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Resumo

A terapia fotodinamica antimicrobiana (TFDA) e o plasma de baixa temperatura
e pressdao (PBTP) surgem como tratamentos coadjuvantes a terapia
endodoéntica convencional, diante do surgimento de cepas resistentes e
complexidades anatémicas do canal radicular. Esse estudo foi dividido em 4
capitulos, cujos objetivos foram: Capitulo 1) avaliar o efeito da TFDA mediada
pelo TBO em diferentes concentracbes e tempos de exposicdo a luz na
producdo de EROS e a viabilidade celular em culturas planctbnicas de E.
faecalis. Capitulo 2) avaliar os efeitos da TFDA realizada com AOT e fonte
de luz vermelha, em trés diferentes tempos de exposicdo na viabilidade de
biofilmes maduros de E. faecalis e C. albicans. Capitulo 3) avaliar os efeitos do
PBTP, em trés diferentes tempos de exposi¢cdo, na viabilidade de biofilmes
maduros de E. faecalis. Capitulo 4) comparar o efeito da TFDA e do PBTP em
canais radiculares infectados com biofiilmes maduros de E. Faecalis, nos
mesmos tempos de exposicdo para as duas terapias. Nos capitulos 2 e 3, 0s
biofilmes foram crescidos em discos de hidroxiapatita, imersos em Brain-heart
infusion broth (E. faecalis por 15 dias) ou RPMI 1640 medium (C. albicans
por 72 horas). Os biofilmes maduros foram submetidos a TFDA mediada
pelo fotossentitizador AOT (100 upg/mL) e fonte de Iluz vermelha
(LumaCare®, 630 nm, 2 mm de distancia), com densidades de energia de
118,9 J/cm?, (1 min) 237,8 J/cm? (2 min) e 594,5 J/cm? (5 min) (capitulo 2).
Nas mesmas condicdes, biofilmes maduros de E. faecalis foram também
submetidos a acdo do PBTP (capitulo 3). Tanto a TFDA como PBTP
apresentaram-se eficazes como agentes antimicrobianos em um efeito dose-
dependente. No capitulo 4, 96 dentes unirradiculares foram preparados com
instrumentacdo mecanizada. Os espécimes foram divididos em 8 grupos: 1-3
— dentes submetidos a TFDA; 4-6 dentes submetidos ao PBTP e dois
grupos-controle — hipoclorito de sédio a 2,5% (positivo) e dentes sem
tratamento (negativo). Os dados foram tabulados e tratados estatisticamente
pelo método ANOVA (p<0,05). Houve uma redugdo da microbiota em todos
0S grupos de tratamento, com diferenca estatisticamente significante entre
0s grupos tratados pelo PBTP e TFDA, no tempo de exposicdo de 5 minutos.
Conclui-se entdo que a TFDA e o PBTP, nos parametros testados,
apresentaram atividade antimicrobiana eficaz contra os biofilmes estudados,

nos dois modelos in vitro apresentados.
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Abstract

Photodynamic Antimicrobial Therapy (PACT) and Low Pressure Cold
Plasma emerged as an effective adjunctive procedure to conventional
endodontic treatment, especially in case of persistent infection. This study
was divided into four chapters, which objectives were: Chapter 1) investigate
the antibacterial effects of photodynamic antimicrobial chemotherapy (PACT),
with different concentrations of toluidine blue-O (TBO), at three different
exposure times, over suspensions of Enterococcus faecalis, using a
fluorescence probe — Dihydrorhodamine 1, 2,3 for detecting the release of
ROS. Chapter 2) study the antimicrobial effect of PACT mediated by Toluidine
blue-O activated by red light (LumaCare® LC122) on Enterococcus faecalis
and Candida albicans biofilms. Chapter 3) a tissue-tolerable-plasma (TTP) was
tested for its antimicrobial activity against mature biofilm of a key endodontic
bacterium Enterococcus faecalis. Chapter 4) evaluate the anti-biofilm efficacy
of PACT and TTP applied on saliva-coated-teeth with 2-week E. faecalis
(ATCC 29212) biofilm, treated with PACT and TTP for 3 different exposure
times (1, 2 and 5 minutes) and compared with 2.5% NaOCI irrigation for 5
minutes. In chapters 2 and 3 biofims were formed on saliva-coated
hydroxyapatite discs using batch culture method at 37°C, 5% CO2. BHI broth
was changed daily. In chapter 2, mature E. faecalis and C. albicans biofilms
were subjected to PACT using TBO (100 upg/mL), using a non-coherent red
light source (LumaCare®, 630 nm, 2 mm distance) and energy density of
118.9 Jicm?, 237.8 Jicm? and 594.5 J/lcm? (chapter 2). Using the same
growth conditions, mature E. faecalis biofiims were subject to TTP on chapter
3. The results were expressed by counting colony forming units (cfu) and
group means were compared using 1-way ANOVA. The anti-biofilm effect of
PACT and TTP improved as exposure time was increased, reaching the
maximum effect after 5 minutes of treatment for both therapies. After 5 min of
exposure, there is a significant reduction in cfu numbers in PACT and TTP
treatments (p<0.05), but neither treatment was as effective as 2.5% NaOCI
irrigation. Using root canals in vitro model (chapter 4) TTP was better than
PACT, at 5 minutes of exposure. Bacterial Kkilling was confirmed by
CLSM/COMSTAT and SEM analysis.

Key-words: Photochemotherapy. Sterilization. Endodontics. Reactive oxygen



species. Microorganisms. Atmospheric pressure.
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1. INTRODUCAO GERAL

O sucesso da terapia endodbntica esta alicercado na eficaz
descontaminacdo do sistema de canais radiculares, com a reducao
significativa dos micro-organismos e seus subprodutos e a manutencdo dessa
condicdo, por meio da obturacdo e do efeito protetor da restauracao
corondria. Complexidades anatdbmicas, em especial da porcado apical,
resisténcia microbiana e execucdo inadequada do preparo quimico-mecanico
s80 as principais causas para que a infeccdo persista, ndo sé no interior do
canal principal, bem como na intimidade dos tubulos dentinarios e canais
secundarios (SIQUEIRA JR et al., 2007).

A caracterizagdo da microbiota endodontica tem se modificado
gragas aos métodos moleculares, onde se pode detectar microrganismos de
dificil cultivo ou em quantidade insuficiente para deteccdo por cultura
(SIQUEIRA JR et al.,, 2007). Infeccbes endoddnticas, em sua maioria, S&o
mediadas por microrganismos organizados em biofilmes aderidos a
superficies como dentina, cemento radicular e materiais obturadores.

Biofilmes se caracterizam por agregacfes celulares de bactérias
aderidas a uma superficie, embebidas em uma matriz extracelular, produzidas
por esses microrganismos (COSTERTON;STEWART;GREENBERG,1999).
Nos ultimos anos tem sido observado que bactérias organizadas em biofilmes
exibem caracteristicas fisiol6gicas distintas que resultam no aumento da
resisténcia aos agentes antimicrobianos, quando comparadas aos seus
homélogos plancténicos (KOLENBRANDER, 2000). Além disso, outras
caracteristicas sao atribuidas aos microrganismos organizados em biofilmes,
tais como: a formagdo de uma barreira fisica constituida especialmente por
polissacarideos, dificultando a difusdo de agentes antimicrobianos as
camadas celulares mais profundas, crescimento mais lento decorrente das
limitacGes nutricionais no interior dos biofilmes, ativacdo de mecanismos gerais
de resposta ao estresse, e ainda a expressao de fenotipos especificos (MAH e
TOOLE, 2011). Dessa forma, pode-se afirmar que as bactérias no biofilme
chegam a ser 10 a 1.000 vezes mais resistente a erradicagdo quando

comparadas aos seus homologos planctonicos ( FUX et al., 2005).

A capacidade de organizacédo em biofilmes e de adeséo dentinaria é
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considerada um importante fator de viruléncia do Enterococcus faecalis, um
dos micro-organismos mais presentes em casos de infec¢cdes secundérias e
lesbes persistentes, nesses casos havendo a necessidade de reintervencao
endodéntica em uma incidéncia de até 67% (ROCAS et al., 2004). E. faecalis
€ capaz de crescer em ambientes com extremas diferencas de temperatura
(15° - 60°C), pode sobreviver por longos periodos sem nutricdo adicional,
apresenta resisténcia ao corante azul de metileno 0,1% e ao ambiente
alcalino promovido pelo hidroxido de calcio (HUBBLE et al., 2003; SEDLEY
et al., 2005).

Diversos autores constataram a presenca de E. faecalis apds o
preparo quimico-mecanico, independente da técnica utlizada, e que
concentracdes mais altas de hipoclorito de sodio, usado como solucéo
irrigadora durante o preparo quimico-mecanico, foram mais eficientes na
desinfeccdo em profundidade da dentina (WU M. K.. et al., 2003; BERBER et
al., 2006; SIQUEIRA JR. et al., 2007).

Apesar de muitos estudos apontarem para o E. faecalis como o
principal microrganismo responsavel pela manutencdo das periodontites
apicais, fungos também podem estar presentes devido a sua capacidade
de invadir tdbulos dentinarios e sobreviver em ambientes com baixa
guantidade de substrato. Dentre as espécies fungicas mais encontradas, a
Candida albicans é a mais prevalente nos casos de dentes obturados com
lesbes refratérias ao tratamento. Fatores de viruléncia representados pela
capacidade de formacdo de biofilmes também sédo associados a C. albicans,
gue podem apresentar diferentes padroes de crescimento, variando desde
células Unicas as complexas arquiteturas em hifas, migrando para dentro dos
tubulos dentinarios e ramificacbes do sistema de canais radiculares,
resistindo assim aos mecanismos de desinfeccdo da terapia endodontica
(TURNER et al., 2004; LIMA et al., 2015).

Assim, o surgimento de terapias antimicrobianas coadjuvantes a
terapia endoddntica convencional configura uma ferramenta interessante para
a obtencdo de um elevado grau de antissepsia do sistema de canais
radiculares, quando associadas ao preparo quimico-mecanico, sobretudo nos

casos de necessidade de reintervencéo e lesbes refratarias.

O termo Terapia FotodinAmica aparece na literatura médica, pela

primeira vez em 1941, sendo definida como “sensibilizador (corante) no tecido
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alvo e presenca de oxigénio + luz = destruicdo celular por oxigénio singleto”.
Por definicdo, a TFD é uma reacdo entre fotossensitizadores e luz, gerando
um efeito citotoxico, normalmente por reacbes oxidativas, sendo
reconhecidamente eficaz na inativacdo de virus, bactérias resistentes e
leveduras. Nessa terapia, um agente quimico (corante) é ativado pela luz
(sentitizagéo), causando a morte celular, principalmente por apoptose em
células eucaridticas (MACHADO, 2000; ACKROYD et al., 2001; LEE et al.,
2004; KONOPLA; DOSLINSKI, 2007).

Dessa forma, o processo fotoquimico promovido pela TFDA provoca
dois mecanismos: tipo | — transferéncia de elétrons - e tipo Il — transferéncia
de energia. O mecanismo tipo | induz a formacdo de produtos oxidados,
sendo responsavel por 5% da reagdo. Nos outros 95%, ocorrem o0
mecanismo tipo Il, mais desejavel e responsavel pela apoptose da célula
bacteriana, que posteriormente fagocitada, diferentemente da necrose, néo
provoca injuria aos tecidos adjacentes. Um vez que ndo ocorre lise celular,
nao ha extravasamento do conteddo citoplasmético e, consequentemente,
ndo ha lesdo tecidual, tornando a TFDA uma terapia eficaz e segura
(DOUGHERTY et al., 1998; KUBLER et al., 1998; GAD et al., 2004; PASCOAL
et al., 2015).

As espécies reativas de oxigénio, dentre elas o oxigénio singleto,
produzidas nos tecidos apds o processo fotoquimico, sdo altamente
citotéxicas. O oxigénio singleto apresenta papel importante no mecanismo de
apoptose de células nucleadas, uma vez que esse processo, nas células
procariotas, ocorre em sitios ricos em oxigénio como parede -celular,
lisossomos, DNA etc (PASCOAL et al., 2015).

Como a maioria dos microrganismos nao possui agentes
fotossensiveis, a utilizacdo de um agente fotossensitizador que, uma vez em
contato com a célula possa atrair a luz para si, permitindo a formacao de
radicais livres, € de fundamental importancia para a efetividade da TFDA.
Esses compostos devem ser ndo-toxicos, nhao-mutagénicos, nao-
carcinogénicos, capazes de absorver a luz dentro do espectro da fonte
utilizada, soliveis em agua e serem facilmente eliminados pelo organismo.
Dentre os principais grupos utilizados em odontologia estdo os fenotiazinicos,
representados pelo azul de metileno e azul de toluidina, capazes de sofrer

ativacdo por luz vermelha na faixa entre 600 — 660 nm. A natureza
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cationica do azul de toluidina, permite que esse composto possa interagir
tanto com bactérias Gram-positivo como com Gram-negativo, estendendo a
acdo da terapia fotodindmica a um maior numero de microrganismos
(ALLISON et al.,, 2004; DETTY et al., 2004; ZANIN et al., 2005; WOOD et
al.,2006; BOUILLAGUET et al.,, 2008; SOUZA et al., 2008 VAHABI et al.,
2011; NAGATA et al., 2012).

A literatura apresenta trés principais categorias de fontes de luz
utilizadas em TFDA: lasers, diodos emissores de luz (LEDs) e lampadas
halogénicas. Embora tanto lasers como LEDs produzam luzes
monocromaticas, em termos de comprimento de onda, LEDs e lampadas
halogénicas por ndo apresentarem a mesma especificidade dos lasers,
podem ser utilizados com diferentes fotossensitizantes, apresentando o
mesmo potencial de inativacdo (WILSON, PATTERSON, 2008).

Mais recentemente, os efeitos do plasma de baixa temperatura e
pressédo (PBTP) tém sido estudados na endodontia por suas propriedades
antissépticas comparadas aos agentes antibacterianos convencionais. O
plasma é considerado o0 quarto estado da matéria, sendo produzido
submetendo-se um ou mais gases a um campo elétrico. Ao receber energia,
ocorre uma aceleracdo no movimento das moléculas do gés, que passam a
colidir umas com as outras, favorecendo a transferéncia de elétrons,
particulas carregadas positivamente e negativamente, fotons e radicais livres,
tornando o gas ionizado. Todo o processo de producdo do plasma ocorre
sem gerar significantes aumentos de temperatura, podendo ser tocado
livremente com as maos, sem provocar nenhum dano térmico aos tecidos
expostos (KUNHARDT, 2000; MOISAN et al.,, 2001; KOGELSCHATZ, 2002;
KIM et al., 2014)

Em odontologia tém-se estudado os efeitos do PBTP na
modificagdo das propriedades de biomaterias (SILVA et al., 2011; DANTAS et
al., 2012), clareamento dentario (PAN et al., 2010; SUN et al., 2010), adesé&o
dentinaria (COKELILER et al., 2007) e, mais recentemente e especialmente
importante para a endodontia (KIM et al.,, 2014; KOBAN et al.,, 2011;
GOREE et al., 2006), como um potente agente anti-biofiime (KOBAN et al.,
2011; DU et al., 2012), por apresentar propriedades antissépticas contra
diversos microrganismos, incluindo fungos, virus, bactérias, parasitas e
esporos (SLADEK et al., 2003; SLADEK et al., 2004; STOFFELS et al., 2004;
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GOREE et al 2006; KUO et al., 2006; SLADEK et al., 2007; TANG et al.,
2008; DELBEN et al.,, 2014). Seu mecanismo de acdo promove danos a
parede celular bacteriana, ocorrendo a lise celular, possivelmente pela
producdo de radicais livres de oxigénio e nitrogénio (O2, OH, NO), com
elevado potencial de oxidacdo, emissao de radiagéo ultravioleta (UVC e UVB),
sem promover danos por elevacdo de temperatura ou pressdo (LAROUSSE
et al., 1996; MOREAU et al., 2008).

As vantagens do uso da TFDA e do PBTP como auxiliares na
terapia antimicrobiana no combate aos biofilme orais, em relacdo ao uso de
agentes antimicrobianos tradicionais, se da pela rapidez com que ocorre a
morte da célula microbiana, evitando dessa forma a manutencdo de doses
elevadas de agentes antissépticos e antibidticos, tornando o desenvolvimento
de resisténcia bacteriana ou a selecdo de cepas resistentes improvavel
(GURSOY et al., 2013). Além disso sao terapias de efeito confinado a area
da lesdo, no caso especifico da TFDA, o corante ou a luz sozinhos nao
apresentam efeitos significativos e a maior concentracdo de energia produzida
pelo plasma ocorre entre 6 — 7 mm além da ponta do dispositivo de
aplicacao (KIM et al., 2010).

Assim faz-se necessaria a analise do efeito da Terapia
Fotodindmica e do Plasma de Baixa Temperatura e Pressao na viabilidade
celular em biofilmes maduros de E.faecalis e C. albicans, considerados
frequentes em lesBes endodbnticas persistentes, para verificacdo de seu

potencial antimicrobiano em canais endodonticos infectados.
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2. PROPOSICAO:

Essa tese de doutorado € apresentada em quatro capitulos, tendo

como objetivos:

Capitulo 1: Comparar o efeito da Terapia Fotodinamica realizada
com quatro diferentes concentracbes do TBO, em trés diferentes tempos
de exposicdo em culturas planctbnicas de E. faecalis, verificando a
viabilidade celular e o estresse oxidativo pela quantidade de espécies reativas

de oxigénio produzidas.

Capitulo 2: Avaliar a efetividade da Terapia Fotodinamica realizada
com TBO e a fonte de luz vermelha LumaCare® na viabilidade celular, em
biofilmes maduros de E. faecalis e C. albicans, em modelos in vitro em discos

de hidroxiapatita.

Capitulo 3: Avaliar a efetividade do Plasma de Baixa Temperatura
e Pressdo na viabilidade celular em biofilmes maduros de E. faecalis, em
modelos in vitro em discos de hidroxiapatita.

Capitulo 4: Comparar o efeito da Terapia Fotodindmica realizada
com TBO e a fonte de luz vermelha LumaCare® com o Plasma de Baixa
Temperatura e Pressdo na viabilidade celular, em biofilmes maduros de E.

faecalis, em modelos in vitro em dentes humanos extraidos.
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3. Capitulos

Esta tese estd baseada no artigo 46 do regimento Interno do
Programa de Poés-graduacdo em Odontologia da Universidade Federal do
Ceara, que regulamenta o formato alternativo para dissertacbes de Mestrado e
teses de Doutorado, e permite a insercdo de artigos cientificos de autoria ou
co-autoria do candidato. Dessa forma, essa tese €& composta por quatro
capitulos, contendo artigos a serem submetidos para publicagdo em revistas

cientificas, conforme descrito abaixo:

Capitulo 1

“The Use of Dihydrorhodamine 123 for Detecting Reactive Oxygen
Species Associated with Enterococcus faecalis and Photodynamic
Chemotherapy in Different Concentrations of Photosensitizer”. Thereza
Cristina Farias Botelho Dantas, Ménica Sampaio do Vale, Nadia Accioly
Pinto Nogueira, Simone Duarte. Este artigo sera submetido a publicacdo no

periédico “Journal of Endodontics”.

Capitulo 2

“Photodynamic  Antimicrobial Chemotherapy on Enterococcus
faecalis and Candida albicans Biofilms”. Thereza Cristina Farias Botelho
Dantas, Mbnica Sampaio do Vale, Nadia Accioly Pinto Nogueira, Simone
Duarte. Este artigo sera submetido a publicacdo no periédico “Journal of

Endodontics”.

Capitulo 3

“Antimicrobial  Activity of  Tissue-Tolerable Plasma on
Enterococcus faecalis Biofilm”. Thereza Cristina Farias Botelho Dantas,
Ménica Sampaio do Vale, Nadia Accioly Pinto Nogueira, Simone Duarte. Este

artigo serd submetido a publicagdo no periodico “Journal of Endodontics”.

Capitulo 4
“‘Photodynamic Chemotherapy and Tissue Tolerable Plasma: An
Effective Approach Against Enterococcus faecalis Biofilm”. Thereza Cristina
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Farias Botelho Dantas, Monica Sampaio do Vale, Nadia Accioly Pinto
Nogueira, Simone Duarte. Este artigo sera submetido a publicacdo no

periodico “Journal of Dental Research”.
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Abstract

Introduction: Photodynamic antimicrobial chemotherapy (PACT) uses light of a
specific wavelength to activate a nontoxic photoactive dye in the presence of
oxygen, inactivating microorganisms essentially by the formation of highly
reactive oxygen species (ROS). This study aimed to investigate the
antibacterial effects of PACT, testing different concentrations of toluidine blue-
O (TBO) and exposure times, over suspensions of Enterococcus faecalis
planktonic culture, using a fluorescence probe — dihydrorhodamine 123 for
detecting the release of ROS.

Methods: Suspensions of E. faecalis were standardized and submitted to
PACT at different concentrations of TBO (12.5 pg/mL, 25 pg/mL, 50 pg/mL
and 100 pg/mL), and exposed to a non-coherent red light (LumaCare®; 630
nm), in different exposure times (0.5 min, 1 min and 2 min). Positive (2%
chlorhexidine and 2.5% NaOCI), and negative (light alone and TBO at all
concentrations) controls were also included. Antimicrobial efficacy was
assessed comparing the mean number of colony-forming units in each group,
with a linear mixed model (p<0.05). ROS levels were quantified by
Confocal/ COMSTAT analysis of dihydrorhodamine 123 fluorescence.

Results: PACT produced dose-dependent reductions in CFUs relative to
negative controls. No bacteria were counted when the culture was exposed for
at least 30 s to the 100 yg/mL TBO concentration, similar to the positive
control. TBO concentration had a substantial influence on ROS release, as
measured by dihydrorhodamine 123.

Conclusion: PACT, using TBO 100 pg/mL at a short illumination times with
LumaCare® induces ROS formation and eliminates E. faecalis in planktonic
cultures.

Key-words: Photodynamic therapy; fluorescence probes; reactive oxygen
species.
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Introduction

Enterococcus faecalis is a facultative anaerobic Gram-positive
bacterium mostly frequently associated with secondary and persistent
endodontic infections (1,2). Although E. faecalis is a commensal bacterium
that inhabits the gastrointestinal tracts and oral cavity, its resistance to multiple
antibiotics can result in nosocomial infections (3-6). E. faecalis plays a
major role in failure after endodontic treatment and is highly resistant to
various disinfectants used during the endodontic treatment, including
chlorhexidine, sodium hypochlorite and calcium hydroxide dressings,
underscoring the need for better methods of disinfection (7, 8, 9).

Numerous studies have verified that the completely
desbridment and bacterial elimination with any of the conventional
used techniques and combinations cannot be consistently achieved, due to
the complexity of the root canal system (9,10-12). Furthermore, the
establishment of sterilization methods with selective bactericidal properties,
considering antibiotic resistance showed by an increasing number of bacteria,
is highly desired. Thus, the use of PACT arises as a possible alternative in
endodontic therapy (13).

PACT is an antimicrobial strategy that uses a nontoxic
photosensitizer that is selectively absorbed in a target cell, and a harmless
visible light source. Upon photo induced activation of the sensitizer, in the
presence of oxygen, a series of reactions produce free radicals and singlet
oxygen molecules, which can Kkill microorganisms by damaging essential
cellular molecules (14). The photodynamic effect and the extent of cell damage
depends on numerous variables as the photosensitizer, the availability of
oxygen, light parameters and light delivery techniques (15-18). However, while
disclosing and confirming the excellent antibacterial potential of PACT, none
of the studies have consistently examined in which concentration of dye or
exposure times, occurs the higher ROS release, which is the greatest potential
use of this technology.

Fluorescent probes are frequently employed for the detection of
different reactive oxygen species formed during the irradiation of
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photosensitized cells (19). Dihydrorhodamine (DHR) 123 is an uncharged and
nonfluorescent indicator of reactive oxygen species (ROS) that can passively
diffuse across membranes, where it is oxidized to cationic rhodamine 123,
which localizes in the mitochondria and exhibits green fluorescence.

This study determined the antimicrobial effect of all
combinations of four concentrations of toluidine blue-O and 3 exposure
times to a broad-visible light device (LumaCare® LC122) on E. faecalis

suspensions.

Methods
Bacterial Strains and Media

A standard strain of E. faecalis (ATCC 29212) was used for
planktonic suspensions. After confirmation of the strain purity by Gram
staining and colony morphology, cells were grown in 10 mL sterile brain-
heart infusion (BHI) broth (Difco, Detroid, MI), overnight at 37°C and 5% CO2.
The culture in a stationary phase was centrifuged (4500 rpm, 10 min), washed
twice in sterile phosphate-buffered saline (PBS1x), re-suspended in fresh
nutrient broth, and adjusted spectrophotometrically to a cell density of
approximately 3.2 x 107 cfu/mL, an optical density (OD) of 450 nm.

Photosensitizing agent and light sources

A 100 pg/mL toluidine blue-O (TBO, Sigma-Aldrich, St. Luis, MO)
stock solution was made and filtered by employing a sterile 0.22 pm
membrane and stored in the dark before use. The TBO solutions used in the
study were prepared by diluting the stock solution in ultra-pure water.

A single source of a non-coherent light that produces the full
spectrum of a visible light was used (LumaCare® LC122A, Medical Group,
Newport Beach, CA). This device is capable of delivering red light into a fiber-
optic probe (beam diameter = 12 mm), with an irradiance of 3.37 W/cm? and
centered emission at 630 nm, resulting in the uniform illumination of an area 10

mm?.
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Photodynamic Antimicrobial Chemotherapy

In order to determinate the optimal photosensitizer (TBO)
concentration for killing planktonic bacteria, PACT tests were conducted as
10-fold replicates. Fresh cell suspensions of E. faecalis in nutrient both were
prepared as described above. Aliquots (100 uL) of the bacterial suspensions
(approximately 3.2 x 107 cfu/mL) were used. Equal volumes of TBO were
added, resulting in final concentrations of 12.5 ug/mL, 25 ug/mL, 50 ug/mL
and 100 pg/mL. The samples were divided into 12 experimental groups,
regarding differences in TBO/concentration and irradiation time used. Three
replicates were performed. After 5 min in the dark (pre-irradiation time), the
samples were exposed to a red light for three different times, corresponding
to the delivery of 59 Jcm2 (30s), 118 Jcm2 (1min) and 237 Jcm™ (2 min) of
total energy. The distance between the light and the sample was 2 mm.

The following negatives and positives controls were used for
the experiment: (NCG 1) E. faecalis incubated with ultra-pure water, with no
TBO and exposed to 2 min irradiation, (NCG 2 — NCG 5) E. faecalis incubated
with TBO at four different concentrations, but no irradiation, (PCG 1) 2%
chlorhexidine and (PCG 2) 2.5% sodium hypochlorite. All parameters
investigated for each experimental group are shown in table 1.

For each group, a ten-fold serial dilution was carried out and plated
aerobically at 37°C for 48 hs. The total of the bacterial colony forming
units (cfu) by mL was obtained and transformed to logarithm (logw). The
treatment response was evaluated by the number of cfu recovered after light

exposure.

ROS measurements by Dihydrorhodamine 123 (DHR)

Accumulations of ROS were analyzed using DHR 123 fluorescent probe,
using different concentrations of TBO, at 2 min of illumination time. Three
controls groups were also investigated to determine the individual fluorescence

of only TBO 100ug/ml, only light (237 Jcm /2 min) and water with no light.
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Tests were carried out adding 500 upL of 15 uM concentration of DHR
(Invitrogen/Molecular Probes, Eugene, Oregon) to 10 mL of inoculum, 30
minutes before PACT treatments, and incubating in the dark at 37°C, 5% CO2.
After PACT, aliquots of 200 pL of each sample were transferred to a separate
well of a 300 pL flat-botton 96-well microplate (PS, F-botton - Greiner bio
one, Germany). The fluorescence signal was monitored using a microplate
fluorescence reader (SpectraMax M5 — Molecular Devices), with excitation at
515 nm and emission at 529 nm. The fluorescence intensity at the emission
optimum was recorded. The experiment was repeated at least in three
different days. Results are summarized in table 2.

Confocal Laser Scanning Microscopy/COMSTAT

Aliquots of 5 pL of each treated suspensions were transferred to a slide, and
fluorescent pictures were captured in the stereoscopic microscope Nikon
SMZ1500 (Nikon Corporation, Japan), at 1.6X lens and 5.0 X zoom, using
the microscope imaging software NIS-Elements Br (Nikon Corporation,
Japan). The areas of observations were randomly chosen (5 views per
sample). All the images were then analyzed and quantified by the software
COMSTAT (20,21), considering the percentage of coverage by green
fluorescence on each image captured by CLSM (figure 2). Two replicates were

performed by each group exposed to 2 min of irradiation.

Parameters

TBO TBO TBO TBO
59 Jcm2 (30s) 12.5pug/ml 25ug/ml 50ug/ml 100 pg/ml
118 Jcm2 (1min) 12.5pg/ml 25ug/ml 50ug/ml 100 pg/ml
237 Jcm2 (2 min) water 12.5pg/ml 25ug/ml 50ug/ml 100 pg/ml
Absence of light (2min) 12.5pug/ml 25ug/ml 50ug/ml 100 pg/ml 2% 2.5% Sodium

Chlorhexidine Hypochlorite

Table 1: Distribution of the experimental groups, negative and positive control groups.
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Parameters Mean Value

TBO 100 pg/ml + L 20.029 21.597 23.027 26.155 22.773 22.196 22.630 (SD 1.854)
TBO 50 pg/ml + L 20.684 22.847 23.211 21.987 22.661 21.830 22.203 (SD 0.830)
TBO 25 pg/ml + L 15.479 17.850 16.440 18.914 18.397 20.209 17.882 (SD 1.559)
TBO 12.5 ug/ml + L 12.217 13.262 15.581 13.360 12.292 21.090 14.634 (SD 3.093)
TBO 100 pg/ml - L 9.433 10.212 10.250 10.277 7.745 9.821 9.623 (SD 0.891)
237 Jcm2 (2 min) + Water 8.172 9.301 10.538 9.624 8.973 12.672 9.880 (SD 1.435)
Water - L 8.610 8.826 8.908 8.727 8.916 9.436 8.904 (SD 0.260)

Table 2: Fluorogenic interactions between experimental PACT groups, incubated with DHR 123 (15uM), at four different concentrations of
TBO and control groups, indicating the amount of ROS released after photo activation. The numbers represent the fluorescent emission
intensity on excitation at 515 nm, during 2 min of illumination time in six replication determinations.

Statistical analysis

Counts of colony forming unit were logarithm transformed (base-10)
prior to analysis. Treatment groups were then compared by evaluating
whether the mean for one group fell within the 95% confidence bounds of any
other group. These limits were computed on the basis of the pooled variance
estimate from a linear mixed model with fixed factors of group and random
factors of sample, and replications within a sample (IBM SPSS; version 22;
IBM Corp, Armonk, NY). These models excluded data from groups showing
no bacteria (TBO 100 pg/m and the positive controls), which were constants,
in order to satisfy the model assumption of homogeneous variances.
Comparisons with the excluded groups were then achieved by evaluating
whether the 95% confidence limits of each other experimental group included

Zero.
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Error bars: 85% confidence limits
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Figure 1. Treatments effects using TBO at 12,5 pg/mL, 25 pg/mL, 50 pg/mL and 100
ug/mL, in three different exposure times, compared with negative and positive controls, on
the viability of E. faecalis suspensions (Log cfu) after PACT. The letters a, b, ¢, and d show
statistically significant differences.

Results

Effectiveness of PACT disinfection

Figure 1 shows mean counts (after logl0 transformation) of
approximately 107 cfu mL* in negative controls groups. PACT groups treated
with increasing levels of TBO and/or increasing illumination times showed
dose-related reductions in bacterial counts. Bacterial counts decreased from
10° cfu mL* to less than 10 cfu mL* as the TBO dose increased from 12.5 to

100 pug/ml. No bacteria were seen in the positive control groups.
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Figure 2. : Effect of PACT on E. faecalis suspensions. CLSM Photographs of ROS stain after 2
min of red light exposure. Bright green color is fluorescence intensity of ROS stain. ROS stain is
extremely strong as the TBO concentration is increased. The values represent mean of %
covered by stained cells of 10 points after light exposure, analyzed by COMSTAT.
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The red light exposure induces ROS generation inside cells - relative levels

of ROS determined by a fluorescent dye, dihydrorhodamine 123.

One mechanism by which PACT/TBO may reduce the count of cfu

mL?t in E. faecalis suspensions is through production of ROS. Fluorescence

microscopy images were analyzed as an indicator of ROS production in the

medium during PACT. Upon light activation, Figure 2 shows, as expected, little

or no fluorescence in the control groups. Compared with the control group,

the images demonstrate a dose dependent increase in fluorescence as the

concentration of TBO increased. Cells treated with chlorhexidine for 2 minutes

showed the highest level of fluorescence.
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Discussion

PACT is a process that produces singlet oxygen and other ROS
through a variety of photochemical mechanisms, resulting in cell death, and
it has been presented as a potential antimicrobial therapy (22). Although it is
known that photosensitizer accumulates in the target tissues and causes
oxidative damage to the bacterial cell when exposed to light of a specific
wavelength, the ideal photosensitizer, and its ideal concentration and
exposure time remain controversial.

Numerous studies reported different photosensitizer concentrations
and irradiation times, focusing on the antibacterial effect of PACT on
endodontic pathogens. Schlafer et al. (23) demonstrated that photo activated
disinfection using laser 628nm of wavelength, in 30s of irradiation time with
TBO 100 pg/ml strongly reduce the number of endodontic pathogens in
planktonic suspensions, including E. faecalis. Bago et al. (24) reported a
significant reduction in the E. faecalis population in root canals infected, using
PACT with TBO 155 pg/ml, in a irradiation time of 1min. Vaziri et al. (25) also
investigated the bactericidal efficacy of PACT against E. faecalis, using TBO
15 pg/ml, during 30 s with a diode laser 625 nm of wavelength. The results
showed a significant reduction in cfu count in groups which the PACT was
used alone in root canals contaminated. The discrepancy of all those
studies can be related to the differences in pattern of photosensitizer
concentration, light source and exposure time used. This discrepancy
corroborating the idea that metabolites produced during PACT, such as ROS,
requires ideal photosensitizer concentration and a specific exposure time to
produce the same effect on the cells.

The results presented here demonstrated the potential of PACT,
using TBO, as an antibacterial therapy, and a positive correlation between the
concentration of TBO, the reduction in cfu count after PACT and ROS
release. This effect was increased after more prolonged irradiation time,
indicating that ROS produced in the medium after PACT, using TBO, promote
more effective damage in the cells in a time and dose-dependent manner. We
suggest that the specific metabolites produced by PACT, using TBO in an
increasing rate of concentration and exposure time, can induce harmful effect

on cells, which lead to cellular injury. The maximum concentration used in
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this study achieved high bacterial reduced in all exposure times, and orto-
toluidine blue at 100 ug/mL has maximum efficacy on E. faecalis suspensions in
a short exposure time. The associations observed between increasing
concentrations of TBO, increased ROS production and reduced
bacterial load suggests that PACT acts through a photokiling mechanism.

Different photochemical mechanisms involved in PACT have been
studied for many authors, as the bacteria cells are particularly sensitive to
membrane damage from ROS generated in solution (26-28). This means that
the intracellular uptake of photosensitizer is not as strictly necessary to Kill
bacteria as previously thought. The ROS generated outside the cell may be
able to cause lethal damage to the cell membrane by diffusion (28). It has been
demonstrated that ROS can also promote damage to DNA and proteins,
leading to cell death (29). In PACT, the light interaction with the
photosensitizer drug increases its energy state, which, in the presence of
molecular oxygen, forms reactive oxygen species, primarily singlet oxygen,
which can react with regions of many biomolecules, producing an increase in
the oxidized species (30,31,32). These ROS can diffuse to a distance of
approximately 100 nm with a half-life < 0,04 microseconds (15).

The positive correlation observed between ROS production, showed
by employing a fluorescence probe, and the concentration of TBO and the
reduction of bacterial load after PACT, indicates that the mechanisms by
which PACT acts, as a photokiling therapy, involve both ROS production and
the direct contact of cells membranes with the selectively photosensitizer,

in the presence of low-intensity light source.

Conclusion

Under the conditions of this study, TBO 100 pg/ml, in all illumination
times used, showed the best results as a photokilling bactericidal agent and
ROS producer. Additional investigations, including biofilms, in situ and in
vivo studies, are needed to further strengthen the currently level of evidence of

this study.
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Abstract

Introduction: Photodynamic antimicrobial chemotherapy (PACT) uses a
resonant source of light to activate a nontoxic photosensitizer being able to
form highly reactive oxygen species, that are harmful to microorganisms. This
study aimed to investigate the antimicrobial effect of PACT on Enterococcus
faecalis and Candida albicans biofilms.

Methodology: Enterococcus faecalis and Candida albicans biofiims were
formed on saliva-coated-hydroxyapatite discs and treated with PACT
(LumaCare®; 630 nm; 2 mm distance). The light irradiation time periods were
1, 2 and 5 minutes. Control groups were 2.5% NaOC| (positive),
photosensitizer without light irradiation, ultra-pure water, and light irradiation
without photosensitizer (negatives). The antimicrobial effect of PACT was
determined on the basis of the number of colony-forming-units per milligram of
biofilm dry weight in addition to visualization by confocal laser and scanning
electron microscopies (CLSM/SEM). The CLSM images were quantified by
COMSTAT.

Results: Relative to the negative controls, PACT reduced E. faecalis and
Candida albicans biofiims in a dose-dependent manner. Treatment for 5
minutes had higher antimicrobial efficacy and was able to kill Candida albicans
biofilms cells completely (p<0.05). The SEM analysis visually showed a
change of the structure of the biofilm after PACT treatment for both biofilms.
Confocal laser microscopic images and COMSTAT analysis indicated that
PACT treatment induced death and destruction in all different layers of biofiims
studied, in 5 minutes exposure groups.

Conclusion: PACT with toluidine blue-O exhibited remarkable lethal effects on

this E. faecalis and C. albicans biofilms in vitro model.

Key-words: Enterococcus faecalis, fungal infection, photodynamic therapy.
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Introduction

Enterococcus faecalis and Candida albicans are microorganisms
capable of resisting to endodontic disinfection procedures, being associated with
secondary or persistent endodontic infection (1, 2). Their ability to adhere,
colonize and form biofilms on the surface of dentin, cementum and substrates
such as gutta-percha or endodontic sealers has been demonstrated in several
studies (3-6). Considering that biofilms characteristically exhibit increased
resistance to a wide range of a antimicrobial agents (7, 1), develop a
sterilization method that cause damage to biofilm in different depths is highly
desired.

In recent years photodynamic chemotherapy (PACT) has been
used to target microorganisms in bacterial, fungal and viral infections, based
on the concept that a nontoxic photosensitizer (PS) agents, activated by a
light source of an appropriate wavelength, in the presence of oxygen, induces
cell death due the production of singlet oxygen, hydroxyl radicals and others
reactive oxygen species (ROS). These radicals are cytotoxic to cells of the
target tissue by damaging so important components such as plasma membrane
and DNA (8-11). As the PS are used topically and these reactions occur in a
limited space, this modality seems to be effective against localized infections
with considerably low systemic adverse reactions (9,12).

Considering the increase in the occurrence of resistance of
Candida ssp. to conventional antifungals in the last decades (13, 14), in
addition to the increasing ability of the E. faecalis to withstand endodontics
procedures, as a alkaline environment tolerable species (15), the searching
for more effective treatment options seems absolutely necessary. In
Endodontics, PACT has shown to be effective (16), being a remarkable tool to
obtain better antisepsis in endodontic treatment (17, 18).

The aim of this study was therefore use PACT disinfection
method against an in vitro biofilm model, that closely mimics the in vivo biofilm,
to assay the eradication of E. faecalis and C. albicans biofilms, focusing on

the anti-biofilm property.
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Methods

E. faecalis culture and biofilm (ATCC 29212):

The inoculum was obtained from single colonies isolated on agar
plates, inoculated in brain-heart infusion broth (BHI) and incubated overnight
at 37°C, under microaerophilic conditions (5% CO2). Cell density was set at
3.2 X 107 colony forming units by milliliter (cfu mL?) for the stock solution.
Biofilms of E. faecalis were formed on saliva-coated hydroxyapatite discs (C-
HA) (0.635 cm?) placed into 24-well culture plates with 2 mL of sterile BHI
broth, containing 3.2 X 10 CFU mL™, at 37° C in 5% COz for 15 days (19).
Stimulated saliva from a health volunteer who did not use any antibiotic for 6
months before the start of the experiments was used for the adhesion studies.
To prevent nutrient deficiency, the BHI broth was completely replaced every
24 hours.

C. albicans culture and biofilm (ATCC14053):

Strains were grown overnight at 37°C in yeast nitrogen base
medium supplemented with dextrose. The culture was adjusted to a
concentration of approximately 1.0 x 107 cells ml? in RPMI 1640 medium
buffered to pH 7.0 with 3-(N-morpholino)-propanesulfonic acid (MOPS;
Sigma-Aldrich, St. Luis, MO ).

Biofilms of C. albicans were formed on C-HA as described above.
1 mL of cell suspension was transferred to each well of a 24-well culture
plates containing 1 mL of sterle RPMI medium, and the samples were
incubated for 90 min at 37°C in a 3-D rotator (Lab Line — Thermo scientific,
USA). Following, unattached microorganisms were removed by washing the
discs with 1 X PBS. 2 mL of fresh RPMI medium was added into the wells
in order to completely cover the discs, and then incubated at 37°C for 72 h to
allow the biofilm to grow and maturate. Fresh medium was changed every 24
hours (20).
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Photosensitizing agent and light sources

Toluidine blue-O (TBO) at 100 ug/mL in ultrapure water (Sigma-
Aldrich, St. Luis, MO) was used as a PS in this study. The solution was filtered
in 0.22 ym PES membrane and immediately used.

A non-coherent light that produces the full spectrum of a visible
red light was used as the irradiation source (LumaCare® LC122A, Medical
Group, Newport Beach, CA) with 630 nm wavelength, spot size113.1 mm?and
output power of 95.5 mW cm™.

Exposure of the biofilms to red light

After biofilms formation, four samples of C-HA discs containing
each biofilm studied, were submitted to PACT and control groups according
to the experimental conditions of each group. After 5 min in the dark (pre-
irradiation time), the samples were exposed to red light. The distance from
the tip of the fiber to the biofilms surface was 2 mm, the irradiation time periods
were set at 1, 2 and 5 minutes and power density of 118.9 Jcm™, 237.8 Jcm™
and 594.5 Jcm, respectively.

To determine whether photosensitizer alone induced any toxic
effects on microorganisms viability, the biofilm samples were exposed to PS,
under identical conditions, but not exposed to light. Biofilms were also exposed
to irradiation of red light, with no previous exposure to PS. Samples with no
exposure to either PS or red light (ultra-pure water groups) were also used as a
negative control group. All control groups were treated for 5 minutes.

Microbiological analysis

At the end of the experimental period, the biofilms were gently
rinsed in phosphate buffered saline. The opposite surface of the disc, with
adherent biofilm that was not irradiated by the light, was removed with a
sterile cotton swab. The same procedure was performed in control groups.

At the end of the experimental period, the discs were placed in 5
mL of sterile saline solution and subject to a ultrasound bath (Ultrasonic
Cleaner, FS140, Fisher Scientific, Pittsburgh, PA, USA) for 10 minutes. Three
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intervals of 15-s sonication pulses were used to homogenize the removed
biofilms (Fisher Scientific, Sonic Dismembrator model 100; USA). The
homogenized suspension was used for bacterial viability (cfu mg? of biofilm
dry weight) (21).

A ten-fold serial dilution was carried out and 50 yL was placed onto
blood agar. The plates were incubated at 37°C in 5% CO, for 48 h, and then
the number of CFU mg-1 of biofilm dry weight were obtained. The experiment

was repeated at least in three different days.

Dry weight

For the dry weight determination, three volumes of cold ethanol
(-20°C) were added to 1 mL biofilm suspension, and the resulting precipitate
was centrifuged (10,000 g for 10 min at 4°C). The supernatant was discarded,
and the pellet was washed with cold ethanol, and then lyophilized and weighed
(21, 28).

Confocal Laser Scanning Microscopy/COMSTAT

The presence of dead and live bacteria on the biofilm surface was
visualized by confocal laser scanning microscope and analyzed by
COMSTAT. Two biofilm samples of each group were stained with
Live/Dead Baclight Bacterial Viability kit (Molecular probes. Invitrogen,
Eugene, Oregon. USA) in accordance with the manufacturer

Each sample was processed and analyzed individually and 5
images of each biofilm were taken from randomly chosen areas in each
disc. All the samples were examined under a CLSM (Leica Lasertechnik
GmbH, Heidelberg, Germany), with a HCX APOL U-V-1 40X/0.8-numerical-
aperture water immersion objective. The stained samples were incubated at
room temperature in the dark for 30 min and examined under CLSM. The
bacterial biomass (um3/um?) were quantified by COMSTAT (22, 23).

Biofilm Verification by Scanning Electron Microscopy (SEM)
The biofilm morphology changes were observed by SEM after the

treatment with PACT and visually compared with the controls groups. Two

specimens of each group were immersed in a fixative solution 4%
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paraformaldehyde at room temperature for 1 hour. The specimens were then
submitted to increasing concentrations of ethanol for serial dehydration
(ethanol 70%, 85% and 100%). The dehydrated specimens were dried using a
desiccator, overnight, sputter-coated with gold-palladium, mounted on a stub
and examined by SEM (Hitachi S3500N Variable Pressure Scanning Electron
Microscopy, Boston, MA, USA) at 1500x or 4000x magnifications at 6-12Kv .

Statistical analysis

Colony forming units and dry weight were logarithmic transformed
(base-10) prior to analysis. Treatment groups were compared, for each
biofilm, by evaluating whether one mean fell within the 95% confidence
intervals of any other mean. These limits were computed on the basis of the
pooled variance estimate from a linear mixed model with fixed factors of group
and random factors of subject and replications within a subject (IBM SPSS;
version 22; IBM Corp, Armonk, NY). These models excluded data from the
positive control, which was a constant, in order to satisfy the model
assumption of homogeneous variances. Comparisons with the positive control
were then achieved by evaluating whether the 95% confidence limits of each

other experimental group included zero.

Results

Figure 01 shows the number of CFUs and dry weight (CFU mg™)
determined for each microorganisms on each treatments and controls. The
results revealed that there was a tendency for a dose-dependent response for
E. faecalis and C. albicans biofilms, compared to control groups, showing the
highest results in 5 minutes of irradiation. In comparison of two biofilms
investigated, 5 minutes of exposure to a non-coherent red light were able to
disrupt nearly completely C. albicans biofilm statistically indistinguishable from

the positive control group (p<0.05).
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Figure 01: CFU count and dry weight in E. faecalis and C. albicans biofilms. CFU count and dry weight after
PACT treatment for 1, 2 and 5 minutes compared with 2.5% sodium hypochlorite (positive control), ultrapure water, light
without TBO and TBO without irradiation (negative controls). Data represent the mean values and error bars represent
standard deviation. Values marked with different letters are significantly different from each other (p<0,05). (A) represent
values for E. faecalis and (B) for C. albicans biofilms.

SEM

Scanning electron microscopy images showed highly thick and
organized E. faecalis biofilm structure. However, after 5 minutes of PACT, the
biofilm 3-dimensional architecture and morphology were destroyed (Fig. 02). C.
albicans biofilm colonization with filamentous hyphae were observed on
negative control groups. PACT were able to disrupt the architectural structure of
the yeasts cells, showing the shrunken, rough and fractured appearance (Fig.
03). There was a visual difference between red light group and the control

groups.
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Figure 02: Scanning electron micrographs of C-HA discs colonized with E. faecalis biofilm at magnification of 4000x.
Comparative analysis of each group, in three different exposure times of PACT, showing the morphological structure of the
biofilm severely modified. Confocal Scanning Laser Microscopy images obtained from the mid-area of C-HA disc showing
overlap of live (L) and dead (D) cells. The average of total bacterial biomass calculated by COMSTAT in all of 5 points are
described.

PACT%mm% PACT%mm% PACT %mln% Nega%ve Control'
>4

(L) 1.06 /e () 5.36 B/ (2 (L) 8.89 B/ 2 (L) 1.72 prB/ e
(D 047 s/ 2 (D 9:62 w2 (D 20.24 /2 (D 0.13 B/ 2

Figure 3: Scanning electron micrographs of C-HA discs colonized with C. albicans biofilm at magnification of 1,500x.
Comparative analysis of each group, in three different exposure times of PACT, showing the morphological structure of the
biofilm severely modified. Confocal Scanning Laser Microscopy images obtained from the mid-area of C-HA disc showing the
overlap of live (L) and dead (D) cells. The average of total fungus biomass calculated by COMSTAT in all of 5 points are
described.
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Confocal Lasers Scanning Microscopy/COMSTAT

There is a clear inversion of the proportion of live (blue line) and
dead cells (red line) within the biofilms when compared to the treatment and
control groups. However, the results presented by C. albicans biofilm, indicates
that prolonged PACT exposure were able to remarkable increase the
presence of dead cells in the deeper and outer layer of the biofilm (Fig.
04). The total biomass calculated by COMSTAT analysis confirm that PACT with
red light is effective as an anti-biofilm therapy (Fig. 03).
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Figure 04. Representative images of the E. faecalis and C. albicans biofilms viability after different exposure times of
PACT rendered images of the outer layers of biofilm. Graphics show the area occupied (%) by green (live cells) and red
(dead cells), from the substratum surface to the top layer of the biofilm analyzed by COMSTAT .
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Discussion

The current study evaluated the anti-biofilm properties of PACT in
eradication of E. faecalis and C. albicans, using biofilms grown on saliva-coated
HA discs. Results have supported the promising and surpass effect of
photokilling activity in a dose-dependent manner effect, in terms of final
colony-forming unit per milligram of biofilm dry weight and important cell
viability and morphological modifications observed under CLSM and SEM.

There are many variables to be taken into account when
developing a reliable and safe PACT protocol. One of the most controversial
factors is the photosensitizer concentration. For photodynamic disinfection,
TBO has been tested at concentrations ranging from 10 pg/mL to 100
pg/mL (24-26), showing different results related to the use of planktonic or
biofilm form of growth bacteria. In this study, TBO was used at a
concentration of 100 pg/mL as photosensitizer, since its efficacy has been
determinate in our preliminaries studies (data not shown), showing
antibacterial and antifungal effects at this concentration (27, 28).

In the present study, a significant CFU count reduction was
observed after 5 min of irradiation for E. faecalis groups treated by PACT. Light
illumination alone did not produce bacterial reduction (p<0.05), which indicates
there is no significant harmful thermal effects. This results corroborate with
previous reports that achieved good outcomes when PACT was tested over
E. faecalis biofilm (16, 29). Bergmans et al. (24), showed a significant
reduction in CFU counts of E. faecalis (88.4%), using TBO at 12.7 pg/mL
irradiated by diode laser for 2.5 minutes. In contrast, Souza et al. (30), using
similar combination of TBO at 15 ug/mL, irradiated by diode laser for 4
minutes, found results with no statistical significance in terms of reduction of
the E. faecalis load.

Although eukaryotic species, such as C. albicans, are less
susceptible to killing with PACT than prokaryotic bacteria (6), mean values
of C. albicans CFU mg™ of biofilm dry weight, showed in our results, confirm
the known fungicidal activity of PACT (31, 32). After 5 min of irradiation there
was no cell growth at all, similarly to the effect 2.5% sodium hypochlorite long
used as “gold standard” endodontic irrigant solution. While was more effective
than PACT in eliminating E. faecalis biofilm, 2.5% sodium hypochlorite and

PACT were similarly effective in eliminating C. albicans biofilm without the
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disadvantage of cytotoxic effects to cells of periapical region caused by
accidentally leakage. Furthermore, it is reasonable to agree with previous
studies that have shown the relationship between ROS production in PACT
and the changes in the expression of virulence determinants of yeasts (6, 33,
34), contributing to antimicrobial activity by damaging lipids, DNA, and proteins
of microbial cells (35). Plasma membrane is another site of cellular damage
that has been demonstrated in yeasts following PACT (36).

The images of confocal laser scanning microscopy exhibited a
large amount of death cells compared with controls groups, reaching the
entire thickness of biofilms. Similar analyze by scanning electronic microscopy
images also showed an intense modification on biofilm morphological
structure. This results suggest either effects on cells viability and
disorganization and desegregation of the microorganisms in the biofilm (28).

In conclusion, our findings suggest the use of this in vitro biofilm
model, that closely mimics the in vivo biofilm, provides an excellent test of
the potential of PACT in achieving biofilm inactivation against keystone
pathogens present in persistent endodontic infection. However this therapy
presents different challenges regarding its susceptibility to different
microorganisms, there is no doubt that further refinement and enhancement
of PACT procedure might be necessary to extrapolations these results to

clinical approaches.
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Abstract

Introduction: Plasma-based dental applications have attracted much attention
in antimicrobial disinfection procedures due to ability to operate at room
temperature and to generate high concentrations of highly reactive free
radicals. This study investigated the antimicrobial activity of tissue-tolerable-
plasma (TTP) against 2-week Enterococcus faecalis biofilm.

Methods: Saliva-coated-hydroxyapatite-discs with 2-week E. faecalis (ATCC
29212) biofilms were treated with TTP and divided to undergo (1-3) TTP
treatment for 3 different exposure times (1, 2 and 5 min), (4) 2.5% NaOCI for 5
min (positive control group), (5) argon gas alone and (6) buffered-saline-
solution for 5 min (negative control groups). Biofilms were processed and the
number of colony forming units (cfu/mL) was recorded. Three independent
replicates were performed. The antimicrobial efficacy was assessed by CFU
method, dry weight determination, in addition to visualization by confocal laser
and scanning electron microscopies (CLSM/SEM). The CLSM images were
guantified by COMSTAT.

Results: TTP produced dose-depedent reduction in
CFUs relative to negative controls. Treatment for 5 minutes had higher
antimicrobial efficacy than TTP 1 or 2 min (p<0.05). The SEM analysis showed
morphology changes of the E. faecalis biofilm by plasma. CLSM images
indicated that TTP treatment induced a destruction in deep layers of E. faecalis
biofilm. COMSTAT analysis showed the prevalence of dead cells, in 5 min
exposure group, in all different layers of biofilm studied.

Conclusion: Although the current results are limited to an in vitro model, TTP

had a high efficacy in disinfecting the E. faecalis biofilm.

Key-words: Enterococcus faecalis biofilms, cold plasma, disinfection.
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Introduction

Microorganisms and their products are etiologic factors of pulp and
periapical disease. Although the occurrence of Enterococcus faecalis in
primary endodontic infections is low, they become important species amongst
the microbial survivors of root canal treatment (1). The ability to form a
biofilm is an important factor contributing to the persistence of E. faecalis at
the root canal, following optimal endodontic treatment, considering the
bioflms are orders of magnitude more resistant to phagocytosis,
antimicrobials and antibodies than planktonic bacteria, making biofilms
extremely difficult to eradicate from living host tissues (2, 3).

The presence of a biofilm is related to the majority of the infections
(4). Biofilm can form on virtually any type of surface, although hydroxyapatite
and bovine dentin are more commonly used for analyses of oral biofilm
characteristics (5-9). The ability of microorganism to establish and form a
biofilm on a specific surface depends on their capacity of attachment to a
substratum, microcolony formation and build up of the biofilm, in addition to the
nature of surface and environmental conditions (4). Furthermore, learning about
how the architecture of the biofilm can interfere with its resistance is also
important in order to propose an effective method to eradicate it.

Plasma is an electrical discharge produced by subjecting one or
more gases to electrical field, either as constant or alternating amplitude (10).
The ability to reach gas phase without the need to elevate the temperature
allows the use of tissue tolerable plasma (TTP) for the treatment of
temperature sensitive materials, including biological matter such as cells and
tissues, without causing any thermal damage to the host (11, 12). Among the
potential active plasma agents, it is widely accepted that chemically reactive
oxygen and nitrogen species (RONS) such as O, Oz, NO e NO2, play a
crucial role in the biofilm inactivation process (13). According to all these
characteristics, recently plasma-based dental application has attracted much
attention as an effective emerging anti-biofilm agent (14, 15).

The aim of this study was therefore, to use a promising disinfection
method to treat a new in vitro biofilm model, targeting the eradication of
E. faecalis mature biofilm, focusing on the anti-biofilm property of tissue

tolerable plasma.
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Methods

Inoculum and Biofilm Model

E. faecalis (ATCC 29212) was obtained from singles colonies
isolated on agar plates, inoculated in brain-heart infusion broth (BHI) and
incubated overnight at 37° C and 5% CO,. Saliva-coated discs were prepared
after 1 hour incubation, in a 3-D rotator (Lab Line — Thermo scientific, USA), at
37°C in 24-well culture plates, containing 2 mL of a sterile clarified human
whole saliva diluted in adsorption buffer (50 mM KCI, 1.0 mM KPQO,, 1.0 MM
CaCl, 1.0 mM MgCl, — pH=6.5-1:1), containing 1mM phenylmethylsulphonyl
fluoride (PMSF- 1:1000) (25). The solution was clarified by centrifugation at
8,500 rpm for 10 min at 4°C, filtered with a 0.22 um pore size filter (Stericup,
Millipore, USA).

Biofilms of E. faecalis were formed on saliva-coated hydroxyapatite
discs (C-HA) (0.635 cm?) placed into 24-well culture plates with 2 mL of
sterile BHI broth, containing 3.2 X 107 CFU mL™?, at 37° C in 5% COz2 for 15
days (16). To prevent nutrient deficiency, the BHI broth was completely

replaced every 24 hours.

Plasma System

The experiments were conducted using a TTP sterilization
apparatus, developed by the Leibniz Institute for Plasma Science and
Technology (Neoplas Tools — Kinpen, Greifswald, Germany). The device
consists of a hand-held unit (length = 170 mm, diameter = 20 mm, weight =
170 g), a gas flow system, pulse generator and a plasma exposure stage. The
main features are as follow: compressed gas: argon, gas flow: 5 L/min, inlet
pressure: 1.5 bar, power input: 8 W at 220 V, 50/60 Hz. The plasma is
generated from the top of the electrode and expands to the surrounding air
outside the nozzle.

The distance between the jet nozzle and the biofilm surface was
approximately 3 mm, and the temperature was measured with a thermometer
for 5 min and resulted in 31.56 £ 0.48°C (Fig. 2).
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Sterilization Test

The C-HA discs were randomly divided into 6 groups of 4 discs.
The discs in group 1 (negative control group) were immersed in phosphate-
buffered saline (PBS 1x) for 5 minutes. The groups 2-4 were treated by TTP
for 1, 2 and 5 minutes, respectively. The discs in group 5 (positive control
group) were treated for 5 minutes with 2.5% sodium hypochlorite. The C-HA
discs (groups 2-4) were similarly scanned by the plasma tip, with a
frequency of approximately 30 movements per minute, performed by the
same operator, in order to treat the entire surface of the disc. After the
treatment, the C-HA discs were gently rinsed in phosphate buffered saline.
The opposite surface, with adherent biofilm that was not touched by the
plasma, was cleaned with a sterile cotton swab. The same procedure was
performed with the discs in the control groups.

At the end of the experimental period, the discs were placed in 5
mL of sterile saline solution and subject to a ultrasound bath (Ultrasonic
Cleaner, FS140, Fisher Scientific, Pittsburgh, PA, USA) for 10 minutes. Three
intervals of 15-s sonication pulses were used to homogenize the removed
biofilms (Fisher Scientific, Sonic Dismembrator model 100; USA). The
homogenized suspension was used for bacterial viability (cfu mg? of biofilm
dry weight) (17).

A ten-fold serial dilution was carried out and 50 yL was placed onto
blood agar. The plates were incubated at 37°C in 5% CO, for 48 h, and then
the number of CFU mg-1 of biofilm dry weight were obtained. Each assay was

carry out in triplicate.

Effect of Blowing and Heating on Cell Reduction — Negative control (group 6)

In order to distinguish the TTP effect from the possible gas blowing
effect and heating, the survival rates of the E. faecalis biofiim were also
assessed by using the same argon flow rate, in a exposure time of 5 min, but
with the plasma switched off. The CFU assay follows the same protocol

described previously (18).
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Dry weight

For the dry weight determination, three volumes of cold ethanol
(-20°C) were added to 1 mL of biofilm suspension, and the resulting precipitate
was centrifuged (10,000 g for 10 min at 4° C). The supernatant was discarded,
and the pellet was washed with cold ethanol, and then lyophilized and weighed
7).

Biofilm analysis by Confocal Laser Scanning Microscopy/COMSTAT

The presence of dead and live bacteria on the biofilm surface was
visualized by confocal laser scanning microscope and analyzed by
COMSTAT. Two biofilm samples of each group were stained with
Live/Dead Baclight Bacterial Viability kit (Molecular probes. Invitrogen,
Eugene, Oregon. USA) in accordance with the manufacturer

Each sample was processed and analyzed individually and 5
images of each biofilm were taken from randomly chosen areas in each
biofilm. All the samples were examined under a CLSM (Leica Lasertechnik
GmbH, Heidelberg, Germany), with a HCX APOL U-V-l1 40X/0.8-numerical-
aperture water immersion objective. The stained samples were incubated at
room temperature in the dark for 30 min and examined under CLSM. The
bacterial biomass (um®/um?) were quantified by COMSTAT (19,20).

Biofilm Visualization by Scanning Electron Microscopy (SEM)

The biofilm morphology changes were observed by SEM after the
treatment with TTP and visually compared with the controls groups. Two
specimens of each group were immersed in a fixative solution 4%
paraformaldehyde at room temperature for 1 hour. The specimens were then
submitted to increasing concentrations of ethanol for serial dehydration
(ethanol 70%, 85% and 100%). The dehydrated specimens were dried using a
desiccator, overnight, sputter-coated with gold-palladium, mounted on a stub
and examined by SEM (Hitachi S3500N Variable Pressure Scanning Electron
Microscopy, Boston, MA, USA) at 2,500x or 4,000x magnifications at 6-12Kv .
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Statistical analysis

Colony forming units and dry weight were logarithmic transformed
(base-10) prior to analysis. Treatment groups were compared, for each
biofilm, by evaluating whether one mean fell within the 95% confidence
intervals of any other mean. These limits were computed on the basis of the
pooled variance estimate from a linear mixed model with fixed factors of group
and random factors of subject and replications within a subject (IBM SPSS;
version 22; IBM Corp, Armonk, NY). These models excluded data from the
positive control, which was a constant, in order to satisfy the model
assumption of homogeneous variances. Comparisons with the positive control
were then achieved by evaluating whether the 95% confidence limits of each

other experimental group included zero.

Results

Effectiveness of PACT and TTP Disinfection.

Fig. 1 shows that the initial total CFU mg™ count reached 10°. All
TTP treatment groups showed reduced CFUs of E. faecalis compared with
negative control groups (p< 0.05). Maximum exposure time of 5 minutes
showed significantly better results, approximately 10°% than 1 and 2 minutes
groups, approximately 108. None of the exposure times tested were as good
as the positive control group, where there were no detectable residual CFUs in

the sample.
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Figure 1: CFU count and dry weight in the C-HA discs with E . faecalis biofilm after
TTP treatment for 1, 2 and 5 minutes. The positive control group shows the E.
faecalis biofilm treated with 2.5% sodium hypochlorite. Negative controls groups
were PBS and argon gas. Values marked with different letters are significantly
different from each other (p<0,05).

Figure 2: (A) Photographs of argon/plasma hand-held unit showing the distance between the jet nozzle and biofilm
surface. (B) The C-HA disc contaminated with 2-week E. faecalis biofilm being scanned by the
plasma tip.
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SEM investigation

The SEM images illustrate the effects of the plasma
treatment of E. faecalis biofilm resulting in a significant biofilm morphology and
structure changes. There was a visual difference between the
all plasma exposure times. After 5 min exposure, the images shows mostly the

C-HA disc surface with rare biofilm structure attached.

TTPHLmin# TTPRmin# TTP#Emin# Nega%ve'Control’'

(L) 4.46 p/ e (D) 642 pnBln2 (L)40.60 pB/ 2 (L) 943 pnB/pn2
(D 4.63 pB/pn2 (D 514 B/ (D 509 pG/pm2 (D 561 pB/ R

Figure 3: SEM Comparative analysis of E. faecalis biofilm groups at 2.500x, in three different exposure times of TTP and
PBS group, with tip-to-sample distance of 3mm, showing the morphological structure of the biofilm severely modified. In
TTP 5 min group a large surface of HA discs free of biofilm is visualized at 4.000x. Confocal Scanning Laser Microscopy
images obtained from the mid-area of HA disc showing the overlap of live (L) and dead (D) cells. The average of total
bacterial biomass calculated by COMSTAT in all of 5 points are shown.

Confocal Laser Scanning Microscopy/COMSTAT

The CLSM 3D and 2-dimensional images show the efficacy of TTP
therapy. After 5 minutes of TTP exposure, HA discs infected with 2-week E.
faecalis biofilm, near the whole layers exhibited red fluorescence in different
percentages and thickness, which indicated that bacteria was dead by the
effect of therapy. Lower antibacterial effect exhibited 1 and 2 minutes groups,
alternating percentage of green (live cells) and red (dead cells) coverage
throughout the layers of biofilm. Negatives control and argon gas groups,
showed the whole biofilm covered by green fluorescence, which suggest that
bacteria are alive in all layers of biofilm. COMSTAT software analyzed the
fraction of the area occupied by biomass in each layer of the biofilm, in
means of the average of percentage of coverage, in each image of a stack,

among the 5 points randomly chosen. Different peaks in different areas of
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biofilm show how deeply the applied therapy affect the biofilm. TTP therapy
shows highly peaks of dead cells in deep layers of biofilm, which suggest
that, TTP show high rate of kiling E. faecalis biofilm in different layers of
biofilm (Fig.4).

Figure 04. Representative three-dimensional images of the E. faecalis biofilm viability after different exposure
times of TTP rendered images of the outer layers of biofilm. The graphics show the percentage area occupied
by green (live cells) and red (dead cells), from the substratum surface to the top layer of the biofiim analyzed by
COMSTAT .
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Discussion

Eliminating residual microorganisms within the biofilm is a
challenging task. Bacteria organized in biofilms have a low metabolic rate and
seems to be more resistant to conventional antimicrobial therapies (8).
Scientific evidence has shown that E. faecalis is often isolated in persistent
endodontic infection and it is, therefore, present in many in vitro studies
regarding the effectiveness of different antimicrobial application for endodontic
therapy. The potential antibacterial activity of the sodium hypochlorite, as a
widely used irrigant agent during the traditional endodontic treatment, is well
documented as a “gold standard” (21).

Hydroxyapatite (HA) substrates were chosen because it mimics the
tooth mineral and it is easily available (17), and therefore previous in vitro
microbiological studies show a suitable layer of biofilm growth on HA disc
surface in different cultures ages (8, 9, 16). Guerreiro-Tanomaro et al (16)
comparing E. faecalis biofilm formation on different substrates, also concluded
that hydroxyapatite was the substrate with the best conditions for biofilm
development. Shen et al (22) and Dufour et al (23) recently reported the
pattern of the effect of biofilm age (maturation) on the resistance of bacteria,
showing that two-weeks or more-old biofiilms became more resistant than
newly grown biofilm, but the differences were rather small. Although there is no
earlier literature supporting the use of saliva coated HA discs with E. faecalis
biofilm, this in vitro model showed to be suitable for TTP anti-biofilm efficacy
assay (17).

We used a single-electrode of a tissue-tolerable atmospheric
pressure plasma, with argon gas as the working gas, against E. faecalis
biofilms formed on saliva coated HA discs. In accordance with a previous
study (3), the proportion of live cells decrease significantly with the longer
exposure to plasma, reaching the maximum level of deactivation within 5
minutes of treatment, in a directly time-dependent manner. Similarly, Du et
al. (14) reported that, for the same exposure times, the atmospheric pressure
plasma and 2% chlorhexidine were equally effective at reducing bacteria CFU
numbers. Different results are also been reported by Pan et al. (3) and Li et
al. (24), showing a significant decrease in the number of CFUs after prolonged

cold plasma treatment of 8 to 10 minutes and 12 minutes of exposure,
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respectively. In our experiments, the temperature on the plasma tip, during 5
min of treatment, was slightly above the room temperature, which excludes
harmful thermal effects on the bacterial cells.

To determine changes in E. faecalis biofiims with respect of
morphology and topography we used SEM images to accurately the biofilm
matrix morphology possibly altered by the effect of plasma. In addition, the
CLSM images showed larges areas of the biofiim stained in red,
corresponding to the damage on the bacterial cells caused by TTP treatment.
The COMSTAT analysis also demonstrate that TTP was able to penetrate
the biofilms and treat the deepest parts of it, which is presented in figure 4.

We hypothesize the inactivation of E. faecalis biofiim by TTP can
be attributed to the production of RONS which play a main role in the
inactivation process, as it has been suggested in several previous studies (3,
13, 14, 25). Ultraviolet radiation is also other possible mechanism contributing
to the inactivation, leading to destruction of the matrix of the extra-cellular
polymeric substance in the biofilm (10), which is confirmed by the CLSM image
analysis.

Considering all the challenges related to root canal disinfection
during endodontic treatment, the development of new methods and alternative
therapies are highly desirable, mostly aiming to reach the treatment goals
without toxicity to the patient. More studies need to be conducted to be able to
translate the in vitro data to the clinical approaches. However the test settings
in the present study indicate that use of a non-thermal atmospheric plasma
may be remarkably useful as a disinfecting alternative treatment against
Enterococcus faecalis biofilms. This study is novel and generates new
hypothesis regarding the use of alternative therapies to complement the

endodontic treatment.

Conclusion

Under the operating conditions used in this in vitro study, the use of
tissue tolerable plasma has a distinct advantage of achieving high rates of

Enterococcus faecalis biofilm inactivation in a short period of time.
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Abstract

Introduction: Although multispecies biofilm are involved in almost all
infections of the oral cavity, Enterococcus faecalis is a key microorganism
involved in chronic apical periodontitis. The aim of this study was to evaluate
the activity of Photodynamic Chemotherapy (PACT) and Tissue Tolerable
Plasma (TTP) against 2-week E. faecalis biofilms.

Methods: Saliva-coated-teeth with 2-week E. faecalis (ATCC 29212) biofilm
were treated with PACT and TTP for 3 different exposure times (1, 2 and 5
minutes) and compared with 2.5% NaOCI irrigation for 5 minutes. Biofilms
were processed, serially diluted and cultured on agar plates and the number of
colony-forming units (cfu/mL) was recorded. Anti-biofilm efficacy was assessed
by counting colony-forming units and group means were compared using 1-way
ANOVA. Confocal laser scanning microscopy analyzed by COMSTAT software
was used to confirm the viability of the biofilm in outer layers of the biofilm.
Scanning electron microscopy was used to asses the morphological changes
of E. faecalis biofilm by PACT and TTP.

Results: The anti-biofilm effect of PACT and TTP improved as exposure time
was increased, reaching the maximum effect after 5 minutes for both
therapies. At 5 min exposure, there is a significant reduction in CFUs in PACT
and TTP treatments (p<0.05), but neither treatment was as effective as 2.5%
NaOCI irrigation. Bacterial kiling was confirmed by CLSM/COMSTAT and
SEM analysis.

Conclusion: TTP and PACT are effective adjunctive therapies, contributing for

sterilization effect on fully matured biofilm within 5 minutes.

Keywords: photosensitizer, antimicrobial, oral biofilms, reactive oxygen species
(ROS).
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Introduction

Enterococcus faecalis often exist in the form of biofilm and are
responsible for persistent pulpo-periapical infections processes (Siqueira and
Rocas. 2008; Murad et al. 2014). Effective root canal disinfection is undoubtedly
a fundamental component of successful root canal treatment, nevertheless
numerous studies have shown that complete elimination of bacteria from the root
canal system cannot be consistently achieved with any of the currently used
techniques, mostly because of the intricate canal anatomy and the innate
resistance capacity of biofilms (Bonsor et al. 2006; Mickel et al. 2007; Rocas et
al. 2013, Li et al. 2015). In this regard, the use of Photodynamic chemotherapy
(PACT) and, a novel antimicrobial intervention, Tissue Tolerable Plasma (TTP)
have emerged as a technological complementary to endodontic treatment,
focusing on an effective antimicrobial therapy (de Oliveira BP et al. 2014; Chrepa
et al. 2014).

In PACT the light activates a specific photosensitizer forming short-
lived and highly reactive oxygen species, including singlet oxygen, causing
serious damage to microorganisms through irreversible oxidation of cell
compounds (Garcez et al. 2013). Plasma is essentially a ionized gas generated
by electromagnetic field. TTP has been increasingly highlighted in recent years
in the biomedical field for its outstanding sterilization effects (Du et al. 2012; Li
et al. 2015), tooth whitening (Pan et al. 2010), wound healing (Isbary et al.
2010), cell detachment and migration (Volotskova and Steep 2011), apoptosis
of tumor cells (Lee et al. 2009) and dentin bond strength (Hirata et al. 2015).

Considering preparation of the root canal leaves part of the canal
walls untouched, regardless of the instrumentation technique used (Wu et al.
2003), resulting in inconsistent removal of the contaminated innermost layer of
dentin (Siqueira et al. 2007), novel approaches for disinfecting root canals may
include the use of TTP and PACT. Both therapies can act as adjuvants to
conventional endodontic treatment, potentially leading to a significant further
reduction of bacterial load in the root canal system.

Within this background, the current study compared the antimicrobial
activity of PACT and TTP on extracted human teeth infected with Enterococcus

faecalis biofilm, focusing on the anti-biofilm property of each treatment.
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Methods

Sample Preparation

Ninety six freshly intact human straight single-rooted pre-molar teeth
with fully formed apices were used for cultivation of E. faecalis biofilm in the
study. The teeth were selected, root surfaces cleaned and stored in 0.1%
thymol solution at 4°C. The crown was removed at 2-3 mm bellow the
cement-enamel junction to obtain a standard length of 12 mm. The working
length (WL) was established by deducing 0.5 mm from the canal length. The
canals were enlarged by a conventional multifile rotary system (BioRaCe [FKG,
La-Chaux-de-Fonds, Switezerland]) driven with the VDW Silver motor (VDW
GmbH), used in a crown-down manner, according to the manufacturer’s
instruction (500-600 rpm/ 1N/cm?), using the following sequence: BRO (25/0.08),
BR1 (15/0.05), BR2 (25/0.04), BR3 (25/0.06), BR4 (35/0.04), and BR5 (40/0.04).
After the glide path at each nickel-titanium file, root canals were irrigated with 1
mL 2.5% NaOCI for 1 minute. A final ultrasound bath (Ultrasonic Cleaner,
FS140, Fisher Scientific, Pittsburgh, PA) with 17% EDTA for 3 minutes, followed
by ultrapure water for 10 minutes (Klein et al. 2009) were performed for all
groups. All root apical foramina were sealed with temporally filling paste
Coltosol F (Colténe AG, Altstatten, Switzerland). Finally, the root canals were
autoclaved for 20 minutes at 121°C to ensure no bacterial contamination and
stored at 4°C (22). As no identifying information about the donor was collected,
this research does not meet the definition of human subjects 45 CFR_46.102(f)
and does not require Internal Review Board oversight.

Inoculum and Biofilm Model

Enterococcus faecalis (ATCC 29212) was obtained from singles
colonies isolated on agar plates, inoculated in brain-heart infusion broth (BHI)
and incubated overnight at 37°C under microaerophilic conditions (5% CO3). Cell
density was set at 3.2 X 107 colony forming units (CFU) by milliliter for the stock
solution. Saliva-coated roots were prepared through 1 hour incubation with
clarified human whole saliva added to adsorption buffer (50 mM KCI, 1.0 mM
KPO* 1.0 mM CacCl, 0.1 mM MgCl, — pH=6.5 - 1:1) and phenylmethylsulphony!
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fluoride PMSF (1:1000), at 37° C in a 3D rotator (Lab-Line- Thermo scientific,
USA) (Duarte et al. 2006). Saliva was collected from donors in a good health,
maintained into ice-chilled tube and then centrifuged and filtered in 0.22 ym PES
membrane (Stericup, Milipore, USA). The roots were placed in 24-well culture
plates containing 1.8 mL of sterile BHI and 0.2 mL inoculum, at 37°C in 5%
CO2 for 14 days (Guerreiro-Tanomaru et al. 2013). To prevent nutrient
deficiency, the BHI culture medium was completely replaced every 24 hours,
without addition of new microorganisms. Random samples were examined

microscopically to ensure the presence of E. faecalis.

Experimental Groups

The root canals were removed from 24 well-plate and randomly
divided into six experimental groups and two controls groups, with 4 specimens
each, according to the protocol of disinfection used. Saliva-coated-teeth with 2-
week E. faecalis biofilm were treated with PACT or TTP for 3 different exposure
times (1, 2 and 5 min). The root canals in the positive control group were used to
evaluate the effectiveness of irrigation with 2.5% NaOCI for 5 min and roots in
negative control group did not received any treatment. Three independent

replicates were performed (n=12).

Plasma System

The experiments were conducted using an argon/gas plasma
sterilization apparatus (Neoplas Tools — Kinpen, Greifswald, Germany). The
device consists of a hand-held unit (length = 170 mm, diameter = 20 mm,
weight = 170 g) connected to a high-frequency power supply. The main features
are as follow: operating gas: argon (5 L/min), inlet pressure: 1.5 bar, power
input: 8 W at 220 V, 50/60 Hz. A pin-type electrode (1 mm diameter) is
mounted at the center of a quartz capillary (inner diameter 1.6 mm). The
plasma plume emerge from the top of the electrode (1.5 mm diameter) and

expands to the surrounding air outside the nozzle for a distance of up to 15 mm.
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Photosensitizing agent and light sources

The photosensitizer used in this study consisted of Toluidine blue- O
(TBO) at 100 pg/mL in ultrapure water (Sigma-Aldrich, St. Luis, MO). The
solution was filtered in 0.22 ym PES membrane and immediately used.

A single source of a non-coherent light that produces the full
spectrum of a visible red light was used (LumaCare® LC122A, Medical Group,
Newport Beach, CA). This device is capable of delivering red light into a fiber-
optic probe (spot size113.1 mm?), with 630 nm wavelength, and output power of
95.5 mW cm™.

Figure 1. Representative image of root canals being treated with
LumaCare® (A) and argon plasma (B).

In vitro PACT experiments

The root canals were completely filled with 100 pL of TBO/100 pg/mL.
After 5 min in the dark (pre-irradiation time), the samples were exposed to 118.9
Jem™ (1 min), 237.8 Jem™ (2 min) and 594.5 Jcm™ (5 min) of total energy. The
work distance to activate de photosensitizer was set at 3 mm, avoiding thermal

effects, which has been previously tested (data not shown) (Fig. 1).

In vitro TTP experiments and Controls groups

The specimens in TTP groups were used to evaluate the effectiveness

of 3 different treatment exposure times (1, 2 and 5 minutes) on disinfection the of
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E. faecalis biofilms in root canals. The distance between the jet nozzle and the
biofilm surface was approximately 3 mm. The temperature was measured with a

thermometer for 5 minutes and resulted in 31.56 + 0.48°C (Fig. 1).

The root canals in positive control group were used to evaluate the
effectiveness of irrigation with 2.5% NaOCI for 5 minutes with a sterile plastic
27 gauge syringe (Becton Dickinson & Co, New Jersey, USA). The needle was
placed 1 mm short of the WL. The NaOCI was agitated with an ISO size 40
hand K-file (Dentsply Maillefer) and left undisturbed for 5 minutes. The roots in

the negative control group did not received any treatment.

Assessment of Anti-biofilm Activity of PACT and TTP

The root canals were sampled to verify the presence of microbial
growth and microorganisms viability, before and after the experimental period.
An initial microbial sampling of each root canal in experimental and positive
control groups was performed with a #40 sterile paper point inserted into the
canal to collect the bacteria for 1 minute. The paper points were transferred to
centrifuge tubes containing sterile saline solution, shaken vigorously for 1 minute
to break up the clumps, and the baseline E. faecalis CFU was determined.

The antimicrobial efficacy was determined by the amount of recovered
CFU and dry weight determination. After treatments, 15 yL of sterile saline
solution was injected into the root canal. The biofilm suspension was
collected with spiral utility brush (Versa Brush - Vista Dental, USA) driven
with the VDW Silver motor at 500 rpm for 1 minute. The same procedure
was performed in negative and positive control groups.

The spiral brush was then transferred to sterilized glass culture
tubes containing 5 mL of sterile saline solution and the tubes were placed
in a ultrasound bath (Ultrasonic Cleaner, FS140, Fisher Scientific, Pittsburgh,
PA) for 10 minutes. The removed biofilms were subjected to sonication using 3
15-s pulses at an output of 7W (Fisher Scientific, Sonic Dismembrator, model
100; USA). The homogenized suspension was used either for bacterial viability
(CFU mL1) and dry weight (CFU mg of biofilm dry weight).

A ten-fold serial dilution was carried out and plated on blood agar,
incubated in 5% CO, at 37°C for 48 h, and then the total number CFU mL! was
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obtained. Three independent replicates were performed.

Dry weight

For the dry weight determination, three volumes of cold ethanol
(-20°C) were added to 1 mL of biofilm suspension, and the resulting precipitate
was centrifuged (10,000 g for 10 min at 4° C). The supernatant was discarded,
and the pellet was washed with cold ethanol, and then lyophilized and weighed
(Duarte et al. 2006).

Biofilm analysis by Confocal Laser Scanning Microscopy/ COMSTAT

The viability of E. faecalis cells after TTP and PACT treatments were
visualized by CLSM and quantified by COMSTAT (Heydorn et al. 2000; Klein et
al. 2009). Two specimens for each group condition were cleaned and
instrumented as described, split into two halves, autoclaved for 20 minutes at
121°C, and infected with E. faecalis biofilm for 2 weeks. The different treatments
were conducted, the biofilms were stained with Live/Dead® Bacterial Viability
kit (Baclight Bacterial Viability kit L7012; Molecular probes, Inc). The stains
were prepared according to the manufacturer’s instruction. The samples were
incubated at room temperature for 30 min before the images were taken.

Each sample was processed and analyzed individually and 5 images
of each biofilm were taken from random areas in each semi-root. All the
samples were examined under a CLSM (Leica Lasertechnik GmbH, Heidelberg,
Germany), with a HCX APOL U-V-I 40X/0.8-numerical- aperture water
immersion objective. The bacterial biomass (um3um?) was quantified by
COMSTAT.

Biofilm Visualization by Scanning Electron Microscopy (SEM)

The cell morphology of E. faecalis biofiims were observed by SEM
after the treatment with PACT and TTP and visually compared with the controls
groups. Two specimens of each group were immersed in a fixative solution
4% paraformaldehyde at room temperature for 1 hour, followed by dehydration in

ascending ethanol concentrations (70%, 85% and 100%). After drying overnight
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at 37°C, the dehydrated specimens were mounted in aluminum stubs, sputter-
coated with gold-palladium and examined by SEM (Hitachi S3500N Variable

Pressure Scanning Electron Microscopy, Boston, MA, USA).

Results

Statistical Analysis.

Counts of CFU and dry weight were logarithmic transformed (base-10)
and evaluated with a 1-way ANOVA for independent samples. Pairs of treatment
means were then compared using the Tukey HSD method with a type 1 error rate
of 5%. IBM SPSS version 21 (IBM, Inc., Armonk, NY) was used to perform the

analysis. The confidence interval was set at 95%.

Effectiveness of PACT and TTP disinfection.

Figure 02 shows in (A) the CFU mL™ baseline values, (B) the values
after treatment in means of CFU mL™ and in (C) CFU mg mL™ of biofilm dry
weight. After PACT and TTP therapies, there was a dose-dependent reduction in
CFU relative to the control group (NC), showing that when exposure times
reached 5 minutes, there was a significant reduction in CFU in both PACT and
TTP compared with the negative control, about 5 and 4 logs, respectively (both
p<0.05).
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Figure 2. Disinfection results of TTP and PACT. (A) CFU mL™ baseline values
before treatments. E. faecalis biofilm was treated in three different exposure
times and controls groups. In 5 min treatment groups, there is a significant
decrease in means of CFU mL™ (B) and CFU mg/mL™ of biofilm dry weight (C).
Values marked with different letters are significantly different from each other
(p<0,05).

SEM

Scanning electron microscopy images (Figure 03) were taken of the sliced root
canals with different magnifications. A highly organized E. faecalis biofilm structure
was observed. However, after 5 min of both therapies, the 3-dimensional

architectures were destroyed.
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Figure 03. (A,C) E. faecalis biofilm adhered to the pulpal wall at 4.5K. (B) Aspect of dentin covered by E. faecalis biofilm

morphologically changed after 5 minutes of light irradiation at 4.0K. (D) shows the aspect of dentin tubules after 5
minutes of plasma treatment at 4.0K magnification. (E) reveals the modification of the dentin wall after irrigation with
2.5% NaOCI for 5 minutes at 3.5K.

CLSM/COMSTAT

Figure 04 shows the CLSM biofilm images and the COMSTAT
analysis after PACT and TTP treatment. In both therapies, the percentage of
dead cells (biomass mm*/mm?) is always higher than alive cells, which suggest
that, either PACT and TTP, show high rate of killing E. faecalis biofilm in all layers

of biofilm.
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(A) PACT B) TTP (C)NC

6.08 B/ pn2 21.04 pnB/ 2 447 B/ pn2 15.10 B/ g 813 B/ pn2 2.87 pny/ pm2.

Figure 04. Viability of the two-weeks E. faecalis biofiims showed by confocal laser scanning

microscopy. The biofilms were treated by PACT (A) and TTP (B) for 5 min and compared to
root canals which did not received any treatment (C). (1) Red cells are considered dead and
green cells are alive with the average of total biomass (um3/um2), in five points chosen in
split roots samples, calculated by COMSTAT shown respectively. (2) Overlap of live and
dead stacks.

COMSTAT software analyzed the fraction of the area occupied by
biomass (green/ live and red/ dead) in each layer of the biofilm, in means of the
average of percentage of coverage, in each image of a stack, among the 5
points randomly chosen in each sliced root. Different peaks in different
areas of biofilm show how deeply the applied therapy affected the biofilm. TTP
therapy shows highly peaks of dead cells in deep layers of biofilm, more than
presented by PACT graphics, although in both therapies, the percentage of

dead cells is always high than alive cells (Fig.5).
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Figure 05. Representative images of the E. faecalis biofilm viability after different exposure times to TTP and PACT rendered
images of the outer layers of biofilm. The graphics show the area occupied (%) by green (live cells) and red (dead cells)

analyzed by COMSTAT, from the substratum surface to the top layer of the biofilm.

Discussion

It is well established that endodontic infections are caused by
microorganisms, usually bacteria, in the biofilm mode of growth, residing in
root canal system, including dentin tubules of the affected teeth (Zehnder.
2006). Organized in biofilms, microorganisms are firmly attached to a surface
and are enclosed in a polymeric matrix formed by polysaccharides, nucleic
acid, proteins, water and cell debris (Duarte et al. 2011; Li et al. 2015). Thus,
biofilms can be up to 1.000-folder more resistant than their planktonic
counterparts (Costerton et al. 1999), since the matrix offers protection against
host defenses and often restricts the penetration of antimicrobial agents
(Ordinola-Zapata et al. 2013; Lopez-Jimenes et al. 2015; Li et al. 2015). E.
faecalis biofilm is commonly adopted model to investigate different antimicrobial
methods (Stuart et al. 2006), moreover 2-weeks old biofilms become more
resistant and hard to eliminate with traditional treatment (Stojicic et al. 2013; Li et
al. 2015).

In an attempts to promote effective root canal disinfection, many

studies search for a new methods to provide additional antibacterial therapies for
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root canal system (Costerton et al. 1999; Lee et al. 2009; Isbary et al. 2010; Pan
et al. 2010; Volotskova and Steep. 2011; Vaziri et al. 2012; Du et al. 1012; Garcez
et al. 2013; Pan et al. 2013; Muhammad et al 2014; Li et al. 2015; Paschoal et al.
2015). Recently, novel techniques including PACT and TTP have emerged as
alternative in the removal of oral biofilms, and thus in prevention of oral cavity
infection. As per our knowledge, this is the first time the anti-biofilm effect of
PACT and TTP are compared in mature E. faecalis biofilms, using a root canal
model. The hypothesis of this study is that near-complete elimination of E.
faecalis biofilm may be achieved by using PACT or TTP in infected extracted
human teeth.

Most studies evaluate root canal disinfection by sampling with paper
points. This technique is limited by only sampling bacteria from the fluid in the
canal. In the present study, dentin walls were brushed, which allowed collect
the biofilm in inner parts of the root canal system. We used three different
approaches: CFU counting, CLSM/COMSTAT and SEM analysis to study the
efficacy of the treatments in the elimination of E. faecalis biofilm formed on
dentin walls.

Sodium hypochlorite was used as a positive control due to its well-
known effective disinfectant efficacy and a wide antimicrobial spectrum (Du et
al. 2015). Historically, NaOCIl has been used as a “gold-standard” irrigant in
endodontics, as it covers most of the requirements for endodontic irrigant
when compared to any other known compound. However, it is also known to be
toxic when in contact with vital tissues (Zehnder 2006).

Our CFU counting results showed that, either PACT and TTP
therapies, in all tested conditions, induced reduction of mature E. faecalis
biofilm, in a statistically significant way, reaching the maximum inactivation after
5 minutes of irradiation (p<0.05), without generating significant heat (data not
shown) (Rios et al. 2011). This results corroborate with previous reports showed
by Upadya et al. (2010), and Chrepa et al. (2014), correlating the PACT and
tissue/cells damage in a dose-dependent manner, highlighting the importance of
power light density. Li et al. (2015), comparing different exposure times of cold
plasma, showed completely inactivation of 2-week E. faecalis biofilm after 12
minutes of treatment. Analogous results proposed by Pan et al. (2013), showed

that CFU counting of E. faecalis biofilm is dependent on the plasma exposure
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time and complete inactivation was achieved in 10 minutes.

Our SEM results confirmed visual morphological alterations and
surface injuries observed in treated samples produced by either PACT and
TTP, specially after 5 minutes of treatment. Similar results were also reported by
Cheng et al. (2012) and Li et al. (2015), using SEM images to reveal the
shrunken, rough and fractured appearance of the biofilm that remained after
PACT and TTP, respectively.

With the double-staining method provided by CLSM, we were able to
distinguish bacteria with intact (green) and damaged (red) membranes (Silva
et al. 2014), as well as, indicate their viability after each treatment condition,
whereas the large proportion of areas covered by red-stained bacteria was
shown even in the deep portions of treated biofilms.

It must be highlighted that inactivation of E. faecalis biofiim can be
attributed to reactive oxygen and nitrogen species, which led to oxidative
damages to cell membrane, DNA, and proteinaceous enzymes generated by
TTP application (Pan et al. 2013; Lunov et al. 2015; Paschoal et al. 2015). PACT
is known by the generation of highly reactive singlet oxygen species and free
radicals produced by photochemical reactions between the non-coherent light
application and TBO (Paschoal et al. 2015).

It was believed that the slightly better bacterial killing results achieved
by TTP compared to those reached by PACT, after 5 minutes of irradiation,
may be due to incomplete TBO penetration in the dentin tubules (Bonsor et al.
2006) and failure of TBO to penetrate the whole canal biofilms (Li et al. 2015).
As a gaseous medium, one of the advantages of TTP is the capability to
penetrate irregular cavities/fissures and kill bacteria (Liu et al. 2016).

Our findings indicate that PACT and TTP have the potential to be
used as co-adjunctive to the antimicrobial procedure in conventional endodontic
treatment, by producing additional reduction in bacterial CFU numbers. Further
studies need to be conducted aiming to translate this in vitro study to a

clinical research.
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Conclusion

The results of the study indicate that PACT and TTP are effective
adjunctive procedures to conventional endodontic treatment, potentially
increasing the success rate of antimicrobial protocols, especially in case of

persistent endodontic infections.
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4. Discussao Geral

A constante busca por uma melhor desinfeccdo do sistema de
canais radiculares e por métodos eficientes para sua resolu¢cdo sdo assuntos
bastante atuais na area da especialidade endoddntica, visto que a presenca de
microrganismos se constitui em fator significativo para a manutencdo ou
aparecimento da lesdo periapical. Conhecer o comportamento dos agentes
biol6gicos envolvidos na patogénese endododntica é imperioso para definir o
protocolo terapéutico, prever o diagndstico e buscar novas terapias no
combate a infeccéao.

O E. faecalis é reportado como microrganismo de alta incidéncia
nos casos de insucessos em endodontia. Sua capacidade de organizacdo em
biofilmes, adesdo a dentina e penetracdo nos tubulos dentinarios se
constituem em importantes fatores de viruléncia (ROCAS et al., 2004; ROCAS
et al.,, 2008; MEIRE et al.,, 2012; WANG et al.,, 2012). Assim como o E.
faecalis, a Candida albicans também pode ser encontrada em casos de
infeccdes secundarias persistentes do sistema de canais radiculares (WALTIMO
et al, 2003; SIQUEIRA JR. et al, 2004, MIRANDA et al., 2009),
compartilhando da mesma caracteristica de adesdo a diferentes tipos de
substratos e organizacdo em biofimes (SEN, BASKI, 2009). Nesses
experimentos, procurou-se estabelecer um modelo de biofilme maduro de E.
faecalis e Candida albicans que pudessem determinar in vitro sua
susceptibilidade as duas terapias antimicrobianas estudas, por meio dos
métodos de cultura e recursos de microscopia confocal de varredura a laser
(CLSM) e eletronica de varredura (SEM).

Nos capitulos 2 e 3 foram escolhidos discos de hidroxiapatita
revestidos com saliva esterilizada como substratos para formagdo dos
biofilmes. Gerreiro-Tanomaro et al. (2013), comparando a formacédo de
biofilmes maduros de E. faecalis em diferentes substratos, encontraram nos
discos de hidroxiapatita excelentes resultados, produzindo biofilmes maduros
em 15 e 21 dias. Embora estudos mostrem biofilmes maduros de C. albicans em

discos de hidroxiapatita em apenas 24 horas de incubacdo, nossos
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estudos estdo de acordo com os achados de Delben et al. (2014), nos quais
foram desenvolvidos biofilmes maduros de C. albicans em 72 horas.

Apesar das vantagens do modelo de biofilme utilizado no presente
estudo, é dificil reproduzir em laboratério as condicdes clinicas sob as quais
0s agentes antimicrobianos se difundem através dos biofilmes estudados.
Esses modelos in vitro ndo necessariamente simulam as mesmas condi¢cdes
encontradas no sistema de canais radiculares. O uso do presente modelo de
biofilme pode mascarar algumas variaveis nas quais as bactérias podem
sobreviver a aplicacdo das terapias antimicrobianas estudadas. Uma dessas
variaveis, aparentemente, é a presenca de irregularidades anatémicas, como
ramificacées do canal principal, istmos e achatamentos que podem aumentar a
massa vertical do biofilme na estrutura dentinaria, como também limitar a
acao antimicrobiana. Na tentativa de minimizar os efeitos dessas variaveis
nos resultados desse estudo, no capitulo 4 foram utilizados modelos de
biofilmes de E. faecalis em canais radiculares de dentes humanos extraidos.

A terapia fotodindmica apresenta acdo antimicrobiana com a
vantagem da ndo inducdo da resisténcia bacteriana. Diante do surgimento
cada vez mais de microrganismos antibiético-resistentes e de uma complexa
anatomia do sistema de canais radiculares, esse tipo de terapia apresenta
vantagens com potencialidade para mais estudos. Dentre os sensitizadores
mais utilizados em endodontia estdo os fenotiazinicos como o azul de
toluidina, com grande eficacia comprovada em varios estudos in vitro
(SCHLAFER et al., 2010; VAZIRI et al., 2012; BAGO et al., 2013).

Ha na literatura uma grande variabilidade nos parametros utilizados
na PACT, dentre eles a escolha da concentracdo dos sensitizadores e do
tempo de exposicdo aparecem como 0S mais controversos, apresentando
ainda uma grande variacdo de resultados quando estudados em culturas
planctonicas ou bactérias organizadas em biofilmes. Os diferentes resultados
encontrados na literatura, corroboram com a ideia de que a producdo de
metabolitos pela PACT, como as espécies reativas de oxigénio (ERO),
dentre elas o oxigénio singleto, requerem uma concentracdo ideal do
sensitizador em tempos de exposicdo especificos. No capitulo 1, a acao
antimicrobiana da PACT, utilizando diferentes concentracdes de TBO, foi

analisada em culturas plancténicas de E. faecalis. Os resultados mostraram
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gue o efeito antibacteriano da PACT apresentou um comportamento dose-
tempo-dependente, sendo a concentracdo de 100 pyg/mL de TBO a mais
eficaz em todas as condicOes de irradiacdo estudadas. A dihidrorodamina 1 2
3, ja utilizada como marcador da presenca de ERO intracelular em células
eucariontes (PASSOS et al, 2013) e em suspensdes planctdnicas
(FARRELLL et al., 2011; RISTIC et al., 2014), mostrou-se como uma
importante ferramenta na visualizacdo dos EROs produzidos nas diferentes
condicbes de concentracdo e irradiacdo, corroborando com a escolha do
TBO /100 pg/mL para os estudos realizados nos capitulos 2 e 4.

O rapido efeito dos agentes antibacterianos em culturas
plancténicas de E. faecalis podem nao refletir o efeito dessa terapia em
bactérias organizadas em biofilmes, uma vez que os fatores de viruléncia
adquiridos aumentam a resisténcia dos biofimes em 10 a 1.000 vezes,
guando comparados aos seus homélogos plancténicos (FUX et al.,, 2005).
Diante disso, no capitulo 2, estudamos a eficicia antibacteriana da PACT em
biofimes de E. faecalis e C. albicans. Nossos resultados confirmaram a
atividade antimicrobiana e fungicida da PACT, quando realizada com TBO a
100 upg/mL e luz vermelha, apresentando o mesmo padrdao dose-tempo-
dependente que os observados no capitulo 1.

Resultados semelhantes foram observados nos estudos de
SOARES et al. (2009), onde o efeito dose-dependente, utilizando TBO 25 uM e
uma quantidade de energia de 180 J/cm?, também foi analisado em biofiimes
de C. albicans aderidos as células do epitélio bucal. Foram observados
ainda diferentes resultados estudando a atividade antibacteriana da
PACT/TBO em biofilmes de E. faecalis, utilizando o laser diodo como fonte
emissora de luz e concentracdes mais baixas de TBO. Bergmans et al. (2008)
mostraram uma reducgdo de 88,4% de unidades formadoras de colbnias em
biofilmes de E. faecalis, utilizando TBO a 12,7 ug/mL em um tempo de
exposicdao de 2,5 minutos, em contrapartida SOUZA et al. (2010), né&o
encontraram resultados estatisticamente significantes ao utilizar uma
concentracédo de TBO a 15 pg/mL em um tempo de exposi¢cdo de 4 minutos.

No capitulo 3 foi estudado o efeito antimicrobiano do plasma de
baixa temperatura e pressdao em biofilmes de E. faecalis, em trés tempos de

exposicao diferentes. Recentemente tem crescido bastante o interesse pelo
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plasma, como um novo conceito nos tratamentos antimicrobianos, pela
comunidade cientifica. Na endodontia, estudos in vitro demonstraram o
potencial antimicrobiano do plasma, principalmente em relacdo ao E. faecalis
(LU et al., 2009; JIANG et al., 2009; WANG et al., 2011; LI et al., 2015).

Nossos resultados confirmaram a efetividade antibacteriana do
plasma na viabilidade de células de E. faecalis organizadas em biofilmes, tanto
no modelo em discos de hidroxiapatita como no modelo em dentes
humanos extraidos. Assim como a PACT, os resultados obtidos com o
plasma também acompanham o padrdo de dependéncia do tempo de
exposicdo empregados, adquirindo-se méxima efetividade no tempo de
exposicdo de 5 minutos. Tal fato péde ser confirmado tanto pelo método de
cultura para posterior contagem de unidades formadoras de colénias, como
também pela analise da viabilidade celular e do grau de penetrabilidade das
duas terapias estudadas nas camadas mais profundas do biofilme, por meio de
imagens de microscopia confocal de varredura a laser.

Severas modificacbes estruturais no biofilme também puderam ser
observadas nas imagens de microscopia eletrdbnica de varredura (SEM),
confirmando os achados de Li Y. et al. (2015), nos quais também foram
observadas destruicdo do aspecto tridimensional dos biofilmes como também
desaparecimento do padrdo esférico do E. faecalis, o que foi explicado pelo
efeito da liberacdo de espécies reativas de oxigénio, promovendo um
estresse oxidativo, gerando a morte do E. faecalis principalmente por danos a
parede celular.

O capitulo 4 apresentou os resultados dos estudos da PACT e do
plasma, porém com os biofimes de E. faecalis crescidos em paredes de
dentina de dentes humanos extraidos, contaminados apds 0 preparo
guimico-mecanico. Nesse estudo, pudemos observar o efeito das duas
terapias levando em consideracdo a complexidade do sistema de canais
radiculares e a presenca de microrganismos no interior dos tubulos
dentinarios. Nossos resultados confirmaram a efetividade das duas terapias,
PACT e plasma, ja observadas em discos de hidroxiapatita, tendo o plasma,
apos 5 minutos de exposicdo, melhores resultados antimicrobianos com
significancia estatistica. Nesse sentido, Pan J. et al. (2013) e Li Y. et al.

(2015) encontraram total inativagdo de biofimes de E. faecalis em
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canais radiculares apés aplicacdo do plasma, com tempos de exposicdo mais
elevados, 10 e 12 minutos respectivamente. Resultados dose-dependentes
em PACT em biofiimes de E. faecalis em canais radiculares também foram
reportados pelos trabalhos de Upadia et al. (2010) e Chrepa et al. (2014).

O uso do equipamento LumaCare® apresentou como maior
vantagem a poténcia, interferindo diretamente na quantidade de energia
liberada ap6s os tempos de exposicdo empregados, porém apresentou como
desvantagem, o diametro de suas sondas cambiaveis que nao permitem a
insercdo do dispositivo no interior do canal radicular. Tal fato ndo sugere
prejuizos aos resultados desse estudo, o que também foi comprovado por
Nunes et al. (2011), que, observando os efeitos da PACT em canais
radiculares contaminados com E. faecalis com e sem o uso de fibra optica,
sugeriram que o uso desta ndo contribuiu significativamente para o sucesso
da terapia, quando comparado com dispositivos de luz colocados na entrada
dos canais radiculares.

Em nosso conhecimento, este é o primeiro estudo a comparar 0s
efeitos da PACT com o plasma de baixa temperatura e pressdo. Porém mais
estudos sdo necessarios para se verificar o potencial do Plasma e da PACT na
terapia endodoéntica in vivo, quanto aos possiveis efeitos citotoxicos em células
humanas e um maior nimero de casos com E. faecalis para verificar de forma

confiavel a sua susceptibilidade as duas terapias.
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5. Conclusao Geral

Com base nos resultados desta tese, pode-se concluir que:

I. O efeito da terapia fotodindmica mediada pelo TBO apresentou
um efeito dose-dependente, mostrando um superior efeito antimicrobiano
guando se utilizou a concentragcdo de 100 pg/mL em todos os tempos de
exposicao estudados.

. A terapia fotodinamica mediada pelo TBO 100 pjg/mL
apresentou atividade antimicrobiana e fungicida, na inativacdo de biofilmes
maduros de E. faecalis e C. albicans no modelo in vitro apresentado.

lll. O plasma de baixa temperatura e pressao apresentou atividade
antimicrobiana, na inativacdo de biofiimes maduros de E. faecalis em curtos
periodos de exposi¢cdo, ho modelo in vitro apresentado.

IV. O plasma de baixa temperatura e pressdo e a terapia
fotodindmica mediada da pelo TBO 100 pyg/mL mostraram-se eficientes como
terapias antimicrobianas em modelos in vitro de canais radiculares, tendo o
plasma superior efeito antimicrobiano quando se aumentou os tempos de
exposicdo para 5 minutos. Dessa forma podem representar alternativas
vidveis de terapia coadjuvantes ao tratamento endoddntico convencional no
combate ao maduro biofilme de E. faecalis, frequentemente encontrado em

infeccdes endodbnticas persistentes.
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Abstract The need for novel antimicrobial techniques has become critical for a number
of reasons, including the emergence of resistant strains because of excessive prescription
and misuse of antibiotics. The mouth is colonized by a large number of microorganisms.
When these microorganisms are organized as biofilms they can contribute to chronic
diseases in the human population, such as dental caries, candidiasis, and periodontal
disease. Hence, alternative antimicrobial approaches have risen to facilitate the treatment
of these dis- eases. As novel therapies, photodynamic antimicrobial chemotherapy and
tissue-tolerable plasma are promising methods that offer the possibility of microbial
decontamination with decreased odds for the traditional side effects. Thus, the pres- ent
review aims to offer an overview and future directions of these new approaches to
control pathogenic oral biofilms.
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Introduction

The increased microbial resistance against commercially available
antimicrobial drugs and substances have cooperated with the search for alternative
treatments for the control of pathogenic biofilms involved with diseases that affect the
body, including biofilm-dependent oral diseases [1, 2]. Photodynamic antimicrobial
chemotherapy (PACT) is an alternative therapy that involves the concomitant
combination of photosensitizers (PS) under proper light activation, aiming to generate
toxic species of oxygen resulting in microbial death, while still being safe for the
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mammalian cells [3]. Following the same path, another novel therapy with a similar
mechanism of action is tissue-tolerable plasma (TTP), an ionized gas produced by
subjecting one or more gases to an electric field, of either constant or alternating
amplitude [4]. The advantages of PACT and TTP over other antibiotic applications are
that they can be used for site-specific treatment. they provide almost instantaneous
bacterial response, and there is less chance for the development of bacterial resistance
and minimal side effects [1]. It is generally assumed that oxygen and nitrogen-based
radicals are the most significant contributors to the sterilizing effects of PACT and TTP
[5]. Hence, this review aims to provide an overview of (i) in vitro and in vivo studies of
both PACT and TTP therapies to treat oral biofilms, and (ii) additional applications in
dentistry, as well as to discuss their mechanisms of action and future directions for the
field.

Photodynamic Antimicrobial Chemotherapy in Dentistry

Treatment using light and PS activated by light were men- tioned in ancient
times and were used to treat a wide variety of disorders or diseases [6]. Different
nomenclatures are given to this process. PACT, when there is a combination of a
chemical compound and light, or simply photodynamic inactivation (PDI) or
photodynamic therapy (PDT), are the most common definitions [7, 8]. PACT/PDI/PDT
can be defined as the administration of a non-toxic drug or dye known as PS, either
systemically, locally, or topically, to a patient with a localized lesion (including some
types of cancer), followed by illumination with visible light (e.g. light-emitting diode
[LED] or lasers) at a proper wavelength, which will activate the PS and produce
cytotoxic species and, consequently, the breakdown of cellular microstructures, infected
tissue destruction, and cell death [9]. This approach is considered a minimally invasive
procedure and can be repeated several times, with minimal chances of causing resistance
due to different mechanisms of action and targets [1]. Furthermore, PACT/PDI ideally
causes limited or no damage to the host tissues [10]. A substantial number of studies
state that the photodynamic approach can also be used to kill microorganisms, and is
considered a promising alternative to treating oral biofilms involved in several major
oral diseases such as candidiasis [11, 12], dental caries [13], and periodontal disease
[14]. In recent years, PACT/PDI has been proposed as an alternative treatment for
localized bacterial infections [15].

A PACT/PDI/PDT regimen can be beneficial for the elimination of
microorganisms during systematic therapies of biofilm-dependent diseases, and is able
to inactivate some of the known antibiotic-resistant microbial pathogens [15]. Therefore,
this approach would be beneficial for the treatment of biofilm-dependent oral diseases,
considering the high accumulation of bacteria in the oral environment and the easy
access to the site of the disease. This alternative therapy is already known to be effective
for some localized microbial infections, such as oral candidiasis [11, 12], chronic
wounds, dental caries [13], periodontal disease [14], and treatment of endodontic lesions
[16].

The mechanism by which microbial cells die when ex- posed to PACT-
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generated reactive oxygen species (ROS) has been the subject of intense investigations.
Some hypotheses are that after PS activation by light in a proper wavelength
(corresponding to its absorption window), there is a transfer of energy from the activated
PS and the available oxygen gives rise to the formation of highly reactive oxygen
species, such as singlet oxygen and free radicals that oxidize biological substrates [17].
Another hypothesis is that after activation, PS can initiate a photochemical type I or II
reaction [18, 19]. For the type I reaction, the activated PS reacts by transferring either an
electron or hydrogen to an oxygen molecule or other adjacent molecule to form an anion
or cation radical, respectively [18, 19]. These radicals are likely to react with molecular
oxygen, resulting in ROS production [18, 19]. Examples of ROS include superoxide

anion (O7"), hydroxyl radical (OH), hydrogen peroxide (H»O»), and singlet oxygen

(102). The type II reaction is an energy transfer that occurs at the ground state of
molecular oxygen and allows the production of singlet oxygen which is capable of
reacting with cellular components, generating membrane permeability, irreversible
damage, and microbial death [19, 20]. Enzymes such as superoxide dismutase, catalase,
per- oxidase, and a number of secondary scavengers are able to control the levels of
oxidative species [16]. In addition, critical sites of action for singlet oxygen in
PACT/PDI/ PDT include mitochondria, DNA, and lipid membranes [9]. As established
by the literature, radiation and chemo- therapy tend to damage the DNA and lead to
apoptosis via cell-cycle checkpoints, growth arrest, and p53 activation [21, 22].
Alternatively, PACT/PDI/PDT tends to act via acute stress response involving
mitochondrial damage, cytochrome C release, and formation of an apoptosome caspase
[21, 22]. Acute challenges can affect the expression of proteins, especially transcription
factors, which regulate the transcription of specific genes causing cell deregulation
followed by cell death. Another possible mechanism of action is related to transcription
factors; synthesis and expression of proteins are often induced by acute challenges and
bind to certain regions on the DNA, resulting in transcription of genes and,
consequently, production of different proteins causing cell deregulation followed by cell
death [23].

An ideal PS should have a low level of dark toxicity (e.g. in the absence of
light does not present any damage effect), absorb light in the corresponding therapeutic
window, null activity related to mutagenicity/carcinogenicity, and be water soluble and
easily eliminated by the body [24, 25]. PS are derived from the tetrapyrrole aromatic
nucleus found in many naturally occurring pigments such as hemecholophyll and
bacteriochlorophyll [24]. Such examples are represented by porphyrins and chlorins,
which were the first dyes studied [24]. Both groups present an absorption band between
630 and 690 nm that can be activated by red light sources [19].

Synthetic, non-naturally conjugated pyrrolic ring dyes, and a non-
tetrapyrrolic (naturally occurring or synthetic dye) are represented by rose
bengal/erythrosine, toluidine blue, and methylene blue dyes, respectively. Most of these
dyes can be excited with wavelengths between 400 and 500 nm, corresponding to light
sources in the blue region [26, 27].
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Different approaches and protocols have been used to determine the
concentration of PS required to have the desired antimicrobial effect, which is
established by the targeted microorganisms, their growth mode (planktonic or biofilm),
and PS solubility [19, 28].

In general, PS are activated by complementary wave- lengths. For example,
phenothiazine dyes (e.g. toluidine blue and methylene blue) are classified at the blue
broadband and are correctly activated by red lights at 600-660nm that corresponds to
complementary wavelength [29,30]. On this same way, red dyes, such as rose bengal,
erythrosine, Photogem/Photosan can be irradiated with wavelengths between 400-500
nm that corresponds to the blue light spectrum [31,32].

The literature presents three main categories of clinical PACT light sources:
LEDs, lasers, and halogen lamps [33¢]. Lasers demonstrate some advantages, such as
monochromaticity, high efficiency of light delivery without substantial power loss, and
coupling of single optical fibers, but their costs are usually high when compared with
other light sources [33¢]. On the other hand, LEDs are most suitable for PACT and are
easier to use presenting low costs when compared with lasers [34]. Also, in terms of
wavelengths, LEDs and halogen lamps are not as specific as lasers, there- fore LEDs can
be used for several PS with similar activation peaks [34]. Hence, the use of halogen
lamps and blue LEDs that present lower potencies and lower tissue penetration are
desired.

In the dental field, the usual PACT applications are related to accessible
areas where light does not need to penetrate very deep (such as complementary to caries
removal, caries prevention, herpes simplex, candidiasis, and periodontal disease) [35].
Although the current studies report on the success of the use of the aforementioned
PS/lights, further studies are necessary to gain a better understanding of PACT
mechanisms of action and toxicity.

The oral cavity sustains more than 700 species of microorganisms, few of
which participate in the pathogenesis of various oral diseases, such as dental caries and
candidiasis [35, 36]. The main challenge regarding the treatment of these diseases
resides in antimicrobial resistance, reoccurrence (treatment fail), interactions with other
medical regimens, organ toxicity, staining potential, taste alteration, and compliance of
the patients to achieve therapy success [36].

The efficacy of PACT for different pathogens is dependent on the type and
concentration of the PS, as well as on the interaction of the PS with the light source
[33¢]. In the biofilm, the presence of an extracellular matrix allows stability and
structural integrity, possibly limiting the diffusion of sub- stances throughout the
biofilm, and protecting the bacteria from inimical influences of antimicrobials and other
environ- mental challenges [37]. Recent studies related to PACT application over
Candida albicans [38] and Streptococcus mutans [39] using methylene blue/red LED
(630 nm) and erythrosine/ laser (532 nm), respectively, achieved a high photokilling
rate. Dovigo et al. [40] reported the inactivation of Candida sp. biofilms formed by
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clinical isolate strains after the biofilms were exposed to Photodithazine®. Nastri et al.
[41] state that the association of toluidine blue and diode laser light at 830 nm was
effective against bacterial strains involved in periodontal disease, even though they were
organized in biofilms, indicating it can be a coadjuvant method for the treatment of
periodontal pockets. Araujo et al. [42] reported that curcumin in association with blue
light was effective on the decontamination of dentine carious lesions contaminated with
S. mutans and Lactobacillus spp. biofilms. However, possibly because of the limitation
of light penetration and drug diffusion, microorganisms were less affected in the bio-
film phase than the planktonic counterparts (references). Moreover, Lee et al. [43] were
able to achieve significant cell death using erythrosine as a photosensitizing agent and a
dental halogen light on S. mutans biofilm. Nevertheless, for dental use, several aspects,
including energy, light irradiation times, and distance to the targeted area, must be
carefully analyzed, aiming at tissue-tolerable temperature in the dentin, pulp, and other
oral tissues.

Tissue-Tolerable Plasma in Dentistry

Plasma is an electrical discharge produced by subjecting one or more gases
to an electrical field, either as a constant or alternating amplitude [4]. The term ‘plasma’
comes from Greek language and was introduced by Irving Lanmuir, an American
chemist and physicist, in 1928. There are three main states of matter—solid, liquid, and
gas. When a gas receives more energy, particles of the gas collide with each other. As a
result, electrons and ions are produced and the gas becomes charged. This state of matter
is called ‘plasma’, which is known as the fourth state of matter [44].

Plasma has several appealing features, including the ability to reach the gas
phase without the need for elevated temperature [45, 46]. The electrons then collide with
the gas, and enhance the level of dissociation, excitation, and ionization. The ions and
neutrons continue reasonably cold, therefore TTP does not cause thermal damage to the
surfaces [47, 48]. Bare hands may touch a TTP device without causing any heating,
electrical shock, or other painful sensation [49]. Al- though TTP is not as well
established as PACT, these characteristics open up the possibility of using plasmas for
the treatment of heat-sensitive materials, including biological matter such as cells and
tissues.

Plasma-based dental applications have attracted much attention in dental
biomaterial modification [50, 51], tooth whitening [52, 53], dental material adhesion
[54], and dental caries [55], and as an effective anti-oral biofilm agent [56, 57].

TTP may improve disinfection performance because this approach can kill
several microorganisms, including bacteria and viruses [55, 58—63].

Scanning electron microscopy (SEM) was used to study how TTP exposure
can impact Escherichia coli cell morphology [64]. The results show that E. coli cells
presented severe morphological changes, including lysis (splitting of cells), which was
attributed to one of two processes: membrane rupture caused by the charge build-up on
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the cells, or chemical attack by radicals such as O»" and/or OH. Microorganisms

exposed to plasma are also exposed to an intense bombardment by these short-living
reactive species, with a higher oxidation potential, probably provoking surface levels
that the living cell cannot repair sufficiently quickly. In this sense, we can say that TTP
destroys microorganisms by disrupting the cell wall using these highly reactive free
radicals, without the use of heat, chemicals, or pressure [65]. This may explain why cells
are, in many cases, destroyed very quickly [66].

Sterilization by TTP usually depends on the synergism of a few bacterial
agents: energetic photons in the ultraviolet (UV) B and UVC range; reactive species,
including oxygen free radicals; and charged species such as electrons and ions. Their
relevance is dependent on the type of plasma source and the sample preparation, in
addition to how the UV photons get absorbed in atmospheric air [67]. The main plasma
sterilization mechanisms are etching, oxidation, and UV radiation. Thus, bacterial size
and structure may affect plasma effective- ness in bacterial deactivation. Yang et al. [68]
reported the bactericidal effect of TTP on S. mutans and L. acidophilus, which are major
pathogens in dental caries. The results indicated that TTP treatment was very effective in
the disinfection of oral bacteria. They found that L. acidophilus killing needed a longer
TTP exposure when compared with S. mutans. One of the hypotheses is that L.

acidophilus presents a larger cell (21 pm % 3 pm), which could mean higher plasma

tolerance when compared with the smaller S. mutans(21 pm in diameter) [68]. To
accomplish the same killing intensity, up to 5 min of TTP exposure was necessary to
deactivate L. acidophilus, which is contrary to the 10 s of TTP exposure needed to kill S.
mutans.

In the same study [68], free-floating planktonic S. mutans and L. acidophilus
were exposed to argon plasma for different periods of time. Leakage of intracellular
proteins and nucleic acid related to bacterial killing were accessed by a UV-visible
spectrometer. The absorbance peak intensity was the highest amount of intracellular
proteins and DNAs. According to the findings, a very short plasma exposure of only 1 s
significantly increased the killing of both bacteria, which was demonstrated by the
dramatic leakage of the intracellular proteins and DNAs, which usually occurs when the
cell membranes are damaged.

Lu et al. [49] showed that TTP could efficiently kill Enterococcus faecalis
grown in biofilms, one of the main types of bacterium causing failure of root canal
treatment, in several minutes. Pan et al. [69] also investigated the in vitro feasibility of
using cold plasma against E. faecalis in infected root canals, and observed a significant
decrease in the number of colony- forming units, after a prolonged exposure time of 8—
10 min. Yamazaki et al. [70¢] carried out experiments to evaluate the sterilizing effects
of the low-frequency atmospheric pressure plasma on oral pathogenic microorganisms
(S. mutans, C. albicans and E. faecalis) and to determine its potential for clinical
application. The major findings were that the plasma was effective in sterilizing all three
oral pathogenic microorganisms in a short exposure time.
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Furthermore, the highest concentration of plasma energy occurs 56 mm
beyond the plasma needle [71]. The plasma needle produces bactericidal agents locally
and no excess of radicals remained at the end of the treatment period [71].

Sladek et al. [55] evaluated the antimicrobial activity of TTP against biofilm
cultures of a key cariogenic bacterium, S. mutans, comparing TTP with 0.12 %
chlorhexidine mouth rinse. The authors suggested that TTP may benefit caries treatment
not only because of its antimicrobial properties but also because TTP is a gas that acts in
a non-contact way, which could implicate that it can diffuse toward the surface, allowing
the treatment of surface irregularities, including cracks and fissures. Under the
conditions of this study, TTP presented higher inhibitory effects against S. mutans
biofilm when com- pared with 0.12 % chlorhexidine. Moreover, the effectiveness of
TTP is also dependent on the type of bacteria, culture medium, and input power of
plasma.

Furthermore, considering dental material adhesion is one of the main
concerns in dentistry, TTP has also been used to modify the surface of polymers and to
deposit an inert protective layer on it (reference). The plasma processes can increase
wettability, biocompatibility, and durability without influencing bulk material properties
(reference). This feature of plasma may have great potential for dental application
[72e°].

Recently, there has been increasing interests on the effects of TTP. Since
TTP has a bactericidal effect on oral pathogens, although it could not replace rotary
instruments, it is expected that TTP will play an important role in the prevention and
treatment of dental caries. Likewise, TTP is a potential method for disinfection of root
canals and for the treatment of other infectious diseases of the oral cavity. There have
been at- tempts to apply plasma technology in the various fields of dentistry. Although
many studies are still in the early stages, the potential value of plasma for dental
applications has been demonstrated [44, 57, 60]. In addition to safety concerns, the
fundamental principles of how TTP interferes with tissues, cells, and the entire living
body must be investigated. To enlarge the scope of plasma applications and place
relevant research to practical use, interdisciplinary research with participation of dental
professionals is required.

Conclusions and Future Directions

Although both PACT and TTP therapies are very promising, they are still
not ready to replace classic therapy for treatment of oral diseases. However, these
alternative approaches may improve, accelerate, and lower the cost of prevention and
treatment of these diseases. Further studies should take into account aspects such as
concentration of dye and high- potency light sources (important factors to be considered
for PACT), as well as optimizing the exposure time and substance used to generate the
TTP stream to further facilitate the elimination of oral biofilm bacteria.
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