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RESUMO

Este estudo teve dois objetivos principais. Primeiro, investigar a influéncia da
estrutura do biofilme no efeito antimicrobiano de trés irrigantes endodonticos:
hipoclorito de sodio (NaOCIl) 2%, clorexidina (CHX) 2% e &cido etilenodiamino
tetracético (EDTA) 17%. Segundo, avaliar o efeito quimico de NaOCIl 2% sob
diferentes tempos e volumes, aplicados em um biofilme padronizado com uma
superficie de contato realista. Na primeira parte do estudo, S. oralis J22 e A.
naeslundii T14V-J1 foram cultivados em discos de hidroxiapatita revestidos com
saliva, em trés diferentes condigcbes de crescimento: biofilmes com crescimento
estatico em ambientes confinados durante dez dias (10SB) e quatro dias (4SB)
(biofilmes ricos em agua) e biofilmes crescidos por compactacao durante quatro dias
(CDFFB) (biofilmes ricos em células). NaOCl 2%, CHX 2% e EDTA 17% e tampé&o
adesivo (controle) foram aplicados com volume de 20 pl durante 60 segundos. As
espécimes foram analisadas previamente por Tomografia de Coeréncia Optica e,
apos a aplicacdo de antimicrobianos, avaliados por meio do Teste de Resisténcia a
Baixa Compressdo, Tomografia de Coeréncia Optica, e Microscopia Confocal a
Laser. Na segunda parte da investigacdo, S. oralis J22 e A. naeslundii T14V-J1
foram crescidos por compactacdo durante quatro dias em discos de hidroxiapatita
revestidos com saliva (biofilmes ricos em células). As amostras foram analisadas
previamente por Tomografia de Coeréncia Optica. NaOCI| 2% foi aplicado sobre a
superficie dos biofilmes em quantidades de 20 ul e 40 pl durante os periodos de 60,
120 e 300 segundos e um tampéo adesivo foi aplicado em quantidade de 20 pl por
60 segundos (controle). Ap6s a aplicacdo das solugdes, biofilmes foram avaliados
por meio do Teste de Resisténcia a Baixa Compressao, Tomografia de Coeréncia
Optica, e Microscopia Confocal a Laser. Os resultados do estudo mostraram uma
maior reducéo de altura da camada rigida de biofilme com a aplicagdo do NaOClI 2%
em 4SB e 10SB do que CDFFB (p = .028 / .016) Biofilmes desafiados com CHX
apresentaram contragdo estrutural, com maior intensidade em CDFFB (p=0,05) e
maior quantidade de substancias poliméricas extracelulares (p=0,03). Ap6s a
aplicacdo de EDTA 17%, os biofimes de CDFF mostraram uma reducéo de altura (p
= 0,022). Com relagao aos diferentes volumes e periodos de tempos de aplicacdo de

NaOCI 2%, observou-se que, com 20ul, ndo houve diferenca significativa entre 60 e



120 segundos (p = 0,086). Apds 300 segundos, dissolveu-se uma espessura maior
de camada rigida da estrutura do biofiime em comparacdo com 120 segundos (p =
0,017). Ao se aplicar 40ul, observou-se que a altura da camada rigida do biofilme foi
significativamente reduzida apos 120 (p = 0,028) e 300 (p = 0,013) segundos em
comparacao com 60 segundos e a camada de superficial do biofilme remanescente
foi significativamente maior apdés 300 s em comparacdo com 60 segundos (p =
0,013). A partir desse estudo, pode-se concluir que a Tomografia de Coeréncia
Optica apresenta-se como um método interessante, ndo invasivo, em tempo real,
que permite avaliar a estrutura dos biofilmes antes e apos a aplicagdo de solugdes
antimicrobianas. A estrutura do biofilme exerce uma influéncia sobre o efeito de
diferentes antimicrobianos, os quais podem apresentar um efeito sobre o biofiime
remanescente. Ainda, os aspectos do tempo de aplicacdo e do volume de irrigante
devem ser levados em consideracdo na elaboracdo de estratégias efetivas para
dissolver e interromper a estrutura do biofilme e / ou influenciar a estrutura do

biofiime remanescente.

Palavras-chave: biofilmes, solucdes irrigadoras, visco-elasticidade, tomografia por
coeréncia Optica.



ABSTRACT

This study had two main objectives. First, to investigate the influence of the biofilm
structure on the antibiofilm effect of three endodontic irrigants: 2% sodium
hypochlorite (NaOCI), 2% chlorhexidine (CHX) and ethylenediaminetetraacetic acid
17% (EDTA). Second, to evaluate the chemical effect of 2% NaOCI| under different
times and volumes, applied on a standardized biofilm with a realistic contact surface.
In the first part of the study, S. oralis J22 and A. naeslundii T14V-J1 were cultured on
saliva-coated hydroxyapatite discs under three different growth conditions: static
growth biofilms in confined environments for 10 days (10SB) and four days (water-
rich biofilms) and biofilms grown under compression for four day (CDFFB) (cell-rich
biofilms). 2% NaOCI, 2% CHX and 17% EDTA and adhesion buffer (control) were
applied with a volume of 20 pl for 60 seconds. The specimens were previously
analyzed by Optical Coherence Tomography and, after the application of
antimicrobials, evaluated by the Low-load Compression Tester, Optical Coherence
Tomography, and Confocal Laser Scanning Microscopy. In the second part of the
investigation, S. oralis J22 and A. naeslundii T14V-J1 were grown by compaction for
four days on saliva-coated hydroxyapatite discs (cell-rich biofilms). The samples were
previously analyzed by Optical Coherence Tomography. 2% NaOCI| was applied on
the surface of the biofilms with amounts of 20 ul and 40 ul during the 60, 120 and 300
second periods and an adhesive buffer was applied in amount of 20 pl for 60
seconds (control). After application of the solutions, biofilms were evaluated through
the Low Compression Resistance Test, Optical Coherence Tomography, and Laser
Confocal Microscopy. The results of the study showed a greater reduction of height
of the rigid layer of biofilm with the application of 2% NaOCI in 4SB and 10SB than
CDFFB (p = .028 / .016) Biofiims challenged with CHX presented structural
contraction, with greater intensity in CDFFB (p = 0.05) and higher amount of
extracellular polymer substances (p = 0.03). After application of 17% EDTA, CDFF
biofilms showed a decrease in height (p = 0.022). Regarding the different volumes
and periods of application time of 2% NaOCI, it was observed that, with 20 pl, there
was no significant difference between 60 and 120 seconds (p = 0.086). After 300
seconds, a greater thickness of rigid layer of the biofilm structure was dissolved
compared to 120 seconds (p = 0.017). When applying 40ul, it was observed that the
height of the rigid layer of the biofilm was significantly reduced after 120 (p = 0.028)



and 300 (p = 0.013) seconds compared to 60 seconds and the remaining biofilm
surface layer was significantly larger After 300 s compared to 60 seconds (p =
0.013). From this study, it can be concluded that Optical Coherence Tomography
presents as an interesting, non-invasive, real-time method that allows the biofilms
structure evaluation before and after the application of antimicrobial solutions. The
biofilm structure exerts an influence on the effect of different antimicrobials, which
may have an effect on the remaining biofilm. In addition, aspects of application time
and irrigant volume should be taken into account when devising effective strategies
to dissolve and disrupt the biofilm structure and / or influence the structure of the

remaining biofilm.

Keywords: biofilms, irrigant solutions, visco-elastic, optical coherence tomography.



LISTA DE ABREVIATURAS E SIGLAS

CDFF - Constant-depth Film Fermentor

CHX — Clorexidina

EDTA — Acido etilenodiamino tetracético

HA — Hidroxiapatita

IC — Irrigagdo Convencional

LLCT - Low-Load Compression Tester

MCL — Microscopia Confocal a Laser

mm — milimetro

NaOCI — Hipoclorito de Sédio

PEC — Polimeros Extracelulares

PIPS — photon initiated phtoacoustic streaming
PPCF — Parallel-Plate Flow Chamber

s —segundo

TCO - Tomografia de Coeréncia Optica
UMCG - University Medical Center Groningen
MM — micrémetro

pl — microlitro

% — porcento



SUMARIO

1 APRESENTAGAD. ...ttt ettt ettt ettt 11
2 REVISAO DE LITERATURA . .ottt ettt 13
2.1 BIOFILMES BACTERIANOS. ..o et e eea e a e 13
2.1.1 Quem séo e qual a sua composSiGa0 qUIMICA?.......coeeriiiiiiiii e 13
2.1.2 Crescimento do Biofilme..... .o 14
2.1.3 Propriedades ViSCOEIASLICAS..........cooviviiiiiiiii e e 14
2.2 BIOFILMES ENDODONTICOS.......ceciiieeeeeeeeeeeeeeee et sen e, 16
2.3 REMOCAO DO BIOFILME ENDODONTICO.....cccuiieeeeeeeieee e 17
2.3.1 O papel das substancias qUIMICAS........c.uuveiieiieeeeiieiii e 17
2.3.2 Aimportancia doS Meios fiSICOS.....uiuiuiuiiiiii e 18
2.4 MODELOS DE CRESCIMENTO DE BIOFILME........c.cccuiiiiieieiiiiiiieee e, 21
2.5 METODOS DE ANALISE DE BIOFILME.......ccoooviecieee e et e 23
S OBUIETIVOS. ..ot e e e e e 26
3.1 OBIETIVOS GERAIS. ..o et e e e e e eee s 26
3.2 OBJETIVOS ESPECIFICOS. .....coiiitiieiiriiitseseie ettt sres s e 26
4 ARTIGOS CIENTIFICOS. ....ociiiiiiiiiieeietise sttt et e 27

4.1 ARTIGO 1 Novel visualisation method shows dual-species biofilm
structure dictates itS diSTUPTION.......uiiiiiiii i 27
4.2 ARTIGO 2 The effect of time and volume on the chemical efficiency

and efficacy of a 2% sodium hypochlorite solution on a dual-species

5 CONSIDERAGOES FINAIS ..ottt ettt 63
REFERENCIAS ..ottt et 66



1 APRESENTACAO

A presente tese representa o inicio da relacdo de cooperagcao

estabelecida entre a Faculdade de Odontologia UFRGS e o Centro de

Odontologia e Higiene Oral — University Medical Center Groningen UMCG —

Rijksuniversiteit. Durante o estadgio de Doutorado Sanduiche realizado na

UMCG foi possivel realizar todas as etapas metodologicas dos artigos

propostos.

b)

Esta tese sera apresentada nas seguintes sessoes:

Revisao de literatura, abordando antecedentes e justificativas que
embasam o desenvolvimento desta tese. Inicialmente, ser&o
apresentados conceitos sobre biofilmes, aspectos relacionados a
composicdo e ao desenvolvimento, mecanismos adaptativos e
resisténcia antimicrobiana. Por conseguinte, caracteristicas particulares
de biofilmes endodbnticos e as estratégias quimicas e fisicas utilizadas
para sua remoc¢ao, abordando as propriedades das solugdes irrigadoras
comumente utilizadas em tratamentos endodonticos. Por fim, ser&o
descritos modelos de crescimentos de biofilme, enfatizando os atributos
do modelo utilizado nesta tese, bem como os equipamentos e técnicas

utilizados para a analise dos biofilmes.

Artigo 1: Manuscrito formatado para submiss&o no Journal of Dental
Research, apresenta a influéncia da estrutura de diferentes biofilmes
crescidos com as mesmas espécies bacterianas na acdo do hipoclorito
de sodio (NaOCl), da clorexidina (CHX) e do &cido etilenodiamino
tetracético (EDTA). Além disso, é apresentada uma nova metodologia
Optica para andlise de biofilmes, a Tomografia de Coeréncia Optica
(TCO).

Artigo 2: Manuscrito formatado para submissdo no International
Endodontic Journal, avalia a eficacia e a eficiéncia do NaOCl 2%
aplicado em diferentes volumes e periodos de tempo sobre a superficie

de biofilmes dual-espécies em espacos confinados.
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d) Consideracdes finais: apresenta uma reflexdo sobre os objetivos
tracados, as metodologias utilizadas para o desenvolvimento desta tese,
além de algumas consideracfes adicionais acerca das limitacbes e

futuras perspectivas tragadas com base nos resultados obtidos.



2 REVISAO DE LITERATURA

2.1 BIOFILMES BACTERIANOS

2.1.1 Quem sao e qual a sua composi¢cao quimica?

A compreensdo da ocorréncia de infecgbes endododnticas persistentes tem
sido um desafio na Odontologia. Desde a década de 90, estudos tém mostrado
diferencas fisiologicas entre bactérias plantbnicas e comunidades microbianas
conhecidas como biofilmes, (STEWART; FRANKLIN 2008) caracteristicas essas que
resultam no desenvolvimento de mecanismos adaptativos que conferem maior
resisténcia em ambientes controlados, com limitagdes de nutrientes ou frente a
acOes antimicrobianas (DU et al., 2014; WANG et al., 2014).

Para Nair (2014), o termo ‘biofilme’ foi utilizado pela primeira vez por Poul
Harremoes, um fisico dinamarqués, em um artigo sobre cinética de difusdo de
fluidos para biofiltros viscosos que ele chamou 'biofiimes'. Reconhecendo o cerne do

problema, ele escreveu ‘... little attention has been given to . . . the fact that
organisms are gathered in folks into which the substrate has to diffuse. This
phenomenon is of particular significance for attached biofilms’ (Harremoes, 1977
apud Nair, 2014).

Os biofilmes sdo comunidades de células microbianas envoltos em uma
matriz polimérica auto-produzida e aderidos a uma superficie estruturada inerte ou
vital (COSTERTON et al, 1999). O modo de crescimento protegido e
estruturalmente organizado permite a sobrevivéncia em ambientes hostis. A
facilidade de difusdo nutricional € garantida por meio dos canais formados pela
matriz de polimeros extracelulares (PEC): proteinas, glicoproteinas, glicolipideos,
polissacarideos e DNA extracelular (eDNA), os quais formam uma estrutura
altamente hidratada que mantém as células do biofilme unidas e protegidas contra
estresses quimicos e mecéanicos (FLEMMING; NEU;WOZNIAK, 2007; FLEMMING,;
WINGENDER, 2010).

Em muitos biofilmes bacterianos, o percentual de PEC pode corresponder a
90 porcento (%), enquanto a massa bacteriana representa menos de 10% da

estrutura total. Devido a sua arquitetura expressiva, a PEC apresenta inUmeras
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funcbes, como adesé&o superficial (DAS et al., 2010), agregacado bacteriana, coesao,
difusdo de ions orgéanicos e inorganicos e absorcdo de agua, que possibilitam a
organizacdo de diferentes espécies bacterianas em nichos especificos conforme a
necessidade energética, condicdo de aerobiose e expresséo genética (FLEMMING;
WINGENDER, 2010; FLEMMING et al., 2016).

Das et al. (2010), mostraram que a presenca de eDNA na superficie celular
bacteriana possibilita a agregacdo e adesao superficial devido ao envolvimento de
interacbes acido-base. Ja na revisdo de literatura, Das, Sehar e Manefield (2013)
abordaram a importancia do eDNA na integridade da matriz de PEC devido ao seu

comportamento quimico que resulta na interagdo com os demais polimeros.

2.1.2 Crescimento do Biofilme

O crescimento do biofilme € um processo dinamico e ciclico, regulado por
condicdes externas, que produzem alteraces genéticas nos microrganismos
durante sua maturacdo. Alguns microrganismos se desprendem da matriz
colonizando novas superficies seja por alteracbes nutricionais, sinais geneéticos,
fluxo ambiental do biofilme ou desprendimento de células filhas (DONLAN, 2002). A
espessura do biofiime varia desde uma monocamada até espessas camadas
celulares que alcancam um tamanho de dimens6es macroscoépicas (WIMPENNY et
al., 2000). O biofilme desenvolve-se em meio liquido-solido. A velocidade do liquido
gue o atravessa determinard o desenvolvimento, o transporte de residuos e
nutrientes e o desprendimento de bactérias (COSTERTON et al., 1987).

Em um estudo recente, Berleman et al. (2016) mostraram, por meio de
microscopia eletrénica de transmissdo e microscopia eletronica de varredura que a
estrutura de PEC composta por microcanais pode promover o alinhamento das
células e movimentos direcionais, guiando o movimento celular e permitindo ao

biofilme um modo de crescimento semelhante a um organismo multicelular.
2.1.3 Propriedades Viscoelasticas
De modo geral, biofiilmes aderem a superficies rigidas e, ao mesmo tempo,

possuem flexibilidade suficiente para fluir e mover-se sobre tais superficies. Em

2002, Klapper et al. desenvolveram um estudo para descrever as propriedades
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viscoelasticas dos biofilmes bacterianos. Diferentes cepas de P. aeruginosa foram
cultivadas em células fluidicas durante 7 a 10 dias e analisadas por meio de uma
camera fotografica de alta resolucdo. Curvas de estresse e tenséo foram obtidas por
meio do registro de imagens durante a exposi¢cdo dos biofilmes a diferentes fluxos
de meio de cultura. Os testes de cisalhamento mostraram que, sob fluxo continuo,
os biofilmes apresentavam comportamento elastico e, ao expor o biofilme a um fluxo
de solucéo trés vezes maior, mostrou comportamento viscoso e elastico. Os autores
descreveram a resposta da matriz de PEC ao estresse exibindo: tensdo elastica
devido a uma combinagdo de emaranhamento de polimero, entropia e forgas fracas
de ligacdo de hidrogénio; amortecimento viscoso devido a friccdo polimérica e
ruptura da ligacao de hidrogénio; e alinhamento de polimeros na direcdo da tensédo
de cisalhamento.

A relacdo entre as propriedades viscoelasticas de um biofilme oral in-vivo e
biofiimes de duas espécies in vitro foram estabelecidas por He et al. (2013).
Biofilmes orais foram cultivados em um dispositivo intra-oral durante duas semanas,
enquanto biofilmes in vitro de S.oralis J22 e A. naeslundii T14V-J1 foram cultivados
separadamente por meio de dois métodos: Paralel Plate Flow Chamber (PPCF) e
Constant-depth Film Fermentor (CDFF). Os testes de resisténcia a baixa
compressao evidenciaram, por meio do percentual de relaxamento ao stress, que
camadas mais superficiais do biofilme in vivo podem ser comparadas ao biofilme
crescido por PPCF, devido a menor densidade e maior elasticidade, caracteristicos
deste método de cultivo e de biofilmes recentes. Porém, camadas mais profundas do
mesmo biofilme in vivo mostraram-se mais semelhantes aos biofilmes cultivados por
CDFF, devido a maior densidade celular, caracteristica dos biofilmes mais
envelhecidos.

Estudos mais recentes tem mostrado que o PEC fornece ao biofilme
caracteristicas viscoelasticas, o que pode resultar em um aumento na resisténcia
mecanica e, consequentemente, maior dificuldade de remocdo frente a
procedimentos de limpeza que visam sua remoc¢ao, 0 que propiciam ao biofilme a
capacidade de se deformar e se adaptar frente a estresse mecanico. Sob baixo
estresse, o0 biofilme pode deformar elasticamente, enquanto sob estresse elevado, o
biofilme pode fluir viscosamente (KORSTGENS et al., 2001; FLEMMING et al., 2007;
MOHAMMADI et al., 2013).
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2.2 BIOFILMES ENDODONTICOS

A capacidade dos organismos em formar biofilme pode ser visto como o
mecanismo adaptativo mais importante utilizado por bactérias para sobreviver as
mudancas ambientais resultantes dos protocolos de tratamentos endodonticos
(CHAVEZ DE PAZ, 2007). Muitos microrganismos intracanais sao sensiveis aos
protocolos padrao de tratamento, entretanto algumas bactérias podem sobreviver e
a sua presenca durante a obturacdo dos canais radiculares apresenta um fator de
risco para posterior periodontite apical (CHAVEZ DE PAZ et al., 2004; NAIR et al.,
2005).

O objetivo do tratamento endodontico visa eliminar ou reduzir
substancialmente a populagdo microbiana no interior do sistema de canais
radiculares e evitar a reinfeccéo através da obturagcdo do canal radicular (NAIR et al.,
2005). Em canais radiculares infectados, os microrganismos, em forma de biofilme,
estdo presentes em diferentes areas do sistema de canais radiculares, incluindo
istmos, canais laterais, acessorios, outras anastomoses e delta apical (VERA et al.,
2012), podendo ser encontrados em diferentes profundidades de até 300
micrémetros (um) dentro dos tdbulos dentinarios, a partir da parede do canal
(HORIBA et al., 1990). Devido a este sistema altamente complexo, os procedimentos
de limpeza quimica e mecanica ficam severamente prejudicados (RICUCCI et al.,
2013; ESTRELA et al., 2015; VERSIANI et al., 2016).

A complexidade anatémica do sistema de canais radiculares € um importante
fator limitante a realizagdo de uma adequada desinfec¢cdo. Em canais radiculares
infectados e com periodontite apical, bactérias podem estar localizadas ndo somente
na luz do canal principal, mas nos tubulos dentinarios, istmos, canais laterais e
ramificacBes apicais. Nestas areas, elas estdo protegidas dos efeitos quimicos e
mecéanicos do tratamento do canal radicular, sendo fisicamente impossivel os
instrumentos alcancarem estas areas, ao mesmo tempo em que a acéo
antibacteriana das substancias quimicas, devido ao pequeno periodo de tempo em
gue atuam, sao insuficientes para se difundir e alcancar concentracdes efetivas para
eliminar as bactérias localizadas nas complexidades anatémicas (SIQUEIRA Jr,
2001; VERA et al., 2012).

A abordagem histobacteriol6gica tem demonstrado a presenca de bactérias

residuais em areas distantes do canal principal, como istmos, canais laterais,
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acessorios e deltas apicais. Os microrganismos que permanecem em uma regiao
mais apical do sistema de canais podem manter uma infec¢gdo por um longo tempo.
Eles estdo em contato direto com os tecidos perirradiculares, os quais atuam como
fontes de nutrientes (VERA et al., 2012).

Andlises de dentes com periodontite apical pos-tratamento revelaram
biofilmes associados com muitos casos, especialmente naquelas areas inacessiveis
ao tratamento (RICUCCI; SIQUEIRA Jr.,, 2010; RICUCCI et al., 2009). Isto
representa uma evidéncia indireta de que o biofilme bacteriano, que néo foi afetado
pela acdo quimica do irrigante e mecéanica do instrumento, poderd prejudicar o
resultado do tratamento endodontico, e por isso esfor¢os deveriam ser direcionados
na tentativa de melhorar a desinfec¢éo de areas de complexidade anatdmica.

Entender o comportamento do biofilme com relacdo a viscosidade fluida e
acao quimica e mecanica de solugdes irrigadoras € fundamental para aperfeicoar as
estratégias de remocdo do biofilme durante a irrigagdo dos canais radiculares,
priorizando a acdo quimica que possa promover alteracdes estruturais a matriz de
PEC.

2.3 REMOCAO DO BIOFILME ENDODONTICO

2.3.1 O papel das substancias quimicas

A escolha da substancia irrigadora € revestida de grande importancia devido
ao seu efeito quimico. Os efeitos quimicos mais importantes do irrigante do canal
radicular sdo o efeito de dissolugcdo do tecido, agcdo antimicrobiana e acéo
antibiofiime. Estes efeitos podem enfraquecer as forcas de coeséo entre a matriz
polimérica e células bacterianas, promovendo a disrupcéo do biofilme (WANG et al.,
2012; TANOMARU et al., 2016).

O NaOCl €& amplamente utilizado para irrigar o canal radicular em
procedimentos endodonticos devido sua acdo antimicrobiana (VIANA et al., 2006),
capacidade de reduzir a carga de endotoxina (GOMES et al., 2009) e a capacidade
de dissolver o tecido organico (NAENNI et al., 2004, STOJICIC et al.,, 2010). Tais
propriedades do NaOCI baseiam-se na concentracdo da solugéo, temperatura e pH
(STOJICIC et al., 2010; GUASTALLI et al., 2015).
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A CHX tem sido recomendada como substancia quimica auxiliar em
Endodontia devido a sua biocompatibilidade, especialmente nos casos de apices
abertos (JEANSONNE; WHITE, 1994) ou em pacientes alérgicos ao hipoclorito de
sodio (TANOMARU FILHO et al., 2002). Ela é principalmente usada em sua forma
liquida, mas também tem sido investigada na forma de gel (FERRAZ et al., 2001;
GOMES et al., 2001; OKINO et al., 2004). A acdo desta substancia na membrana
citoplasmatica da célula bacteriana danifica a dupla camada fosfolipidica, afetando a
integridade e promovendo a morte da célula bacteriana. A despeito das vantagens,
sua atividade é pH dependente e reduzida na presenca de matéria organica (MC
DONNEL; RUSSELL, 1999).

Para se obter efetiva limpeza e desinfec¢gdo do sistema de canais radiculares,
tem sido preconizada durante o preparo quimico-mecanico a utilizacdo de solugcdes
solventes de matéria organica associadas a agentes quelantes que sao substancias
solventes de matéria inorganica (HAAPASALO et al.,, 2010). O EDTA tem sido o
agente quelante mais estudado ao longo dos anos, principalmente devido a sua
afinidade pelos ions célcio (GARBEROGLIO; BECCE, 1994). E um &cido organico
fraco com acdo quelante que atua nos componentes inorganicos da dentina
radicular, causando descalcificacdo da matriz de dentina peri e intertubular
(HULSMANN; HECKENDOR; LENNON, 2003; MELLO et al., 2010). O EDTA
utilizado isoladamente nao tem atividade antimicrobiana (ARIAS-MOLIZ et al., 2008;
HAAPASALO et al., 2010).

Os agentes antimicrobianos tém sido desenvolvidos para otimizar sua agao
contra o rapido crescimento e disseminacdo da populacdo bacteriana (MOHAMMADI
et al.,, 2014). Porém, comunidades microbianas em biofiimes s&o dificiilmente
erradicadas com agentes antimicrobianos, enquanto os biofiimes maduros séo
notoriamente mais resistentes (GILBERT et al., 1997; ATHANASSIADIS et al., 2007;
DUNAVANT, et al., 2006).

2.3.2 A importancia dos meios fisicos

O uso da irrigagao convencional (IC) tem sido amplamente aceita e difundida
para dispersdo da solucéo irrigadora no canal radicular (DUTNER, et al., 2012) A
técnica de Pressédo Positiva consiste em utilizacdo de seringa e agulha ou céanula

com diferentes calibres, de forma passiva ou com agitagdo, permitindo o controle da
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profundidade de insercdo da canula e quantidade de solucéo irrigadora aplicada. A
fim de aprimorar a capacidade de turbilhonamento, sugere-se que a canula seja
introduzida o mais proximo do comprimento de trabalho quanto possivel, além de se
ampliar o didametro apical e introduzir canulas de menor calibre (GU, et al., 2009).
Estas estratégias, porém, podem resultar em maior risco de extravasamento das
solucdes irrigadoras para os tecidos periodontais, e, consequentemente, danos
teciduais e dor pds-operatéria (HULSMANN; HAN, 2000).

Diversas técnicas e dispositivos tem sido desenvolvidos a fim a aprimorar a
acdo quimica das solugdes irrigadoras por meio da acdo fisica de agitacdo destas
solugBes. A utilizagdo da Ativacdo Ultrassonica Passiva (IUP) associada a insergao
do NaOCI 2% potencializa a remogao de debris dentinérios. A energia propagada
pelo efeito cavitacional propicia a formacdo de bolhas e liberagdo de cloro ativo,
reduzindo o volume de solucéo irrigadora necesséria para promover a mesma agao
de dissolugdo (CUNNINGHAM; BALEKJIAN, 1980; VAN DER SLUIS et al., 2006).

A AUP também pode ser associada a IC para a remocdo de medicacfes
intracanais. Ao avaliar a remo¢cdo da pasta de hidroxido de célcio de canais
previamente preparados utilizando a irrigacdo convencional e complementada por
protocolos de ativag&o ultrassonica durante 1, 2 ou 3 minutos, imagens obtidas por
Microscopia Eletrénica de Varredura mostraram resultados semelhantes entre os
grupos: nenhum protocolo proposto possibilitou a remocdo completa do
medicamento (BUSANELLO et al., 2015). Ja Vivian et al. (2016) mostraram que, ao
posicionar a ponta do inserto ultrassdnico na por¢cdo apical do conduto, ou
movimentando-o durante o protocolo de IUP promove-se uma limpeza mais efetiva
com maior remocao de debris.

Métodos de irrigacdo por pressao negativa também propiciam melhor limpeza
de canais radiculares (KUNGWANI; PRASAD; KHIYANI, 2014). O sistema EndoVac
€ composto por canulas que promovem a aspiracdo da solucéo irrigadora no canal
radicular de forma oposta ao que se executa na técnica de pressédo positiva: a
solucdo € introduzida na camara pulpar, percorre a extensdo do conduto e é
aspirada pela micro-canula na porcao apical, desde que preparado a um diametro
ISO igual ou superior a 35 (NIELSEN; BAUMGARTNER, 2007). Aléem disso, sua
utilizacdo previne a extrusdo de debris na porcdo apical. (MITCHELL; YANG;
BAUMGARTNER, 2010).
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Kungwani, Prasad e Khiyani (2014) avaliaram a remocéao de debris de canais
radiculares de dentes extraidos comparando a utilizacdo do EndoVac com IC de
pressdo positiva associados a NaOCl3% e EDTA 17%. Os resultados mostraram
gue, apesar de ndo haver diferenca na eficacia de ambas as técnicas para remocao
de debris a 3mm do comprimento de trabalho, na por¢do mais apical do conduto
(Imm do comprimento de trabalho), a irrigacdo por meio do EndoVac apresentou
uma quantidade estatisticamente inferior de debris. J& Versiani et al. (2016)
destacaram que, apesar de ndo haver diferenca estatisticamente significativa entre
as mesmas técnicas, a irrigacdo por pressao negativa resultou em maior remocao de
debris no terco apical.

Estudos mais recentes tém abordado a utilizagcdo da PIPS (photon initiated
phtoacoustic streaming) em procedimentos de irrigagdo e sua interagdo com as
solucdes irrigadoras. Nesta técnica, o efeito cavitacional € provocado pela imploséo
de bolhas decorrentes da transformac&o do NaOCIl em vapor por meio da interacao
com laser (de MOOR et al., 2010).

Ao comparar o uso de PIPS, AUP e IC para remocéao de pasta de hidroxido de
calcio em molares inferiores com anatomias complexas, Lloyd e al. (2016)
observaram que, quando realizada por meio de PIPS, a remocdo da medicacdo no
terco apical foi significativamente mais elevada. Porém, Nascher et al. (2016) ao
utilizar diferentes protocolos de irrigacdo com NaOCI em diferentes concentracdes
associados ao uso de PIPS n&o encontrou diferenca estatisticamente significativa na

remocao de smear-layer.

2.4 MODELOS DE CRESCIMENTO DE BIOFILME

Kinniment et al. (1996) sugeriram alguns critérios para a escolha do modelo
ideal para crescimento de biofilmes: deve ser esterilizavel e permitir remogao
asséptica de amostras que devem ser discretas, representativa e reproduziveis
guanto possivel; capacidade de utilizar qualquer substrato e produzir um grande
namero de biofilmes separadamente, suficientes para permitir a reprodutibilidade
estatistica de resultados a serem avaliados; deve ser possivel a remocédo da

amostra juntamente com o substrato, sem perturbacdo do biofilme.
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Em endodontia, muitos estudos séo desenvolvidos a fim de avaliar estratégias
para remocao de biofilmes intracanais. Para tanto, diversos modelos de cultivo de
biofiimes semelhantes ao principio de microplacas tem sido utilizados. A
multiplicidade de vantagens oferecidas por estes sistemas simples explica o seu uso
generalizado. Os ensaios baseados em microplacas sao bastante baratos, uma vez
gue sao necessarios apenas pequenos volumes de reagentes. Varios estagios do
desenvolvimento do biofime podem ser facilmente realizados em sistemas de
microtitulacdo. O modelo, porém, permite a variacdo de parametros, podendo
resultar no desenvolvimento de amostras ndo idénticas ou gerar vieses
metodoldgicos, influenciados pela calibragem do pesquisador (COENYE; NELIS,
2010)

Em 2013, Guerreiro-Tanamoru et al. avaliaram a influéncia de diferentes
substratos (hidroxiapatita, dentina humana, dentina bovina, gutapercha e 0sso
bovino) no cultivo de biofilmes compostos por E.faecalis durante 14 e 21 dias, e
constataram que tipo de substrato influencia nas caracteristicas do biofilme, sendo
gue a superficie de hidroxiapatita fornece as melhores condi¢cbes para
desenvolvimento do biofilme.

Du et al. (2014) utilizaram blocos de dentina de raizes seccionadas cujos
canais foram previamente preparados e uma suspensdo de E. faecalis foi
introduzida na superficie dos tubulos dentinarios por centrifugacdo. Biofilmes
cresceram durante trés semanas, com trocas de meio de cultura a cada sete dias.
Afkhami et al. (2017) cultivaram biofiimes de E. faecalis durante quatro semanas.
Para tanto, dentes monorradiculares foram decoronados e previamente preparados
e 0 meio de cultura era parcialmente recolocado a cada dois dias. Ja Guerreiro-
Tanamoru et al. (2014) utilizaram blocos de dentina bovinos e cultivaram
estaticamente E. faecalis durante 14 dias, com trocas de meio de cultura a cada dois
dias. Ainda com cultivo de biofiimes estaticos, Tawakoli et al. (2017) utilizaram
discos de hidroxiapatita em placa de cultura de células para formar um biofilme
composto por trés espécies: S. oralis, A. naeslundii e S. mutans durante sete dias.

Em 2014, Gonzalez et al. desenvolveram um sistema com fluxo continuo de
gotejamento. In6cuos de E. faecalis extraidos de raizes infectadas e com lesdes
apicais foram cultivadas a fim de formar uma suspensdo bacteriana em meio de
cultura. Raizes preparadas e seccionadas nas porcOes apicais e coronarias foram

introduzidas ao modelo, de modo que a suspenséo bacteriana fosse constantemente
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gotejada na porcdo coronaria do conduto radicular, percorrendo sua extensao,
enguanto o residuo era imediatamente despejado em um compartimento inferior, de
modo a favorecer o crescimento do biofilme no interior do canal radicular.

Com o objetivo de avaliar a difusdo de solu¢gbes antimicrobianas, Van der
Waal et al. (2016) desenvolveram uma metodologia para crescimento de biofilmes
multi-espécies utilizando o principio de placas paralelas. O modelo é composto por
canais de alimentacdo e canais de desenvolvimento, onde ocorre o crescimento dos
biofilmes. Além disso, os medicamentos testados sdo transportados por difuséo,
preservando a integridade fisica e adesdo do biofilme. Modelos semelhantes
utilizando o principio de placas paralelas tem sido utilizado para avaliar biofilmes
orais. (ZHAOQ, et al., 2014; HE, et al., 2014).

Adaptado por Hope e Wilson (2006), o CDFF — Constant depth film fermentor
(PETERS; WIMPENNY, 1988) tem sido utilizado para estudos em biofilmes orais
(ZAURA et al., 2011; MADHWANI; MCBAIN, 2011; HE et al., 2013, SOUSA et al.,
2016) . O modelo foi desenvolvido a fim de se obter amostras de biofilmes cultivadas
com suprimento continuo de nutrientes, possibilidade de escolha do substrato e
profundidade constante dos biofilmes formados. Em um sistema fechado e passivel
de controle de aerobiose, os biofiimes se desenvolvem sob constante compactacao,
0 que resulta em um envelhecimento rapido e obtencdo amostras uniformes. A
limitacdo da profundidade de forma predeterminada por remocdo mecanica do
excesso de biofilme mimetiza o movimento fisiolégico da lingua sobre os dentes
(PRATTEN, 2007).

O CDFF é composto por uma mesa rotatéria contendo 15 suportes e
acoplada a um motor elétrico. Cada suporte permite a inser¢do de 5 discos contendo
5 milimetros (mm) de diametro, cujos substratos (inicialmente compostos por
politetrafluoretileno) séo rebaixados a uma profundidade uniforme. O meio de cultura
€ gotejado e espalhado sobre a mesa por espatulas fixas, removendo o excesso de
material celular e mantendo os biofiimes com espessura constante. O modelo é
mantido a 37 graus por um sistema de aguecimento e bombeamento de agua pelas
paredes circundantes do CDFF compostas por vidros que formam “rios laterais”.
(PETERS; WIMPENNY, 1988).

Para o crescimento de placa bacteriana, discos de hidroxiapatita (HA) foram
rebaixados a 100 um cobertos por saliva para simular a superficie dentaria. Placa

subgengival foi coletada de individuos em tratamento periodontal e resuspendido em
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caldo BHI- Brain-Heart infusion (HOPE; WILSON, 2006). J& Madhwani e Mcbain
(2011) equiparam o modelo com discos de HA rebaixados a 200um cobertos por
saliva artificial e inoculados com 200 microlitros (pl) de saliva humana fresca para
crescimento em condi¢cdo de anaerobiose, com suprimento de uma mistura gasosa
composta por 80% N>, 10% CO, e 10% H..

Souza et al. (2016) descreveram uma metodologia de crescimento de biofilme
por CDFF que reproduz a evolucdo de condi¢cbes microbiolégicas compativeis com
saude peri-implantar, mucosite e peri-implantite. Para tanto, discos de titanio foram
rebaixados a 600um e inoculados com saliva reconstituida multi-espécie. Foi
desenvolvido um meio de cultura com propriedades semelhantes ao fluido peri-
implantar, sendo que a velocidade de suplementacdo e condicdo de aerobiose foi
determinada conforme o periodo de crescimento e condicdo microbiolégica

desejada.

2.5 METODOS DE ANALISE DE BIOFILME

Diversos estudos tem utilizado Microscopia Confocal a Laser (MCL) para
analise de biofilmes in vitro. Zapata et al. (2008) mostraram que € possivel distinguir
viabilidade bacteriana em tubulos dentinarios infectados por E. faecalis. Por meio do
corante acridina laranja evidenciou-se a atividade metabdlica, enquanto o diacetato
de fluoresceina e o iodeto de propidio diferenciam microrganismos vivos e mortos.

Um modelo ndo invasivo de infec¢cdo de tubulos dentinarios foi estabelecido
por Ma et al. (2011). Ap6s centrifugar uma suspensédo de E. faecalis nos tubulos
dentinarios de blocos de dentina, utilizaram as coloracfes Syto 9 e iodeto de
propidio para avaliar o efeito de solu¢cdes antimicrobianas por meio da mensuracao
de células vivas/mortas no interior de tubulos dentinarios. Ja van der Waal et al.
(2016) mostraram que, apo0s a difusdo de NaOCI em um biofilme multi-espécie,
houve um aumento na intensidade da fluorescéncia vermelha, resultante da
coloracao por iodeto de propidio.

Com o intuito de avaliar o efeito de solugdes irrigadoras sobre a matriz de
PEC, biofilmes tri-espécies foram corados com Concavalina A e Syto 59. N&o houve
diferenca no volume de PEC ap0s a acdo de CHX 2%, enquanto o volume de

bactérias foi significativamente reduzido. A acdo de EDTA 17% resultou em reducéo
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do volume de PEC, enquanto biofilmes foram praticamente dissolvidos ap6s 1 min
de exposicédo ao NaOCl 5% (TAWAKOLI et al., 2017).

A andlise da produgéo de PEC e sua conformacgédo em biofilmes também é
propiciada pela coloracéo e fixacdo do biofiime com calcoflior branco. Ao avaliar a
posicdo da maior densidade celular e maior concentracdo de PEC em biofilmes de
P. aeruginosas corados com Syto 9 e calcofldor branco, constatou-se que a
distribuicdo da matriz de PEC é alterada apds submeter o biofiime a forcas
compressivas. Frente ao stress aplicado, PEC e bactérias tentam encontrar novas
posi¢cdes estaveis, a fim de aliviar o biofilme do stress aplicado (PETERSON et al.,
2014).

Além de avaliar a viabilidade celular, outros estudos tém buscado explicar o
comportamento viscoelastico de biofilmes frente a estresses quimicos e mecanicos.
Por meio do uso de um redbmetro é possivel analisar a visco-elasticidade e as forgas
de coeséao de biofilmes mimetizados por hidrogel utilizados em modelos de canais
radiculares. Da mesma forma, a remoc¢éao do hidrogel de istmos e canais laterais por
meios fisicos e quimicos podem ser visualizados com uma camera fotografica de
alta resolucédo associada a um microscopio de bancada, que permite a gravacédo de
50 a 300 frames por segundo (MACEDO et al. 2014). Ja o LLCT - low load
compression tester — permite mensurar a espessura do biofilme e aplicar um
determinado percentual de compresséo as espécimes, apresentando o percentual
de relaxamento ao stress (PARAMONOVA et al., 2007, PARAMONOVA et al., 2009)

O comportamento do biofilme resulta em uma curva de relaxamento ao
estresse, que representa a resposta a deformacdo induzida pela expressdo de
componentes denominados rapidos, intermediarios e lentos. Esses componentes
foram identificados como a saida de agua, PEC e reorganizacdo de bactérias,
respectivamente (HE, et al., 2013). Em biofilmes orais in vitro dual-espécies, por¢coes
ndo removidas pela acdo mecanica da escovacdo apresentaram diferentes
expressbes dos componentes rapido e lento, ou seja, maior deslocamento de
componente aquoso e células bacterianas. A desorganizacdo do biofilme também
resultou em maior penetracdo de solucdes de CHX, favorecendo a acdo quimica da
substancia (HE, et al., 2014).

A avaliacdo de biofilmes em nivel celular também pode ser feita por meio da
Tomografia de Coeréncia Optica (TCO). Dados obtidos por TCO revelaram imagens

em escala de tons de cinza obtidas por feixes de luz retrodifundidos por meio de um
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interferdmetro. O modelo desenvolvido por Huang et al. (1991) permitiu a obtencéo
de imagens com qualidade micrométrica e em profundidade milimétrica, e tem sido
amplamente utilizada para estudos e diagnosticos em dermatologia e oftalmologia
(FRIIS; THEMSTRUP; JEMEC, 2017; HOOD, 2016; TERASHIMA; KANEDA;
SUZUKI, 2012).

Existem algumas vantagens da utilizacdo da TCO para diagnostico clinico. A
técnica dispensa o uso de coloracdes ou fixagdes, 0 que resulta em maior aceitacdo
por pacientes, minimizando o risco de alergias e rea¢cdes adversas. Além disso,
permite a obtencdo de dados qualitativos e quantitativos e, devido a sua
caracteristica ndo invasiva, tecidos e estruturas podem ser avaliados diversas vezes,
sem que haja interferéncia do método de analise sobre a estrutura em questédo
(JAFFE; CAPRIOLI, 2004). Tais beneficios também podem ser obtidos em estudos
laboratoriais, possibilitando a analise de estruturas em diversos momentos.
Seelinger et al. (2017) avaliaram superficies dentarias antes da colagem de
braquetes ortoddnticos e apds sua remocdao, a fim de avaliar danos superficiais em
esmalte e a permanéncia de resinas ap06s a descolagem.

A avaliacdo tridimensional e em tempo real da estrutura de biofilmes foi
descrita por Xi et al. (2006). Um biofiime de P. aeruginosa foi cultivado em uma
célula fluidica com dimensdes de 1mm x 1mm, de modo que fosse possivel
visualizar toda estrutura de biofilme formada durante todo periodo de crescimento.
Aquisi¢des por TCO comparadas com imagens obtidas por meio de MCL mostraram
gue ambas metodologias evidenciam caracteristicas semelhantes aos biofilmes
desenvolvidos, mas a TCO permite a visualizagcdo das estruturas em maior

profundidade.



3 OBJETIVOS

3.1 OBJETIVOS GERAIS

Avaliar o comportamento de biofilmes frente a acdo quimica de solugdes
irrigadoras normalmente utilizadas para a irrigacdo de canais radiculares em
tratamentos endodonticos.

Apresentar uma nova metodologia nao invasiva para visualizar a estrutura de

biofilmes in-vitro.

3.2 OBJETIVOS ESPECIFICOS

Avaliar a influéncia da estrutura de biofilmes dual-espécies crescidos por
diferentes metodologias na acdo quimica do hipoclorito de sédio 2%, EDTA 17% e
CHX 2%.

Descrever a utilizacdo da Tomografia de Coeréncia Optica para visualizar
biofilmes in-vitro, comparando os dados obtidos por meio dessa metodologia com
resultados de Microscopia Confocal a Laser e Teste de Resisténcia a Baixa
Compresséao.

Avaliar a efetividade e a eficacia do NaOCl 2% quando aplicado em diferentes
volumes e periodos de tempo sob um biofilme dual-espécie em ambiente confinado,

mimetizando o contato solug&o-biofilme em locais restritos do canal radicular.
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Novel visualisation method shows biofilm structure dictates its disruption.

ABSTRACT

Mostly, when the effect of an antimicrobial is tested on a biofilm, the structure of the
biofilm is not taken into consideration. This in vitro study investigated whether the
structure of the biofilm influences the antibiofilm effect of three endodontic irrigants:
2% sodium hypochlorite, 2% chlorhexidine and 17% EDTA. Low Load Compression
Testing, enabling a viscoelastic analysis of the biofilm, Optical Coherence
Tomography, visualising the structure of the biofilm and Confocal Laser Scanning
Microscopy were used to evaluate the biofilm before and after contact with the
antimicrobials. S. oralis J22 and A. naeslundii T14V-J1 were grown together under
three different growth conditions resulting in one ten days grown biofilm and two four
days grown biofilms of which one was had a cell rich and the other a water rich
structure. The three different biofilms were evaluated after application of
antimicrobials using the above mentioned methodologies. The results showed that
the structure of the biofilm indeed has an influence on the effect of different
antimicrobials. Sodium hypochlorite was in chemical removal the most effective
antimicrobial tested and very effective on water rich biofilms. Biofilms treated with
chlorhexidine showed contraction, more pronounced for the cell rich biofilms. More
matrix material (extracellular polymeric substance) was visible on the Confocal Laser
Scanning Microscopy images after application of chlorhexidine. EDTA did only result
in significant chemical dissolution of a cell rich biofilm and caused little structural
effect on the biofilm. The antimicrobials can have an effect on the remaining biofilm.
Optical Coherence Tomography seems to be an interesting non-invasive ‘real time’
method to evaluate the structure of biofilms before and after application of

antimicrobials.
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INTRODUCTION

Complete bacterial eradication from the root canal system is impossible due to
anatomical considerations and the biofilm mode of microbial intra-radicular
colonization (Nair et al. 2005). Therefore, realization of the effect of the most widely
used endodontic antimicrobials on biofilm removal as well as on the structure of the
remaining biofilm becomes an issue of utmost importance. Knowing more about the
structural configuration of the remaining biofilm could aid both in determining its
virulence and its re-formation capacity as well as in developing more effective
removal regimes (Busscher et al. 2010, Ohsumi et al. 2015).

In most biofilms, the structural composition is primarily dictated by the water-
abundant matrix of extracellular polymeric substances (EPS) and secondarily by the
microorganisms accounting only for around 10% of the biofilm dry mass (Flemming &
Wingender, 2010). This matrix provides also the biofilm with viscoelastic properties,
facilitates nutrition and acts as protection from chemical and mechanical attacks
imposed by cleaning procedures and disinfectants (Chavez de Paz 2010, Stewart &
Franklin 2008). Viscoelastic properties facilitate biofilm’s ability to deform and adapt
under mechanical and chemical stresses therefore influence biofilm removal and is
acknowledged as a virulence factor (Korstgens et al. 2001, Klapper et al. 2002,
Peterson et al. 2015).

Although deeper insight on the behaviour of the biofilm matrix upon mechanical and
chemical stress is of paramount importance (Koo et al. 2013), the effect of
antimicrobials is mostly tested on known-species biofilms with unknown matrix
structural composition. Recently, an association between penetration of disinfecting
solutions and matrix structural arrangement has been demonstrated (He et al. 2013).
In this study, two new methods are described to assess the biofilm matrix behaviour
‘real-time’ after applying various anti-biofilm treatments without staining or adding
fixatives to the biofilm, that is the Low Load Compression Testing (LLCT) (direct
mechanical approach) and the Optical Coherence Tomography (OCT) (non-invasive
imaging method). The former captures the viscoelastic behaviour of biofilms via
stress relaxation measurements (Peterson et al. 2013) and the latter illustrates the
structure of the biofilm offering the additional advantage of multiple assessments on
the same biofilm sample. In order to explore the influence of the structural matrix

components of the biofilm during a chemical attack, dual-species biofilms comprised
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of the same bacterial species but with different matrix composition were used. With
this study we aimed to:

a) perform a matrix structural composition analysis of dual-species biofilms
consisted of an early coloniser (S. oralis J22) and an early adaptor (A.
naeslundii T14V-J1) with 3 different matrix structures,

b) to evaluate the influence of the different matrix structural components of the
biofilm on the chemical effect of commonly used endodontic irrigation
solutions,

c) to assess the effect of the endodontic irrigation solutions on the biofilm mass

reduction and on the structure of the remaining biofilm.

The outcome measures were:

a) percentage dead/live bacteria and EPS by Confocal Laser Scanning
Microscopy (CLSM),

b) structure of biofilm differentiating between a soft/coherent (‘washy’) or
rigid/coherent (‘rigid’) layer by OCT,

c) height of the biofilm washy and rigid layer before and after exposure to the
antimicrobials by 2D OCT scans and videos,

d) viscoelastic properties of the biofilm expressed by the percentage of stress

relaxation in the biofilm related to a certain time interval using LLCT.

MATERIALS AND METHODS

Bacterial strains and growth conditions

The clinical isolates S. oralis J22 and A. naeslundii T14V-J1 were grown and the
liofilized saliva was obtained from at least 20 healthy volunteers of both genders as

described previously by He et al. 2013.

Biofilm formation in Constant Depth Film Fermenter (CDFF)

The CDFF (Hope & Wilson, 2006) was equipped with 15 sample holders and each
sample holder with 5 saliva-coated hydroxyapatite (HA) discs, recessed to a depth of
250 pm.

The sample holders were immersed in 50ml of dual-species bacteria suspension
diluted in adhesion buffer with concentration of 6 x 10® bacteria/mL for S. oralis J22,

and 2 x 10% bacteria/mL for A. naeslundii T14V-J1 for 30 min to allow bacteria to
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adhere to the HA surface. Then, the sample holders were introduced to the CDFF
device and biofilms were grown for 96 h at 37°C under continuous supply of modified
BHI with a flow rate of 45mL/h.

Static Biofilm formation in confined space

HA discs (5mm diameter x 1mm thick) were made with a cylinder bench drill type
KSD-8 (King, Montreal, Canada) and sliced with a diamond blade (Buehler Diamond
Cut-Off Wheels 114243; Buehler, Lake Bluff, IL, USA).

CDFF holders with 5 sterile saliva-coated HA disks were immersed in a volumetric jar
with 20 ml of dual-species bacteria suspension diluted in adhesion buffer with
concentration of 3 x 10® bacteria/mL for S. oralis J22, and 1 x 10° bacteria/mL for A.
naeslundii T14V-J1 for 30 min to allow bacterial adhesion to the HA surface.
Bacterial suspension was removed and 20ml of modified BHI was added and

refreshed each 24h until 4 and 10-day grown biofilms were obtained.

Optical Coherence Tomography (OCT)

Thickness and behaviour of biofilms were analyzed with OCT scans. The biofilms
were kept in a volumetric jar with adhesion buffer. Real time 2D cross-sections were
acquired with an OCT scanner (Thorlabs, Newton, New Jersey, USA) using the FOV
size of 45mm and refraction index of 1,33 and processed with Thorimage OCT
software (Thorlabs, Newton, New Jersey, USA), before and after chemical challenge.
OCT data comprise greyscale images representing a cross-section of a sample
biofilm, measured based on low-coherence interferometry. Light scattering can be
identified and measured accordingly, resulting in the identification of differently
structured layers in the biofilm. A reduction of light penetration correlates to the
distance of the surface (law of Lambert-Beer). Differences in biofilm structure can
thus be visualised by differences in the greyscale.

To increase the reproducibility of the image analysis, ImageJ (Fiji) was used to
calculate the distance in every column of pixels between the substrate and top of the
biofilm. To improve the accuracy of the data, Otsu’s method was selected to manage
different thresholds in one image (Otsu 1979, Sezgin & Sankur 2004) resulting in the
identification of different layers in the biofilm. The images were analysed in a 3-level
Otsu threshold, creating 3 images corresponding to 3 layers in grey-level, linked to

different layers of coherency in the biofilm, a) background, b) soft/coherent top layer
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of the biofilm (‘'washy’), c¢) rigid/coherent layer (‘rigid’). Validation by passaging the
biofilm through an air-liquid interface (Gomez-Suéarez et al. 2001), inducing high
shear stress on biofilm (comparable to high flow rate irrigation (5ml/min), OCT
images showed only a ‘rigid’ layer remaining on the substrate.

Biofilm behaviour ‘real time’ during contact with the medicaments was registered by
OCT video.

Application of the medicament

Twenty samples of each type of biofilm were used, divided into 4 groups according to
the medicament applied. Biofiims were challenged with either adhesion buffer
(control), 2% NaOCl, 17% EDTA or 2% CHX, by applying 20uL medicament for 60s
on the biofilm. Subsequently, samples were gently rinsed with adhesion buffer to
neutralize the medicament used and removed from their holders for analysis. 2%
NaOCI was neutralized with 4,23% Na,S,03 (Sigma-Aldrich, St Louis, USA).

Low load compression testing (LLCT)

The thickness and the viscoelastic properties of the biofilms were measured with a
low load compression tester (LLCT) (Paramonova et al. 2007, He et al. 2013). Briefly,
the biofilms were compressed to a deformation of 20% in 1s which was held constant
for 100s. The relaxation was monitored over time and normalized over the cross-
sectional area of the plunger to calculate the induced stress. The percentage change
in induced stress occurring within 100s from its initial value was termed the
percentage stress relaxation. Measured relaxation curves for each biofilm were
modelled using a generalized Maxwell model (He et al. 2013), in which E(t) is the
total stress expressed as the sum of four Maxwell elements with a spring constant Ei,
and characteristic decay time, T1,. Relative importance of each element, based on the
value of its spring constant Ei, was expressed as the percentage of its spring
constant to the sum of the spring constants of all elements at its unique decay time
(T, 8).

Samples were submerged in buffer during measurements and due to the sensitivity
of the weigh and to duration of the measurements (100s), the evaporation of the

water was corrected.
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Confocal Laser Scanning Microscopy (CLSM)

Biofiims were stained with live/dead stain (BacLight™, Invitrogen, Breda, The
Netherlands) (1:3 ratio) for 20 min and with calcofluor white to stain the EPS
(20uL/mL, 3.8 mM) for 10 min. After dye removal, biofilms were submerged in 15 mL
adhesion buffer and kept protected from light until imaging.

A CLSM (Leica TCSSP2, Leica Microsystems GmbH, Heidelberg, Germany) was
used to record a stack of images from two different randomly selected locations on
each biofilm with a 8x40 water objective lens, with 1024x1024 pixels.

The ratio of red (disturbed bacterial cell wall integrity), green (intact bacterial cell
wall), blue (EPS), and biovolume were analyzed with COMSTAT software (Heydorn
et al. 2000, Vorregaard 2008). Penetration depth of the stain was + 60 pm; thus, only

the top layer of the biofilm could be evaluated.

Statistical Analysis

Statistical analysis was performed in IBM SPSS Statistics (version 23). Differences in
biofilm thickness, CLSM data and percentage of and viscoelasticity were evaluated
after testing for normal distribution of the data. Data did not have a normal
distribution and the Kruskal Wallis and Mann-Whitney U tests were used to determine

statistical significance. The level of significance was set at P<.05.

RESULTS
All results are listed in Table: 1 and Figure 1-4. The most important findings are
described below.
The following abbreviations are used: 4 days statically grown biofilm (4SB)
10 days statically grown biofilm (10SB)
4 days CDFF grown biofilm (CDFFB)

Matrix structural composition of the biofilms (Table 1, Figure 3)

LLCT

Results from LLCT showed 4 unique decay times (7;, s) based on the frequency for all
sample groups measured, 71: 0,01 <0,5s,12: 0,5<35s,13: 3<100 s, and 14: > 100
s (Fig 1). Separating these groups based on their 1-values resulted in 4 spring
constants (E1, E2, E3 and E4), which together make up the Eiya for the biofilm

related to the relaxation (R) of the biofilm. Three components (spring constants) were
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identified in earlier publications and water in the biofilm was related to the fast
component, EPS material to the intermediate component and bacteria to the slow
component (He et al. 2013, Peterson et al. 2013). In this study, 2 fast components
could be identified and therefore a division of the fast component in line with the
description of hydrogels (Pasqui et al. 2012) is suggested as follows:

E1l: fast moving or “free water”, physically hampered by the EPS chains with no real
cohesive or adhesive force.

E2: relatively fast moving water or “bound water”: attached to polymer chain by
hydration of polar functional groups (hydrogen bonds) or ion or ion groups
(electrostriction) (cohesive or adhesive force).

E3: EPS related material.

E4: bacterial cells.

Height measurement using LLCT resulted in a slight underestimation compared to
the OCT.
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Figure 1. Frequency plot for all T-values measured for all samples, showing the distribution
and identification of the 4 different groups (11: 0,01 <0,5s,72: 0,56 <3 s, 13: 3 <100 s, and
14: > 100 s).



control 2% NaOCl| 17% EDTA 2% CHX

Figure2. The effect of buffer, 2% NaOCI, 17% EDTA and 2% CHX on S. oralis — A.
naeslundii biofilms cultured during 4 days in the CDFF (CDFFB) or statically (4SB) and 10
days statically (10SB), imaged by CLSM and OCT. Scale bars represent 250 um in length for

both the CLSM and OCT images.
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Table 1. Influences on the biofilm after staticly or CDFF growth and medicament challenges

captured with LLCT (physical properties), CLSM (biovolume analysis) and OCT (non-

invasive tomography).

CDFFB 4B 10SB
Control LLCT Thickness (um) 234 + 50 191 + 86 464 + 186
Relaxation (%) 69,7+85 ~ 947+14 * 851%137
influence E1 (%) 46,1+9,0 ~ 65277 *" 377+73 ~
influence E2 (%) 204+74 " 235+38 " 329+48 *~
influence E3 (%) 40+14 " 59+38 " 146+64 *~
influence E4 (%) 296+83 ~ 54+12 * 148+133
CLSM  Live (%) 41,3 +10,8 37,7 15,9 34,9 + 11,0
Dead (%) 41,7+10,8 ~" 158+16,1 * 20,9+12,1 *
EPS (%) 17,0+ 155 ~" 46,6+ 11,3 * 442+ 19,1 *
oCcT Pre - Thickness (um) 253 £19 272 £ 81 474 + 199
Pre - Thickness Washy (um) 0+10 1+14 0+10
Post - Thickness (um) 235 + 23 184 + 62 364 + 121
Reduction (um) 18+30 ~" 83+36 * 1118 *
Reduction (%) 7+12 ~" 32+11 * 21+9 *
Post - Thickness Washy (um) 12+ 15 42 + 67 0+12
2% NaOCl  LLCT Thickness (um) 202 + 17 124 + 69 243 + 34
Relaxation (%) 393+77 X 444+357 94,0 +3,0 ©EX
influence E1(%) 233+75 X 200+233 % 544+112 ¢F
influence E2 (%) 13,0+9,1 13,2+ 11,1 28,5+6,1
influence E3 (%) 43+27 | 192+149% 109+48
influence E4 (%) 59,4 + 11,0 X 47,6 + 33,4 62+27 X
CLSM Live (%) 53,1 + 36,5 31,5475 X 163+147 €
Dead (%) 20,6 +29,7 ¢ 33399 20,8 + 12,4
EPS (%) 263+296% 352+17,1 63,0+ 23,0 €
ocT Pre - Thickness (pm) 279 + 63 288 + 82 650 + 90
Pre - Thickness Washy (um) 66 05 0+34
Post - Thickness (um) 253 + 108 98 + 50 243 + 69
Reduction (um) 26 + 114 190 + 75 ©FX 406 +47 CEX
Reduction (%) 8+43 ~* 66+20 * 8112 *
Post- Thickness Washy (um)  49+15 € 156+83 <X 22411 CFX
17% EDTA  LLCT Thickness (um) 251 + 107 114 # 57 382 + 121
Relaxation (%) 549+179 ° 82,7+128 76,2 + 152 °
influence E1(%) 28,8+ 13,8 °* 479+ 196 386+62 °
influence E2 (%) 13,5+ 9,7 32,5+ 19,8 25,6 + 10,6
influence E3 (%) 11,6 +69 © 73+96 12,7 £3,7
influence E4 (%) 46,1 + 18,1 12,3+95 23,1+14,3 °
CLSM Live (%) 62,8 +20,8 X 342+168 30,9 +21,3
Dead (%) 208+151°¢ 441+179 ¢ 204+213
EPS (%) 164+180% 21,8+172 ¢ 487+83
ocT Pre - Thickness (um) 138 + 104 195 + 39 673 + 259
Pre - Thickness Washy (um) 64 + 98 9+ 10 0+43
Post - Thickness (um) 140 + 92 161 + 37 499 + 194
Reduction (um) 74+78 ¢ 34+40 ° 174%8 °
Reduction (%) 37439 15 + 17 27+6
Post - Thickness Washy (um) 54 + 68 86+18 X 0+18 °
2% CHX LLCT Thickness (um) 262 + 41 143 + 56 449 + 77
Relaxation (%) 707+161° 871+72 ¢ 892+17 °
influence E1(%) 47,4 + 14,1 °F 663+225° 432+44
influence E2 (%) 18,3 +6,2 18,8 + 17,8 33,3+20
influence E3 (%) 59+ 3,8 27+21 ° 12625
influence E4 (%) 284+153° 121+64 € 109+20 °
CLSM Live (%) 372+11,7 % 237+67 ° 265+86
Dead (%) 175+135 ¢ 337+84 27,2+7,7
EPS (%) 45480 °F42,7:79 46,3£58
ocT Pre - Thickness (um) 309 + 92 204 + 44 869 * 64
Pre - Thickness Washy (um) 65 15+ 19 0+11
Post - Thickness (um) 252 + 92 148 + 38 652 + 24
Reduction (um) 57 + 50 56+47 © 217459 °
Reduction (%) 18 + 15 23 +20 27+6
Post - Thickness Washy (um) 74 + 90 41+79 °F 0+4 °
Mann-Whiteny U-test P-values >0,05: CDFFB * Control €
458 ~ Naocl ©
10SB " EDTA ©

CHX *
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The three different matrix structural compositions of the biofilms were confirmed by
the analysis. The LLCT data revealed that the relative importance of the influence of
the free water (E1) was significantly higher in the 4SB compared to the 10SB and the
CDFFB (p=.009/p=.0018 respectively). On the other hand, the relative importance of
the influence of the bacterial cells (E4) was higher in the CDFFB compared to the
4SB (p=.006) and almost compared to the 10SB (p=.06), which was also confirmed
by the CLSM results (p=.005 for both 4SB and 10SB). The relative importance of the
influence of bound water (E2) and EPS (E3) is significantly higher in the ‘older’ 10SB
compared to the ‘younger’ 4SB and the CDFFB (p=.016/p=.028 and p=.018 and
p=.006 respectively).

100,0 -~ - 100,0 100,0
90,0 - - 90,0 90,0
80,0 - - 80,0 80,0
70,0 - - 70,0 70,0
60,0 - - 60,0 60,0
50,0 - - 50,0 50,0
40,0 N r 40,0 40[0
30,0 - - 30,0 30.0
20,0 T - 20,0 200
10,0 - 10,0 10.0
0.0 - - 00 0,0
10SB  10SB 2% 10SB 17% 10SB 2% ' 4S8 ASB2% 4SB17%  4SB 2%
Control - NaOCI EDTA  CHX Control NaOCl  EDTA  CHX
100,0 - - 100,0 MW EPS (%)
90,0 - - 90,0
80,0 - - 80,0 W Dead (%]
70,0 - - 70,0 B Live (%)
60,0 - - 60,0 )
50,0 - - 50,0 influence E1 (%)
40,0 - - 40,0 W influence E2 (%)
30,0 - - 30,0
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0,0 - - 0,0

CDFFB CDFFB CDFFB CDFFB
Control 2% 17% 2% CHX
NaOCl  EDTA

Figure 3. Representation of the relaxation subdivided according to the percentage
influence of the four different E’s. Backdrop shows the distribution % live (green), %
dead (red) and % EPS (purple) of the remaining biofilm.

R was higher in 4SB than CDFFB showing an inverse correlation with the E4, the

higher the R the lower the E4 (p = .004/p=.004 respectively).
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Chemical effect NaOCI (Table 1, Fig.2-4)

Height reduction of the rigid biofilm layer was for NaOCI the most pronounced of all
the medicaments tested and higher in 4SB and 10SB than CDFFB (p=.028/.016) with
a particularly pronounced washy layer in the 4SB. For CDFFB, although the rigid

layer was almost unchanged, the washy layer was significantly higher and R and E1
were lower (p=.006) and the E4 higher (p=.006).

H % Remaining Biofilm 1 % Chemically disrupted Biofilm
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Figure 4. The percentage remaining biofilm (blue: washy layer, green: rigid layer) for
the different types of biofilm (CDFFB, 4SB and 10SB) after application of control and
medicaments (Control, 2% NaOCI, 2% CHX or 17% EDTA). Backdrop represents the
original biofilm at 100% thickness.

Chemical effect CHX (Table 1, Fig.2-4)

Height reduction due to contraction of the biofilm was almost significantly higher for
CDFFB (p=.05). In the top layer of the remaining biofilm after CHX application
especially for CDFFB, EPS was more present (p=.003) and had a denser
appearance in OCT images. For 4SB the relaxation was lower (p=.006) en E4 was
higher (p=.006).

OCT ‘real time’ video showed contraction of the biofilm after application of CHX.



40

Chemical effect EDTA (Table 1, Fig.1-4)
CDFFB biofilms showed a significant height reduction of the rigid biofilm layer
(p=.022) and some small structural differences, but no significant chance in washy

layer thickness.

DISCUSSION

A differentiation between high-density bacterial cell biofilms and water-rich biofilms
could be made using LLCT. In earlier publications the fast spring constant was
associated with 1 < 3 s. In this study, 4 spring constants were disclosed of which the
first 2 fitted in the fast range 11: 0,01 < 0,5 s and 12: 0,5 < 3 s ; therefore two fast
Maxwell elements were defined. Taking into consideration the structural similarities
regarding viscoelasticity between biofiims and hydrogels, the 2 fast components were
explained by different water binding possibilities in the biofilm: physically entrapped in
or bound to the EPS structure (Pasqui et al. 2012). Hydrophilic polysaccharide chains
and possibly proteins maintain the highly hydrated microenvironment around the
biofilm by absorption of water into the biofilm (Flemming & Wingender 2010).
Younger biofiims tend to have a more fluffy’, less dense structure with higher
diffusion coefficients than older or CDFF grown biofilms (Laspidou & Rittmann 2004,
Renslow et al. 2010). Therefore, in 4SB, the relative importance of the E1 component
was higher than in CDFFB and 10SB. Furthermore, the importance of the E4
component was higher in the CDFFB, which was in line with the CLSM data showing
more dead cells in the top layer of CDFFB. These observations are in accordance
with the mode of biofilm growth in the CDFF system, where the continuous
compaction by the polytetrafluoroethylene scrapers after biofilms have formed and
reached the pre-determined height (steady-state biofilm) could account for the dense
bacterial cell arrangement within the biofilm as well as for the death in the upper layer
of the biofiim (Hope & Wilson 2006, He et al. 2013). In 10SB, the E2 and E3
components were significantly higher than in the other biofilms, indicating both the
presence of more viscous water molecules bound to the EPS structure as well as
more viscous EPS material.

Resistant spots with a higher cell density (Beer et al. 1994) and stratification of the
biofilm resulting in a fluffier layer at the top and a more compact layer at the bottom
of the biofilm (Derlon et al. 2008) have been described in the literature. The biofilms

used in this study mimicked the structure of the different layers of the biofilm, with the
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CDFF grown biofilm representing the viscoelastic properties of the basal cell dense
layer of an oral biofilm (He et al. 2013) and the 4 day static grown biofilm

representing the fluffier structured top layer.

OCT

OCT seems to be a reliable method to measure biofilm thickness and structure. A
clear distinction between a soft (washy) and rigid layered biofilm could be made and
was validated in this study. The washy layer showed in general a tendency to
increase in comparison to the control, representing a chemical effect of the biofilm
other than dissolution. Also, the possibility of real-time imaging is a promising tool.
For the first time the contraction of the biofilm during CHX application (Hope & Wilson
2004, Shen et al. 2016) was clearly visualised. More information on the structure or
viscosity is captured in the OCT data but more research is needed to clarify the

images.

Evaluation of the antimicrobials

NaOCl

The effect of NaOCI| depends on the structure of the biofilm. NaOCI dissolved the
same percentage of biofilm mass (rigid layer) from 4SB and 10SB, with the bio-
removal effect being significantly more pronounced compared to cell-rich CDFFB
(66%, 81% and 8% respectively). Although NaOCI did not affect the height of
CDFFB, the structure did significantly change resulting in a biofilm with lower
relaxation and less water.

NaOCI removes more biofilm mass than CHX and EDTA, which is in line with earlier
publications (Chavez de Paz et al. 2010, Ordinola-Zapata et al. 2012, Tawakoli et al.
2015).

CHX 2%

CHX is more effective on a bacterial cell rich biofilm. This is in agreement with the
conclusion of He et al. (2013), who concluded that a 0.2% CHX solution was less
effective when the importance of the E1/E2 component was higher and the E4 lower.
The results are also in line with the CLSM observation, according to which only in the
remaining CDFFB the percentage of dead cells was lower, thereby indicating more

pronounced effect of CHX in cell rich biofilms.
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Reduction of the height of the biofilm was not caused by chemical dissolution of the
biofilm but by contraction of the biofilm which has already been shown (Hope and
Wilson 2004, Shen et al. 2016). Whether the biofilm contraction is related to biofilm
stiffening demonstrated after 0.2% CHX treatment has to be elucidated (Brindle et al.
2011).

EDTA

The rigid layer of the CDFFB was significantly reduced in height (p=.022).
Furthermore, the remaining biofilm of CDFFB and 4SB showed some structural
changes. The former contained a higher washy layer, a higher percentage of E3 and
less dead cells in the remaining biofilm than its control (p=.042, .01, .013) and the
latter more dead cells and EPS in the top layer (p=.014, .014) and a tendency to an

increase in the rigid and washy layer.

Finally, the reported underestimation of biofilm thickness measured by LLCT is
probably due to the intrinsic characteristics of the LLCT method, whereby the

application of load is needed for the mechanical detection of the biofilm.

CONCLUSION

The structure of the biofilm has an influence on the effect of different antimicrobials.
There was a significant difference in their chemical effect between high-density
bacterial cell and water-rich biofilms. Also the working mechanisms of the chemical
effect on the biofilm of the tested antimicrobial was different. The antimicrobials can
have an effect on the remaining biofilm. OCT seems to be an interesting method to

evaluate the structure of biofilms.
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The effect of time and volume on the chemical efficiency and efficacy of a 2%

sodium hypochlorite solution on a biofilm.

Abstract

Aim To investigate the influence of application time and volume on the chemical
efficiency and efficacy of a 2% sodium hypochlorite solution against a standardized
dual-species biofilm using a realistic contact surface area between the biofilm
substrate and a 2% NaOCI solution.

Methodology A standardized biofilm grown on saliva coated hydroxyapatite (HA)
discs in standardized sample holders was brought in contact with different volumes of
a 2% sodium hypochlorite solution for different time intervals. The effect on the
biofilm was evaluated using Low Load Compression Testing (testing of visco-elastic
properties), Optical Coherence Tomography (evaluating the height and structure of
the biofilm) and Confocal Laser Scanning Microscopy (testing the amount biofilm
matrix and the status of the microorganisms).

Results Increasing the application time improves the chemical efficacy, whereas
increasing the applied volume increases the chemical efficiency of a 2% sodium
hypochlorite solution against standardized biofilms grown in confined spaces.
Increasing the volume will dissolve biofilm significantly faster in areas which are
difficult to reach.

Conclusions The aspects of application time and irrigant volume should be taken
into account in devising effective strategies for dissolving and disrupting the biofilm

structure and/or influencing the biofilm structure of the remaining biofilm.
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Introduction

Sodium hypochlorite (NaOCI) is widely used as root canal irrigant (Dutner et al.
2012). It dissolves organic tissue and has an antimicrobial and antibiofiim effect
(Sirtes et al. 2005, Chavez de Paz et al. 2010, Tawakoli et al. 2015). The chemical
effects of a NaOCI solution during root canal irrigation are regulated by convection
(flow of an irrigant) and diffusion. The reaction rate (chemical efficiency) and/or tissue
dissolution (chemical efficacy) of NaOCI| are significantly influenced by the
concentration, exposure time, laser/ultrasonic energy (Macedo et al. 2010, 2014a),
the contact area between the substrate and the irrigant (Rosenfeld et al. 1978,
Moorer and Wesselink 1982), pH (Jungbluth et al. 2011, Macedo et al. 2014b),
temperature (Sirtes et al. 2005), interaction with other chemicals (Shiozawa 2000,
Zehnder et al. 2002, 2005) and volume.

Among these factors, the irrigant exposure time, the volume and the contact area
between the irrigant solution and the targeted substrate often go unnoticed in the
methodological design of the majority of the experimental studies. Indeed, the effect
of the volume of a NaOCI solution on its chemical efficacy or efficiency during
diffusion is currently not known. Also, the spatial constraints posed by the root canal
system arguably limit the contact area thereby hampering the chemical effect of
NaOCIl (Macedo et al. 2014a,b). In this study the effect of application time and
volume during diffusion in combination with a realistic contact surface between the
NaOCI solution and the biofilm substrate have been taken into account.

Due to the complex anatomy of the root canal system and the recalcitrance of the
biofilm, complete removal of biofiim during chemo-mechanical treatment is not
possible (Nair et al., 2005, Ricucci & Siqueira 2008, 2010). However, the chemical
efficiency and efficacy of a NaOCI solution on a biofilm will affect the amount of
biofilm structure removed, the amount of living or dead bacteria present in the biofilm
and the structure of the remaining biofilm as this is reflected on its visco-elastic
properties. Visco-elastic properties can also be seen as a virulence factor (Peterson
et al. 2015). All these aspects could possibly influence the virulence of the remaining
biofilm and were evaluated in this study by Optical Coherence Tomography (OCT), a
non-invasive imaging method illustrating the structure of the biofilm, Confocal Laser
Scanning Microscopy (CLSM) and Low Load Compression Testing (LLCT), an
indirect mechanical approach capturing the visco-elastic behaviour of biofilms via

stress relaxation measurements (Peterson et al. 2013). Furthermore, it has been
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knowledge of the behaviour or influence of the biofilmmatrix on mechanical and
chemical stresses is important (Koo et al. 2013). OCT and LLCT can contribute to the
investigation of the behaviour or influence of the matrix of the biofilm by providing
gualitative and quantitative measurements of the effect of NaOCI on the removed
and remaining biofilm matrix.
The aim of this study was to evaluate the influence of application time and volume on
the chemical efficiency and efficacy of a 2% NaOCI solution against a standardized
dual-species biofilm using a realistic contact surface area between the biofilm
substrate and a 2% NaOCI solution. Qualitative and quantitative measurements
were taken with the aid of Confocal Laser Scanning Microscopy (CLSM), Optical
Coherence Tomography (OCT) and Low Load Compression Testing (LLCT) and the
measured outcomes were:
e percentage dead/live bacteria and EPS by Confocal Laser Scanning
Microscopy (CLSM),
e structure of biofilm differentiating between a soft/coherent (‘washy’) or
rigid/coherent (‘rigid’) layer by OCT,
¢ height of the biofilm washy and rigid layer before and after exposure to the
antimicrobials by 2D OCT scans and videos,
e viscoelastic properties of the biofilm expressed by the percentage of stress
relaxation in the biofilm related to a certain time interval using LLCT.
The null hypothesis was that application time and volume of NaOCI irrigation do not

have any influence on the chemical effect of NaOCI.

Method and Materials

Bacterial strains and growth conditions

The clinical isolates S. oralis J22 and A. naeslundii T14V-J1 were grown as
described previously by He et al. 2013. Briefly, the bacteria were streaked on blood
agar plates and a single colony was used to inoculate 10 mL modified Brain Heart
Infusion broth (37.0 g/L BHI, 1.0 g/L yeast extract, 0.02 g/L NaOH, 0.001 g/L Vitamin
K1, 5 mg/L L-cysteine-HCI, pH 7.3) (BHI, Oxoid Ltd., Basingstoke, Hampshire, UK).
Subsequently, S. oralis J22 were cultured at 37°C for 24 h in ambient air and A.
naeslundii T14V-J1 at 37°C for 48h in an anaerobic chamber (pre-cultures).
Pre-cultures were used to inoculate 50 mL modified BHI (1:20 dilution) and grown for

16 h (main cultures). Bacteria were harvested by centrifugal force (6350 xg) and
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washed twice in sterile adhesion buffer (0.147 g/L CaCl2, 0.174 g/L K2HPO4, 0.136
g/L KH2PO4, 3.728 g/L KCI, pH 6.8). The bacterial pellets were suspended in 10ml
sterile adhesion buffer and sonicated intermittently in ice-water for 3 x 10 s at 30 W
(Vibra cell model 375, Sonics and Materials Inc., Newtown, CT, USA) to break
bacterial chains. Bacteria were counted in a Burker-Turk counting chamber
(Marienfeld-Superior, Germany) to determine the concentration and diluted in sterile
adhesion buffer.

Freeze dried whole saliva from at least 20 healthy volunteers of both genders was
dissolved in 30 ml adhesion buffer (1.5 g/L), stirred for 2 h and centrifuged at 10.000
rom, 10°C for 5 min and the discs used for biofilm growth were exposed to the
reconstituted saliva for 14 hrs at 4°C under static condition. All volunteers gave their
informed consent to saliva donation, in agreement with the guidelines set out by the
Medical Ethical Committee at UMG, Groningen, The Netherlands (letter 06-02-2009).

Biofilm formation in CDFF

The CDFF (Hope & Wilson, 2006) was equipped with 15 sample holders and each
sample holder included 5 saliva coated hydroxyapatite (HA) discs, recessed to a
depth of 250 pm.

Two hundred ml of dual-species bacteria suspension diluted in adhesion buffer with
concentration of 6 x 10® bacteria/mL for S. oralis J22, and 2 x 108 bacteria/mL for A.
naeslundii T14V-J1 was introduced in the CDFF over 1 h, while the CDFF table with
the holders was in constant slow rotation. Subsequently, the rotation was stopped for
30 min to allow bacteria to adhere to HA surface. Then, rotation was resumed and
the biofilms were grown for 96 h at 37°C under continuous supply of modified BHI
with a rate of 45 mL/h.

Application of the NaOCI solution

Five biofilms were challenged with 2% NaOCI (Sigma-Aldrich, The Netherlands)
using 20 or 40 yl and an application time of 60, 120 or 300s. After the challenge, the
remaining NaOCl| was neutralised using a sodium 4,23% thiosulfate solution
(Na;S203, Sigma-Aldrich, The Netherlands). To ensure the proper
concentration/dilution of the NaOCI, a titration assay was performed before every

experiment.
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Convection control
Challenging five biofilm with 20 or 40ul of adhesion buffer for 60s. created a baseline
influence of the chemical influence of adhesion buffer and the convection created

during the application procedure.

Low load compression testing (LLCT)

The thickness and the visco-elastic properties of the biofiims were measured with a
low load compression tester (LLCT) (Paramonova et al. 2007, He et al. 2013). Briefly,
the biofilms were compressed to a deformation of 20% within 1 s, after which
compression was held constant for 100 s. The relaxation was monitored over time
and normalized over the cross-sectional area of the plunger to calculate the induced
stress. The percentage change in induced stress occurring within 100 s from its initial
value was termed the percentage stress relaxation. Measured relaxation curves for
each biofilm were modelled using a generalized Maxwell model (He et al. 2013), in
which E(t) is the total stress expressed as the sum of four Maxwell elements with a
spring constant Ei, and characteristic decay time, 1. Relative importance of each
element, based on the value of its spring constant Ei, was expressed as the
percentage of its spring constant to the sum of the spring constants of all elements at
its unique decay time (T, s).

Samples were submerged in buffer during measurements and due to the sensitivity
of the weigh and the duration of the measurements (100 s), the evaporation of the

water was corrected.

Confocal Laser Scanning Microscopy (CLSM)

Biofiims were stained with live/dead stain (BacLight™, Invitrogen, Breda, The
Netherlands) in a proportion of 1/3 for 20 min and with calcofluor white to stain the
EPS (20 yL/mL, 3.8 mM) for 10 min. After removal of the staining, biofilms were
submerged in 15 mL adhesion buffer and kept protected from light until imaging.

A CLSM (Leica TCSSP2, Leica Microsystems GmbH, Heidelberg, Germany) was
used to record a stack of images from two different randomly selected locations on
each biofilm with an 8x40 water objective lens, with 1024x1024 pixels.

The ratio of red (dead bacteria), green (live bacteria), blue (EPS), and the biovolume
were analyzed with COMSTAT software (Heydorn et al. 2000, Vorregaard 2008).
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Optical Coherence Tomography (OCT)

Thickness and behaviour of biofilms were analyzed with OCT scans. The biofilms
were analyzed in real time 2D cross-sections submerged in adhesion buffer with an
OCT equipment (Thorlabs, Newton, New Jersey, USA) using the FOV size of 45mm,
refraction index of 1,33 and processed with Thorimage OCT software (Thorlabs,
Newton, New Jersey, USA).

OCT data comprise greyscale images representing a cross-section of a sample
biofilm, measured based on low-coherence interferometry. Light scattering can be
identified and measured accordingly, resulting in the identification of differently
structured layers in the biofilm. A reduction of light penetration correlates to the
distance of the surface (law of Lambert-Beer). Differences in biofilm structure can
thus be visualised by differences in the greyscale.

To increase the reproducibility of the image analysis, ImageJ (Fiji) was used to
calculate the distance in every column of pixels between the substrate and top of the
biofilm. To improve the accuracy of the data, Otsu’s method was selected to manage
different thresholds in one image (Otsu 1979, Sezgin & Sankur 2004) resulting in the
identification of different layers in the biofilm. The images were analysed in a 3-level
Otsu threshold, creating 3 images corresponding to 3 layers in grey-level, linked to
different layers of coherency in the biofilm, a) background, b) soft/coherent top layer
of the biofilm ('washy’), c) rigid/coherent layer (‘rigid’). Validation by passing the
biofilm through an air-liquid interface (Goémez-Suarez et al. 2001), inducing high
shear stress on biofilm (comparable to high flow rate irrigation (5mil/min), OCT

images showed only a ‘rigid’ layer remaining on the substrate.

Statistical Analysis

Statistical analysis was performed in IBM SPSS Statistics (version 23). Differences in
biofilm thickness, CLSM data and percentage of and viscoelasticity were evaluated
after testing for normal distribution of the data. Data did not have a normal
distribution and the Kruskal Wallis and Mann-Whitney U test were used to determine

statistical significance. The level of significance was set at P<.05.

Results
The results are presented in Table 1 and Figure 2 and 3. The most important findings

are described below.
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Effect of administration of 20ul NaOCI during 60 and 120 seconds on visco-elastic
properties compared to the control

In comparison to the control (administration of 60 seconds of buffer) after 60 seconds
administration of NaOCI solution the relaxation and the E1 were significant lower
(p=.006 for both) and the E4 significant higher (p=.006) than the control. After 120
seconds of NaOCI administration the E1 is almost significant lower (p=.068) and the
E3 significant higher than the control (p=.017).
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Figure 1 The percentage remaining biofilm and its corresponding percentage of chemical
disruption for the different incubation times (60, 120 and 300s) and volumes applied (20 or
40ul). Backdrop represents the original biofilm at 100% thickness.
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Challenge duraion (s)

60s 120s 300s
Control LLCT Thickness (um) 234 + 50
Relaxation (%) 69,7 + 8,5
influence E1(%) 46,1+ 9,0
influence E2 (%) 204 +74
influence E3 (%) 40+ 14
influence E4 (%) 29,6 + 83
CLSM  Live (%) 41,3 + 10,8
Dead (%) 41,7 + 10,8
EPS (%) 17,0 £ 15,5
oCcT Pre - Thickness (um) 253 + 19
Pre - Thickness Washy (um) 0+10
Post - Thickness (um) 235 + 23
Reduction (um) 18 + 30
Reduction (%) 7+12
Post - Thickness Washy (um) 12+ 15
2% NaOCl 20ul LLCT Thickness (um) 202 + 17 213 + 101 196 * 55
Relaxation (%) 393+77 < 4811305 46,1 + 21,2
influence E1 (%) 23375 ¢ 252+17,7 ¢ 31,9+225
influence E2 (%) 13,0+9,1 14,8 + 10,8 13,2+ 3,5
influence E3 (%) 43+27 M 83+22 ¢ 58+58
influence E4 (%) 59,4 +11,0 ¢ 51,7 + 30,3 49,0 + 21,6
CLSM  Live (%) 53,1 + 36,5 57,7+87 © 667+40,4
Dead (%) 206+297° 5982 ¢ 57+11,7 ¢
EPS (%) 263+296 " 363+11,8 €5 275+368
oCcT Pre - Thickness (um) 279 + 63 226 + 80 234 + 57
Pre - Thickness Washy (um) 6+6 7+10 5+10
Post - Thickness (um) 253 + 108 215 + 85 59 + 63
Reduction (um) 26 + 114 11+45 "% 175+8 M
Reduction (%) 8+43 5+19 74 + 30
Post - Thickness Washy (um) 49 15 77+68 ¢ 93+59 €
2% NaOCl 40 ul LLCT Thickness (um) 217 + 72 172 + 139 162 + 80
Relaxation (%) 60+16 = 68+21 69 + 14
influence E1 (%) 439+21 ©  47+18 42+16
influence E2 (%) 13,5+ 11 16+6 19+11
influence E3 (%) 3,76 £ 2 5+4 7+5
influence E4 (%) 389+16 32+23 31+13
CLSM  Live (%) 762+19 ¢ 81+10 ' 94:8 ™
Dead (%) 157+13 ©* 9+13 ¢ oxo M
EPS (%) 8,15 + 12 9+6 6+8
OCT Pre - Thickness (um) 172 + 37 239 + 58 242 + 57
Pre - Thickness Washy (um) 9+6 7+t4 12+11
Post - Thickness (um) 125+ 70 62 + 104 36 £ 50
Reduction (um) 47+75 Y 177+119 ¢° 206+75 ©°
Reduction (%) 25 +41 74 + 43 85 + 22
Post - Thickness Washy (um)  58+30 ™' 191+94 ' 166+102 °
Mann-Whiteny U-test P-values > 0,05:
Control: © 60s: °
2% NaoCl 20ul: " 120s: ™
2% NaOCl 40ul: ~ 300s: *

Table 1

Influences on the CDFF biofilm after treatment with 2% NaOCI| for different

incubation times (60, 120 or 300 s) and/or volumes (20 or 40ul) captured with LLCT (physical

properties), CLSM (biovolume analysis) and OCT (non-invasive thomography).
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Effect of application time upon 20ul NaOC/ administration (Table 1, Figure 1-3)

After 300 seconds significantly more rigid layer of the biofilm structure was dissolved
compared to 120 seconds (p = .017). No significant difference could be seen
between 60 and 120 seconds (p=.086). There was a tendency for the washy layer to

increase in size.

Effect of application time upon 40ul NaOCI administration (Table 1, Figure 1-3)

The height of the rigid layer of the biofilm was significantly reduced after 120 (p=
.028) and 300 (p=.013) seconds compared to60 seconds and the washy layer of the
remaining biofilm was significantly higher after 300s compared to 60 seconds
(p=.013).
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Figure 2 Representation of the relaxation subdivided according to the percentage influence
of the four different E's (Dark to light grey, E1, E2, E3 and E4). Backdrop shows the
distribution %live (green), %dead (red) and %EPS (purple) of the remaining biofilm.

In the remaining biofilm, the percentage of dead bacteria was lower (p=.011) and of

live bacteria was higher (p=.022) after 300 seconds in comparison with 120 seconds.
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Figure 3 The effect of buffer, 2% NaOCI applied on 20 and 40 pl during 60, 120 and 300s. S.
oralis — A. naeslundii biofilms cultured during 4 days in the CDFF. Scale bars represent 250
pm in length for both the CLSM and OCT images.

Effect of volume within 60 seconds of NaOCI administration (Table 1, Figure 1) In the
20ul the E1 was significantly lower (p=.02) and the E4 was significantly higher
(p=.027) than the 40ul group.

Effect of volume within 120 seconds of NaOCI administration (Table 1, Figure 1)

In the 40pl group more rigid layer was chemically dissolved (p=.02) and the washy
layer was thicker (p=.02) and the percentage of live stained bacterial cells was higher
(p=.007) than in the 20ul group. The percentage of EPS was higher in the 20ul group
(p=.003).
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Effect of volume within 300 seconds of NaOCI administration (Table 1, Figure 1)
A higher percentage dead stained bacterial cells could be found in the 20 ul group
(p=.011)

Effect of application time and volume: 120 seconds 40ul versus 300 seconds 20ul
No difference between the groups was observed, indicating that the same chemical
efficiency and efficacy could be reached with a lower volume after a longer exposure

time.

Discussion

The findings of the study indicate that, the longer the application time the higher the
chemical efficacy and the higher the volume the higher the chemical efficiency of the
2% NaOCI solution used, resulting in more dissolution of the rigid layer of the biofilm
and an increase in the washy layer of the biofilm. With help of the OCT imaging a
rigid and washy layer could be discriminated. The washy layer increased after
prolonged contact with the NaOCI solution demonstrating a chemical effect on the
biofilm which could not dissolve the biofilm. However, effective irrigation, at least flow
rate 5ml/min, can remove this layer. This demonstrates the importance of an effective
irrigation procedure during root canal disinfection.

Due to the standardized limited contact surface, the chemical effect of a higher
volume could only be transmitted through the diffusion process. The results show
that by increasing the volume of NaOCI, its chemical effect is indeed influenced, but
differently for the various application times. After 60 seconds, only small changes in
viscoelastic behaviour of the remaining biofilm of the 20ul group could be seen.
However, longer application times induced a significant increase in the biofilm
dissolution of the rigid layer; exposing the biofilm to 2% NaOCI for 120 seconds (40ul
group only) and 300 seconds (20 and 40 pl groups) resulted in substantial biomass
decrease of the rigid layer compared to 60 seconds exposure and the control biofilm.
There seems to be a balance between the application time and the volume of the 2%
NaOCI used for achieving efficient and efficacious outcomes; by increasing the
volume, significant biofilm dissolution after 120 seconds was observed, but by
increasing the application time to 300 seconds the same effect on the biofilm

reduction was brought about even with lower volumes of NaOCI| compared to the
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control can be achieved. This was confirmed by the finding that the chemical
efficacy of NaOCI 20ul 300 seconds was similar to the 40ul 120 seconds.

In this study, the contact surface biofilm-NaOCI was more realistic and clinically
relevant, because the biofilm was cultured in round holders (diameter 5 mm) where
only the top surface of the biofilm was in contact with a limited volume of the NaOCI
solution as in the root canal during the irrigation procedure. This mimics the situation
in which biofilm is present in oval extensions, lateral canals and/or isthmuses where
only the surface of the biofilm is susceptible to the chemical effect of NaOCIl. The
results show that it takes some time for the molecules to diffuse through the biofilm
and become chemically active. The exact working mechanisms of NaOCI on a biofilm
are not known. However, it has been shown that NaOCl can dissolve matrix
polysaccharides, diffuse through the biofilm matrix (Tawakoli et al. 2015) and attack
bacteria (Winter et al. 2008).

With regard to the percentage of dead/live bacteria in the remaining biofilm, strikingly
enough no substantial differences were observed between the groups, with the only
significant difference detected being that, compared to the control biofilm, all NaOCI-
treated biofilms exhibited a reduction in dead cells and a higher percentage of live
cells. This contradictory finding could lend some credence to the speculation that
NaOCI has a stronger bacterial eradication effect on bacterial cells that already
exhibit defects on their cell membrane, thereby rendering them more tractable to
removal. Nevertheless, an inherent shortcoming of the dead/live staining needs to be
taken into consideration; that is, that the staining needs to penetrate through the
biofilm and with the penetration depth being around 60 um, only the surface sections
of the biofilm become subjective to evaluation.

It is known that biofilms are stratified and that the bottom layer has a more cellular
structure (Derlon et al. 2008, Renslow et al. 2010). Therefore, in this study a cell-rich
biofilm grown in a Cell Depth Film Fermentor (CDFF) was employed, thus mimicking
the basal layer of an oral biofilm (He et al. 2013). Furthermore, provided that the
structure of the remaining biofilm guides the process of recurrent biofilm re-
establishment, acknowledging the effect of a medicament on the remaining biofilm
becomes of paramount importance (Busscher et al. 2010, Ohsumi et al. 2015). The
viscoelastic properties of the remaining biofilm, left after chemical dissolution, did
only show differences from the control biofilm after 20u/ of NaOCI administration for

60 and 120 seconds. Probably this was due to the fact that not much biofilm rigid
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layer was dissolved in comparison to an increase of the ‘washy’ layer. It highlights
the need of developing anti-biofilm protocols able to disorder the structure of any
remaining biofilm as well.

In this study, all biofilms were grown and tested in a confined space. It was noticed
that the chemically disrupted biofilm as opposed to the chemically dissolved biofilm
could only be removed when the biofilm-carrying disc was removed from the holder; it
was then that the chemically weakened biofilm could flow away. This clearly
accentuates the importance of convection for the biofilm removal and resurfaces the
acknowledged problems related to the complete eradication of biofilm from
isthmuses, oval extensions and anatomical constraints within the root canal system,

where irrigant flow is intrinsically limited.

Conclusions

Increasing the application time improves the chemical efficacy, whereas increasing
the applied volume increases the chemical efficiency of a 2% NaOCI solution against
standardized biofilms grown in confined spaces. The aspects of application time and
irrigant volume should be taken into account in devising effective strategies for
dissolving and disrupting the biofilm structure and/or influencing the biofilm structure

of the remaining biofilm.
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5 CONSIDERACOES FINAIS

Esta tese é composta por dois trabalhos que estudaram a acédo de solucdes
irrigadoras utilizadas em tratamentos endodonticos sobre biofilmes in-vitro. Aspectos
relacionados aos resultados obtidos e sua correlagdo com a literatura existente ja
foram abordados nas secdes de Discussao dos artigos. Portanto, nesta secdo seréao
expostas reflexdes acerca das metodologias utilizadas para o desenvolvimento dos
experimentos, limitacdes encontradas e perspectivas futuras.

Diversos estudos tem avaliado a capacidade das soluc¢des irrigadoras em
remover biofilmes, visto a real dificuldade de realizar esta etapa em tratamentos
endodonticos. Para tanto, utiliza-se grandes volumes de solugéo, associado a um
método fisico para sua disperséo, o que inviabiliza avaliar o mecanismo de acdo dos
medicamentos isoladamente, além do comportamento do biofilme frente a acéo
guimica da solugao testada. Neste estudo, biofilmes foram desafiados em espacgos
confinados, de modo que apenas uma superficie apresentasse contato direto com 0s
medicamentos, aplicados de forma represada e em quantidades muito pequenas.
Assim, cada solucdo permaneceu por um determinado periodo de tempo sobre o
biofilme sem que houvesse sua renovacéao, tornando possivel avaliar sua a agcao
guimica e o comportamento do biofiime frente a agressao.

Os métodos empregados para avaliar biofiimes ap6s a acdo de solugcdes
irrigadoras normalmente informam o volume de biofilme remanescente e viabilidade
celular. Imagens obtidas por MCL permite analisar a quantidade de células vivas e
mortas, por meio da coloracdo dos biofilmes com lodeto de propidio e Syto 9, cuja
capacidade de penetracdo e coloracdo é de cerca de 70 um, podendo variar
conforme a solucéo testada e a permeabilidade do biofilme. Para este estudo, essa
caracteristica representa uma limitacdo, visto que o biofilme formado apresenta uma
espessura de 200 pm e que a acao de algumas solugdes ndo alterou a espessura
dos biofilmes. Além disso, uma vez que outro método de analise aplicado neste
estudo analisa as propriedades viscoelasticas do biofilme, considerou-se
interessante identificar o componente estrutural responsavel por essa caracteristica.
Por meio da coloragdo com calcofluor branco é possivel visualizar na MCL a matriz
de PEC. Poucos estudos em endodontia langcam méao desse recurso, embora muitos

estudos sejam realizados com MCL.
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Para a avaliacdo das propriedades viscoelasticas, o0 método de escolha foi o
Teste de Resisténcia a Baixa Compresséo e posterior calculo dos elementos da
curva de relaxamento ao stress por meio da equacao de Marxwell (PARAMONOVA
et al., 2007). O equipamento utilizado € Unico e exclusivo ao centro de pesquisa
onde foi realizado este estudo. Visto que a viscoelasticidade € considerada um dos
fatores de viruléncia pertinente a biofiimes, o método possibilita estabelecer
caracteristicas relacionadas ao comportamento dos biofilmes frente a acdo quimica
das solucdes testadas. A visualizagcdo do comportamento também foi viabilizada por
meio da Tomografia de Coeréncia Optica. A técnica n&o invasiva permite sua
associacdo com outros métodos, visto que dispensa coloragdo e pode ser executada
diversas vezes na mesma amostra. Apesar de ser um equipamento antigo (HUANG,
1991), seu uso ainda tem sido pouco explorado na Odontologia. Além de viabilizar a
visualizacdo de caracteristicas ja sedimentadas, como a formagdo de bolhas e
ruptura do biofilme frente a acdo do hipoclorito de sédio, a utilizagdo da TCO
permitiu estabelecer novos paradigmas, como a relagcéo entre a acéo da clorexidina
e a matriz de PEC, e as alteracOes estruturais causadas pelos medicamentos
testados nos biofilmes remanescentes.

Com relacdo a formacdo dos biofilmes, estudos que avaliam o efeito de
solucbes irrigadoras normalmente utilizam métodos de crescimento de forma
estatica, como, por exemplo, biofilmes cultivados em canais radiculares de raizes
previamente preparadas. Essas metodologias possibilitam o desenvolvimento de
inUmeros estudos, visto que o custo é relativamente baixo, tanto para aquisicdo de
materiais (descartaveis, em sua maioria), quanto para 0 andamento dos
experimentos. Porém, a constante necessidade de manipular os espécimes, como
para a troca dos meios de cultura, depende de treinamento do operador para que
sejam realizadas de forma idéntica para todas as amostras, além de representar um
risco de contaminagao.

Estes sdo os primeiros estudos em que biofilmes crescidos em CDFF séo
aplicados na éarea da Endodontia. A metodologia possibilita o crescimento por
compactacdo, em ambiente totalmente controlado, com caracteristicas semelhantes
a biofilmes orais (PRATTEN, 2007; HE et al., 2013). Também representa um custo
mais elevado, tanto para a aquisicdo e manutencdo do equipamento (além do
emprego de solucdes necessarias para os cuidados com o equipamento, como

detergentes, acidos, alcool) quanto para o crescimento dos biofilmes (devido a
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guantidade de meios de cultura dispensados). Porém, devido ao fato de se obter um
biofilme compactado e envelhecido, sua utilizacdo pode resultar em economia de
tempo e otimizag&do de recursos, visto que um unico ciclo de crescimento permite a
obtencéo de 75 amostras idénticas.

Apesar de empregar o0 substrato de interesse para a Endodontia e a
possibilidade de observar a relacdo dos tubulos dentinarios e demais caracteristicas
anatbmicas com o biofilme formado, os resultados deste estudo mostram que o0s
biofiimes crescidos de forma estatica e por CDFF apresentam caracteristicas
distintas, que podem influenciar na acdo das solugdes irrigadoras.

Por fim, esse estudo apresentou novas metodologias para avaliagdo em
estudos in-vitro. O Teste de Resisténcia a Baixa Compressdo e a Tomografia de
Coeréncia Optica representam excelentes recursos para visualizar o comportamento
e as caracteristicas estruturais de biofilmes, especialmente frente a acdo de agentes
antimicrobianos. Assim, torna-se imperativo o desenvolvimento de novos estudos,
seja para ratificar metodologias ja utilizadas e estratégias sedimentadas, bem como
explorar novas tecnologias, novos métodos fisicos associados as solugdes
irrigadoras para remocédo destes biofilmes, além da possibilidade de confirmar ou

modificar paradigmas ja existentes.
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