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RESUMO

SANTQOS, Ericles Otavio. Propriedades de superficie e colonizagdo microbiolégica
de fotopolimero aplicado a manufatura aditiva por estereolitografia a laser.
Orientadora: Dr2. Amanda Cunha Regal de Casto. Rio de Janeiro: UFRJ/Faculdade de

Odontologia, 2021. Dissertacdo (Mestrado em Odontologia — Ortodontia) 39 f.

O presente estudo teve como objetivo avaliar, in vitro, as propriedades
de superficie, colonizacdo microbiolégica e atividade antifungica e
antimicrobiana de espécimes confeccionados a partir de fotopolimeros para
manufatura aditiva e resina acrilica autopolimerizante. A amostra foi composta
por um total de 315 corpos de prova, alocados em trés grupos (n=105): grupo
controle (GC), confeccionado em acrilico autopolimerizante; e grupos
experimentais constituidos por fotopolimeros de impresséo 3D nas resolucdes
de 50um (GE — 50) e 100um (GE — 100). As caracteristicas e rugosidade de
superficie foram avaliadas através de microscopio eletrbnico de varredura
(MEV) e rugosimetro Optico, respectivamente. A analise microbiologica foi
realizada, em triplicata, a partir dos parametros de biomassa, matriz
extracelular e atividade metabdlica do biofilme formado pelos microrganismos
Streptococcus mutans e Candida albicans. Em seguida, a atividade antifiingica
e antimicrobiana do fotopolimero em seu estado liquido, ndo polimerizado, foi
avaliada durante o periodo de 48 horas pés incubacdo. A analise estatistica

foi realizada no programa SPSS por meio da analise de variancia (ANOVA)
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seguida dos pds testes de Tukey e Dunnett (a=0,05). A analise das
ultramicrografias, obtidas em MEV, mostraram uma superficie mais irregular
nos grupos experimentais (GE-50 e GE-100). Os resultados da anélise de
rugosidade superficial indicaram que o GC se apresentou menor rugosidade
superficial em relacdo a ambos os grupos experimentais, porém gquanto a R3z,
houve diferenca significativa apenas entre os grupos GC e GE-100 (P<0,05). O
GC apresentou maior producdo de biomassa e matriz extracelular tanto para S.
mutans quanto para C. albicans (P<0,05). Observou-se, também, maior
atividade metabdlica no GC para S mutans (P<0,05). Ndo houve diferenca dos
grupos experimentais entre si (P>0,05). A resina para manufatura aditiva
utiizada neste estudo demonstrou potencial para inibir o crescimento
microbiano em seu estado liquido nao diluido, por um periodo de 48h. Embora
resinas para manufatura aditiva impressas em resolugdes de 50 e 100um
apresentem maior rugosidade superficial e alteracdes de superficie, apontam
menor  crescimento  microbiolégico quando comparadas a resina

autopolimerizante, indicando potencial antimicrobiano das resinas para

manufatura aditiva.
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SUMMARY

SANTOS, Ericles Otavio. Propriedades de superficie e colonizagdo microbioldgica
de fotopolimero aplicado a manufatura aditiva por estereolitografia a laser.
Orientadora: Dr2. Amanda Cunha Regal de Casto. Rio de Janeiro: UFRJ/Faculdade de
Odontologia, 2021. Dissertacdo (Mestrado em Odontologia — Ortodontia) 39 f.

This study aimed to evaluate, in vitro, the surface properties,
microbiological colonization and antifungal and antimicrobial activity of
specimens made from photopolymers for additive manufacturing and self-
curing acrylic resin. The sample consisted of a total of 315 specimens, divided
into three groups (n=105): control group (CG), made of self-curing acrylic; and
experimental groups consisting of 3D printing photopolymers at resolutions of
50um (GE - 50) and 100um (GE - 100). Surface characteristics and
roughness were evaluated using a scanning electron microscope (SEM) and
optical rugosimeter, respectively. The microbiological analysis was performed,
in triplicate, from the parameters of biomass, extracellular matrix and
metabolic activity of the biofilm formed by the microorganisms Streptococcus
mutans and Candidaalbicans. Then, the antifungal and antimicrobial activity of
the photopolymer in its liquid, unpolymerized state was evaluated during a
period of 48 hours after incubation. Statistical analysis was performed using
the SPSS program using analysis of variance (ANOVA) followed by Tukey and

Dunnett post tests (*0.05). The analysis of ultramicrographs, obtained by
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SEM, showed a more irregular surface in the experimental groups (GE-50 and
GE-100). The results of the analysis of surface roughness indicated that the
GC had lower surface roughness in relation to both experimental groups, but
as for R3z, there was a significant difference only between the GC and GE-
100 groups (P<0.05). The GC showed higher biomass and extracellular matrix
production for both S. mutans and C. albicans (P<0.05). A higher metabolic
activity was also observed in the GC for S mutans (P<0.05). There was no
difference between the experimental groups (P>0.05). The additive
manufacturing resin used in this study demonstrated the potential to inhibit
microbial growth in its undiluted liquid state for a period of 48 hours. Although
resins for additive manufacturing printed at resolutions of 50 and 100pm have
greater surface roughness and surface alterations, they point to lower
microbiological growth when compared to self-curing resin, indicating an

antimicrobial potential of resins for additive manufacturing.
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LISTA DE SIGLAS E ABREVIATURAS

CG Grupo controle.
GE - 50 Grupo experimental resina 3D com resolucao de 50 uym.

GE - 100 Grupo experimental resina 3D com resolucao de 100 pm.

Mm Micrémetro.

mm Milimetro.

n Tamanho amostral.

rpm Rotagbes por minuto.

Ra Rugosidade média.

rms Desvio médio quadratico.

R3z Rugosidade média do 3° pico e vale.
BHI Brain Heart Infusion.

uL Microlitro.

CFU Unidades formadoras de colonias.
MEV Microscopio eletrénico de varredura.

uv Ultravioleta.
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1 INTRODUCAO

A cavidade bucal é composta por uma comunidade de aproximadamente
700 microrganismos, embora, até entdo, sejamos capazes de cultivar e nomear
apenas 54% destes (ZHANG et al. 2018; ARWEILER AND NETUSCHIL 2016).
Eles diferem-se entre mutualistas, simbidticos e patogénicos de diferentes
espécies bacterianas, virais e flungicas, capazes de coabitar em harmonia
(ZHANG et al. 2018; MOSADDAD et al. 2019). Contudo, ao ocorrer um
distarbio que favoreca o crescimento e desenvolvimento dos microrganismos
com potencial patogénico, doencas podem ser instaladas (MARCOTTE AND

LAVOIE 1998; LEDERBERG AND MCCRAY 2001).

A doenca carie é um 6timo exemplo de patologia microbiota dependente,
a qual requer um ambiente propicio para sua manifestacdo (MARCOTTE AND
LAVOIE 1998). Ela é considerada a patologia oral mais comumente encontrada
e principal causa de dores e perdas dentarias, tendo Streptococcus mutans (S.
mutans) e Lactobacillus como os dois patdgenos especificos mais estudados
associados a doenca, afetando o esmalte e dentina dos elementos dentarios

(CONRADS AND ABOUT 2018; SELWITZ, ISMAIL, AND PITTS 2007).

Além disso, infecgBes fungicas que afetam néo s6 a cavidade bucal, mas

também a orofaringe, podem ser encontradas com facilidade quando ha



distarbios na homeostase local. A candidiase oral apresenta alta prevaléncia,
sendo o0s microrganismos do género Candida spp responsaveis por tais
infeccdes, e, tendo majoritaria presenca de Candida albicans (PANKHURST

2013; GARCIA-CUESTA, SARRION-PEREZ, AND BAGAN 2014).

Em ambos os casos é necessario que haja um desequilibrio no meio bucal
gue propicie a atuagdo desses microrganismos (MARCOTTE AND LAVOIE
1998; CHEVALIER, RANQUE, AND PRECHEUR 2018), iniciando-se pela
formacédo do biofilme, que pode ter sua morfologia variada a depender dos
patdgenos responsaveis pela sua formacao e as condigcbes em que estdo sendo

formados (ZIINGE et al. 2010; RABIN et al. 2015).

Com isso, a introducdo de materiais odontolégicos restauradores ou
protéticos ao ambiente bucal pode propiciar tal desequilibrio, maximizando a
formacdo do biofime (HAO et al. 2018). E, recentemente, produtos
confeccionados por meio de impressoées tridimensionais (3D) tém ganhado forca
no meio Odontoldgico, sendo cada vez mais utilizados gracas a facilidade na
aquisicao, processamento e manipulacdo das imagens obtidas por meio do

processo de escaneamento intraoral (KIM et al. 2018; CAMARGO et al. 2018).

Dentre as diversas técnicas de impressao 3D, podemos citar a manufatura
aditiva por processamento digital de luz (digital light processing, DLP), que &,
segundo a norma ISO/ASTM 52900/15 (E), um processo de vat
photopolymerization (VP), onde o liquido fotopolimerizavel é curado de forma

seletiva pela ativacdo de uma luz (ASTM 2015).

A técnica DLP se baseia na polimerizacao dos fotopolimeros através da

projecéo do objeto que se quer imprimir por meio de um pequeno projetor ou



espelhos que exibem uma Unica imagem por vez, de cada camada a ser
fotoativada, de modo que a resolucdo do item a ser impresso esta diretamente
ligada ao niamero de projetores e espelhos utilizados. Dessa forma, camadas
sélidas de pequenos blocos cubicos, denominados voxels, originam-se da
interacdo da luz com a resina de origem, a cada ativacao, até que o objeto esteja
completamente formado (VOET et al. 2018; REVILLA-LEON AND OZCAN
2019; DAWOOD et al. 2015; SALMORIA et al. 2009; BORRELLO et al.

2018). Uma vez que o objeto em questao € impresso, ele se encontra no “estado
verde”, pois embora seu formato final tenha sido atingido, a reacdo de
polimerizacdo ndo foi completada (REVILLA-LEON AND OZCAN 2019). E
necessario que ele seja submetido ao processamento de pds cura, que consiste
em secar e deixar a superficie da peca mais rigida e resistente. Tal etapa pode
variar de acordo com o tipo de técnica e intensidade de luz aplicada, embora
muito comumente seja utilizada a luz ultravioleta (UV) (REVILLA-LEON AND
OZCAN 2019; FERNANDES, AHRENS, AND PIRES 2000; KLAUSS AND

SALMORIA 2006).

Coroas e proteses dentérias, guias e componentes cirargicos, alinhadores
e aparelhos ortodénticos, além de material didatico para pesquisa e ensino ja
representam uma realidade decorrente da Odontologia digital (REVILLA-LEON
AND OZCAN 2019; BHARGAYV et al. 2018; JAVAID AND HALEEM 2019).
Contudo, certos parametros precisam ser observados a fim de se obter os
melhores resultados das técnicas de impressao aplicadas em Odontologia, a
exemplo da espessura de cada camada fotoativada, design da base, e meios de
pOs processamento e armazenamento, 0os quais influenciam a precisdo dos

modelos odontolégicos 3D (ETEMAD-SHAHIDI et al. 2020). Quanto a



resolucdo de impressdo, Shim em 2020 (SHIM et al. 2020) e Unkovskiy em
2021 (UNKOVSKIY et al. 2021) demostraram, em estudos in vitro, que maior
acuracia é obtida quando as pecas séo impressas na orientagcdo de 90°, em
ambas as técnicas, estereolitografia a laser (SLA) e DLP. Por outro lado, Hada
em 2020 (HADA et al. 2020), relatou que a impressao na orientacdo de 45°

apresentou acuracia superior em relagcdo as orientacdes de 0° e 90°.

J& no que diz respeito a biocompatibilidade e agcdo antimicrobiana frente
a patdgenos em potencial, fotopolimeros tém sido estudados (PALZA 2015;
GONZALEZ-HENRIQUEZ,  SARABIA-VALLEJOS, AND RODRIGUEZ
HERNANDEZ 2019; LIN et al. 2020) quanto a capacidade antibacteriana
proveniente de polimeros naturais (SULTAN et al. 2017) e inclusdo de agentes
ou farmacos antimicrobianos na matriz de polimeros sintéticos (VAN HENGEL
et al. 2020; YUE et al. 2015; GARCIA et al. 2018). Em estudo recente, Shin
e colaboradores (SHIM et al. 2020) demonstraram que a orientacdo de
impressao também influencia a capacidade de coloniza¢do microbiolégica, uma
vez que niveis significativamente menores de C. albicans foram detectados em
objetos impressos em orientagcdo de 90°, quando comparados aos de 45 e 0°.
Embora haja um crescimento exponencial na aplicacdo de resinas para
manufatura aditiva na Odontologia, seu conhecimento acerca da comparacao as
resinas autopolimerizantes, que sdo amplamente utilizadas na confeccao de
dispositivos odontolégicos, ainda € limitado, fundamentando-se, portanto, a

motivacao do presente estudo.



2 PROPOSICAO

Analisar, in vitro, as propriedades de superficie, bem como a colonizagéo
microbiolégica de espécimes confeccionados a partir de fotopolimero aplicado a
manufatura aditiva, em resolucdes de 50 e 100 um; e confeccionados a partir de
resina acrilica autopolimerizante, considerando-se:

2.1 as caracteristicas e rugosidade de superficie dos espécimes em
funcdo de sua composicao;

2.2 as caracteristicas e rugosidade de superficie dos espécimes
confeccionados a partir de fotopolimero aplicado a manufatura aditiva, em
funcdo das resolucdes de impressao de 50 e 100 ym;

2.3 a colonizacdo microbiologica a partir dos parametros de biomassa,
matriz extracelular, e atividade metabdlica da cinética de formacéo do biofilme
de C. albicans e S. mutans; e

2.4 a capacidade antifungica e antimicrobiana de fotopolimero aplicado a

manufatura aditiva, em seu estado liquido, antes da fotopolimerizacao.



3 DELINEAMENTO DA PESQUISA

Trata-se de um estudo do tipo experimental, laboratorial investigativo,
guantitativo e qualitativo, em modelo in vitro. A pesquisa foi realizada no
Departamento de Odontopediatria e Ortodontia da Faculdade de Odontologia da
Universidade Federal do Rio de Janeiro, em parceria com o Laboratério de
Investigacdo de Peptidases do Departamento de Microbiologia Geral do Instituto
de Microbiologia Paulo de Goées da Universidade Federal do Rio de Janeiro, e
com o Laboratoério de Biomateriais do Instituto Militar de Engenharia do Rio de

Janeiro.

3.1 CARACTERIZACAO DA AMOSTRA

A amostra do presente estudo foi composta por 315 corpos de prova com
dimensdes de 4 mm de diametro x 1 mm de altura, alocados em trés grupos
(n=105): grupo controle (GC), confeccionado em acrilico autopolimerizante; e
grupos experimentais constituidos por fotopolimeros de manufatura aditiva nas

resolucdes de 50 um (GE - 50) e 100 um (GE - 100) (Quadro 1) (Figura 1).



Figura 1. Design dos corpos de prova. A: GC, grupo resina autopolimerizante; B: GE50, grupo resina 3D

com resolucdo de 50um; C: GE100, grupo resina 3D com resolu¢éo de 100um.

Produto Componente Fabricante
Monémero Metil Classico
Acrilico autopolimerizante Metacrilato, DMT, ~
. . Sao Paulo, SP,
Ortho Class Crosslink, Copolimero Brasil
Metil Etil metacrilato

Resina para impress&o 3D Ol|gomer(_)s,_Monomeros, Yller
COSMOS Splint Fc_)Fommado_res, Pelotas,_RS,

Estabilizante, Pigmento Brasil

Quadro 1. Acrilico auto polimerizante e resina para manufatura aditiva utilizadas no
estudo.

3.11 FOTOPOLIMERO APLICADO A MANUFATURA ADITIVA

(GRUPO EXPERIMENTAL)

Os corpos de prova dos grupos experimentais foram desenhados em
programa CAD open-source (Meshmixer v. 3.5, Autodesk, Inc, CA, EUA) (Figura
2), com orientacao de impressédo em 90 graus; e confeccionados em resina para
manufatura aditiva (Cosmos Splint, Yller, Pelotas, RS, Brasil) em impressora 3D
(PHOTON S, Anycubic 3D Printing, Shenzhen, Guangdong), pela tecnologia
digital light processing (DLP/LCD) (Figura 3), com resolucdes de impressao de
50 ym (GE - 50) e 100 um (GE — 100). Os mondmeros de superficie residuais
nas amostras impressas em 3D foram removidos por meio de tecido embebido

em alcool isopropilico. A etapa de pés-cura foi realizada de acordo com as



instrucdes do fabricante utilizando uma unidade de polimerizacao de luz UV. As
estruturas de suporte dos espécimes foram removidas por meio de disco de
carborundum acoplado em instrumento de baixa rotacdo de baixa rotacao

(Beltec, Araraquara, SP, Brasil).

Figura 2. Design dos corpos de prova desenhados em open-source CAD software (Meshmixer
v. 3.5, Autodesk, Inc, CA, USA), com orientagao de 90°.

Plataforma de construgdo

Reservatdrio de resina

Peca impressa

esina

%‘f

Espelho

S

Figura 3. llustracdo da técnica de manufatura aditiva por processamento digital de luz.



3.1.2 RESINA ACRILICA AUTPOLIMERIZANTE (GRUPO CONTROLE)

Os espécimes do grupo controle (GC) (n=105) foram confeccionados em
resina acrilica autopolimerizante incolor (OrtoClass, Sado Paulo-SP, Brasil) por
um pesquisador calibrado (E.O.S.), respeitando as indicacdes do fabricante, com
o auxilio de moldeira previamente confeccionada em silicone de adicéo (Figura
4A) (3M®, Sao Paulo-SP, Brasil).

Cada corpo de prova foi confeccionado individualmente, como proposto
por Nealon em 1952 (NEALON 1952). Inicialmente, cada espécime apresentou
as dimensdes de 4 mm de diametro x 2 mm de altura no momento da acrilizacao,
visto que ao fim do processo de acabamento eram obtidos corpos de prova com
4 mm de diametro x 1 mm de altura (PEDRINI, GAETTI-JARDIM JR., AND MORI
2001), nos quais, a altura foi verificada por meio de paquimetro digital (Starret
Ind e Com. LTDA., Itt, Sdo Paulo, Brasil). Os corpos de prova foram imersos em
panela com pressdo negativa (Protécni, Araraquara, SP, Brasil) (Figura 4B)
durante o processo de acrilizacdo para diminuir as chances do surgimento de

eventuais bolhas.

Figura 4. A, Moldeira em silicone de adi¢édo para confeccédo dos corpos de prova do grupo

controle. B, Panela de pressao negativa.
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Com objetivo de obter maior padronizacédo dos corpos de prova ao final
de suas confeccles, tal refinamento foi realizado através da utilizacdo, em
ordem, de lixas de lixas d’agua de granulagdao 400, 600 e 1200, em maquina
Politriz metalografica (APL4, Arotec, Cotia, SP, Brasil) (Figura 5) na velocidade
de 300 rpm por 60 segundos a cada lixa, para cada corpo de prova (SANTOS

et al. 2016).

Figura 5. Fotografia da maquina Politriz utilizada na etapa de polimento (APL4, Arotec, Cotia,

SP, Brasil).

3.2 AVALIAGCAO TRIDIMENSIONAL DAS CARACTERISTICAS DE

SUPERFICIE

3.2.1 MICROSCOPIA ELETRONICA DE VARREDURA

A andlise da superficie de cada grupo foi realizada através de microscépio
eletrbnico de varredura (Quanta FEG 250, FEI, Eindhoven, Holanda), em
magnificacdes de 100 e 400 uym. Para tal, os espécimes foram recobertos por

particulas de ouro.
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3.2.2 RUGOSIDADE SUPERFICIAL

A morfologia de superficie (3D) e rugosidade superficial foram avaliadas
individualmente na regido central de cada um dos espécimes dos grupos: GE -
50 um (n=5), GE - 100 ym (n=5) e GC (n=5) através do rugosimetro optico Zygo
NewView 7100 (Zygo, Middlefield, CA, EUA), por meio da técnica de
interferometria, utilizando lentes de aumento de 100 e 400x. Foram utilizados os
parametros de rugosidade média (Ra), desvio médio quadratico (rms) e
rugosidade média do 3° pico e vale (R3z).

A rugosidade média (Ra) € quantificada a partir da média aritmética dos
valores absolutos das ordenadas de afastamento dos pontos do perfil de
rugosidade em relacdo a linha média, dentro da area de medicéo; ja o desvio
médio quadratico (rms — root mean square) € definida como a raiz quadrada da
média dos quadrados das ordenadas do perfil efetivo em relacdo a linha média
dentro do percurso de medicéo, e por fim, a rugosidade média do 3° pico e vale
(R3z) é obtida pela média aritmética dos valores de rugosidade parcial (3Zi)

correspondentes a cada um dos cinco modulos.

3.3 ARMAZENAMENTO DAS AMOSTRAS

Previamente ao inicio dos experimentos microbioldgicos, os espécimes
foram submetidos a esterilizacao por luz ultravioleta (UV) por 30 minutos (YAGI
et al. 2007) e, em seguida, armazenados em 5 microplacas de cultura celular
com 96 pocos cada (Kasvi®, Sdo José dos Pinhais, Brasil). Dessa forma, cada

espécime foi armazenado em um poco e as microplacas mantidas em estufa
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(Quimis®, Diadema, Brasil) com temperatura controlada de 37°C + 1°C,

mantendo-se dessa forma durante todo o periodo experimental.

3.4 MICROORGANISMOS E CONDICOES DE CRESCIMENTO

A analise microbioldgica foi realizada, em triplicata, em 100 amostras por
grupo (Peeters, Nelis, and Coenye 2008). Os microrganismos utilizados no
estudo foram S. mutans (ATCC 25175), C. albicans (ATCC 10231).

Para analisar a capacidade de formacgdo de biofilme das espécies foram
realizados ensaios em que 1x10® UFC (Unidades Formadoras de Colbnias) de
S. mutans e 1x10° leveduras de C. albicans foram disponibilizados para
interagcdo com 0s espécimes nos tempos de incubacao de 24, 48 e 72 h a 37°C
em meio BHI (Brain Heart Infusion). Os parametros de biomassa, atividade
metabdlica e matriz extracelular do biofilme foram avaliados conforme descrito

abaixo.

3.4.1 QUANTIFICACAO DA BIOMASSA DO BIOFILME

As biomassas formadas pelos diferentes microrganismos foram avaliadas
de acordo com o método descrito por Peeters em 2008 (PEETERS, NELIS,
AND COENYE 2008). Os meios de cultura foram descartados e as biomassas
foram fixadas com 100% de metanol (200 pL) por 15 min. Os sistemas foram
secos a temperatura ambiente por 5 min e, posteriormente, foi adicionada uma
solucéo contendo 0,4% de cristal violeta (200 uL) e as placas foram incubadas
por 20 min. Em seguida, para retirar o excesso de corante, os sistemas foram

novamente lavados com PBS. Posteriormente, as biomassas foram descoradas
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com 30% de acido acético (200 L) por 5 min. A solucao descorante (100 pL) foi
transferida para outra placa de 96 pocos e a absorbancia foi mensurada a 590

nm em leitor de microplacas SpectraMax M3.

3.4.2 QUANTIFICACAO DA ATIVIDADE METABOLICA DO BIOFILME

A avaliacdo da atividade metabdlica da biomassa microbiana formada
apos cada tempo de incubacédo foi avaliada através da reducao do XTT. Aos
pocos foram adicionados uma solucdo de XTT na concentracdo final de 200
pug/mL e 0,04 mM de menadiona por 4h, na auséncia de luz. Decorrido esse
tempo, a mudanca de coloracdo foi mensurada no leitor de microplacas
SpectraMax M3 no comprimento de onda 492 nm (COSTA-ORLANDI et al.

2014).

3.4.3 QUANTIFICACAO DA MATRIZ EXTRACELULAR DO BIOFILME

A quantificacdo da matriz extracelular foi realizada de acordo com o
método descrito por CHOI em 2015 (CHOI, KANG, AND KIM 2015). Os meios
de cultura foram descartados e, em seguida, foram adicionados aos po¢os uma
solucéo contendo 0,1% de safranina (200 pL) a temperatura ambiente, por 5 min.
Em seguida, para retirar o excesso de corante, os sistemas foram lavados com
PBS. Posteriormente, a matriz extracelular foi descorada com 30% de &cido
acético (200 pL) por 5 min. A solucédo descorante (100 uL) foi transferida para
outra placa de 96 pocos e a absorbancia foi mensurada a 530 nm em leitor de

microplacas SpectraMax M3.
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3.5 TESTE DE ATIVIDADE ANTIFUNGICA E ANTIMICROBIANA

A atividade antifungica e antimicrobiana do fotopolimero (Cosmos Splint,
Yller, Pelotas, RS, Brasil), em seu estado liquido, ndo polimerizado foi avaliada
nas concentracdes de 100%, 90%, 80%, 70%, 60%, 50%, 40%, 30%, 20 %, 10%
e 0% diluidos em meio BHI (Brain Heart Infusion) de acordo com as versoes
modificadas do CLSI M27-A3 para leveduras e CLSI M07-A9 (2012) para
bactérias. A cada um dos pocos (placa de 96 pocos) foram adicionadas 1x103
leveduras de Candida albicans e 1x10* CFU (unidades formadoras de col6nia)
de Streptococcus mutans. Foram realizados os seguintes controles: (i) meio BHI
puro, (ii) fotopolimero puro ndo polimerizado e (i) meio BHI com
microorganismos. A leitura visual das placas foi realizada apés incubacgéo a 37°C

por 48h (INSTITUTE 2008; INSTITUTE 2012).

3.6 ANALISE ESTATISTICA

A analise estatistica foi realizada no programa Statistical Package for the
Social Science (SPSS verséo 20.0, IBM, Chicago, lllinois, EUA). A aderéncia a
curva normal foi avaliada pelo teste de Shapiro-Wilk. Constatada a distribuicéo
normal, a comparacdo dos dados da rugosidade superficial e analises
microbioldgicas, entre os grupos controle e experimental, foi realizada por meio
da analise de variancia (ANOVA) seguida dos poés-testes de Tukey e Dunnett.

Em todas as analises, o nivel de significancia adotado foi de 5%.
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ABSTRACT

Surface characteristics and microbiological analysis of a vat
photopolymerization (VP) resin, printed at resolutions of 50 um (EG - 50) and
100 um (EG - 100), was evaluated against an auto-polymerizing acrylic resin
(CG). Surface characteristics were evaluated using a scanning electron
microscope and a scanning white light interferometer. Biomass, extracellular
matrix, and metabolic activity of biofilm formed by Candida albicans and
Streptococcus mutans were quantified in triplicates. Antifungal and
antimicrobial activities of unpolymerized VP resin were evaluated. Intergroup
comparisons were performed using the ANOVA followed by Tukey's and
Dunnett’s tests. EG - 50 and EG - 100 exhibited a more irregular and higher
surface roughness (P<0.05). CG presented a higher biomass and
extracellular matrix production of C. albicans and S. mutans (P<0.05). A
higher metabolic activity of S. mutans was also observed in CG (P<0.05).
Unpolymerized VP resin, inhibited C. albicans and S. mutans growth over a
48h period. In spite of recording greater irregularity and higher surface
roughness, VP resins demonstrated a clear resistance to C. albicans and S.
mutans biofilm formation over CG and were not affected by the 3D-printing
resolution. In addition, VP resin inhibited C. albicans and S. mutans growth in

its pure, unpolymerized form.
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1. INTRODUCTION

The oral cavity is constituted of more than 700 microorganisms, many of
which are pathogenic and can benefit from changes in local homeostasis, such
as Streptococcus mutans and Candida albicans, responsible for caries and
candidiasis, respectively [1, 2]. Thus, the introduction of restorative or prosthetic
dental materials into the oral environment might provide such an imbalance,
thereby maximizing biofilm formation [3]. Recently, products manufactured with
three-dimensional (3D) printing have become popular in dentistry, being
increasingly used due to the ease of acquisition, processing, and manipulation of
images obtained through intraoral scanning [4, 5].

Among the various 3D printing techniques, additive manufacturing by
digital light processing (DLP) is one of the first 3D printing processes, which is
categorized according to ISO/ASTM 52900/15(E) as a vat photopolymerization
(VP) process, wherein the photopolymerizable liquid is selectively cured by light
activation [6]. The DLP technique is based on the polymerization of
photopolymers by projecting the object to be printed through a small projector or
mirrors that display a single image at one time. Each layer is photoactivated so
that the resolution of the item to be printed is directly related to the number of
projectors and mirrors used. That way, at each activation, solid layers of small
cubic blocks, referred to as voxels, originate from the interaction of light with the
resin of origin, until the object is completely formed [7-11].

Dental crowns and prostheses, surgical guides and components,
orthodontic aligners and appliances, as well as courseware for research and

teaching, represent a reality arising from digital dentistry [8, 12, 13]. However,
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certain parameters need to be observed in order to obtain the best results from
the printing techniques applied in dentistry, such as the thickness of each
photoactivated layer, base design, post-processing, and storage media, which
influent factors of the accuracy of 3D dental models [14]. As for printing
resolutions, Shim in 2020 [15] and Unkovskiy in 2021 [16] demonstrated, through
in vitro studies, that greater accuracy is obtained when objects are printed in a
90° orientation in both stereolithography (SLA) and DLP techniques.
Alternatively, Hada in 2020 [17] reported that the impression in a 45° orientation
presented superior accuracy in relation to the 0° and 90° orientations.

With regard to biocompatibility and activity against potential pathogens,
photopolymers have been studied [18-20] regarding the antibacterial capacity of
natural polymers [21] and the addition of antimicrobial agents or drugs in the
synthetic polymer matrix [22-24]. Shin et al. [15] recently demonstrated that print
orientation also influences the microbiological colonization capacity, as
significantly lower levels of C. albicans were detected on objects printed in a 90°
orientation rather than 45° and 0°. Although there is an exponential growth in the
application of additive manufacturing in dentistry, there is limited knowledge
regarding the comparison of VP resins to auto-polymerizing acrylic resin systems,
which are standardly applied to the manufacture of dental devices. Therefore, the
present research focused on the investigation of a VP resin regarding surface
characteristics, microbiological colonization, and antifungal/antimicrobial
activities against an auto-polymerizing acrylic resin system, as the control. The
null hypothesis of our study comprised: (1) the surface characteristics and biofilm
formation by C. albicans and S. mutans of a VP resin for additive manufacturing

will be similar to an auto-polymerizing acrylic resin, (2) 3D-printing resolution will
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not affect the surface characteristics and microbiological colonization of VP

resins, and (3) C. albicans and S. mutans growth will not be inhibited by VP resin.

2. MATERIALS AND METHODS

2.1. Materials

The sample of this study consisted of 300 specimens (4 mm in diameter x
1 mm in height), divided into three groups (n=100): control group (CG),
constituted of auto-polymerizing acrylic resin, and experimental groups produced
with VP additive manufacturing resin printed at resolutions of 50 ym (EG - 50)
and 100 um (EG - 100) (Table 1).

The CG was manufactured with an auto-polymerizing acrylic resin system
(OrtoClass, Sao Paulo-SP, Brazil), by the same operator, with the aid of
prefabricated molds of addition silicone (3M®, Séao Paulo, SP, Brazil), according
to the manufacturer's recommendations. To reduce the chances of air bubbles
occurrence, the specimens were fabricated by incremental build up technique
and immersed in a pan with negative pressure (Protécni, Araraquara, SP, Brazil)
during the polymerization phase. Then, the finishing of the specimens was
performed sequentially using 400, 600, and 1200 gr sandpapers in a Politriz
metallographic machine (APL4, Arotec, Cotia, SP, Brazil) at a speed of 300
rpm/60 s for each sandpaper per specimen [25].

Experimental groups, EG - 50 and EG - 100, specimens were designed
using open-source CAD software (Meshmixer v. 3.5, Autodesk, Inc, CA, USA),
with a 90° print orientation. 3D specimens were manufactured in resin for additive

manufacturing (Cosmos Splint, Yller, Pelotas, RS, Brazil) in a 3D printer
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(PHOTON S, Anycubic 3D Printing, Shenzhen, Guangdong), using digital light
processing technology (DLP/LCD), with printing resolutions of 50 and 100 um.
The residual surface monomers on the 3D-printed specimens were cleaned using
a wipe and isopropyl alcohol. Postpolymerization was performed in accordance
with the manufacturer’s instructions using a UV light polymerization unit
(CureDen; DENTIS). The support structures were removed using low-speed

rotary instruments (Beltec, Araraquara, SP, Brazil).

2.2. Analysis of surface characteristics

The surface analysis of each group was performed using a scanning
electron microscope (Quanta FEG 250, FEI, Eindhoven, Netherlands) at
magnifications of 100 and 400 um. For this purpose, the specimens were coated
with gold particles [15].

Morphology and surface roughness were evaluated in three samples per
group, in duplicate, using a non-contact, three dimensional, scanning white light
interferometer Zygo NewView 7100 (Zygo, Middlefield, CA, USA), using 20x
magnification lenses. The mean roughness (Ra), root mean square (rms), and
mean roughness of the 3rd peak and valley (R3z) were used, with an area of 40
pm?2. The mean roughness (Ra) was quantified from the arithmetic mean of the
absolute values and the ordinate distance of the points of the roughness profile
in relation to the mean line within the measurement area. The root mean square
(rms) deviation is defined as the square root of the mean of the ordinates’ squares
of the effective profile in relation to the mean line within the measurement path.

Finally, the mean roughness of the 3rd peak and valley (R3z) is obtained by the
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arithmetic mean of the partial roughness values (3Zi) corresponding to each of

the five modules.

2.3. Microbiological Analysis

Prior to the beginning microbiological analysis, the specimens were
sterilized by ultraviolet (UV) light for 30 min [26] and then allocated to cell culture
microplates with 96 wells each, (Kasvi®, Sédo José dos Pinhais, Parana, Brazil),
wherein 1 x 106 Candida albicans yeasts and 1 x 106 colony-forming units (CFU)
of Streptococcus mutans were added. The systems were kept in an oven
(Quimis®, Diadema, Brazil) at a controlled temperature of 37°C + 1 °C for 24, 48,
and 72 h, in brain heart infusion (BHI). After each of the different timepoints, the
resins were reallocated in new 96-well plates, and biomass, extracellular matrix,
and metabolic activity were quantified in triplicates.

Biomass formed by different microorganisms was evaluated according to
the method described by Peeters (2008) [27]. The culture media were discarded,
and the biomass was fixed with 100% methanol (200 pL) for 15 min. The systems
were dried at room temperature for 5 min, and then a solution containing 0.4%
crystal violet (200 pyL) was added, and the plates were incubated for 20 min. To
remove excess dye, the systems were washed again with PBS. Subsequently,
the biomass was decolorized with 30% acetic acid (200 L) for 5 min. The bleach
solution (100 pL) was transferred to another 96-well plate, and the absorbance
was measured at 590 nm using a SpectraMax M3 microplate reader.

The extracellular matrix was quantified according to the method described
by Choi in 2015 [28]. The culture medium was discarded, and a solution

containing 0.1% safranin (200 yL) at room temperature was added to the wells
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for 5 min. To remove excess dye, the system was washed with PBS.
Subsequently, the extracellular matrix was decolorized with 30% acetic acid (200
pL) for 5 min. The bleach solution (100 pL) was transferred to another 96-well
plate, and the absorbance was measured at 530 nm using a SpectraMax M3
microplate reader.

The metabolic activity of the microbial biomass formed after each
incubation time was evaluated by reducing XTT. A solution of XTT at a final
concentration of 200 pg/ml and 0.04 mM of menadione was added to the wells
for 4h, in the absence of light. After this time, the color change was measured

using a SpectraMax M3 microplate reader at a wavelength of 492 nm [29].

2.4. Antifungal and antimicrobial activity testing

The antifungal and antimicrobial activities of unpolymerized VP resin were
evaluated at concentrations of 100%, 90%, 80%, 70%, 60%, 50%, 40%, 30%,
20%, 10%, and 0%, diluted in BHI medium according to modified versions of the
CLSI M27-A3 and CLSI M07-A9 (2012) for yeasts and bacteria, respectively. To
each of the wells (96-well plate), 1 x 10°yeasts of C. albicans and 1 x 10*CFU
of S. mutans were added. The following controls were performed: (i) pure BHI
medium, (ii) pure unpolymerized VP resin, and (iii) BHI medium with
microorganisms. The plates were visually read after incubation at 37 °C for 48 h

[30, 31].

2.5. Statistical Analysis
Statistical analysis was performed using the Statistical Package for Social

Science IBM SPSS software for Windows (version 20.0, SPSS Inc., Chicago,
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lllinois, USA). Adherence to the normal curve was assessed with the Shapiro-
Wilk test. After verifying the normal distribution, control and experimental groups
comparisons of surface roughness and microbiological data was performed using
the one-way analysis of variance (ANOVA) followed by Tukey's and Dunnett’s
multiple comparisons tests, respectively. In all analyses, the significance level

was set at 5%.

3. RESULTS

3.1. Surface characteristics
3.1.1 Scanning Electron Microscope (SEM)

SEM images of the auto-polymerizing acrylic and VP resin samples are
illustrated in Figure 1. According to the analysis of the images, a flat but grooved
surface was observed in the CG, with clear notches resulting from polishing
sandpapers. A distinguishable corrugated and more irregular surface was noticed
in the experimental groups (EG - 50 and EG - 100), which might be attributed to

the photopolymers layers deposition process (Figure 1).

3.1.2 Surface Roughness

Surface roughness data are presented in Table 2. Intergroup comparisons
indicated a statistically significant difference in all roughness parameters
evaluated (P<0.05). The experimental groups, EG — 50 (Ra: 2.96 £ 0.32 um; rms:
4.05 £ 0.43 um) and EG — 100 (Ra: 3.76 = 0.58 um; rms: 4.79 = 0.74 um),
recorded the highest mean roughness and root mean square, compared to the

control group (Ra: 0.52 £ 0.36 um; rms: 0.84 + 0.54 um). As for R3z, a statistically
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significant difference was observed only in EG — 100 compared to CG and (EG -
100: 58324.17 + 4936.48 nm; CG: 31022.08 + 16470.44 nm) (Table 2). Images
of the three-dimensional morphology of the samples from each group are shown

in Figure 2.

3.2. Quantification and kinetics of biofilm formation

The biomass, metabolic activity, and extracellular matrix data of the
microorganisms C. albicans and S. mutans evaluated in the different study
groups are presented in Figures 3, 4, and 5, respectively.

A significantly higher quantification of the biomass of C. albicans was
observed in CG a in relation to EG - 100 at 72 h (P<0.05). CG samples also
presented statistically greater quantification of the biomass of S. mutans
compared to experimental groups (EG - 50 and EG - 100) at 24h and 72h
(P<0.05), and to EG - 50 at 48h (P<0.05) (Figure 3).

No significant differences were observed in the metabolic activity of C.
albicans among the study groups. However, a statistically higher metabolic
activity of S. mutans was observed in CG compared to EG - 50 and EG - 100 at
48h (P<0.05), and in CG compared to EG - 50 at 72h (P<0.05) (Figure 4).

CG presented a higher extracellular matrix production of biofilm formation
by C. albicans in relation to EG - 50 and EG - 100 at 24 h (P<0.05) and 48 h
(P<0.01). Also, biofilm formed by S. mutans recorded increased records of
extracellular matrix production in CG compared to EG - 50 and EG - 100 at 24h

(P<0.001) and 72h (P=<0.001) (Figure 5).
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3.3. Antifungal and antimicrobial activity testing

Antifungal and antimicrobial activity testing indicated that, with the
exception of pure unpolymerized VP resin (100%), all of the VP resin dilutions
and control systems of BHI medium with microorganisms, presented C. albicans

and S. mutans growth after a 48h incubation period at 37 °C.

4. DISCUSSION

The presence of S. mutans and C. albicans in the oral cavity does not
indicate that the individual will develop caries and candidiasis, respectively, as
other factors that trigger an imbalance in the environment need to be associated.
However, high numbers of these microorganisms increase their pathogenicity
[32, 33], starting with the formation of biofilm, which can vary depending on the
microbes responsible for its formation and the conditions under which they are
being formed [34, 35].

This in vitro study analyzed the surface characteristics of a VP resin for
additive manufacturing, printed at resolutions of 50 and 100um, in order to
determine whether there would be a difference in surface characteristics and
microbiological activity over an auto-polymerizing acrylic resin. This investigation
directly implies in clinical practice, especially in the manufacture of intraoral
devices, that usually remain for a long period in the oral cavity [36, 37].

The CG (auto-polymerizing acrylic resin) presented a surface with fewer
irregularities and lower roughness than the experimental groups, EG - 50 and EG
- 100. The literature shows that rougher surfaces have greater microbiological
growth owing to the facilitation of the formation of acquired biofilm and

development [38, 39]. From the analysis of the images obtained with a scanning
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electron microscope (Figure 1) and by the scanning white light interferometer
(Figure 2), it was possible to observe the surface grooves caused by the
sequential finishing with the sandpaper strips and the printing streaks by the
deposition of each layer in the additive manufacturing technique in the control
and experimental groups, respectively. Conversely, despite the smoother
surface, CG exhibited increased biofilm formation by C. albicans and S. mutans
than EG - 50 and EG - 100.

Bacteria have cell membranes formed by phospholipids and teichoic acids
with a negative net surface charge. Therefore, photopolymers with positively
charged functional groups tend to interact better with the cell wall of these
microorganisms than those with neutral or negatively charged functional groups
[19]. We believe that this difference in our findings may be linked to the energy
and surface charge of photopolymers for additive manufacturing, negatively
influencing the process of colonization and growth of microorganisms [3, 40].
Another factor that may have influenced bacterial colonization is the orientation
of the object at the time of photopolymer printing. In 2020, Shim [15]
demonstrated that objects printed with a 90° orientation, as well as those printed
in this study, had significantly lower levels of colonization by C. albicans than
those printed at 0° and 45°. In addition, 90° printing was chosen because it
allowed less contact with the supporting pillar of the specimen during the printing
process, and therefore, caused less interference on the specimens surface.

Furthermore, the potential of microbiological growth inhibition by the
photopolymers should be highlighted. Since Steiner and collaborators [41]
presented their discoveries of peptides fighting both gram-positive and gram-

negative bacteria, as well as fungi, in 1981, these proteins have been employed
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in polymeric structures. A common feature is the combination of amino acids with
polar and non-polar side chains, leading to amphiphilic structures in these
peptides [19]. The photopolymer evaluated in the present study, inhibited the
growth of S. mutans and C. albicans in its pure undiluted form, for a period of
48h. Thus, the antifungal and antimicrobial potential of photopolymers would be
crucial in dentistry as regard the manufacturing of prostheses and orthodontic
retainers, for example.

However, the photopolymer ability to inhibit microbiological growth was
observed only in its pure form, without any dilution. Once diluted, even at the
lowest concentration of BHI (90% photopolymer and 10% BHI), allowed the
microorganisms growth, indicating that photopolymer component with antifungal
and antimicrobial properties is soluble and loses potential of action when in
contact with the BHI medium. Therefore, we suggest an investigation on the
possible components responsible for inhibiting microorganisms growth in their
undiluted form, and why it is lost when in contact with the BHI medium. It is also
suggested that further studies be carried out for testing the antifungal and

antimicrobial activity of photopolymers for a longer period.

5. CONCLUSIONS

Within the limitation of this in vitro study, in spite of recording greater
irregularity and higher surface roughness, VP resins for additive manufacturing
demonstrated a clear resistance to C. albicans and S. mutans biofilm formation
over auto-polymerizing acrylic resin. Surface characteristics and microbiological
colonization VP resins were not significantly affected by the 3D-printing resolution

in layer thickness of 50 and 100 um. In addition, VP resin inhibited C. albicans
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and S. mutans growth in its pure, unpolymerized form, for an incubation period of

48 h.

TABLES

Table 1. Auto-polymerizing acrylic and VP additive manufacturing resins used in the study.

Product Component Manufacturer
Auto-polymerizing ~ Methyl Methacrylate Monomer, .
. . . Classico
acrylic resin system DMT, Crosslink, Methyl Ethyl . _
Sao Paulo, SP, Brazil
Ortho Class Methacrylate Copolymer
3D printing resin Oligomers, Monomers, Yller

COSMOS Splint Photoinitiators, Stabilizer, Pigment  Pelotas, RS, Brazil

Table 2. Descriptive statistics (mean and standard deviation) of the surface roughness analysis.

P- P- P-

Groups Ra (um) value rms (um) value R3z (nm) value
31022.08 +
0.52 +0.36 a 0.84+0.54a 16470.44 a

EG-50 <0.001 <0.001 53966.22 + 0.042
2.96+0.32 b 4.05+0.43b 6866.32 ab
58324.17 +

EG-100 576 +0.581 479£0.74 b 4936.48 b
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Figure 1. Representative SEM images of specimens from each group. A and D, CG - auto-
polymerizing acrylic resin. B and E, EG-50, VP resin printed with 50 ym resolution. C and F, EG-

100, VP resin printed with 100 ym resolution. Magnification: A — C, 400 ym; D — F, 100 pm.
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Figure 2. Three-dimensional surface morphology images obtained with a scanning white light
interferometer (scan area: 40 um?) A: CG, auto-polymerizing acrylic resin; B: EG-50, VP resin
printed with 50 um resolution; C: EG-100, VP resin printed with 100 uym resolution.
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Figure 3. Biofilm formation by C. albicans and S. mutans for 24, 48, and 72 h at 37°C. A, C.
albicans. B, S. mutans. At each time point evaluated, the systems were processed to detect
biomass by incorporating a crystal violet solution at 590 nm. Results are expressed as the mean

+ standard deviation of three independent replicates. *P<0.05.
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Figure 4. Biofilm formation by C. albicans and S. mutans for 24, 48, and 72 h at 37°C. A, C.
albicans. B, S. mutans. At each time point evaluated, the systems were processed to detect
metabolic activity by reducing XTT in menadione by viable cells at 492 nm. Results are expressed
as the mean = standard eviation of three independent replicates. *P<0.05.
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Figure 5. Extracellular matrix in biofilm formed by C. albicans and S. mutans for 24, 48, and 72 h
at 37°C. A, C. albicans. B, S. mutans. At each time point evaluated, the systems were processed
to detect extracellular matrix by staining with safranin at 530 nm. Results are expressed as the
mean + standard deviation of three independent replicates. *P<0.05.
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5 CONCLUSAO

A partir dos resultados do presente estudo in vitro, pode-se concluir que:

5.1. espécimes confeccionados a partir de resina para manufatura aditiva
apresentaram maior irregularidade e rugosidade de superficie quando
comparados aos confeccionados a partir de resina acrilica autopolimerizante.

5.2. as resolugdes de impressdo de 50 e 100 ym n&o influenciaram
significativamente as caracteristicas e rugosidade de superficie dos espécimes
confeccionados a partir de fotopolimero aplicado a manufatura aditiva;

5.3 espécimes confeccionados a partir de resina para manufatura aditiva
evidenciaram parametros reduzidos de biomassa (48 e 72h), matriz extracelular
(24, 48 e 72h), e atividade metabdlica (24 e 48h) de biofilme formado por C.
albicans quando comparados aos confeccionados em resina acrilica
autopolimerizante. Em relagédo ao S. mutans, apenas o parametro de atividade
metabdlica do biofilme ndo se encontrou reduzido (24h);

5.4. o fotopolimero aplicado & manufatura aditiva utilizado neste estudo
apresentou capacidade de inibicdo do crescimento fingico e bacteriano, em seu

estado liquido, ndo diluido, durante o periodo experimental de 48 horas.
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6 RECOMENDACOES

Para futuros estudos, sugere-se a investigacdo dos possiveis
componentes presentes nos fotopolimeros para manufatura aditiva capazes de
inibir o crescimento bacteriano e fangico, em seu estado liquido, bem como o
motivo dessa capacidade de inibicdo ser perdida diante de dilui¢cdes, ainda que
em baixas concentracfes. Recomenda-se, ainda, que as andlises
microbiolégicas sejam realizadas a parir de biofilme induzido por saliva humana,
bem como, que os testes de atividade antimicrobiana e antifingica sejam

realizados por periodos maiores que 48 horas.
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