009). Tamanho e morfologia das PMAA-AgNPs obtidas
foram analisados. A espectroscopia de transmissao visivel (Espectrobmetro Cary 50
UV-Vis, Varian/Agilent, Palo Alto, EUA) foi utilizada para verificar a conversao de
cations de prata em nanoparticulas de prata. A nanoestrutura das amostras foi
caracterizada por microscopia eletrénica de transmissao (JEOL, JEM-2100, Japéao)
operando em 200 kV e mddulo espectrébmetro fluorescente de raios X de energia
dispersiva do Instituto de Pesquisa em Energia Nuclear (IPEN) — SP, Brasil. As
medicdes de potencial zeta foram realizadas usando Zetasizer Nano (Malvern,
Inglaterra) do Laboratério de Polimeros Nao Convencionais, Departamento de Fisica

— Universidade Federal de Pernambuco.
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Figura 1 — Esquema gréfico da sintese de nanoparticulas de prata.

Agitacao (5 min)

AgNO; (5 mM) PMAA (
\ )

i
S0 ml + 50 ml

Fonte: a autora (2022)

2.1.2 Cepas de Candida albicans e padronizacao do indculo

As cepas de C. albicans (n = 9) foram obtidas através de culturas de estoque
mantidas no Laboratoério de Fisiologia e Bioquimica de Microrganismos (LFBM) do
Departamento de Antibioticos da Universidade Federal de Pernambuco. Essas cepas
foram isoladas de urina (LFBM Ca0Ol1, LFBM Ca02, LFBM Ca03 e LFBM Ca04),
cavidade oral (LFBM Ca05 e LFBM Ca06) e sangue (LFBM Ca07, LFBM Cal4 e LFBM
Cal002). C. albicans ATCC® 10231 foi utilizada como cepa padrao.

As culturas de C. albicans foram reativadas em caldo de Sabouraud Dextrose
(DIFCO, EUA), semeadas em agar Sabouraud Dextrose (DIFCO, EUA) e incubadas
a 35 °C por 24 h (Figura 2). Para padroniza¢do do inéculo, foram selecionadas
colénias Unicas e a suspensao de levedura foi preparada em solucéo salina (0,85%).
A turbidez destas suspensoes foi ajustada para 90% de transmitancia a 530 nm que
é equivalente a 10° unidades formadoras de coldnias por ml (ufc/ml). Em seguida,
foram realizadas duas diluicdes para obtencédo do inéculo final (102 ufc/ml). Primeiro,
a cultura de C. albicans foi diluida em solugéo salina (1:100) seguida por uma segunda
diluicdo (1:10) em Roswell Park Memorial Institute Medium (RPMI-1640, Gibco, EUA)
tamponado com 3-(N-morfolino) &cido propanossulfénico (MOPS, Sigma-Aldrich,

EUA), seguindo as diretrizes do Clinical & Laboratory Standards Institute (CLSI,
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2017a). O crescimento de C. albicans na cultura foi confirmado por meio de contagem
direta de células.

Figura 2 — Candida albicans semeada e cultivada em placa de 4gar Sabouraud

Dextrose.

/

Fonte: a autora (2022)

2.1.3 Agentes antifiingicos

Anfotericina B, nistatina e fluconazol (Sigma-Aldrich, EUA) foram escolhidos
como medicamentos de referéncia, considerando as diretrizes do Guideline of
Infectious Diseases Society of America (PAPPAS et al., 2016). O perfil de resisténcia
foi definido particularmente para cada droga, considerando a Concentragao Inibitéria
Minima (CIM) como os valores necessarios para inibir o crescimento de 90% dos
microrganismos: anfotericina B CIM > 1,0 ug/ml e fluconazol CIM = 8,0 ug/ml. Para
nistatina, CIM entre 8,0 e 32,0 pg/ml foi definida como suscetibilidade dose-
dependente (CLSI, 2017a; CLSI, 2017b). Anfotericina B, nistatina e fluconazol foram
solubilizados em  dimetilsulfoxido/tween  80/dgua  (1,0/0,5/8,5) enquanto
nanoparticulas de prata foram solubilizadas em agua. C. albicans cultivada em meio
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contendo dimetilsulfoxido/tween 80/agua foi utilizada como controle negativo para
excluir a possibilidade de efeitos toxicos deste diluente sobre o patdégeno.

2.1.4 Atividade antifungica

A avaliacdo da suscetibilidade das cepas de C. albicans aos antifungicos foi
realizada pelo método de microdiluicdo, de acordo com a diretriz CLSI (2017a) com
pequenas modificacdes. Solucbes de estoque de PMAA-AgNPs, anfotericina B,
nistatina e fluconazol foram diluidas em série em RPMI-1640 tamponado com MOPS
para obter concentracdes que variaram de 64,0 a 0,5 pg/ml, exceto para fluconazol,
cuja concentracao variou de 1.024 a 8,0 pg/ml (Figura 3). Aliquotas (100 pl) das
solucbes das drogas foram distribuidas em microplacas de 96 pocos e, em seguida,
uma suspensédo padronizada de cepas de C. albicans (100 pl) foi adicionada. As
microplacas foram incubadas a 35 °C durante 24 h (Figura 4). A CIM foi relatada como
a menor concentracdo de compostos que inibiram o crescimento de C. albicans (CLSI,
2017a).

Figura 3 — Solucgbes de estoque do fluconazol: diluicdo em série em RPMI-1640

tamponado com MOPS.

Fonte: a autora (2022)
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Figura 4 — Cepa de Candida albicans cultivada em microplaca de 96 pocos apés
exposicao a diferentes concentragdes de solugcdo de PMAA-AgNPs. Esta placa foi

submetida a revelacdo com resazurina: 0s poc¢os evidenciados pela cor roxa indicam

inibicdo do crescimento microbiano.

Fonte: a autora (2022)

Para determinar a Concentracdo Fungicida Minima (CFM), definida como a
concentracdo mais baixa capaz de matar mais de 99,9% do in6culo inicial, aliquotas
(5 ul) de cada pogo onde néo foi detectado crescimento fangico, foram semeadas em
agar Sabouraud Dextrose (Figura 5). Placas foram incubadas nas mesmas condi¢des

e 0 numero de colbnias foi determinado.

Figura 5 — Candida albicans semeada e cultivada em placa de 4gar Sabouraud

Dextrose para determinagéo de concentragdo fungicida minima.

Fonte: a autora (2022)
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2.1.5 Ensaio checkerboard

O ensaio checkerboard foi realizado de acordo com metodologia descrita por
Odds (2003). Diluicdes apropriadas de PMAA-AgNPs (4,0 a 0,031 pg/ml) e fluconazol
(1.024 a 0,5 pg/ml) foram preparadas em RPMI-1640. A partir dessas diluicbes, 50 pl
foram adicionados em microplacas de 96 poc¢os para obter uma concentracdo final
correspondente a 1/8 e 1/12 do valor de CIM para PMAA-AgNPs e fluconazol,
respectivamente. Em seguida, 100 pl de suspensao de células foram adicionados a
cada poco (102 ufc/ml) e as microplacas foram incubadas a 35 °C por 24 h.

O indice de Concentracgéo Inibitéria Fracionada (FICI) foi determinado como:
(CIM PMAA-AgNPs em combinag¢ao com fluconazol/CIM do PMAA-AgNPs) + (CIM do
fluconazol em combinacdo com PMAA-AgNPs/CIM do fluconazol).

O efeito da combinacgao foi definido como sinérgico se o FICI fosse < 0,5, aditivo
quando o FICI fosse > 0,5 a < 1,0 e antag6nico quando > 1,0 (ODDS, 2003).

2.1.6 Ensaio de formacao do tubo germinativo

Para os testes de formacdo do tubo germinativo, uma cepa foi escolhida
aleatoriamente (LFBM Ca06). Esta cepa foi cultivada em caldo de Sabouraud
Dextrose a 35 °C durante 24 h. As culturas foram diluidas no mesmo caldo para obter
suspensdes padrdo da levedura (102 ufc/ml). Essas suspensdes foram expostas ao
fluconazol, PMAA-AgNPs e suas combinacdes em concentracdes sub-inibitérias.
Aliquotas de 1 mL de cada cultura de C. albicans foram adicionadas a 1 mL de soro
fetal bovino (SFB, Gibco, EUA). Os tubos de ensaio foram incubados a 37 °C por 3 h
sob agitacao suave. Amostras cultivadas em meio livre de drogas suplementado com
SFB foram consideradas como controle positivo para formacao do tubo germinativo.
Uma gota de cada cultura de C. albicans foi colocada em uma lamina e observada
sob microscépio éptico com aumento de 400X (Olympus BX51, Toquio, Japéao)
(MATARE; NZIRAMASANGA; GWANZURA; ROBERTSON, 2017). Foi considerado
como tendo germinado se a formacg&o do tubo germinativo fosse pelo menos duas

vezes o comprimento da célula.

2.1.7 Ensaio de citotoxicidade

Os efeitos citotoxicos do PMAA-AgNPs em macréfagos J774.A1 (ATCC® TIB-
67TM), células Vero (ATCC® CCL-81TM) e fibroblastos (ATCC® PCS-201-018) foram
avaliados pelo ensaio colorimétrico MTT (MOSMANN, 1983). Cada tipo celular (10°
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células/ml) foi semeado em placas de 96 pocos contendo RPMI-1640 para
macrofagos e células Vero, ou Meio de Eagle Modificado por Dulbecco (DMEM) para
fibroblastos, suplementado com 10% de SFB inativado. As culturas foram incubadas
a 37 °C por 3 h em atmosfera de 5% de CO2. As células ndo aderentes foram
removidas por lavagem com solucéo salina tamponada com fosfato (PBS), pH 7,0. As
células restantes foram incubadas por mais 48 h em RPMI-1640 na auséncia ou na
presenca de PMAA-AgNPs (100 ul), em concentragfes variando de 2,0 a 64,0 ug/mi.
As células tratadas e nao tratadas foram lavadas e incubadas a 37 °C por 3 h em meio
de cultura fresco contendo 0,5 mg/ml de brometo de 3-(4,5-dimetiltiazol-2-il)-2,5-difenil
tetrazélio (MTT) (Sigma—Aldrich, EUA). Apés a incubacdo, o MTT foi removido e as
células foram tratadas com (100 pl) isopropanol acido (HCI 0,04 mol/l em isopropanol)
para solubilizacdo dos cristais de formazan derivados da reducdo do MTT. Aliquotas
das amostras (100 pl) foram transferidas para microplacas de 96 pocos e analisadas

no Espectrofotdbmetro de Microplacas Benchmark Plus™ (Bio-Rad®, EUA) a 540 nm.

2.1.8 Analise estatistica

Todos o0s ensaios foram realizados em triplicata em experimentos
independentes e os resultados foram expressos como uma média dos ensaios. Os
resultados do ensaio de citotoxicidade foram plotados como a porcentagem de células
viaveis para células nado tratadas. O valor da concentracao citotéxica de 50% (CCso)
foi calculado por analise de regressao nao linear. Os dados foram comparados por
andlise de variancia unidirecional (ANOVA) seguida do pos-teste de Tukey usando
GraphPad Prism 9.1.1 (GraphPad Software, EUA). Valor de p < 0,05 foi considerado

estatisticamente significante.

2.2 Estudo 2. Efeitos da irradiacdo por laser femtosegundo na resisténcia de

unido de microcisalhamento em dentina saudavel e dentina desmineralizada

2.2.1 Preparagéo da amostra

Este estudo foi aprovado pelo Comité de Etica da Universidade Federal de
Pernambuco, sob o protocolo n°® 1.735.580. Vinte molares humanos recém-extraidos
foram obtidos através do Banco de Dentes da Universidade Federal de Pernambuco.
Os dentes selecionados foram previamente examinados para confirmar a auséncia de

danos em sua superficie, como sulcos profundos ou rachaduras, foram submetidos a
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higienizacdo com auxilio de agua destilada e escovas de Robinson. Posteriormente,
os dentes foram armazenados em solucao de cloramina 0,5% durante 15 dias.

As porcdes radiculares foram seccionadas a uma distancia de 2 mm da juncao
cemento-esmalte. O esmalte da superficie oclusal foi removido com auxilio de uma
ponta diamantada de baixa rotacao (Isomet, Buehler Ltd., IL, EUA) a fim de expor a
superficie dentinaria. Cada dente foi incluido em resina acrilica (Jet, Classico, S&o
Paulo, Brasil) para facilitar a manipulacdo das amostras. As superficies dentinarias
foram submetidas a polimento metalografico (Biopdi, Sdo Paulo, Brasil) com lixas em
duas granulacdes (400 e 600), sob refrigeracdo, durante 60 s, para remocao de
qualguer remanescente de esmalte, planificagdo da superficie a ser estudada e
producdo de camada de smear layer padronizada.

Dez espécimes selecionadas aleatoriamente, foram submetidas a
procedimento de ciclagem de pH de 5 dias via imersdo em &cido citrico 0,05 M (pH
2,3, durante 10 min, 6 vezes por dia). No intervalo entre as imersfes, 0s espécimes
foram expostos a uma solucédo supersaturada (pH 7,0), consistindo em 1,5 mmol/l de
CaClz, 1,0 mmol/l de KH2PO4 e 50 mmol/l de NaCl (ZERO et al.,, 1990), em
temperatura ambiente (25 °C), sob agitacao (30 rpm) durante 60 min. A etapa final de
ciclagem consistiu em armazenar os espécimes na mesma solucao supersaturada até
o0 momento da irradiacédo por laser, que foi realizada dentro de um intervalo de 24h.
As solucdes foram renovadas diariamente, e seu pH verificado no inicio e no final de

cada dia de experimento.

2.2.2 Grupos experimentais

Os vinte espécimes de dentina foram distribuidos aleatoriamente em grupos
experimentais de acordo com a condi¢éo do substrato (desmineralizado ou ndo) e de
acordo com o0s parametros adotados na utilizagdo do laser. Dez espécimes
compuseram o grupo controle dentina saudavel (DS) e dez espécimes compuseram
o grupo controle dentina desmineralizada (DD). Os grupos DS e DD foram distribuidos
randomicamente em subgrupos entre espécimes irradiadas e néo irradiadas
(controle). Cada amostra irradiada, recebeu em duas regides diferentes, intensidades
de energia de pulso diferente. As regides irradiadas possuiam afastamento suficiente
para garantir que a condi¢ao de irradiacdo de uma regiao nao interferisse na outra

(Figura 6). A divisdo dos grupos experimentais esta resumida na Figura 7.
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Figura 6 — Espécime amostral incluso em resina acrilica e com duas regifes distintas

irradiadas pelo laser Ti:Sapphire femtosegundo.

Fonte: a autora (2018)

Figura 7 - Divisdo das amostras de dentina para formacao dos grupos

experimentais.

Espécimes de Condigao da Status da Pardmetros do
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Fonte: a autora (2018)

18 J/em2

Desmineralizada
n=10




31

2.2.3 Condicionamento a laser

O condicionamento a laser foi realizado utilizando um amplificador regenerativo
pulsado de Ti:Sapphire (802 nm, 100 fs, 1 kHz, energia maxima de pulso de 1 mJ,
Libra®, Coherent, EUA) (Figura 8). Dois valores de energia de pulso foram escolhidos
(240 e 390 pJ) e aplicados em duas regides distintas das amostras. A energia de pulso
(Ep) foi calculada usando a poténcia média (Pm), através das formulas:

P
Ep =?

Onde, R é a taxa de repeticdo do laser (1 kHz). A poténcia média foi controlada por
uma combinagdo de placa de Glan-Thompson/meia-onda, externa a cavidade do
laser. O feixe de laser foi direcionado para a superficie da amostra usando uma lente
objetiva (20x, abertura numérica de 0,3) para promover a ablacdo mediada por

plasma.

Figura 8 — Imagem representativa de laser Ti:Sapphire irradiando espécime de

dentina.

Fonte: a autora (2018)

As amostras foram fixadas em um suporte XYZ de precisdo micrométrica,
conectado a motores de passo controlados pela ferramenta LABVIEW®. Com o

objetivo de aumentar a largura das linhas de varredura, diminuir danos térmicos e
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mecanicos e, ainda, promover a remocao superficial da smear layer, a varredura a
laser foi realizada com as amostras distantes 200 um do foco na direcdo incidente
(eixo Z), produzindo linhas de ablagdo com 90 um de largura. Essa largura foi medida
usando imagens de microscopia eletronica de varredura das amostras irradiadas no
estudo piloto a fim de estabelecer os melhores parametros do laser. A estrutura XYZ
foi programada para se mover 2,5 cm na direg&do horizontal (eixo X), cobrindo toda a
amostra. O comprimento horizontal foi suficiente para fazer duas medicbes
independentes da resisténcia de unido na mesma regido irradiada pelo laser. Na
direcdo vertical (eixo Y), foram produzidas 20 linhas de varredura, igualmente
espacadas em 90 um, produzindo uma area irradiada com largura total de 1,8 mm. A
velocidade de varredura foi de 30 mm/s. Considerando 90 ym como o didmetro efetivo
do feixe, esta velocidade de varredura promove a superposicdo de trés pulsos por

ponto de distancia, aproximadamente. Usando a expressao:

onde, Fp é a fluéncia de pulso Unico e A corresponde a area do ponto, foi possivel
calcular as fluéncias totais em 1 kHz: ~11 J/cm? para 240 yJ e ~18 J/cm? para 390
MJ. Esses valores estao varias vezes acima dos valores de limiar de ablacéo citados
na literatura para sistemas de laser equivalentes (PETROV; PECHEVA; WALMSLEY;
DIMOV, 2018; PORTILLO MUNOZ et al., 2012).

Sendo assim, o grupo composto por dentina saudavel foi irradiada com
densidade de energia de 11 J/cm? (DS-11) e de 18 J/cm? (DS-18). E 0 grupo composto
por dentina desmineralizada, também foi irradiado pelos mesmos parametros do laser
(DD-11 e DD-18).

2.2.4 Tomografia por coeréncia éptica

Cada espécime irradiado foi avaliado por OCT operando em Spectral Domain
(SD-OCT, Callisto Spectral Domain OCT System, Thorlabs Inc., NJ, EUA), através de
imagens 2D e 3D (Figura 9). A fonte de luz OCT é um diodo super luminescente com
comprimento de onda central de 930 nm, largura de banda espectral de 100 nm e
poténcia maxima de saida de 5 mW. As imagens geradas por este sistema
apresentam resolugao axial de 7/5,3 ym (ar/agua), resolucao lateral de 8 uym e

profundidade maxima de imagem de 1,3 mm. A taxa de varredura axial do sistema é
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de 1,2 kHz, capturando dois quadros por segundo com 105 dB de sensibilidade. Este
sistema fornece perfis de profundidade que, somados as imagens transversais,
possibilitam reconstrucdes tridimensionais. As amostras foram posicionadas em uma
placa micrométrica XYZ movimentada manualmente. Todas as superficies foram
analisadas por linhas de varredura partindo da area de referéncia em direcédo a area
irradiada, passando pela interface. O sistema SD-OCT gerou imagens 2D transversais
com 1024 x 512 pixels (4 x 0,5 mm) e imagens 3D com 1024 x 512 pixels (3 x 3 mm).
A discrepancia entre a altura da area de referéncia e a superficie irradiada foi medida

usando o programa ImageJ (JAVA, dominio publico) para calcular a perda tecidual.

Figura 9 — Amostra posicionada para aquisicdo de imagem no Tomografo por

Coeréncia Optica (Spectral Domain — OCT).

Fonte: a autora (2018)

2.2.5 Microscopia eletronica de varredura
Microscopia eletrénica de varredura (Mira 3, Tescan, Brno, Republica Tcheca,
10 kV, magnificacdo de 5000x) de areas irradiadas foram adquiridas de amostras

adicionais (n = 2).

2.2.6 Microscopia de forca atbmica

Duas amostras adicionais foram preparadas para analise por meio de
microscopia de forca atbmica (AFM, Alpha 300 RA, WITec, Ulm, Alemanha). A
superficie foi sondada em “modo de contato”. A imagem foi realizada com um
cantilever revestido de aluminio com constante de forca de 0,2 N/m e ponto de
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operacédo de 0,5 V. A taxa de varredura foi muito lenta com objetivo de alcancar
detalhes da estrutura dentinaria. As dimensdes das imagens coletadas foram 30 ym
x 30 ym, 256 x 256 pixels.

2.2.7 Teste de resisténcia de unido ao microcisalhamento

O sistema adesivo testado (Clearfil SE Bond, Kuraray Noritake Dental Inc.,
Kurashiki, Okayama, Japéao) foi aplicado nas superficies dentinarias de acordo com
as instrucdes do fabricante. Tubos transparentes de polietileno (diametro interno de
0,9 mm e altura de 1 mm) foram dispostos sobre fitas perfuradas de dupla face. A
resina composta (Tetric N-Ceram A3, Ivoclar Vivadent, Schaan, Liechtenstein) foi
cuidadosamente acondicionada dentro dos tubos e posteriormente fotopolimerizada
por 20 s usando um diodo emissor de luz com 1200 mW/cm? (Radii-cal, SDI,
Bayswater, Victoria, Austrélia). As amostras foram armazenadas em agua destilada
por 24 horas a 37 °C. Tubo e fita dupla face foram removidos cautelosamente com
auxilio de lamina de bisturi (Figura 10). Estereomicroscépio (ampliacdo 10x) foi
ferramenta utilizada para investigacdo de possiveis defeitos. Os corpos de prova
foram testados em méaquina universal de ensaios (EMIC, DL 10000, S&o José dos
Pinhais-PR, Brasil). Um fio ortoddntico fino (0,2 mm) foi enrolado ao redor do cilindro
alinhado configurado para garantir a orientacdo correta das forcas aplicadas. A
velocidade da cruzeta foi fixada em 0,5 mm/min até a falha. O software TESC 3.04
(EMIC, Sao José dos Pinhais-PR, Brasil) registrou os valores de resisténcia de unido.
Esses procedimentos foram aplicados a todos 0s grupos experimentais, e a
resisténcia de unido nos grupos controle (DS e DD) representam o protocolo clinico

normal (sem condicionamento a laser).

2.2.8 Estudo do tipo de falha

A analise do tipo de falha foi realizada com auxilio de microscopio 6ptico com
ampliacdo de 5x, 10x, 20x e 50x (Olympus BX51, Toquio, Japdo). A tomografia por
coeréncia Optica foi realizada para obter imagens 2D e 3D. As falhas foram
enquadradas nas seguintes nomenclaturas, de acordo com percentual de material
livre de substrato como “falha do tipo adesiva” (falha identificada na interface resina-
esmalte), “falha do tipo coesiva” (falha dentro do esmalte ou resina composta) e “falha

do tipo mista” (falha variando entre interface resina-esmalte e falha do tipo coesiva).
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Figura 10 - Amostra com cilindros de resina para realizacao de testes de

microcisalhamento.

Fonte: a autora (2018)

2.2.9 Andlise estatistica

Os dados coletados foram analisados no programa SPSS 13.0 (Statistical
Package for Social Sciences, Chicago, IL, EUA) para Windows. Estatisticas
descritivas foram obtidas e o teste de Kruskal Wallis (p = 0,01) foi utilizado para
comparar os resultados entre os grupos. Em caso de diferencas significativas, foi
utilizado o teste de Mann Whitney para comparacdo pareada entre os grupos (p =
0,05).

2.3 Estudo 3. Tomografia por Coeréncia Optica como ferramenta de diagnostico

para andlise de falha em restauracao de resina composta: revisao sistematica

O protocolo para a construcao desta revisdo sistematica foi escrito seguindo a
diretriz do Preferred Reporting Items for Systematic reviews and Meta-Analyses for
Protocols 2015 (PRISMA-P 2015) (MOHER,; et al., 2015; SHAMSEER et al., 2015) e
foi registrado na plataforma Open Science Framework, estando disponivel em
https://osf.io/z9ggn/. A pergunta de pesquisa desta revisao sistematica foi construida
com base na estratégia “PIRD” (Population; Index test; Reference test; Diagnosis) e
consiste em: “A Tomografia por Coeréncia Optica é uma ferramenta eficaz para

diagndstico de falha restauradora em restauragdes diretas de resina composta?”.
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2.3.1 Critérios de elegibilidade

Quanto ao desenho do estudo — foram incluidos estudos do tipo ensaios laboratoriais

(estudos in vitro) que utilizaram OCT para diagnoéstico de falha restauradora em

restauracdes de resina composta.

Quanto aos participantes — restauracées em resina composta realizadas em dentes

humanos ou dentes bovinos. Critérios de exclusdo: restauracfes indiretas,

restauracdo em resina composta realizadas em dentes deciduos.

Quanto ao teste de indice — Tomografia por Coeréncia Optica utilizada para auxiliar

na deteccao ou diagndstico de falha de restauracédo em resina composta. Critérios de
exclusdo: estudos que avaliaram falha restauradora exclusivamente com OCT, sem

comparacao direta com outra técnica de avaliacéo.

Quanto aos testes padrdes utilizados como referéncia — foram considerados como

exames de referéncia: radiografias convencionais e digitais, microtomografia
computadorizada, microscopia eletrbnica de varredura, microscopia confocal de
varredura a laser, microscopia Optica (corte histoldgico), infiltracdo de corante,

estereomicroscopio.

Condicdo-alvo — Falha restauradora: integridade marginal, falhas adesivas,

microinfiltracdo, rachaduras ou bolhas na interface resina-tecido dentario em

restauragdes de resina composta.

2.3.2 Bases de dados

As buscas sisteméticas foram executadas em um Unico dia (02 de julho de
2022) nas seguintes bases de dados sem restricdes de idioma ou data de publicacao:
Medline via Pubmed, Embase, Cochrane, Web of Science, Scielo via Web of Science,
Scopus, Lilacs via BVS. Pesquisa adicional foi realizada em: Opengrey e Google
Scholar. Para garantir a saturacéo da literatura, foram feitas buscas manuais nas listas
de referéncia dos estudos incluidos a fim de resgatar publicacdes adicionais néo

identificadas nas buscas eletrbnicas realizadas.
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2.3.3 Estratégia de busca

A estratégia de busca construida para o Medline via Pubmed esté apresentada

na Tabela 4. Apés a finalizacao da estratégia utilizada no Medline, houve adaptacéo

da estratégia para as demais bases de dados.

Tabela 1 — Estratégias de busca.

Estratégia de busca

#1

#2

#3
(#1 OR #2)

#4
#5
#6
(#4 OR #5)
#7
#8
#9
#10
#11
#12 (#6 OR #7
OR #8 OR #9
OR #10 OR
#11)

#13 (#3 AND
#12)

Populacdo

Teste indice

Medline via Pubmed

"Tomography, Optical Coherence"[Mesh]

"Coherence Tomography, Optical" OR "OCT Tomography" OR
"Tomography, OCT" OR "Optical Coherence Tomography"
("Tomography, Optical Coherence"[Mesh]) OR ("Coherence Tomography,
Optical® OR "OCT Tomography" OR "Tomography, OCT" OR "Optical
Coherence Tomography")

"Composite Resins"[Mesh]

"Composite Resin" OR "Resin, Composite” OR "Resins, Composite"
("Composite Resins"[Mesh]) OR ("Composite Resin" OR "Resin,
Composite" OR "Resins, Composite")

"Dental Marginal Adaptation"[Mesh]

"Marginal integrity"

"Interfacial integrity"

"Cracks"

"Dental Restoration Failure”

(((((("Composite Resins"[Mesh]) OR ("Composite Resin" OR "Resin,
Composite” OR "Resins, Composite")) OR ("Dental Marginal
Adaptation"[Mesh])) OR ("Marginal integrity”)) OR (“Interfacial integrity"))
OR ("Cracks") OR ("Dental Restoration Failure")

(("Tomography, Optical Coherence"[Mesh]) OR ("Coherence Tomography,
Optical” OR "OCT Tomography" OR "Tomography, OCT" OR "Optical
Coherence Tomography")) AND ((((((("Composite Resins"[Mesh]) OR

("Composite Resin" OR "Resin, Composite” OR "Resins, Composite")) OR

("Dental Marginal Adaptation"[Mesh])) OR ("Marginal integrity")) OR
("Interfacial integrity")) OR ("Cracks")) OR ("Dental Restoration Failure"))

Embase

'resin'/exp OR 'resin’' OR 'dental marginal adaptation'/exp OR 'dental
marginal adaptation' OR 'dental restoration'/exp OR 'dental restoration'

‘optical coherence tomography'



Populacdo

Teste indice

Populacdo

Teste indice

Populacdo
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(‘resin/exp OR 'resin' OR 'dental marginal adaptation'/exp OR ‘dental
marginal adaptation' OR 'dental restoration'/exp OR 'dental restoration')

AND 'optical coherence tomography'
Cochrane

"Composite Resins" OR "Composite Resin" OR "Resin, Composite" OR
"Resins, Composite" OR "Dental Marginal Adaptation” OR "Marginal
integrity” OR "Interfacial integrity" OR Cracks OR "Dental Restoration
Failure"

"Tomography, Optical Coherence" OR "Coherence Tomography, Optical"
OR "OCT Tomography" OR "Tomography, OCT" OR "Optical Coherence
Tomography"

"Tomography, Optical Coherence” OR "Coherence Tomography, Optical”
OR "OCT Tomography" OR "Tomography, OCT" OR "Optical Coherence
Tomography” in All Text AND "Composite Resins” OR "Composite Resin"
OR "Resin, Composite" OR "Resins, Composite” OR "Dental Marginal
Adaptation" OR "Marginal integrity" OR "Interfacial integrity" OR Cracks OR
"Dental Restoration Failure" in All Text - (Word variations have been
searched)

Web of Science

ALL=("Composite Resins" OR "Composite Resin" OR "Resin, Composite"
OR "Resins, Composite" OR "Dental Marginal Adaptation” OR "Marginal
integrity" OR "Interfacial integrity" OR Cracks OR "Dental Restoration
Failure™)

ALL=("Tomography, Optical Coherence" OR "Coherence Tomography,
Optical" OR "OCT Tomography" OR "Tomography, OCT" OR "Optical
Coherence Tomography")

(ALL=("Composite Resins" OR "Composite Resin" OR "Resin, Composite"
OR "Resins, Composite" OR "Dental Marginal Adaptation” OR "Marginal
integrity" OR "Interfacial integrity” OR Cracks OR "Dental Restoration
Failure™)) AND ALL=("Tomography, Optical Coherence" OR "Coherence
Tomography, Optical" OR "OCT Tomography" OR "Tomography, OCT" OR
"Optical Coherence Tomography")

Scielo via Web of Science

TS=("Composite Resins" OR "Composite Resin" OR "Resin, Composite"
OR "Resins, Composite" OR "Dental Marginal Adaptation” OR "Marginal
integrity" OR "Interfacial integrity” OR Cracks OR "Dental Restoration
Failure")



Teste indice

TITLE-ABS-KEY

Populacdo

Teste indice

Populacdo

Teste indice

TS=(“Tomography, Optical Coherence" OR "Coherence Tomography,
Optical” OR "OCT Tomography" OR "Tomography, OCT" OR "Optical
Coherence Tomography”)

(TS=("Composite Resins" OR "Composite Resin" OR "Resin, Composite"
OR "Resins, Composite" OR "Dental Marginal Adaptation” OR "Marginal
integrity" OR "Interfacial integrity” OR Cracks OR "Dental Restoration
Failure")) AND TS=(“Tomography, Optical Coherence" OR "Coherence
Tomography, Optical" OR "OCT Tomography" OR "Tomography, OCT" OR
"Optical Coherence Tomography”)

Scopus

( "Composite Resins" OR "Composite Resin" OR "Resin, Composite" OR
"Resins, Composite” OR "Dental Marginal Adaptation” OR "Marginal
integrity” OR "Interfacial integrity" OR cracks OR "Dental Restoration”
Failure”) AND ( "Tomography, Optical Coherence"” OR "Coherence
Tomography, Optical" OR "OCT Tomography" OR "Tomography, OCT"
OR "Optical Coherence Tomography" )

BVS/LILACS (Inglés)

"Composite Resins" OR "Composite Resin" OR "Resin, Composite" OR
"Resins, Composite" OR "Dental Marginal Adaptation” OR "Marginal
integrity" OR "Interfacial integrity” OR Cracks OR "Dental Restoration
Failure"

"Tomography, Optical Coherence" OR "Coherence Tomography, Optical"
OR "OCT Tomography" OR "Tomography, OCT" OR "Optical Coherence
Tomography”

("Composite Resins" OR "Composite Resin" OR "Resin, Composite" OR
"Resins, Composite" OR "Dental Marginal Adaptation" OR "Marginal
integrity" OR "Interfacial integrity” OR Cracks OR "Dental Restoration
Failure”) AND ("Tomography, Optical Coherence" OR "Coherence
Tomography, Optical" OR "OCT Tomography" OR "Tomography, OCT" OR
"Optical Coherence Tomography")

BVS/LILACS (Portugués)

“Resinas Compostas” OR Compésitos OR “Resina Composta” OR
“Adaptagao Marginal Dentaria” OR “Falha de Restauragéo Dentéria”
“Tomografia de Coeréncia Optica”

(“Resinas Compostas” OR Compoésitos OR “Resina Composta” OR
“Adaptagdo Marginal Dentaria” OR “Falha de Restauracéo Dentaria”) AND
(“Tomografia de Coeréncia Optica”)

39
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BVS/LILACS (Espanhol)

Populacio “Resinas Compuestas” OR Composite OR “Resina Compuesta” OR
“Adaptacion Marginal Dental” OR “Fracaso de la Restauraciéon Dental”
Teste indice “Tomografia de Coherencia Optica”
(“Resinas Compuestas” OR Composite OR “Resina Compuesta” OR
“Adaptacion Marginal Dental” OR “Fracaso de la Restauracién Dental”)

AND (“Tomografia de Coherencia Optica”)
Google Scholar
("Resin" OR "Dental Marginal Adaptation” OR "Dental Restoration Failure")
AND "Optical Coherence Tomography"
Open Grey
("Composite Resin" OR "Dental Marginal Adaptation") AND "Optical

Coherence Tomography"
Fonte: a autora (2022)

2.3.4 Selecéao dos estudos

Gerenciamento de referéncias — Os estudos identificados pelas estratégias de busca

foram importados para o EndNote (Clarivate Analytics, Filadélfia, EUA) para

gerenciamento de referéncias. Artigos duplicados foram removidos.

Processo de selecdo dos estudos — O processo de selecao foi realizado com auxilio

do Software Rayyan®©. Dois revisores (C.M.B.C e S.R.M.V) selecionaram e avaliaram
independentemente os resultados de todas as buscas para inclusdo, em duas etapas:
1) leitura dos titulos e resumos; 2) leitura dos artigos na integra. Em cada uma dessas
etapas de selecdo, houve uma reunido de consenso e, caso houvesse divergéncias,
um terceiro revisor (G.Q.M) seria consultado. Os motivos de exclusdo dos estudos

avaliados na integra foram registrados.

2.3.5 Extracdo de dados

A extracdo dos dados foi feita por dois revisores, de forma independente, em
formuléario especifico para este estudo. As discordancias entre os dois revisores foram
resolvidas por consenso. Em caso de ndo se estabelecer consenso, um terceiro

revisor faria a avaliagdo para uma deciséao final.
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Os seguintes dados foram registrados para cada artigo: informacdes gerais
(autor, titulo, periodico, ano, pais, DOI), informacdes do desenho do estudo (tipo de
estudo, detalhes do projeto, teste padrdao de referéncia), caracteristicas da amostra
(tipo de dente, numero de restauracdes avaliadas, classificacdo do preparo cavitario,
tipo de adesivo e resina composta), caracteristicas do equipamento de OCT (tipo de
OCT, resolucao axial, resolucéo transversal, comprimento de onda, profundidade de
penetracéo, tipo de imagem adquirida, velocidade de aquisicdo da imagem, software
de aquisicdo de imagem, pds-processamento de imagem ), resultados do estudo (tipo
de avaliacdo realizada com dados de OCT, critérios de mensuracado, variaveis de
comparacao diagnostica).

Os resultados foram extraidos em todas as formas de dados (continuo,
dicotdbmico ou ordinal) conforme relatado nos estudos incluidos. Foram coletados
dados de correlagdo, porcentagem, média e desvio padrdo. Para as variaveis
dicotdmicas foi considerado nimero de dentes/restauracbes submetidos aos testes
indice e de referéncia, niumero de verdadeiros positivos, verdadeiros negativos, falsos
positivos e falsos negativos. Para as variaveis ordinais, foram considerados os valores

dos escores.

2.3.6 Avaliacao de risco de viés

O risco de viés dos estudos foi avaliado usando a ferramenta Cochrane
Collaboration — QUADAS-2 (Quality Assessment of Diagnostic Accuracy Studies 2)
baseando-se nos quatro dominios: selecdo de participantes, teste indice, padrédo de
referéncia e fluxo e tempo (WHITING et al., 2011).

2.3.7 Sintese de dados
Se os estudos apresentassem homogeneidade em termos de desenho e

comparacao de dados quantitativos, a sintese seria realizada.

2.3.8 Qualidade da evidéncia

A qualidade da evidéncia para todos os resultados foi julgada usando a
metodologia do grupo de trabalho Grading of Recommendations Assessment,
Development and Evaluation e usando a ferramenta online GRADEPro
(www.guidelinedevelopment.org). A qualidade da evidéncia foi avaliada em todos os

dominios de risco de viés, consisténcia, objetividade e precisdo (ZHANG et al., 2019).
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3 RESULTADOS E DISCUSSAO

Os resultados e discussdo destes estudos serdo apresentados a seguir por
meio de 3 artigos cientificos. O estudo 1 estd descrito no artigo “Activity of
poly(methacrylic acid)-silver nanoparticles on fluconazole resistant Candida albicans
strains: synergistic and cytotoxic effects”, publicado no periédico Journal of Applied
Microbiology (Fator de impacto: 3.772, Qualis: A2), DOI: 10.1111/jam.15542
(Apéndice A). Nesta pesquisa, fui responsavel pelo desenho de estudo, execucéo de
todos os experimentos microbioldgicos, analise de resultados e construgdo do artigo.

O artigo intitulado “Effects of femtosecond laser irradiation on the microshear
bond strength of sound and demineralized dentin”, referente ao estudo 2, foi publicado
no periédico Journal of Laser Applications (Fator de impacto: 1.636, Qualis: B2), DOI:
10.2351/1.5053222 — Apéndide B. Neste trabalho, fui responsavel pela obtencéo e
avaliacdo de todas as imagens do tecido dentinario através da Tomografia por
Coeréncia Optica e do microscopio Optico para avaliacdo da morfologia do tecido e
das caracteristicas da superficie.

O terceiro estudo resultou no artigo “Optical Coherence Tomography as
diagnostic test for failure analysis of composite resin restorations: systematic review
and meta-analysis”. Este estudo serd submetido no periédico Journal of Dentistry
(Fator de impacto: 4.379, Qualis: Al).



43

4 ARTIGO - OPTICAL COHERENCE TOMOGRAPHY AS DIAGNOSTIC TEST FOR
FAILURE ANALYSIS OF RESIN COMPOSITE RESTORATIONS: SYSTEMATIC
REVIEW AND META-ANALYSIS

Cecilia Maria Cruz Falcdo*?, Sirley Raiane Mamede Veloso®, Gabriela Queiroz
Monteiro®, Renata de Albuquerque Cavalcanti Almeida®, Anderson Stevens Leonidas

Gomes?c,

a Graduate Program in Dentistry, Federal University of Pernambuco, Recife, Brazil.
b University of Pernambuco, Recife, Brazil.

¢ Department of Physics, Federal University of Pernambuco

*Corresponding author: Cecilia Maria Cruz Falcdo. ceciliaodonto@gmail.com
Professor Moraes Rego Avenue, Department of Prosthesis and Oral Surgery, Federal
University of Pernambuco, Recife, PE, Brazil. CEP 50670-901

ABSTRACT

Background This study aimed to perform a systematic review and meta-analysis to
investigate the use of OCT as a diagnostic tool to detect restorative failures in resin
composite restorations in different populations (human teeth and bovine teeth) when
compared to standard reference tests. Methods In vitro studies that used OCT to
diagnose a restorative failure in direct resin composite restorations in human teeth or
bovine teeth when compared to standard reference tests were included. Studies that
evaluated restorative failure exclusively with OCT, without direct comparison with
another evaluation technique were excluded. Information sources: Medline/Pubmed,
Embase, Cochrane, Web of Science, Scielo, Scopus, Lilacs/BVS were searched.
Quality Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2) was applied for
risk of bias. A random-effects model was used and meta-analysis was conducted.
Results The search identified 1048 results. The initial screening of titles and abstracts
resulted in 91 studies. Twelve studies were included and one additional relevant study
was found by checking citations of the selected papers. Thirteen studies were included
in the systematic review and six studies were included in the meta-analysis. The
estimated average correlation coefficient was 0.9717 (95% CI1 0.9624 to 0.9811). There

was no significant amount of heterogeneity. Conclusion The clinical applicability of
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the findings of this review is not yet well established because datasets of in vitro studies
are not representative of a general dental setting. OCT showed a high correlation of
suggestive images of gaps compared to other imaging methods. OCT seems to be a
potential tool to diagnose the early restorative failure. Registration Open Science

Framework platform (https://osf.io/z9qgn/).

INTRODUCTION

Failures at the tooth-restoration interface are a factor that compromises the
longevity of direct resin composite restorations'2. The presence of postoperative
sensitivity, marginal discoloration, and secondary caries leads to restoration
replacement?, remaining a critical issue in adhesive dentistry. The interfacial
degradation results from chemical, mechanical, and morphological changes in the
restorative materials and the surrounding dental tissues®. Additionally, the presence of
internal voids (air bubbles) affects the resin composites’ mechanical properties,
lowering their fatigue resistance?.

However, the diagnosis of restorative failure can be pretty challenging. The
decision to replace existing restorations and treatment planning are sometimes highly
subjective. Confirming that a tooth is healthy using a detection method is essential to
avoid the unnecessary interventional treatment®. To general dental practitioners,
dental radiography is frequently used to assess the margin quality of resin composite
restorations. Perfect marginal integrity is difficult to assess using the conventional
diagnostic method. Radiographs do not present sufficient sensitivity to detect early
lesions, particularly caries adjacent to restoration, because of the overlap of adjacent
structures®.

Given the limitations of dental radiography, other imaging methods have been
sought in clinical and in vitro research to fill this lack, such as micro-computed
tomography (micro-CT)*7, confocal laser scanning microscopy (CLSM)3%8 scan
electron microscopy (SEM)®. In this context, optical coherence tomography (OCT) has
emerged as a potential tool to evaluate the sealing performances nondestructively.
OCT is a high-resolution, cross-sectional imaging technique that permits non-invasive
imaging of the underlying defects in a biological system°. Unlike any radiographic
imaging technique, it is a non-ionizing tool, which makes it safe for the pediatric and

pregnant patients®t.
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OCT was previously used to detect gap defects at the tooth—restoration
interfaces!®!3 and voids or air bubbles of different sizes within the composite
restoration*. OCT has shown a remarkable ability to detect and quantifying micro gaps
under the restorations non-invasively. Better understanding and a direct comparison
with other methods of the mode of action of OCT are required to develop into a
commercially viable device that can easily be deployed and interpreted by the
clinician®,

This study aimed to perform a systematic review of the literature and
guantitative meta-analysis to investigate the use of OCT as a diagnostic tool for
detecting a restorative failure in resin composite restorations in different populations

(human teeth and bovine teeth) when compared to standard reference tests.

METHODS
The protocol was written following the guideline of Preferred Reporting Items for
Systematic reviews and Meta-Analyses for Protocols 2015 (PRISMA-P 2015)'41% and

was registered in the Open Science Framework platform (https://osf.io/z9qgn/).

Eligibility criteria
Study design — Studies such as laboratory tests (in vitro studies) that use OCT to

diagnose a restorative failure in resin composite restorations were included.

Participants — Direct resin composite restorations in human permanent teeth or bovine
teeth.

Index test — OCT is used for the detection or diagnosis of dental restoration failure.
Exclusion criteria: studies that evaluated restorative failure exclusively with OCT,

without direct comparison with another evaluation technique.

Reference standards — Reference standard tests were considered: conventional and

digital radiographs, micro-computed tomography, scanning electron microscopy,
confocal laser scanning microscopy, optical microscopy (histological section), dye

infiltration, stereomicroscope.
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Target conditions — Restorative failure: failure in marginal integrity, adhesive failures,

microleakage, cracks or bubbles at the resin-dental tissue interface in resin composite

restorations.

Information sources

Systematic searches were carried out in a single day (July 02, 2022), in the
following databases without language or publication status restrictions:
Medline/Pubmed, Embase, Cochrane, Web of Science, Scielo/Web of Science,
Scopus, Lilacs/BVS. An additional search was performed on: Opengrey and Google
Scholar. Manual searches were made in reference lists of included studies to identify
additional publications not identified in electronic searches ensuring literature

saturation16:17,

Search strategy
A Medline/Pubmed search strategy is presented in Appendix A. After the
Medline/Pubmed strategy was finalized, it was adapted to the syntax and subject

headings of the other databases.

Study records

Data management — Studies identified by search strategies were imported to EndNote

(Clarivate Analytics, Philadelphia, USA) for reference management. Duplicate articles

were removed.

Selection process — The selection process was carried out using the Rayyan®©

Software. Two review authors independently screened and assessed the results of all
searches for inclusion in two stages: 1) reading of titles and abstracts; 2) reading entire
articles. Consensus meetings were done in both stages, and if there were any
disagreements, a third reviewer was consulted. The reasons for the exclusion of

studies evaluated in full text were recorded.

Data items
Two reviewers performed data extraction, independently and in duplicate.
Disagreements between the two reviewers were resolved by consensus. If there were

no consensus, a third reviewer would assess a final decision?’.
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For each study, the following data were recorded: setting (author, title, journal,
year, country), study information (type of study, design details, reference standard),
sample characteristics (type of tooth, number of evaluated restorations, classification
of cavity preparation, type of adhesive and resin composite material), OCT
characteristics (OCT type, axial resolution, transverse resolution, wavelength,
penetration depth, type of image acquired, image acquisition speed, image acquisition
software, post-processing of imaging), study results (type of evaluation performed with
OCT data, measurement criteria, diagnostic comparison variables).

Results were extracted in all forms of data (continuous, dichotomous or ordinal)
as reported in the included studies. Correlation, percentage, mean and standard
deviation data were collected. For dichotomous variables, the number of
teeth/restorations submitted to index and reference tests were considered, the number
of true positives, true negatives, false positives and false negatives. For ordinal

variables, score values were considered.

Risk of bias individual studies

The risk of bias in individual studies was assessed using the Cochrane
Collaboration tool — QUADAS-2 (Quality Assessment of Diagnostic Accuracy Studies
2). The applicability of primary diagnostic studies was evaluated in four domains:

participant selection, index test, reference standard and flow and time?’.

Data synthesis

Studies were sufficiently homogeneous in terms of design and quantitative data
synthesis using a random-effects model was performed. The meta-analysis was
conducted using Jamovi 2.2.5 Software. A funnel plot based on standard errors was

used as a visual tool to investigate publication bias.

Confidence in the cumulative estimate

The quality of evidence for all outcomes was judged using the Grading of
Recommendations Assessment, Development and Evaluation working group
methodology and the GRADEPro online tool (www.guidelinedevelopment.org). The
guality of evidence was assessed across the domains of risk of bias, consistency,
directness and precision. These have been considered narratively when statistical

methods were not availablels.
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RESULTS
Study selection

The search identified 1,048 results and 512 remained after duplicated removal,
as shown in flow diagram®® (Figure 1). The initial screening of titles and abstracts
resulted in 91 studies being considered for inclusion. We retrieved full papers for these
studies, and after further review of the full text, we included 12 studies. Reports were
excluded for the following reasons: not comparison studies (a lack of reference
standard) (n = 38); OCT was used only as representative and/or qualitative images (n
= 33); conference report abstracts (n = 4); in vivo study (n = 1) and data in another
article (n = 3). One additional relevant study was found by checking references and
citations of the selected papers. Therefore, 13 studies were included in the systematic

review. Only six studies were included in meta- analysis.

Study characteristics

The included studies were published between 2011 and 2021 (Table 1). Six
studies used bovine incisors teeth3#7.81220  while the other seven used human
permanent teeth (anterior®, premolar'’?!, and molars®2224), Regardless of the area
evaluated, all studies opted for a cavity preparation with a maximum depth of 2 mm.

Five studies evaluated enamel margins on the cavity surface (enamel/resin
composite interface) and cavity floor (dentin/resin composite interface), with four in
bovine teeth*81220 and one in human teeth?. Two studies observed only the
enamel/resin composite interface (human teeth)®° while five studies observed only
dentin/resin composite interface®”:112224  |n addition to evaluating enamel/resin
composite and dentin/resin composite interface, one study also investigated the
cement/resin composite interface (human teeth)?!. The total sample size was 393

(ranging from 14 to 802).
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Table 1. Characteristics of the studies included in the systematic review.
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Study Teeth  (n) Interface evaluated OCT Reference Diagnostic variable
Standard

Alshahni, 20198 Bovine 36 Enamel/composite and dentin/composite  SS-OCT (1,260 to 1,360 nm) CLSM Gap lenght

Bakhsh, 20111 Human 21 Dentin/composite SS-OCT (1,260 to 1,360 nm) CLSM Gap lenght

Bista, 201312 Bovine 9 Enamel/composite and dentin/composite  SS-OCT (1,260 to 1,360 nm) CLSM % Sealed interface

Han, 20167 Bovine 24 Dentin/composite SS-OCT (1,260 to 1,360 nm)  Micro-CT % Defective spots

Horie, 20168 Human 60 Enamel/composite SS-OCT (1,330 + 100 nm) CLSM % Gap lenght

Makishi, 201120 Bovine 24 Enamel/composite and dentin/composite  SS-OCT (1,319 + 100 nm) CLSM Detection of gap

Matsuura, 201822 Human 40 Dentin/composite SS-OCT (1,240 to 1,380 nm)  Digital radiograph  Detection of carie

Nazari, 20134 Bovine 1 Enamel/composite and dentin/composite  SS-OCT (1,310 + 100 nm) Micro-CT Gap volume (mm?)

Sadr, 2011% Human 10 Dentin/composite SS-OCT (1,260 to 1,360 nm) CLSM % Gap lenght

Schneider, 2019° Human 8 Enamel/composite interface SD-OCT (1,310 £107 nm) SEM Detection of gap

Senawongse, 201128 Human 80 Enamel/composite and dentin/composite  SS-OCT (1,315t0 1,340 nm) Dye Leakage Gap (mm)

Zhou, 201623 Human 40 Enamel/composite and dentin/composite  SS-OCT (1,260 to 1,360 nm) CLSM Gap length

Zhou, 20213 Bovine 40 Dentin/composite SS-OCT (1,260 to 1,360 nm) CLSM Gap scale
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Most studies used the swept-source OCT (SS-OCT), except for one study that
used the spectral domain (SD-OCT) system®. All OCT systems operated at 1240 —
1380 nm, centered at approximately 1310nm.

Most studies used CLSM as the reference standard (n = 8). Micro-CT (n = 2),
SEM (n = 1), digital radiography (n = 1) and conventional dye leakage (n = 1) were
also used. Despite the method of comparison, the measurements of the gaps were

either linear (mm), area (mm?), or volume (mm?).

Results of individual studies

All studies pointed to OCT as a tool to identify restorative failure by detecting
gaps, voids, or bubbles. There was no difference between the internal adaptations
measured by SS-OCT and those measured by CLSM, micro-CT, and SEM. However,
the statistical analysis revealed a significant difference between the gap measured by
SS-OCT and dye leakage (p < 0.01). The observation with SS-OCT demonstrated
greater gap formation than the observation with dye leakage?!. SS-OCT demonstrated
significantly higher sensitivity, specificity and agreement when compared with digital
dental radiography.

Except for Nazari (2013), who evaluated air bubbles inside composite?, all
studies related white clusters and bright zones on OCT images. These images were
attributed to the increased intensity of backscattered light in the B-scan images,
corresponding to the enamel/resin composite and dentin/resin composite interfacial
gaps. There is a significant correlation between the length of the cluster with brighter
pixels along the cavity floor from the SS-OCT and the actual length of the gap at the
corresponding location measured under CLSM, SEM or Micro-CT2L, Even when using
contrast agent (silver nitrate) regions with gap showed increased brightness on the SS-
OCT images?®. No increase in signal intensity at most of the cavity interface,
demonstrated a good seal at the bonded tooth—restoration interface?.

Dentin beneath the restorations appeared dark and was discriminated from the
restoration even at a 2 mm thickness. Dentin with caries appeared as a bright zone
beneath the restorations and was clearly distinguished from intact dentin. However,
SS-OCT values for detecting caries beneath resin composite restorations were lower
for the 2-mm thick resin composite than for the 1-mm thick. This decrease in sensitivity
for the 2-mm thick restoration can be explained by attenuation of the signal through

the restoration?2.
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Methodological quality of included studies

The included studies were ranked based on standardized criteria for diagnostic
research using the QUADAS-22° tool for quality assessment of diagnostic accuracy
studies. (Table 2 and Figure 2).

Table 2. Quality assessment of the included studies.

Study RISK OF BIAS APPLICABILITY CONCERNS
PATIENT INDEX REFERENCE = FLOW AND PATIENT INDEX  REFERENCE
SELECTION TEST STANDARD TIMING SELECTION TEST STANDARD

Alshahni, 2019 ? ® ? © ? © ©
Bakhsh, 2011 ? ? ? ? ? © ©
Bista, 2013 ? ? ? ? ? © ©
Han, 2016 ? ? ? © ? © ©
Horie, 2016 @) ? ? ? © © ©
Makishi, 2011 ? ? ? ? ? © ©
Matsuura, 2018 ? © © ? ? © ©
Nazari, 2013 ? ? ? ? ? © ©
Sadr, 2011 ? ? ? ? ? © ©
Schneider, 2019 ? ) © ? ® © ©
Senawongse, 2011 ? ? ? ? ? © ©
Zhou, 2016 ? ? ? ? ? © ©
Zhou, 2021 ? ? ? ? © © ©

©: low risk; ®: high risk; ?: unclear risk.

FLOW AND TIMING | OLow OHigh OUnclear

£ REFERENCE STANDARD |

&

[m]

o

2 INDEX TEST |

g

=T

=

[«}

PATIENT SELECTION || | |
0% 2[‘)% 4[;'36 E[I)% SE‘)% 100% 0% 26.% 4{;% . EE;% . SE;% 100%
Proportion of studies with low, high or unclear Proportion of studies with low, high, or undlear

RISK of BIAS COMCERNS regarding APPLICABILITY

Figure 2. Quality assessment of the included studies.

No study was designated as high or low risk of bias. The unclear risk of bias in

each of the four domains (patient selection, index test, reference standard, and flow
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and timing) was 92%, 77%, 85%, and 85%, respectively. In contrast, the percentage
designated as low risk were 8%, 23%, 15%, and 15%, respectively. The available
studies’ uncertain methodological quality was due the absence of clear information
about (1) the randomization process of samples and exclusion criteria, (2) blinded
index test and reference standard interpretation, and (3) interval or storage methods
between index and reference standard.

Regarding applicability, the index test and reference standard were well
conducted in all studies, showing a low risk in this domain. Unlike patient selection,
77% of the studies were classified as “unclear”. One study was designated as high risk
about patient selection because teeth had been included suspected of restorative
failure that would be more straightforward to detect, introducing bias and influencing

sensitivity and specificity®.

Quantitative synthesis — Meta-analysis

From the 13 studies selected for qualitative analysis, only six studies, that used
the same test index (CLSM) and presented results such as Pearson’s correlation and
linear regression, were included in the meta-analysis. The other seven studies were
excluded for the following reasons: five studies employed other tests index (SEM?®,
Micro-CT#7, dye leakage?* and digital radiograph??); one study showed
sensitivity/specificity results, which alone do not allow quantitative synthesis??; and
one another study, provided only Spearman’s correlation?.

The observed Pearson’s correlation coefficients ranged from 0.913 to 0.978,
with the majority estimates being positive (100%). The estimated average correlation
coefficient based on the random-effects model was 0.9717 (95% CI 0.9624 to 0.9811;
Figure 3). Therefore, the average outcome differed significantly from zero (z =
203.3654, p < 0.0001).

According to the Q-test, there was no significant amount of heterogeneity in the
true outcomes (Q(5) = 6.5202, p = 0.2588, tau? = 0.0000, 12 = 4.1049%). A 95%
prediction interval for the true outcomes is given by 0.9611 to 0.9824. Hence, even
though there may be some heterogeneity, the true outcomes of the studies are
generally in the same direction as the estimated average outcome. An examination of
the studentized residuals revealed that there was no indication of outliers in the context
of this model. According to the Cook's distances, none of the studies could be

considered to be overly influential.
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Egger’s regression test indicated funnel plot asymmetry (p = 0.0480), which was
consistent with an asymmetrical funnel plot (Figure 4) with missing studies in the lower
right.

Alshahni, 2019 —— 0.9 [0.96, 0.99)
Bakhsh, 2011 et 0.97 [0.95, 1.00]
Bista, 2013 0.97 [0.92, 1.01)
Horie, 2016 - 0.97 [0.96, 0.99]
Sadr, 2011 , 0.94 [0.86, 1.02]
Zhou, 2016 | 0.91[0.86, 0.97]
RE Model - 0.97 [0.96, 0.98]
I | | | |
085 09 095 1 1.05

Random-Effects Model (k = 6)

Estimate se v 4 p Cl Lower Bound Cl Upper Bound

Intercept 0972 000478 203 <.001 0.962 0.981

Note, Tau? Estimator: Restricted Maximum-Likelihood

Heterogeneity Statistics

Tau Tau? 12 H* R* df Q p

0003 O(SE=1e-04) 41% 1043 . 5000 6520 0.259

Figure 3. Forest plot of the summary correlation coefficient for the included studies (n
=6).
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Standard Error
0.019 0.01
|

0.029

o ¥
@ .
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0.9 0.95 1 1.05

Correlation Coefficient

Figure 4. Funnel plot for the summary correlation coefficient analysis (n = 6).

We rated the certainty of the evidence as moderate. We downgraded 1 level in
the total due to the indirectness arising from the in vitro studies and the imprecision of

the estimates.

DISCUSSION

We conducted a systematic review with meta-analysis to investigate the use of
OCT as a tool for diagnosing restorative failure. Sufficient studies provided correlation
data, enabling a meta-analysis. We showed a high correlation between the images
suggestive of gaps obtained with OCT compared to other imaging methods was
observed.

Dental radiograph, micro-CT, SEM, and CLSM were the imaging methods found
in the selected studies for meta-analysis. Each equipment has its characteristics as a
tool for evaluation. Radiographs do not have sufficient sensitivity to detect early
restorative failures. Micro-CT has no limitation for evaluating the restoration in terms
of cavity depth, unlike OCT has depth limitations. Even though SS-OCT shows very
clear images within the penetrating depth of the laser’. On the other hand, one of the
main advantages of OCT imaging is the capacity to eliminate the radiation dose from

visual diagnostic approaches in dentistry??. SEM and CLSM can diagnose restorative
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failures accurately, although they are available only to in vitro assays because they are
destructive methods.

SS-OCT and SD-OCT were used in the selected studies to observe interfacial
gap, marginal integrity, and air bubbles around the resin composite restorations. The
OCT imaging mechanism for distinguishing between different materials is based on
their composition, light scattering properties, and refractive indexes**!. Light will be
reflected and refracted according optical variation between restorative material, air,
and tooth structure. In OCT imaging the signal intensity of investigated structure is
affected by adjacent superior structures. A Fresnel phenomenon reflects a fraction of
light at an interface between two media with different refractive indexes, which
depends on the incidence angle and the contrast of refractive indexes!!. Dental resin
composites are mostly transparent substrates that allow transmission of visible and
near-infrared light; therefore, OCT is generally suitable for assessing marginal
integrity®. Moreover, gaps showed much brighter than lesions on OCT because more
water or dentinal fluid existed in interfacial gaps than in demineralized tissues?3.

Gap images were generally clear with high-intensity bright clusters or white
spots’. A high correlation was found between the lengths of the bright cluster and the
length of the gap. A different finding was noticed when OCT detected voids or air
bubbles, as voids filled with air, reflect back most of the light from their boundaries.
Such strong backscattering from within the resin composite occasionally prevents
effective signal acquisition from the deeper region of the structure. The light attenuation
due to multiple reflections at the defect boundaries results in a dark area with low signal
intensity underneath the defect!?. However, it was not expected that the OCT with an
axial resolution of 11 um would accurately measure gaps only a few micrometers in
height!l. The light is scattered and attenuated with depth’. The interfacial defect in a
cavity is a 3D phenomenon and would be best described by 3D analysis?!.

Few studies (n = 2) reported data regarding sensibility and specificity?®:22. These
data are essential for systematic reviews of diagnostic studies and the search for
evidence of test index accuracy. Meanwhile, most studies that employed CLSM as
index test (n = 6) provided Pearson’s correlation and linear regression data sufficient
for quantitative synthesis.

There was no significant amount of heterogeneity despite variability across the
study protocols and methodologies assumed. The included studies were diverse in

their sample population (bovine and human teeth) and area evaluated.
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The frequent score of "unclear" is because studies did not offer enough details
about the randomization process of samples and exclusion criteria. QUADAS-2
emphasizes the importance of adequate sample randomization and explicitness in
exclusion criteria. Sample straightforward to diagnose should not participate, as it may
overestimate the accuracy of the test. The blinding of index test and reference standard
interpretation was not clearly reported, leaving the risk of bias uncertain. In general,
the studies did not report the interval or storage methods between the index and
reference standard. Theoretically, in these in vitro assays, the diagnostic time between
the two tests does not affect the restorative failure. However, inappropriate storage
methods adds a risk of sample alteration.

The available studies’ uncertain methodological quality was due to the absence
of clear information about (1) the randomization process of samples and exclusion
criteria; (2) blinded index test and reference standard interpretation; and (3) interval or
storage methods between the index and reference standard. We could not categorize
any study as low or high risk of bias or concerns for applicability across all domains.

Publication bias was evident in the correlation analysis, as shown by an
asymmetrical funnel plot. However, considering the extensive literature search
described in the methodology, this result should be analyzed with caution. Tests that
currently use standard errors to assess publication bias for diagnostic accuracy studies
may lead to uncertainty and misleading results?®.

The strengths of this review is the rigorous application of evidence synthesis
methodology through transparent and reproducible methods.

The clinical applicability of the findings of this review is not yet well established
because datasets of in vitro studies are not representative of a general dental setting.
Furthermore, there is a question of whether the utilization of OCT devices provides
sufficient benefit to justify the cost. Studies may be conducted to investigate the use of
OCT in a general dental practice setting®.

CONCLUSION

OCT seems to be a potential tool to diagnoses the early restorative failure,
identifying failure in marginal integrity, gaps, voids, and air bubbles. However, it is
limited regarding evaluating deep restorations. There was a strong correlation between
the images obtained with OCT and other reference imaging methods. Considering the

limitations of this review, OCT can become a valuable tool in restorative dentistry.
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APPENDIX A — Search strategy

Query

#1

#2

#3
(#1 OR #2)

#4
#5
#6
(#4 OR #5)
#7
#8
#9
#10
#11
#12 (#6 OR #7
OR #8 OR #9
OR #10 OR
#11)

#13 (#3 AND
#12)

Population

Index

Population

Pubmed via Medline

"Tomography, Optical Coherence"[Mesh]

"Coherence Tomography, Optical" OR "OCT Tomography" OR
"Tomography, OCT" OR "Optical Coherence Tomography"
("Tomography, Optical Coherence"[Mesh]) OR ("Coherence Tomography,
Optical" OR "OCT Tomography" OR "Tomography, OCT" OR "Optical
Coherence Tomography")

"Composite Resins"[Mesh]

"Composite Resin" OR "Resin, Composite" OR "Resins, Composite"
("Composite Resins"[Mesh]) OR ("Composite Resin" OR "Resin,
Composite" OR "Resins, Composite")

"Dental Marginal Adaptation"[Mesh]

"Marginal integrity"

"Interfacial integrity"

"Cracks"

"Dental Restoration Failure"

(((((("Composite Resins"[Mesh]) OR ("Composite Resin" OR "Resin,
Composite" OR "Resins, Composite")) OR ("Dental Marginal
Adaptation"[Mesh])) OR ("Marginal integrity”)) OR (“Interfacial integrity"))
OR ("Cracks")) OR ("Dental Restoration Failure™)

(("Tomography, Optical Coherence"[Mesh]) OR ("Coherence Tomography,
Optical" OR "OCT Tomography" OR "Tomography, OCT" OR "Optical
Coherence Tomography")) AND ((((((("Composite Resins"[Mesh]) OR

("Composite Resin" OR "Resin, Composite” OR "Resins, Composite")) OR

("Dental Marginal Adaptation"[Mesh])) OR (“Marginal integrity")) OR
("Interfacial integrity")) OR ("Cracks")) OR ("Dental Restoration Failure"))

Embase

'resin'/exp OR 'resin’' OR 'dental marginal adaptation'/exp OR 'dental
marginal adaptation' OR 'dental restoration’/exp OR 'dental restoration'
‘optical coherence tomography'

(‘'resin'/exp OR 'resin' OR 'dental marginal adaptation'/exp OR ‘dental
marginal adaptation' OR 'dental restoration’/exp OR 'dental restoration')

AND 'optical coherence tomography'
Cochrane

"Composite Resins" OR "Composite Resin" OR "Resin, Composite" OR

"Resins, Composite" OR "Dental Marginal Adaptation" OR "Marginal



Index

Population

Index

Population

Index

integrity" OR "Interfacial integrity” OR Cracks OR "Dental Restoration
Failure"

"Tomography, Optical Coherence" OR "Coherence Tomography, Optical"
OR "OCT Tomography" OR "Tomography, OCT" OR "Optical Coherence
Tomography"

"Tomography, Optical Coherence" OR "Coherence Tomography, Optical"
OR "OCT Tomography" OR "Tomography, OCT" OR "Optical Coherence
Tomography" in All Text AND "Composite Resins" OR "Composite Resin"
OR "Resin, Composite" OR "Resins, Composite” OR "Dental Marginal
Adaptation" OR "Marginal integrity" OR "Interfacial integrity" OR Cracks OR
"Dental Restoration Failure" in All Text - (Word variations have been

searched)
Web of Science

ALL=("Composite Resins" OR "Composite Resin" OR "Resin, Composite"
OR "Resins, Composite" OR "Dental Marginal Adaptation” OR "Marginal
integrity" OR "Interfacial integrity” OR Cracks OR "Dental Restoration
Failure")

ALL=("Tomography, Optical Coherence" OR "Coherence Tomography,
Optical" OR "OCT Tomography" OR "Tomography, OCT" OR "Optical
Coherence Tomography")

(ALL=("Composite Resins" OR "Composite Resin" OR "Resin, Composite”
OR "Resins, Composite" OR "Dental Marginal Adaptation” OR "Marginal
integrity" OR "Interfacial integrity" OR Cracks OR "Dental Restoration
Failure")) AND ALL=("Tomography, Optical Coherence" OR "Coherence
Tomography, Optical" OR "OCT Tomography" OR "Tomography, OCT" OR
"Optical Coherence Tomography")

Scielo via Web of Science

TS=("Composite Resins" OR "Composite Resin" OR "Resin, Composite"
OR "Resins, Composite" OR "Dental Marginal Adaptation" OR "Marginal
integrity" OR "Interfacial integrity” OR Cracks OR "Dental Restoration
Failure")

TS=(“Tomography, Optical Coherence" OR "Coherence Tomography,
Optical" OR "OCT Tomography" OR "Tomography, OCT" OR "Optical
Coherence Tomography”)

(TS=("Composite Resins" OR "Composite Resin" OR "Resin, Composite"
OR "Resins, Composite" OR "Dental Marginal Adaptation” OR "Marginal
integrity" OR "Interfacial integrity" OR Cracks OR "Dental Restoration
Failure")) AND TS=(“Tomography, Optical Coherence" OR "Coherence
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TITLE-ABS-KEY

Population

Index

Population

Index

Population

Index

Tomography, Optical" OR "OCT Tomography" OR "Tomography, OCT" OR
"Optical Coherence Tomography”)

Scopus

( "Composite Resins" OR "Composite Resin" OR "Resin, Composite" OR
"Resins, Composite" OR "Dental Marginal Adaptation" OR "Marginal
integrity" OR "Interfacial integrity" OR cracks OR "Dental Restoration
Failure") AND TITLE-ABS-KEY ( "Tomography, Optical Coherence" OR
"Coherence Tomography, Optical" OR "OCT Tomography" OR
"Tomography, OCT" OR "Optical Coherence Tomography")

BVS/LILACS (English)

"Composite Resins" OR "Composite Resin" OR "Resin, Composite" OR
"Resins, Composite" OR "Dental Marginal Adaptation" OR "Marginal
integrity" OR "Interfacial integrity” OR Cracks OR "Dental Restoration
Failure"

"Tomography, Optical Coherence” OR "Coherence Tomography, Optical”
OR "OCT Tomography" OR "Tomography, OCT" OR "Optical Coherence
Tomography”

("Composite Resins" OR "Composite Resin" OR "Resin, Composite" OR
"Resins, Composite" OR "Dental Marginal Adaptation" OR "Marginal
integrity" OR "Interfacial integrity" OR Cracks OR "Dental Restoration
Failure”) AND ("Tomography, Optical Coherence" OR "Coherence
Tomography, Optical" OR "OCT Tomography" OR "Tomography, OCT" OR
"Optical Coherence Tomography")

BVS/LILACS (Portuguese)

“Resinas Compostas” OR Compésitos OR “Resina Composta” OR
“Adaptagédo Marginal Dentaria” OR “Falha de Restauragao Dentaria”
“Tomografia de Coeréncia Optica”

(“Resinas Compostas” OR Compoésitos OR “Resina Composta” OR
“Adaptagédo Marginal Dentaria” OR “Falha de Restauragao Dentaria”) AND

(“Tomografia de Coeréncia Optica”)
BVS/LILACS (Spanish)

“Resinas Compuestas” OR Composite OR “Resina Compuesta” OR
“Adaptacion Marginal Dental” OR “Fracaso de la Restauraciéon Dental”
“Tomografia de Coherencia Optica”

(“Resinas Compuestas” OR Composite OR “Resina Compuesta” OR
“Adaptacion Marginal Dental” OR “Fracaso de la Restauracién Dental”)

AND (“Tomografia de Coherencia Optica”)
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Google Scholar
("Resin" OR "Dental Marginal Adaptation" OR "Dental Restoration Failure")
AND "Optical Coherence Tomography"
Open Grey

("Composite Resin" OR "Dental Marginal Adaptation") AND "Optical
Coherence Tomography")

64
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5 CONSIDERACOES FINAIS

Foi possivel concluir que:

- Houve sinergismo entre PMAA-AgNPs com fluconazol contra cepas resistentes de
C. albicans indicando que PMAA-AgNPs podem superar a resisténcia ao fluconazol.
Apesar das PMAA-AgNPs apresentarem citotoxicidade dose-dependente nas células
de mamiferos testadas, o efeito inibitério dessas nanoparticulas isoladas ou em
combinagcdo foi maior em C. albicans do que nas células hospedeiras. Essa
combinacdo pode ser usada com cuidado como agente antifiingico em formulacdes
topicas para combater a candidiase resistente. Ainda sdo necessarios mais estudos
in vivo para avaliar as propriedades toxicolégicas e farmacéuticas das PMAA-AgNPs,

visando garantir sua seguranca e eficacia na pratica clinica.

- OCT possibilitou quantificar a perda de tecido dentinario apds irradiacdo com laser
de femtosegundo Ti:Sapphire. Constatou-se que o laser fez ablacdo com sucesso da
camada de smear layer da dentina, abrindo os tubulos dentinarios, aumentando a
rugosidade da superficie, melhorando a adeséo, e trazendo maior resisténcia ao
microcisalhamento. OCT também possibilitou a avaliacdo do tipo de falha apés os

ensaios de microcisalhamento.

- OCT parece ser uma ferramenta em potencial para diagnosticar in vitro falhas
restauradoras precoces, identificando falhas na integridade marginal, gaps, vazios e
bolhas de ar, embora haja limitacées na avaliacdo de restauracfes profundas. Houve
forte correlacao entre as imagens obtidas com OCT e outros métodos de imagem de
referéncia. Considerando as limitagbes, a OCT pode se tornar uma ferramenta valiosa

na odontologia restauradora.
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Abstract

Aims: To synthesize and evaluate the antifungal activity of poly(methacrylic acid)-
silver nanoparticles (PMAA-A gNPs) against nine Candida albicans isolated from
clinical specimens.

Methods and Results: The effects of PMAA- AgNPs- fluconazole combination was
analysed by checkerboard methodology. The synergistic potential of PMAA-A gNPs-
fluconazole was determined by the fractional inhibitory concentration index (FICI). The
inhibition of germ tube formation and the determination of PMAA- AgNPs cytotoxicity
were also performed. All C. albicans strains were susceptible to PMAA- AgNPs and
resistant to fluconazole. PMAA- AgNPs at subinhibitory concentrations restored the
susceptibility of resistant C. albicans to fluconazole, whose FICI ranged from 0.3 to 0.5.
The synergistic interaction of the combination was observed in eight of nine strains. The
PMAA- AgNPs- fluconazole combination was also able to inhibit the germ tube
formation. PMAA-A gNPs showed a dose-dependent decrease in vi- ability for cells
tested, with 50% cytotoxic concentration (CCso) values of 6.5, 4.9 and 6.8 ug ml™ for
macrophages, fibroblasts and Vero cells, respectively.

Conclusions: This study demonstrated that, in general, PMAA-A gNPs acts
synergistically in combination with fluconazole, inhibiting fluconazole- resistant C.
albicans strains. PMAA- AgNPs- fluconazole combination was also able to inhibit germ
tube formation, an important virulence factor. Inhibitory effect of PMAA- AgNPs alone
or in combination was higher in C. albicans than in mammalian cells.

Significance and Impact of Study: This study shows the potential of PMAA- AgNPs
combined with fluconazole to inhibit fluconazole- resistant C. albicans strains.
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Candida albicans, fluconazole, germ tube, silver nanoparticles, synergism
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INTRODUCTION

Candidiasis is an opportunistic pathology ranging
from superficial to systemic and life- threatening
infection, being Candida albicans the most prevalent
species (Arya & Rafig, 2020). Usually, infections
caused by Candida are treated by different classes of
antifungals including: azoles, polyenes and
echinocandins (Pappas et al., 2016). Besides the
emergence of resistance, the limited spectrum of
available antifungals constitutes a major barrier to the
effective treatment of systemic and local fungal
infections (Nguyen et al., 2020).

The development of resistance to the currently used
antifungals has been an important health concern. In
this regard, the search of novel antifungal alternatives
to traditional antibiotics, aiming to overcome this
limitation, represents an urgent need in the field.
(Pimentel et al., 2022; Nadhe et al., 2019).

Metal nanoparticles have been demonstrated to have
not only antimicrobial effects, but also advantages
such  as: lower  toxicity, hydrophilicity,
biocompatibility and high stability. These
nanoparticles alone or in combination with currently
antifungal agents can be used to circumvent the
fungal resistance, as well as the complications
associated with prolonged use of antifungals (Mussin
etal., 2019). Silver nanoparticles (AgNPs) are among
the most studied nanomaterials for biomedical
applications due to their potent antimicrobial
properties, good  chemical  stability and
biocompatibility (Singh et al., 2019). The activity of
these nanoparticles against C. albicans has been
already demonstrated (Hamida et al., 2021; Hampe et
al., 2017; Lee et al., 2019; Longhi et al., 2016).
However, the search of novel AgNPs with more
suitable physicochemical properties and lower
cytotoxicity with antifungal activity is still an urgent
need.

Although nanoparticles are considered as a promising
tool in the areas of science and technology, their
cytotoxicity potential has been a matter of concern
(Punjabi et al., 2018). Development of AgNPs with
antifungal activity, environmentally harmless and
cheap procedures in AgNP production has been
sought. Thus, it is necessary to develop not only an
innovative, cost- effectively and eco- friendly method
to produce AgNPs, but also to evaluate its
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antimicrobial activity and biosafety to prove their
therapeutic potential (R6zalska et al., 2018).

In a previous study, a solution of silver nitrate and
biocompatible poly(methacrylic acid) (PMAA)
polymer were used as starting point to prepare
spherical AgNPs (PMAA- AgNPs), with diameter
smaller than 40 nm (Carvalho et al., 2018). To the best
of our knowledge, studies on the effect of PMAA-
AgNPs combined with antifungal agents against C.
albicans have not yet been published. In this regard,
this study aims to evaluate the in vitro effects of the
combination of PMAA- AgNPs with fluconazole
against C. albicans strains isolated from different
clinical samples, the ability of these nanoparticles to
inhibit the germ tube formation as well the
determination of its cytotoxicity potential on
mammalian cells.

MATERIALS AND METHODS

Synthesis and characterization of PMAA-
AgNPs

Poly(methacrylic acid)- silver nanoparticles (PMAA-
AgNPs) were synthesized according to the
methodology described by Carvalho et al. (2018).
Agueous solution of silver nitrate (AgNOgs, 50 ml, 5
mmol L™ was mixed with PMAA (sodium salt, 50 ml,
0.5 mmol L) and magnetically stirred at 25°C for 5
min. This solution was exposed to UV light (8 W,
central wavelength 370 nm) for 6 h for silver
reduction and stored in amber vials (Spadaro et al.,
2009). Then, size and morphology of synthesized
PMAA- AgNPs was analysed. UV- Visible
transmission spectroscopy (Cary 50 UV- Vis
spectrometer; Varian/ Agilent) was used to verify the
conversion of silver cations to AgNPs. Nanostructure
of samples were characterized by transmission
electron microscopy (JEOL; JEM- 2100) operating at
200 kV and energy dispersive X- ray fluorescent
spectrometer module of the Nuclear and Energy
Research Institute (SP, Brazil). The zeta potential
measurements were performed using Zetasizer Nano
from the laboratory of Non- Conventional Polymers,
Department of Physics— Federal University of
Pernambuco.



Candida albicans strains and inoculum
standardization

Candida albicans strains (n = 9) were obtained from
stock cultures maintained in the Laboratory of
Physiology and Biochemistry of Microorganisms
(LFBM), Department of Antibiotics— Federal
University of Pernambuco. These strains were
isolated from urine (LFBM Ca0l, LFBM Ca02,
LFBM Ca03 and LFBM Ca04), oral cavity (LFBM
Ca05 and LFBM Ca06) and blood (LFBM Ca07,
LFBM Cal4 and LFBM Cal002). C. albicans
ATCC® 10231 was used as standard strain.

Candida albicans cultures were reactivated in
Sabouraud Dextrose Broth (DIFCO), seeded onto
Sabouraud Dextrose Agar (DIFCO) and incubated at
35°C for 24 h. For standardization of the inoculum,
single colonies were selected and yeast suspension
was prepared in saline solution (0.85%). Turbidity of
these suspensions was adjusted to 90% transmittance
at 530 nm which is equivalent to 10° colony forming
units per ml (cfu ml™). Then, two dilutions were
performed to obtain a final inoculum (10° cfu ml™?).
First, C. albicans culture were diluted in saline
solution (1:100) following by a second dilution (1:10)
in Roswell Park Memorial Institute Medium (RPMI-
1640; Gibco) buffered  with  3-  (N-
morpholino)propanesulfonic acid (MOPS; Sigma-
Aldrich) (CLSI, 2017b). Candida albicans growth in
the culture was confirmed by direct cell counting.

Antifungal agents

Amphotericin B, nystatin and fluconazole (Sigma-
Aldrich) were chosen as reference drugs, based on
Guideline of Infectious Diseases Society of America
(Pappas et al., 2016). Resistance was defined for each
case, considering minimal inhibitory concentration
(MIC) values required to inhibit the growth of 90% of
organisms: amphotericin B MIC >1.0 pg ml?,
fluconazole MIC >8.0 pug ml™. For nystatin, MIC
between 8.0 and 32.0 pg ml* was defined as dose-
dependent susceptibility (CLSI, 2017a, 2017b).
Amphotericin B, nystatin and fluconazole were
solubilized in dimethyl sulfoxide/tween 80/water
(1.0/0.5/8.5) while AgNPs were solubilized in water.
Candida albicans cultivated in medium containing
dimethyl sulfoxide/tween 80/water was used as
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negative control to exclude the possibility of toxic
effects of this diluent on the pathogen.

Antifungal activity

Susceptibility of C. albicans to antibiotics was carried
out using broth microdilution method, in accordance
with CLSI M27-A 4 qguideline with slight
modifications. Stock solution of PMAA- AgNPs,
amphotericin B, nystatin and fluconazole were
serially diluted in RPMI- 1640 buffered with MOPS
to obtain concentrations that ranged from 64.0 to 0.5
ug ml, except to fluconazole, whose concentration
ranged from 1024 to 8.0 pg mi~. Aliquots (100 pl) of
drugs solutions were distributed in sterile 96-w ell
microplates and then a standardized suspension of C.
albicans strains (100 ul) was added to wells. These
plates were incubated at 35°C for 24 h. Minimal
inhibitory concentration was reported as the lowest
concentration of compounds that inhibited C.
albicans growth (CLSI, 2017b).

To determine the minimal fungicidal concentration
(MFC), defined as the lowest concentration that killed
more than 99.9% of the initial inoculum, aliquots (5
ul) of each well, where no growth was detected, were
seeded onto Sabouraud Dextrose Agar. These plates
were incubated under the same conditions and the
number of colonies was determined.

Checkerboard assay

Checkerboard assay was performed according to the
methodology described by Odds (2003). Appropriate
dilutions of PMAA- AgNPs (4.0-0 .031 pg ml™*) and
fluconazole (1024— 0.5 ug ml™t) were prepared into
RPMI- 1640. From these dilutions, 50 ul were added
into 96-w ell microplates to obtain a final
concentration corresponding to 1/8 and 1/12 of MIC
value for PMAA- AgNPs and fluconazole,
respectively. Then, 100 pl of cell suspension was
added to each well (10° cfu mI™?) and microplates
were incubated at 35°C for 24 h.

Fractional inhibitory concentration index (FICI) was
determined as: (MIC of the PMAA- AgNPs in
combination with fluconazole/MIC of the PMAA-
AgNPs) + (MIC of fluconazole in combination with
PMAA- AgNPs/MIC of fluconazole).



The effect of the combination was defined as
synergistic if FICI was <0.5, additive when the FICI
was >0.5 to <1.0 and antagonistic when >1.0 (Odds,
2003).

Germ tube formation assay

LFBM Ca06 strain was randomly chosen for the germ
tube formation tests. This strain was cultivated on
Sabouraud Dextrose Broth at 35°C for 24 h. Cultures
were diluted in the same broth to obtain yeast standard
suspensions (10° cfu mlI™t). These suspensions were
exposed to fluconazole, PMAA- AgNPs and their
combination in  subinhibitory  concentrations.
Aliquots of 1 ml of each C. albicans culture were
added to 1 ml of fetal bovine serum (FBS; Gibco).
The test tubes were incubated at 37°C for 3 h under
gently shaking. Samples cultivated in free-d rug
medium supplemented with FBS were considered as
positive control of germ tube formation. A drop of
each C. albicans culture was placed on a slide and
observed under light microscope at 400x
magnification (Olympus BX51) (Matare et al., 2017).
Yeasts were considered to have germinated if the
germ tube formation was at least twice the length of
the cell.

Cytotoxicity assay

Cytotoxic effects of the PMAA-A gNPs on J774.A1
macrophages (ATCC TIB-6 7TM), Vero cells (ATCC
CCL- 81TM) and fibroblasts (ATCC PCS- 201- 018)
were evaluated by 3- (4,5- dimethylthiazol- 2- ylI)-
2,5- di phenyl tetrazolium bromide (MTT)
colorimetric assay (Mosmann, 1983). For each cell
types, 10° cells ml™* was seeded in 96-w ell plates
containing RPMI-1640 for macrophages and Vero
cells, or Dulbecco's Modified Eagle Medium for
fibroblasts, supplemented with 10% inactivated FBS.
Cultures were incubated at 37°C for 3 h in 5% CO-
atmosphere. Nonadherent cells were removed by
washing with phosphate buffered saline, pH 7.0.
Remaining cells were allowed to grow for additional
48 h in RPMI-1 640 in the absence or the presence of
PMAA- AgNPs (100 ul), at concentrations ranging
from 2.0 to 64.0 ug ml™*. Treated and untreated cells
were washed and incubated at 37°C for 3 h in fresh
culture media containing 0.5 mg ml? of MTT
(Sigma— Aldrich). After incubation, MTT was
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removed and the cells were treated with an (100 pl)
acid isopropanol (0.04 N HCI in isopropanol) for
formazan crystal solubilization derived from MTT
reduction. Samples aliquots (100 pl) were transferred
to 96- well microplates and analysed at Benchmark
Plus™ Microplate Spectrophotometer (Bio- Rad®) at
540 nm.

Statistical analysis

All assays were performed in triplicate on two
independent experiments and the results were
expressed as an average of the assays. Cytotoxicity
assay results were plotted as the percentage of viable
cells normalized to untreated cells. The cytotoxic
concentration 50% value (CCsp) was calculated by
nonlinear regression analysis. Data were compared by
one-w ay analysis of variance followed by the Tukey
posttest using GraphPad Prism 9.1.1 (GraphPad
Software). p- value <0.05 was considered statistically
significant.

RESULTS

Synthesis and characterization of PMAA-
AgNPs

Poly(methacrylic acid)- silver nanoparticles showed
maximum intensity of the extinction spectrum in 420
nm (Figure 1), which is correlated to the plasmon
absorption peak of spherical AgNPs (Maier, 2007).
Monodispersed AgNPs, spherical and without
significant agglomeration, were observed in
transmission electron microscopy image (Figure 2a).
Particle size distribution ranges from 10 to 40 nm with
a mean size of 15 nm (Figure 2b). The presence of
PMAA prevented the particles clustering while they
remain in suspension. Poly(methacrylic acid)- silver
nanoparticles presented a zeta potential of —41.83
mV.
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FIGURE 1 UV- visible absorption spectra of PMAA- AgNPs.
PMMA- AgNPs, poly(methacrylic acid)- silver nanoparticles

Antifungal activity

Minimal inhibitory concentration and MFC values of
PMAA- AgNPs and antifungals against C. albicans
are presented in Table 1. Poly(methacrylic acid)-
silver nanoparticles showed activity against all C.
albicans strains tested, including C. albicans ATCC
10231 (MIC 4.0- 8.0 ug ml™). Compared to nystatin
and fluconazole, amphotericin B showed the
strongest activity whose MIC values ranging from 1.0
to 2.0 ug ml*. However, three strains (LFBM Ca01,
LFBM Ca05 and LFBM Cal4) showed resistance to
this antifungal (MIC 2.0 ug ml™).

All C. albicans strains were susceptible to nystatin
treatment in a dose- dependent manner. On the other
hand, all strains tested showed to be resistant to
fluconazole, exhibiting MIC values equal or greater
than 1024 pg ml™. In this regard, fluconazole was
selected for the study of the interaction with PMAA-
AgNPs.

Checkerboard assay

Minimal inhibitory concentration and FICI values
obtained by the combination of PMAA- AgNPs with
fluconazole against C. albicans strains are presented
in Table 2.

Subinhibitory concentrations of PMAA- AgNPs (<
0.5 x MIC) enhanced the anti- Candida activity of
fluconazole. Among all C. albicans strains tested, five
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(LFBM Ca02, LFBM Ca04, LFBM Ca05, LFBM
Cal4, LFBM Cal002) had their sensitivity to
fluconazole restored (initial MIC 1024 pg ml; final
MIC 4.0 2.0 ug ml™). Synergistic interaction (FICI
< 0.5) was detected in eight strains leading to a
reduction of MIC values (PMAA- AgNPs > 50%;
fluconazole > 96.8%). Isobole curve corroborates the
synergistic association between PMAA- AgNPs and
fluconazole (Figure 3). The greater synergistic
interactions of PMAA- AgNPs + fluconazole was
observed for LFBM Ca05 and LFBM Ca07 strains
(FICI = 0.3). For these yeasts, the MIC value for
fluconazole alone (> 1024 ug mi™*) was lowered to
1/32—- 1/256 fold (combined MIC 32.0-4 .0 ug ml™?),
respectively, when it was used in combination with
PMAA- AgNPs. Although additive effect was
observed against LFBM Ca0l strain (FICI = 0.6),
PMAA- AgNPs tested at MIC = 2.0 ug ml™* was able
to lower the MIC of fluconazole (individual MIC
>1024 ug ml™t; combined MIC = 128.0 ug ml™2).

Germ tube formation assay

The treatment of C. albicans (LFBM Ca06 strain)
subinhibitory concentrations of PMAA-A gNPs (2.0
or 1.0 ug ml™?) or fluconazole (16.0 pg ml™?) did not
inhibit the germ tube formation (Figure 4a— ).
However, when these cultures were exposed at
PMAA-A gNPs- fluconazole combination at MIC of
2.0~ 16.0 or 1.0— 16.0 ug ml* for 3 h, an inhibition
of germ tube formation could be observed (Figure
4d). It is noteworthy that germ tube inhibition
occurred at concentration 1/64 x MIC for fluconazole
when in combination with <1/2 x MIC of PMAA-A
gNPs.

Cytotoxicity assay

MTT assay showed a dose-d ependent decrease in the
viability for all the cell types tested, with CCso values
equal to 6.5 ug ml™* (£0.56), 4.9 ug mi~* (x0.25) and
6.8 ug ml* (+0.36), for macrophages, fibroblasts and
Vero Cells, respectively (Figure 5).
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FIGURE 2 Transmission electron microscopy image of PMAA- AgNPs taken after synthesis (a); particle size distribution (b). PMMA- AgNPs,

poly(methacrylic acid)- silver nanoparticles.

TABLE 1 Minimal inhibitory and minimal fungicidal concentration (MIC/MFC) of PMAA-A gNPs and antifungals against Candida albicans strains

MIC/MFC (igmlI")

Candida albicans strains PMAA- AgNPs Amphotericin B Nystatin Fluconazole
LFBM Ca01 4.0/8.0 2.0/2.0 16.0/32.0 >1024
LFBM Ca02 4.0/8.0 1.0/2.0 16.0/32.0 >1024
LFBM Ca03 4.0/8.0 1.0/2.0 16.0/32.0 >1024
LFBM Ca04 4.0/8.0 1.0/2.0 16.0/32.0 >1024
LFBMCa05 4.0/8.0 2.0/2.0 16.0/32.0 >1024
LFBM Ca06 4.0/8.0 1.0/2.0 16.0/32.0 >1024
LFBM Ca07 8.0/16.0 1.0/2.0 16.0/32.0 >1024
LFBM Cal4 4.0/8.0 2.0/4.0 16.0/32.0 >1024
LFBM Cal002 4.0/8.0 1.0/2.0 16.0/32.0 >1024

Abbreviations: LFBM Ca, Laboratory of Physiology and Biochemistry of Microorganisms Candida albicans; MFC, minimal fungicidal concentration; MIC, minimal
inhibitory concentration; PMMA- AgNPs, poly(methacrylic acid)- silver nanoparticles.
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TABLE 2 Combination testing of the PMAA- AgNPs with fluconazole against Candida albicans strains

PMAA- AgNPs/FLC MIC PMAA- AgNPs/FLC Individual % MIC

(ng mi™) FIC reduced
Candida albicans strains FICI
LFBM Ca01 2.0/128.0 0.5/0.125 0.6 50.0/87.5
LFBM Ca02 2.0/4.0 0.5/0.004 0.5 50.0/99.6
LFBM Ca03 2.0/16.0 0.5/0.02 0.5 50.0/98.4
LFBM Ca04 2.0/2.0 0.5/0.002 0.5 50.0/99.8
LFBM Ca05 1.0/4.0 0.25/0.004 0.3 75.0/99.6
LFBM Ca06 2.0/16.0 0.5/0.02 0.5 50.0/98.4
LFBM Ca07 2.0/32.0 0.25/0.03 0.3 75.0/96.8
LFBM Cal4 2.0/2.0 0.5/0.002 0.5 50.0/99.8
LFBM Cal002 2.0/2.0 0.5/0.002 0.5 50.0/99.8

Note: % MIC Reduced = (MIC alone — MIC combined) x 100/MIC alone.

Abbreviations: FICI, fractional inhibitory concentration index; FLC, fluconazole; LFBM Ca, Laboratory of Physiology and Biochemistry of Microorganisms Candida
albicans; MIC, minimal inhibitory concentration; PMAA-A gNPs, poly(methacrylic acid)- silver nanoparticles.
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FIGURE 3 Isobole curve revealing the synergistic effect of
PMAA- AgNPs with fluconazole against Candida albicans LFBM
Ca06. PMMA- AgNPs, poly(methacrylic acid)- silver nanoparticles

DISCUSSION

Silver nanoparticles are promising antimicrobial
compounds applied in nanomedicine. Different methods
of synthesis, as well the composition of the stabilizer
used, produce nanoparticles with singular properties,
which depend on the structure, size and shape of
nanoparticle (Akter et al., 2018; Nogueira et al., 2019).
The surface characteristics of nanoparticles have an

important role on their pharmacological cytotoxic
activities (Das et al., 2017). For instance, both the size
and the large surface contact area of these nanomaterials
can influence its mechanism of action, allowing them to
attach to the target cell membrane and easily penetrate,
causing damage to cell structure (Hamida et al., 2021;
Nogueira et al., 2019).

In this study, AgNPs were synthesized by a fast and easy
to perform, nature-f riendly method. For this, water is
used as a solvent whereas ultra- violet radiation is
employed as a catalytic agent of AgNPs, resulting in
small size PMAA- AgNPs with great potential for
technological development of novel nanocomposites
(Carvalho et al., 2018). This method was first described
by Spadaro et al. (2009) aimed to make the synthesis of
nanoparticles simpler, minimizing the generation of
final reaction by- products.

Because PMAA have been described as biocompatible,
hydrophilic and cost- effective polymer, this compound
was selected in our study as both: a reducer of the silver
ions present in aqueous solution (from the precursor
AgNO:3), in presence of UV radiation, and a stabilizer,
which prevents the formation of clusters in the colloidal
solution (Luo et al., 2010). In addition, chemical
structure of PMAA presents negatively charged
carboxylic groups (— COO-), attached along the
polymeric segments and acts as templates for incoming
Ag* ions. PMAA offers the advantage of obtaining
nanoparticles with more defined size and shape



minimizing the chances of clustering and
nonhomogeneous distribution of AgNPs (Bajpai et al.,
2013).

Consistently, zeta potential value of PMAA- AgNPs
(—41.83 mV) corroborates a good dispersion and
stability of these nanoparticles in solution (Shah et al.,
2020), due to surface charge- based repulsion.
Furthermore, negatively charged surface also facilitates
the interaction between nanoparticle and target cell
membranes (Nogueira et al., 2019).

An interesting finding of our study was the ability of
PMAA- AgNPs to effectively act as an antifungal agent
against fluconazole- resistant C. albicans strains at low
concentrations (4.0— 8.0 ug ml™2). It is already reported
in the literature that AgNPs affect multiple cellular
targets in C albicans, altering the morphology and
fluidity of its surface membrane, causing rupture of
cellular microenvironment and interfering with the
ergosterol content and fatty acid composition,
especially oleic acid (Radhakrishnan, Dwivedi, et al.,
2018; Radhakrishnan, Reddy Mudiam, et al., 2018).
These effects could ultimately lead to the shrunk and
collapse of yeast (Hamida et al., 2021; Khatoon et al.,
2019).

The widespread use of azoles has led to the emergence
of acquired resistance in fungal pathogens. Yeasts such
as C. albicans can be resistant to fluconazole by at least
three mechanisms: (1) change in the target enzyme to
reduce drug- binding, (2) increase in the amount of
target enzyme or (3) prevention from intracellular drug
accumulation. A usual resistance mechanism of C.
albicans to antifungal is the active transport of drugs out
of the cell by overexpression of efflux pumps, reducing
the levels of azoles within the cell (Morschhéuser, 2016;
Zavrel & White, 2015). Inhibiting and/or modulating
the function of efflux pumps as well as the use of drug
combinations has been an effective strategy to combat
the multidrug resistance of pathogenic microorganisms
(Hussain et al., 2019; Singh et al., 2018). Sun et al.
(2016) showed that association of AgNPs with
fluconazole could decrease expression levels of CDR1
in C. albicans, the gene responsible for decoding of a
major drug efflux pump. Thus, AgNPs may reverse
resistance to fluconazole, further decreasing dose-
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dependent side effects and improving efficacy for the
treatment.

Our results showed that PMAA- AgNPs combined with
fluconazole in subinhibitory concentrations (<0.5 x
MIC) was able to reverse fluconazole resistance in five
C. albicans clinical strains. These results agree with
Hampe et al. (2017). Silver nanoparticles combined
with antifungal drugs may reduce the amount of drug
and consequently, the cost of treatment and drug-
related toxicity, thus providing a safer, more effective
and economical alternative compared to the
monotherapy (Ahmad et al., 2016).

Similar results were obtained by Longhi et al. (2016)
whom evaluated the activity of AgNPs against
fluconazole- resistant C. albicans (MIC = 4.35 ug ml™).
These authors showed a reduction of MIC values by
50% (2.17 ug mlt). However, no synergistic effect was
found. On the other hand, the treatment with our
PMAA- AgNPs caused a decrease of MIC by 75% and
a synergistic effect in eight of nine strains when
combined with fluconazole. Furthermore, compared to
fluconazole alone, our results showed a significant
susceptibility of C. albicans treated at lower
concentration of AgNPs. Hussain et al. (2019) found
that combined therapy of fluconazole with AgNPs
against C. albicans induced drastic morphological
depletion.

Germ tube formation is the first step in adhesion to host
tissues playing important role in the mechanism of cell
invasion by C. albicans. Therefore, morphological
transition (yeast to hyphal) is pivotal for virulence and
biofilm formation. Targeting virulence factors of C.
albicans can be a useful strategy for the treatment of
fungal infections (Halbandge et al., 2019; Khatoon et
al., 2019). In the present study, PMAA- AgNPs were
able to inhibit the germ tube formation, at subinhibitory
concentrations when combined with fluconazole.

According to Rozalska et al. (2018), the germ tube
formation was also impaired in the presence of AgNPs,
in both inhibitory and subinhibitory concentrations (0.5
x MIC = 3.125 ug ml™?). Halbandge et al. (2019)
suggested that AgNPs may affect signal transduction
pathways in C. albicans by downregulating the
expression of cell elongation gene (ECEL) and hyphal



inducer gene (TECL1), which are important for yeast-
hyphal transition. In this regard, the ability of AgNPs
acting on multiple molecular and cellular targets can be
crucial to overcoming drug resistance and pathogenicity
of fungal cells (Radhakrishnan, Reddy Mudiam, et al.,
2018).

The most important parameter to determine the
therapeutic application of a given compound is its
putative toxicity (Punjabi et al., 2018). Although AgNPs
provide many benefits, little is known about their
overall toxicity due to the absence of precise
comparative analysis among AgNPs with different
shapes, sizes and capping agents. Silver nanoparticles'
agglomeration and concentration range are important
factors affecting the toxicity of these nanoparticles to
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cells (Akter et al., 2018). Therefore, we have also
investigated the effects of PMAA- AgNPs against
mammalian cells.

Although in our study a dose- dependent effect of
PMAA- AgNPs cytotoxicity can be observed in all the
cell type tested, the concentrations required to reduce
the mammalian cell viability were considerably higher
than those found to inhibit the C. albicans growth.
Furthermore, none of the tested concentrations were
able to reduce the mammalian cells viability by 100%.
The treatment with PMAA- AgNPs were able to
significantly reduce Vero cells viability only at
concentration superior or equal to 8.0 ug ml*. This
result is comparable to MFC of most C. albicans strains
tested. Vero cell line is effective in evaluating the

FIGURE 4 Germ tube formation by Candida albicans LFBM Ca06 in fetal bovine serum (a); exposed to fluconazole at 16.0 ug ml™* (b); PMAA-
AgNPs at 2.0 ug ml™* (c) and germ tube inhibition by PMAA- AgNPsfluconazole (2.0 ug mI~1/16.0 ug mI™*) combination (d). Arrows indicate germ
tube formation. PMMA- AgNPs, poly(methacrylic acid)- silver nanoparticles



nephrotoxic potential of drug candidate, with a good
association between in vivo and in vitro results
(Menezes et al., 2013). At subinhibitory concentration
(2.0 pg mIY), no significant reduction in the mammalian
cell viability was observed. However, the germ tube
formation was efficiently inhibited at this same
concentration of nanoparticles in combination with
fluconazole (16.0 ug ml™).

Hussain et al. (2019) found that spherical AgNPs sizes
range between 10 and 90 nm (average size = 80 nm)
presented negligible cytotoxicity, suggesting that its use
in human at lower concentration is safe, with minimal
cell damage to the human cells. It is well known that the
cytotoxicity of nanoparticles can be strongly affected by
the presence of polymer coatings and surface charge
(Akter et al., 2018).

The  biocompatibility and  bioavailability  of
nanoparticles are important factors that should be not
neglected (Colino et al., 2021). Therefore, the
development of novel nanoparticles should be
optimized to improve its bioavailability in controlled
release formulations. In this regard, PMAA could be a
promising drug carrier for the development of smart-
controlled release drugs in biomedical applications (Luo
etal., 2010).

Synergism between PMAA- AgNPs with fluconazole
against resistant C. albicans strains indicates that
PMAA- AgNPs can overcome fluconazole resistance.
Although PMAA- AgNPs presented dose- dependent
cytotoxicity on the mammalian cells tested, the
inhibitory effect of this nanoparticles alone or in
combination was higher in C. albicans than in the host
cells. This combination can be used carefully as
antifungal agent in topical formulations to combat
resistant candidiasis. Further in vivo studies are still
needed to evaluate the toxicological and pharmaceutical
proprieties of PMAA- AgNPs, alone or in combination
with fluconazole, aiming to ensure its safety and
efficacy in the clinical practice.
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FIGURE 5 Effect of PMAA- AgNPs on viability of J774A.1
macrophages (a), fibroblasts (b) and Vero cells (c). Asterisks (*)
denote a statistically significant difference compared to each other (p
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ABSTRACT

The aim of this in vitro study was to assess the microshear bond strength (uSBS) of an adhesive system in sound
(SD) and demineralized dentin (DD) after femtosecond (fs) laser treatment. Twenty specimens of human dentin
were randomly divided into two main groups: sound and demineralized dentin (n = 10). In each of them, three
different tissue conditions were produced: SD control group, SD etched with two different fluences of an fs laser
(11 and 18 J/cm?, SD1; and SDss, respectively), DD control group, and DD irradiated with the same laser parameters
(DD11and DDs1s). An adhesive system was applied to the dentin surface, and a resin composite was light-cured to
bond to the dentin surface. The uSBS was measured, and the fracture analysis was performed using an optical
microscope. The data were analyzed using the Mann Whitney test (p < 0.05). Tissue morphology was assessed via
2D and 3D optical coherence tomography images, scanning electron microscopy, and atomic force microscopy.
The optimum bond strength was recorded for the SD1; group (16.42 + 4.63 MPa), and the minimum bond strength
was recorded for the DD (8.89 + 0.99 MPa) group. The Kruskal Wallis test revealed that sample groups were
significantly different (p < 0.01). The Mann Whitney test demonstrated statistical differences between DD and all
the other groups. The imaging techniques showed the opening of the dentinal tubules and that the bond strength
could be related to laser-induced roughness. Femtosecond laser radiation was successfully able to remove smear
layers, producing surface alterations that caused higher dentin-resin adhesion.

Key words: femtosecond laser, dentin bonding agents, tooth demineralization, optical coherence tomography,
atomic force microscopy
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I. INTRODUCTION

Dental demineralization is defined as the tissue loss
from the tooth surface promoted by the action of acid
or chelating  substances, without bacterial
involvement.' It is related to nutritional and individual
factors, degenerating the dentin structure in more
advanced stages. Consequently, the structural integrity
of the tooth and its aesthetics are compromised,
making restorative treatments necessary.’

Despite the great advances in adhesive dentistry,
adhesion to tooth structure remains a challenge,
especially to demineralized dentin (DD). Its continuous
exposure to acids can result in complex histological
changes, which is a problem for the quality of adhesion
to the substrate.®* Tooth demineralization leads to the
dissolution of hydroxyapatite crystals, the increase of
the tubules’ diameter, and the exposure of highly
mechanically resistant collagen fibrils network.?>° This
scenario prevents the penetration of adhesive systems
and the formation of hybrid layers.’

Therefore, new techniques have been proposed to
improve the adhesion and the simplification of clinical
procedures. Laser sources have been used as an
alternative to promote ablation without chemical or
morphological changes on the tooth surface, which
could positively influence the adhesion.®® However,
ablation promoted by long-pulsed lasers produces
microcracks, carbonization, and recrystallizations that
compromise adhesion.’®* In this context, a laser
source that promotes low-damage tissue ablation,
combined with the use of more adequate irradiation
parameters, is recommended.*?

Femtosecond (fs) laser is a promising tool to ablate
enamel**™*° and dentin’® tissues with high degree of
accuracy and negligible thermal damage to the
surrounding tissue,'” which could be applied for cavity
preparation.’®*?° Femtosecond (107%°s) pulses generate
peak powers high enough to produce plasma, which
further ablates the dental tissue. The ultrafast
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interaction makes slower processes, such as heat
conduction (which depends on the temperature
gradient and thermal diffusivity), almost impossible to
occur.”?? The ablation process ejects most of the
dental matter into the air, preventing smear layer
production, leaving the dentinal tubules open,*
facilitating the adhesive penetration. Since then,
extensive efforts have been made to find irradiation
parameters able to produce considerable ablation
rates, with minimum damage for the surrounding hard
tissues.**

Femtosecond lasers have several applications in
dentistry, such as multiphoton imaging,”® its influence
on the shear bond strength in orthodontics,?”*® and
Zirconia-based materials.”>! Surface modifications
that reduce cell adhesion and biofilm formation,>*
bone micromachining,® and the improvement of the
ablation rates promoted by fs sources have also been
studied.'®?? Additionally, some studies in the literature
have reported the use of the femtosecond lasers to
treat dentin prior to adhesive procedures.’'%3¢
However, the influence of femtosecond laser
pretreatment on the adhesion to demineralized dentin
have not yet been reported.

The aim of this in vitro study was to assess the
microshear bond strength of an adhesive system to
sound (SD) and demineralized dentin after smear layer
removal by femtosecond Ilaser with different
irradiation parameters. Scanning electron microscopy
(SEM), atomic force microscopy (AFM), and optical
coherence tomography (OCT) were used to assess the
tissue morphology and surface characteristics in order
to explain the observed differences in the bond
strength when comparing experimental groups.

1. MATERIALS AND METHODS

A. Specimen preparation

This study was approved by the Ethics Committee of
the Federal University of Pernambuco, under the
protocol #1.735.580. Twenty freshly extracted human



molars were selected for this study and were visually
examined to confirm the absence of physical damage,
such as deep grooves or cracks. The specimens were
cleaned with distilled water and brushes, and further
disinfected in 0.5% chloramine for 2 weeks.

The roots were sectioned at a 2 mm distance from the
enamel-cementum junction, and the occlusal enamel
was removed with a low-speed diamond saw (Isomet,
Buehler Ltd., IL, USA) to expose the dentin surface. Each
specimen was embedded in acrylic resin (Jet, Classico,
Sdo Paulo, Brazil) to facilitate handling. The dentin
surfaces were submitted to metallographic polishing
(Biopdi, Sdo Paulo, Brazil) with 400 and 600-grit water-
cooled sandpaper for 60 s each to remove any residual
enamel, to planify the target surface, and to produce
standardized and clinically relevant smear layers.

B. Demineralization cycle

Ten specimens were submitted to pH cycling for 5 days
via immersion in 0.05M citric acid (pH 2.3, 10 min, 6x
per day). Between the acid attacks, the specimens were
immersed in a supersaturated solution (pH 7.0),
consisting of 1.5 mmol/l of CaCly, 1.0 mmol/| of KH,POQy,
and 50 mmol/I of NaCl,*” at room temperature (25 °C),
and agitated for 60 min at 30 rpm on a shaker. The final
step of the pH cycle consisted of storing the specimens
in the same supersaturated solution until irradiation,
performed at the following day. The solutions were
renewed every day, and the pH of the solutions was
checked at the beginning and at the end of each
experimental day.

C. Experimental groups

Twenty dentin specimens were randomly assigned to
experimental groups according to the substrate
condition (demineralized or not) and laser parameters.
Five specimens composed the SD control group, and
five specimens composed the DD control group. The
remaining ten specimens were randomly assigned to
the etched groups. Each sample was irradiated in two
different regions, each with different pulse energy. The
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irradiated regions were made sufficiently away to
guarantee that the irradiation condition of one region
did not interfere with the other. The first group was
composed of sound dentin irradiated with a Ti:Sapphire
fs laser with a fluence of 11 J/cm? (SD11). The second
group was similarly produced using a fluence of 18
J/em? (SDig). Finally, the five specimens of
demineralized dentin, etched with the same laser
parameters, formed two other groups (DD11 and DDgs).
The details of the fluence calculation are described in
Sec. |l D. The sample division is summarized in Fig. 1. In
each sample, two resin samples were bonded
sufficiently far away from each other, resulting in ten
independent measurements, used for statistical
calculations.

D. Laser etching

Laser irradiation was performed using a pulsed
Ti:Sapphire regenerative amplifier (802 nm, 100 fs, 1
kHz, maximum pulse energy of 1 mlJ, Libra®, Coherent,
USA). Two values of pulse energy were chosen (240 and
390 wJ) and applied onto two distinct regions of the
samples. The pulse energy E, was calculated using the
measured average power (P,,) by the formulae E, %
P.v=R, where R is the laser repetition rate (1 kHz). P,y
was controlled by a Glan-Thompson/half-wave plate
combination, external to the laser cavity. The laser
beam was directed onto the sample surface by using an
objective lens (20x, 0.3 numerical aperture) in order to
promote plasma-mediated ablation. The samples were
attached to a micrometric precision XYZ mount,
connected to stepper motors controlled by a evew’
routine. In order to increase the width of the scanning
lines, decrease the thermal and mechanical damage,
and to promote superficial removal of the smear layer,
the laser scanning was performed with the samples
moved 200 um away from the focus in the incident
direction (Z-axis), producing ablation lines with 90 pm
width. This width was measured using scanning



electron microscopy images of the samples irradiated
in the pilot study to establish the best laser parameters.

Tissue
condition

Dentin
Specimens

Total slices
n=20

m<
=
n=5
Demineralized 11 J/cm2
n=5
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E. Microshear bond strength (uSBS) test

The tested adhesive system (Clearfil SE Bond, Kuraray
Noritake Dental Inc., Kurashiki, Okayama, Japan) was

applied to the dentin surfaces according to
Irradiation Laser Fluences

status (two per sample)

Control

11 J/cm’

n=5

18 J/cm‘

FIG. 1. Division of dentin specimens to form the experimental groups.

The XYZ mount was programmed to move 2.5 cm in the
horizontal direction (X-axis), covering the whole
sample. The horizontal length was large in order to
make two independent measurements of the bond
strength in the same laser-etched region. In the vertical
direction (Y-axis), 20 scanning lines were produced,
equally spaced by 90 um, producing an etching area
with total width of 1.8 mm. The scanning velocity was
fixed at 30 mm/s. Considering 90 um to be the effective
beam diameter, this scanning speed promotes the
superposition of three pulses per spot distance, at a
crude approximation. Using the expression Fy % Eg=A (F,
the single pulse fluence and A the area of the spot), the
calculated total fluences at 1 kHz are ~11 J/cm?for 240
W and ~18 J/cm? for 390 pl. These values are several
times above ablation threshold values cited in the
literature for equivalent laser systems.zo,1,3s,3

manufacturer’s instructions. Transparent polyethylene
tubes (@ = 0.9 mm, h = 1 mm) were positioned over
double-faced perforated tapes. The resin composite
(Tetric N-Ceram A3, Ivoclar vivadent, Schaan,
Liechtenstein) was carefully packed inside the tubes
and was subsequently light-cured for 20 s using a light-
emitting diode with 1200 mW/cm? (Radii-cal, SDI,
Bayswater, Victoria, Australia).

The samples were kept in distilled water for 24 h at 37
°C. The tube and the double-faced tape were carefully
removed with a blade, exposing the resin composite
cylinders. The samples were examined under a
stereomicroscope (x10 magnification) to observe
possible defects. The specimens were tested in a
universal testing machine (EMIC, DL 10000, S&o José
dos Pinhais-PR, Brazil). A thin orthodontic wire (0.2
mm) was looped around the cylinder aligned with the



setup to ensure the correct orientation of the applied
forces. The crosshead speed was set at 0.5 mm/min
until failure. The computer software tsc3.04 (EMIC, Sdo
José dos Pinhais-PR, Brazil) registered the bond
strength values. These procedures were applied to all
experimental groups, and the bond strengths in control
groups (SD and DD) represent the normal clinical
protocol (without laser etching).

F. Failure mode examination

Failure mode analysis was performed with an optical
microscope at 5x, 10x, 20x, and 50x magnification
(Olympus BX51, Tokyo, Japan). OCT was performed to
obtain 2D and 3D images to confirm the results. The
failure modes were classified into three categories,
based on the percentage of substrate-free material as
“adhesive” (failure at the resin/ enamel interface),
“cohesive” (failure exclusively within enamel or resin
composite), and “mixed” (failure at the resin—enamel
interface that include cohesive failure of the
neighboring substrates).

G. Optical coherence tomography

Before applying the resin composite and measuring the
USBS, each irradiated specimen was carefully analyzed
through 2D and 3D images using a spectral domain SD-
OCT (Callisto Spectral Domain OCT System, Thorlabs
Inc., NJ, USA). The OCT light source is a super
luminescent diode with central wavelength of 930 nm,
spectral bandwidth of 100 nm, and maximum output
power of 5 mW. Images generated by this system
present axial resolution of 7/5.3 um (air/water), lateral
resolution of 8 um, and maximum imaging depth at 1.3
mm. The axial scan rate of the system is 1.2 kHz,
capturing two frames per second with 105 dB of
sensitivity. This system provides depth profiles that,
added to cross-sectional images, generate
tridimensional reconstructions. Specimens were
positioned on a manually controlled micrometric XYZ
stage. All surfaces were analyzed by scanning lines
starting from the reference area toward the irradiated
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area, passing by the interface. The SD-OCT system
generated cross-sectional 2D images with 1024 x 512
pixels (4 x 0.5 mm) and 3D images with 1024 x 512
pixels (3 x 3 mm). The discrepancy between the height
of the reference area and the irradiated surface was
measured using the wace program (JAVA, public
domain) in order to calculate the tissue loss.

H. Scanning electron microscopy

Photomicrographs of representative areas of the
irradiated surfaces were obtained via SEM. For this
evaluation, two additional samples were prepared.
Specimens were sputtercoated with gold and analyzed
under SEM (Mira 3, Tescan, Brno, Czech Republic) at 10
kV with x5000.

I. Atomic force microscopy

Two additional samples were prepared for atomic force
microscopy analysis (AFM, Alpha 300 RA, WITec, Ulm,
Germany). The surface morphology was probed in
“contact mode.” Imaging was performed with an
aluminum-coated cantilever with a 0.2 N/m force
constant and operating point of

0.5 V. The scan rate was very slow in order to obtain
details of the dentin structure without damaging the
tip. The dimensions of the collected images were 30 um
x 30 um, 256 x 256 pixels.

J. Statistical analysis

The collected data were organized into an Excel
spreadsheet (Microsoft Office 2007) and analyzed
using sess 13.0 (Statistical Package for the Social
Sciences, Chicago, IL, USA) for Windows. Descriptive
statistics were obtained and the Kruskal Wallis (p =
0.01) test was used to compare results between
groups. In case of significant differences, the Mann
Whitney test was used for pairwise comparison
between groups (p = 0.05).



I1l. RESULTS

The results for the uSBS analysis are shown in Fig. 2.
The maximum bond strength was recorded for the SD11
(16.42 MPa) and the minimum bond strength was
recorded for the DD (8.89 MPa). The Kruskal Wallis test
revealed significant differences between groups. The
Mann Whitney test demonstrated differences between
DD and all the other groups.

After that, the failure mode examination described the
percentage of samples in each of the three assigned
modes (Table |). A decrease in the number of adhesive
fractures in the SD irradiated groups, when compared
to the sound control group, was observed, as well as an
increase in the number of mixed failures.

For a better understanding of the previous results, OCT,
SEM, and AFM were used to evaluate the dentin
surface morphology after laser irradiation and before
the adhesive application. Among those, OCT has the
advantage of being nondestructive, giving cross-
sectional images of the ablated tissue without
destructing or modifying the specimens. For this
reason, it was applied to all irradiated samples, before
the adhesion procedures. Representative cross-
sectional OCT images of the four laser irradiated groups
are shown in Fig. 3.

TABLE I. Percentage of samples (%) according to fracture mode for all
experimental groups.

Fracture pattern (uSBS)

Adhesive (%) Cohesive (%) Mixed
Group (%)
SD 80 0 20
SD1u1 60 0 40
SD1g 70 0 30
DD 40 10 50
DD11 20 0 80
DD1s 20 10 10
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uSBS (MPa)

DD ) DDy ) DDw SD ) SDy ) SDun
Experimental groups

FIG. 2. Mean uSBS and standard deviation of the tested adhesive system.

The images show the ablation profiles generated on the
samples by the incident laser, which are deeper and
more homogeneous in the groups of demineralized
dentins. Based on all collected images, it is possible to
guantify the average tissue loss promoted in each
irradiated group. These results are presented in Table
1.

TABLE II. Mean tissue loss (um) in all irradiated groups measured by
OCT. Different superscript letters indicate statistical differences between
groups (p < 0.05).

Tissue loss (um)

DD11 22.20 £3.114
DD1s 22.80 £1.30%
SDu 11.80 +0.848
SD1s 13.20 + 1.488

Figure 4(a) shows the representative SEM image of
sound dentin before irradiation, with the dentin
tubules completely covered by the smear layer. Figure
4(b) shows the dentin surface after the pH cycle. The
total opening of the dentinal tubules, the



demineralized peritubular dentin, and rough
intertubular dentin should be noticed. Figures 4(c)—4(f)
show the morphology of the dentin surface after the
femtosecond laser irradiation. The sound dentin
irradiated groups presented an irregular and rougher
appearance [Figs. 4(c) and 4(e)], with some dentinal
tubules exposed and open [Fig. 4(c)]. SEM analysis
revealed that the irradiated demineralized dentin
showed a smoother surface. Also, morphological
alterations, such as areas of melted and recrystalized
hydroxyapatite [Figs. 4(d) and 4(f)] were observed.
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Figure 5 shows the obtained AFM micrographs for all
experimental groups. In Fig. 5(a), the SD group showed
dentin surfaces with dentin tubules completely
covered by the smear layer, and the ripples created by
the action of abrasives were visible. However, in the DD
group, the opening of dentin tubules is clearly evident,
indicating that the smear layer was completely
removed after the pH cycle [Fig. 5(b)]. In the irradiated
groups [Figs. 5(c)-5(f)], the presence of peaks and
valleys formed by the laser action was also visible.
These AFM images led to conclusions similar to OCT
and SEM images, corroborating previous finding, as
discussed in Sec. IV.

FIG. 3. Comparison of OCT images of the dentin surface reference and irradiated area. Images identified with lowercase represent 3D OCT and images by
uppercase cross-sectional 2D OCT. (A) and (a): SD11, (B) and (b): SD1s, (C) and (c): DD11, (D) and (d): DD1s. Scale bar: 0.5 mm.



FIG. 4. Representative scanning electron microscope (SEM) images
(5000x) of (a) sound dentin surface prepared with 400 and 600-grit
water-cooled sandpaper only, (b) demineralized dentin, Ti:Sapphire
laser irradiated areas (c) SD11, (d) DD1s, (e) SD1s, and (f) DDs.

IV. DISCUSSION

The in vitro pH cycling protocol used in this study was
previously proposed by Ganss et al.”’ This process
simulates the demineralization of dental hard tissues,
removing the dentinal plugs and demineralizes the
intertubular and peritubular dentin. It also increases
the diameter of the tubules, exposing the organic

88

matrix composed by a network of collagen fibrils, as
described by Prati et al.” It has already been reported in
the literature that demineralization can negatively
affect the bond strength, since the presence of
denatured collagen interferes with the bonding
properties of adhesive materials.*' This was evidenced
in our results, when comparing the uSBS values of SD
and DD control groups in Fig. 2.

In a deeply demineralized dentin, after the adhesive
penetration, thicker and structurally imperfect hybrid
layers are formed. Porosities and demineralized zones
prevent resin reinforcement, since its monomers do
not penetrate as deep as acid.”” However, self-etch
adhesive systems have an acid primer, which promotes
demineralization and monomer infiltration
simultaneously, promoting a more homogeneous
hybrid layer. Zimmerli et al.> demonstrated that a self-
etch adhesive system (Clearfil SE Bond) showed better
results in demineralized dentin than an etch-and-rinse
adhesive system. For this reason, we chose to use the
self-etch type in our research.

Despite the large number of studies on dentin ablation
by femtosecond lasers,'®12%3743> the ablation effects
on demineralized dentin surfaces have only been
explored using long-pulsed lasers.*® To our knowledge,
our experiment is the first to evaluate the adhesion on
demineralized dentin after the pretreatment with
femtosecond laser. In order to promote a superficial
removal of the smear layer, and greater preservation of
the underlying dentin characteristics, the fluences we
used were lower than similar studies found in the
literature. This condition was achieved by delivering
the incident beam in a defocused way.

The loss of dentin tissue after laser irradiation was
measured using OCT (Fig. 3 and Table II). The OCT is an
imaging modality widely used in medical diagnosis and
nonmedical areas, including dentistry.*” A twofold
increase in the mineral loss after laser irradiation could
be observed in previously demineralized samples,



when compared to sound dentin, irrespective of the
laser parameter used. Demineralized dentin has a
lower ablation threshold than healthy dentin and,
consequently, the same fluence as that applied in SD
samples is expected to promote higher ablation rates
in DD samples.?**%%9

(c) 3077 nm

439 4 nm
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3 and 5, respectively). Additionally, because the mean
USBS values on SD samples were always greater than
their DD counterpart was, it can be concluded that
laser-irradiated SD would be ideal to adhesion. The
superior values in the bond strength found on
femtosecond-treated dentin samples when compared
to other results in the literature® using long-pulsed laser

1123 nm

3530 nm

(e) e . 1899 nm

2752 nm

FIG. 5. AFM image of (a) sound dentin surface, (b) after erosive challenge, areas irradiated with Ti:Sapphire laser (c) SD13, (d), DD11, (€) SD1s,

and (f) DDas.

The laser-treated SD surface showed absence of smear
layers, open dentinal tubules, and a rougher and more
irregular appearance than demineralized dentin, as
observed in Figs. 4(c) and 4(e). This was also confirmed
in the 3D OCT images, as well as the AFM analysis (Figs.

sources should be highlighted. Using our irradiation
parameters, an almost twofold increase in the uSBS
was observed.

It is possible that an increase in the surface roughness,
seen as consequence of the increase in the total



effective area available to adhesion, generated a
greater adhesive force per unit area in the tubules.
Together with the preservation of the collagen fibrils
network, it contributed to the overall enhancement in
the uSBS, compared to nonirradiated samples.
Femtosecond lasers have already been used to increase
the adhesion of bonding agents in sound dentin.*93%°°
Dentin tissue is mainly formed by hydroxyapatite
nanocrystals embedded in a collagen fibrils network
and water. Although dentin is predominantly
composed of hydroxyapatite, it is the continuity of the
collagen fibrils network that ensures its integrity.'
Studies have demonstrated that femtosecond laser
ablation of sound dentin greatly preserves the collagen
cohesive strength, essential to form hybrid layers and
strong  adhesive bonds  during restorative
procedures.’®*® The consequence of such scenario
would be a measurable improvement in the dentin/
adhesive bond strength, confirmed by our results.
Additionally, the bond strength evaluation revealed a
deficient adhesion to the DD (nonirradiated) substrate
(Fig. 2), but a statistically significant improvement of
the uSBS in both irradiated groups (DD11and DDig). We
believe this is caused by the partial exposure of the
underlying sound dentin after fs ablation, unaffected
by pH cycling protocol, positively affecting the
formation of hybrid layers. These findings corroborate
with other studies in the literature.s s

Previous investigationsisi,»; 43445 Showed that sound
dentin does not suffer thermal or mechanical damages
when irradiated with femtosecond lasers. This is also
expected when the laser is scanned over the sample,
decreasing the delivered number of pulses in each
point, as executed in our study. It should be highlighted
that this is an important requirement because, even
using femtosecond lasers, a large number of pulses
delivered at the same point increase the thermal load
and the plasma extent, generating microcracks,
melting, and carbonization.”

In contrast, the groups of irradiated DD samples
behaved differently. SEM  images revealed
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morphological alterations within these groups,
probably caused by melting and recrystallization of
hydroxyapatite crystals [Figs. 4(d) and 4(f)].
Theoretically, this could hinder the adhesion to the
tissue and is expected based on the chemical and
morphological alterations caused by the pH cycling
protocol.>*~° The fusion point of the exposed organic
matrix is extremely lower than hydroxyapatite, causing
melting of the demineralized tissue more easily. In
contrast, even with apparently unsatisfactory
conditions for adhesion, irradiated demineralized
samples had better uUSBS values than
demineralized/nonirradiated ones, with significant
statistical difference. Moreover, the adhesion was not
statistically different from the irradiated sound
samples, regardless of the incident laser fluence. To
explore the fundamental reasons for such behavior,
further investigation is needed.

Regarding the observed fracture modes (Table 1), we
suggest that the opening of the dentinal tubules and
the increased surface roughness caused by the laser
irradiation would enhance the micromechanical
retention. According to Guedes et al.,”’ the retention of
part of the material seems to be positive, since
complete debonding at the interface is related to an
ineffective surface treatment or a failed infiltration of
the adhesive system. No cohesive failure was observed
in the groups of sound dentin. There was a 50%
decrease in the number of adhesive failures in
irradiated DD groups. Again, this can be explained by
the removal of the softened outer dentin layer by the
laser irradiation, exposing the deeper dentin tissue.
Since it has not been demineralized, it would be more
conducive to adhesion.

Finally, it is worth comparing our uSBS results with the
microtensile bond strength measurements performed
in fs laserirradiated dentin, reported by Portillo et al.*®
The authors employed the same Clearfil adhesive
system and observed that femtosecond laser
irradiation reduced the bonding effectiveness, contrary



to our results. This can be explained by the different
laser parameters and the use of different bond strength
measuring methods than our study. The microshear
testing was chosen since it has been reported to
provide more accurate

results than microtensile testing.*®>°

V. CONCLUSION

In conclusion, the Ti:Sapphire femtosecond laser
successfully ablated the smear layer of sound dentin
samples, opened the dentinal tubules, and increased
the surface roughness. These features enhanced the
adhesion, seen by the higher microshear bond strength

observed in sound irradiated dentin. The most
significant improvement  was  observed in
demineralized and irradiated dentin. The results

suggest that femtosecond laser has the potential tool
to be used to pretreat the dentin surface before the
adhesion of resin composites. The fs laser also ablated
the demineralized dentin tissue more efficiently, as
observed via OCT, as well as promoted melting and
recrystallization of hydroxyapatite, confirmed by SEM.
The different outcomes indicate that optimal
irradiation parameters for demineralized and sound
dentin deserve further investigation.
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