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Resumo

Introdugéo: Infec¢gdes endoddnticas, especialmente as envolvendo Enterococcus
faecalis, representam desafios nos tratamentos de canal radicular. Este estudo
investigou os efeitos sinérgicos da combinag¢ao de hidroxido de calcio (CaOHy) e
vancomicina em biofilmes focando na estabilidade desses agentes em ambiente
altamente alcalino e seus efeitos inibitorios no crescimento bacteriano. Objetivo:
avaliar os possiveis efeitos sinérgicos do CaOH2 e da vancomicina em biofilmes de
Enterococcus faecalis. Métodos: A estabilidade da vancomicina foi testada em pH
de 1 a 13. Os efeitos inibitérios do CaOH2 e da vancomicina, isolados e
combinados, foram avaliados através de difusdo antimicrobiana, concentracéo
minima inibitéria, concentragdo minima bactericida e analises de curva de morte.
Testes de viabilidade, como concentragdo minima de erradicagado de biofilme,
concentracdo minima de inibicdo de biofilme, ensaio LIVE/DEAD, MTT e cristal
violeta foram realizados. Resultados: A vancomicina demonstrou estabilidade em
pH 9 e inibiu o crescimento bacteriano. CaOHz e vancomicina, isoladamente e em
combinagao, inibiram efetivamente o biofilme de E. faecalis. A combinagdo mostrou
efeitos sinérgicos, melhorando a erradicagdo do biofiime em comparagdo ao
CaOH2 isolado. Testes de viabilidade confirmaram a superior eficacia da
combinagao, com redugdes significativas na atividade bacteriana e produgao de
biofilme. Conclusdo: A combinacdo de CaOHZ2 e vancomicina mostrou efeitos
sinérgicos promissores contra biofilmes de E. faecalis, sugerindo seu potencial
como estratégia terapéutica eficaz em tratamentos endodénticos.

Palavras-chave: Infec¢gdes Endodonticas, Enterococcus faecalis, Hidroxido de Calicio,

Vancomicina, Biofilmes, Tratamento de Canal Radicular, Sinergismo Farmacoldgico.




Introducéo

A periodontite apical € uma condigdo inflamatdria crénica resultante da
invasao bacteriana da polpa dentéaria e do sistema de canais radiculares, levando
a destruicdo dos tecidos periapicais (1) (2). Estudos mostram que infecgbes
endodoénticas sao frequentemente associadas a uma microbiota complexa, onde
Enterococcus faecalis (EF) e Porphyromonas gingivalis sao prevalentes,
particularmente em casos de retratamentos, tais infecgdes estdo associadas a
sintomas clinicos como dor, sensibilidade a percussao e lesdes periapicais (3).

O tratamento endoddntico reduz microrganismos dos canais radiculares
infectados, mas n&o o suficiente para alcancgar antissepsia completa quando
infecgbes periapicais sdo mantidas. A presenca bacteriana é geralmente
associada, sendo EF o microrganismo mais comumente relatado em lesbes
persistentes (4) (5) (6). A eliminacdo eficaz das bactérias e a prevencédo da
recontaminacéo do sistema de canais radiculares sdo os fundamentos da terapia
endodéntica (7). Mesmo quando os procedimentos de limpeza quimio-mecanicos
mais rigorosos sao seguidos, as bactérias podem persistir em casos de necrose
pulpar e lesdes periapicais. (8) (9). Para resolver essa questdo, a aplicagao
complementar de agentes antimicrobianos intracanais entre as sessbes de terapia
endodontica foi proposta para reduzir significativamente os microrganismos (10)
(11).

A substancia intracanal mais descrita na literatura para esse fim € o
hidroxido de calcio (HC). Esse curativo é caracterizado por ser um pd branco,
alcalino (pH 12,8), pouco soluvel em agua (solubilidade 1,2 g L-1 de agua, a 25°),
obtido pela calcinagdo do carbonato de calcio até se transformar em oOxido de
calcio, que, ao se hidratar, resulta em hidroxido de calcio (12). Com base no peso
molecular da substancia, o percentual de ions hidroxila e ions calcio encontrados
corresponde a 45,89% e 54,11%, respectivamente (13). A atividade antimicrobiana
do HC) esta relacionada a sua capacidade de inibicdo enzimatica e alteragcdes na
parede celular bacteriana. Outra acdo importante é a atividade anti-exsudativa e
bioldgica, responsavel pela ativacdo da enzima tecidual fosfatase alcalina, que
induz a formacao de tecido 6sseo mineralizado e, assim, contribui para o processo

de reparo (14).



Na terapia endodéntica, as bactérias podem sobreviver apds a aplicagao de
medicagdo intracanal por varias razbes. Os microrganismos podem ser
intrinsecamente resistentes a medicacdo intracanal ou podem ser viaveis em
variagbes anatdbmicas do sistema de canais radiculares que sao inacessiveis a
preparacdao biomecanica do canal. Além disso, os efeitos da dentina, detritos
organicos e fluidos teciduais podem tamponar o pH do Ca(OH)2, afetando suas
propriedades (15) (16). Também é questionavel se veiculos viscosos ou oleosos
sdo clinicamente benéficos, pois ndo permitem alta dissociagdo e consequente
liberacao de ions hidroxila, que sao responsaveis pelos principais efeitos bioldgicos
do (HC) (17). Para compensar algumas dessas deficiéncias, a associagdo do
curativo de (HC) com outros antimicrobianos tem sido utilizadas (18).

Varios medicamentos foram sugeridos pela literatura para melhorar a
capacidade antisséptica e fisico-quimica do (HC) devendo ter acéo terapéutica
complementar, atuando sem inativar suas a¢des biolégicas e antimicrobianas e, se
possivel, otimizando-as (19). Entre as associa¢gdes mais comuns com estdo o
iodoférmio, o para-clorofenol canforado, a clorexidina, fitoterapicos e anti-
inflamatorios n&o esteroides (20) (21) (22) (23).

As opg¢des antimicrobianas para (EF) sdo limitadas, como ampicilina,
vancomicina, daptomicina e tigeciclina. Entre essas opgdes, a vancomicina (V) é
um antibiético que pode ser usado topicamente, pois € amplamente utilizado em
ortopedia combinado com metilmetacrilato (24). Além disso, a resisténcia em (EF)
é incomum (25) (26) (27). E um medicamento atraente para tratamento adjuvante
em endodontia. A (V) € um medicamento termoestavel, capaz de manter sua
atividade por varias semanas, sendo toleravel em niveis de pH acima do fisiolégico
(28). Considerando as caracteristicas da (V) e as vantagens do (HC), a
combinacdo desses dois produtos pode ser interessante no tratamento
endodobntico (22).

A (V) é um antibiotico da classe dos glicopeptideos triciclicos, conhecido por
sua forte atividade bactericida em microrganismos Gram-positivos. Devido a sua
caracteristica soluvel em agua, pode ser sugerido em associagdes em pasta (29)
(30). Tem um modo de agéo unico, inibindo a segunda etapa da sintese da parede
celular de bactérias suscetiveis. Ha evidéncias de que a droga altera a
permeabilidade da membrana celular e inibe seletivamente a sintese de acido
ribonucleico (31) [25-26]. (32)



A formulagédo de uma pasta de (HC) associada a (V) pode representar uma
possibilidade terapéutica intracanal em dentes com necrose pulpar e infectados
por E. faecalis, sendo a hipétese nula deste estudo € a de o ph do meio nao alterara
a atividade da (V), bem como nado sera citotoxico e mantera o potencial
antimicrobiano contra (EF).

Material e Métodos

Neste estudo, a cepa padrao de EF (ATCC® 29212™) foi utilizada em todos
os experimentos. O TSA (agar de soja tripticase) foi preparado de acordo com as
instru¢des do fabricante. Uma indugao de biofilme dentario foi realizada em fatias
de dentes caninos (sec¢des de 2 mm de espessura).

Analise de pH

Os testes de pH foram conduzidos para avaliar a estabilidade da (V) em
diversos gradientes acido-base, variando de pH 1 a 13. O acido cloridrico (HCI) foi
empregado para esses testes, com uma concentragao calculada para atingir pH=1.
Diluicbes progressivas de HCI possibilitaram a transigdo para pH 7.
Posteriormente, solu¢ées com pH crescente, variando de 8 a 13, foram geradas
através da adicdo de hidroxido de sédio (NaOH). Os valores de pH foram
verificados utilizando um medidor de pH automatizado (Digimed, D20, Sao Paulo,
SP, Brazil). Apés a determinagdo do pH, (V) na concentracdo de 20 mg/L foi
introduzida. Apds uma hora de incubagao, a solucéo foi submetida a quantificagao
de vancomicina por cromatografia liquida de alta eficiéncia (HPLC), conforme
detalhado anteriormente (28). O objetivo deste experimento foi avaliar a
estabilidade da (V) em um ambiente alcalino antes de sua combinagdo com (HC).

Anélise de Inibigéo do Crescimento Bacteriano utilizando o Método de Difusdo
em Disco

Uma solugdo com uma concentracdo de 0,5 na escala de turbidez de
McFarland de Enterococcus faecalis ATCC® 29212™ foi inoculada em uma placa
de TSA. Posteriormente, uma pasta condicionante de (HC) na concentragao de 20
mg + 100 yL de propilenoglicol, juntamente com (V) (1 e 32 mg/L) em discos de
papel filtro, e uma combinagdo de pasta de (HC) com (V) em sec¢des criadas
utilizando um puncgédo de aco inoxidavel (Golgran, Sado Paulo, Brasil), foram
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aplicadas. A placa inoculada foi entdo incubada por 24 horas a 36°C. Neste ensaio,
a formacao e a dimensao da zona de inibi¢ao do crescimento bacteriano associada
aos agentes antimicrobianos foram avaliadas. Este teste é considerado um método
de triagem para avaliar a capacidade dos agentes testados de inibir o crescimento
bacteriano.

Avaliagcéo da Concentrac¢go Inibitoria Minima (CIM)

Esta representa uma analise qualitativa da concentragdo minima necessaria
para que (V) e (HC) inibam a multiplicagao das células bacterianas. A determinagao
da CIM para (HC) e (V) envolveu concentragdes variando de 0,25 mg/L a 512 mg/L,
em diluicbes progressivas, dispostas em uma placa de 96 pogos com fundo em U
(Corning, Nova lorque, EUA). Posteriormente, 5 yL de uma solugdo contendo E.
faecalis ATCC® 29212™ na concentragéo de 10° ufc/mL foram adicionados a cada
poco. Apds 24 horas de incubacéo a 36°C, a placa foi visualmente avaliada, e a
CIM foi definida como a menor concentragdo que nao apresentou crescimento

bacteriano.

Avaliagcéo da Concentracdo Bactericida Minima (CBM)

Esta € uma analise quantitativa para avaliar a concentragcdo bactericida
minima. A CBM foi conduzida na mesma placa mencionada anteriormente, com
triplicacao de 100 pL de cada pogo de todas as solugdes com concentragdes acima
da CIM. Placas de TSA com alga de Drigalski foram usadas. A CBM foi
determinada como a concentracdo antimicrobiana sem crescimento celular,

conforme descrito anteriormente (33).

Curva de Morte por Tempo (TKC)

O objetivo deste teste é avaliar o efeito sinérgico de dois medicamentos,
permitindo a avaliagdo da sinergia entre os medicamentos. A TKC envolveu a
inoculagdo de 3 x 107 ufc/mL de E. faecalis ATCC® 29212™ em 10 mL de caldo
Mueller-Hinton (Oxoid, Basingstoke, Reino Unido). Aliquotas de 100 pyL foram
retiradas no tempo 0 e apds incubacéo de 1, 4, 8 e 24 horas. Essas aliquotas foram
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triplicadas em placas de TSA e incubadas por 24 horas a 36°C para contagem de
colonias. As curvas de morte por tempo foram construidas plotando a contagem
meédia de colbnias contra o tempo. Os resultados foram interpretados apds 24
horas de incubacéo. O teste foi conduzido em ftriplicata.

Determinagdo da Concentragdo Minima de Erradicagéo de Biofilme (MBEC)

Este teste determina a concentracdo de antibidtico capaz de erradicar
biofilme pré-formado. Biofilmes foram produzidos em uma placa de 96 pogos com
fundo em U (Corning, Nova lorque, EUA) utilizando uma solucdo de caldo de soja
tripticase (TSB) com concentragdo de 1,5 x 108 ufc/mL de (EF) ATCC® 29212™,
Apos 24 horas de incubacgao a 36°C, a solugcdo de TSB foi aspirada, lavada duas
vezes com solugao tampao fosfato pH 7.2 (PBS - solugdo salina tamponada com
fosfato), e os agentes antimicrobianos foram adicionados em concentracdes
crescentes a partir da CBM previamente definida. Apdés 24 horas a 36°C, as
solugbes antimicrobianas foram aspiradas e 200 pL de PBS (pH 7.2) foram
adicionados a cada pog¢o. A placa foi submetida a sonicagdo em banho ultrassdnico
por 15 minutos a 37°C e 40 kHz (Sanders Medical, Santa Rita do Sapucai, Minas
Gerais, Brasil) para desagregar células da matriz do biofilme. Diluicées seriadas
com solugao salina estéril foram realizadas, e a suspensao foi semeada em placas
de TSA. As placas foram incubadas por 24 horas a 36°C. As colbnias foram
contadas, e os resultados foram calculados em ufc/mL, onde MBEC é a
concentragcdo minima em mg/L de cada combinagdo antimicrobiana capaz de
reduzir células do biofilme em 2 log/mL (34). Os testes foram conduzidos em
octuplicata.

Determinagdo da Concentragdo Minima de Inibi¢do de Biofilme (MBIC)

Este teste determina a concentracdo do antibidético capaz de inibir o
desenvolvimento de células planctonicas a partir do biofilme. O teste € conduzido
conforme descrito para MBEC, mas com uma coleta de 100 pL do caldo antes da
lavagem do biofilme. As concentra¢des de vancomicina e hidroxido de calcio foram
progressivas (1-2048 mg/L) e (0,5 - 1024 mg/mL), respectivamente. Apds 24 horas
de exposicdo ao antibiético, 100 uL do caldo foi semeado em placas de TSA e
espalhado utilizando uma al¢a de Drigalski. As placas foram incubadas por 24
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horas a 36°C. As colbnias foram contadas, e os resultados foram calculados em
ufc/mL, onde MBIC é a concentragcdo minima em mg/L de cada combinagao
antimicrobiana capaz de reduzir células do biofilme em 2°9/mL (34). Os testes

foram conduzidos em ftriplicata.

Teste de Viabilidade Vivo-Morto (L/D)

O teste L/D é utilizado para avaliar a viabilidade do biofilme por
fluorescéncia. Uma amostra de cada grupo (hidréxido de calcio, vancomicina,
hidroxido de calcio com vancomicina) foi colocada em placas estéreis de 24 pogos
com uma laminula de vidro arredondada de 13 mm de diametro (Sarstedt, Newton,
NC, EUA) no fundo de cada pogo. Simultaneamente, o protocolo de produgdo de
biofilme de (EF) ATCC® 29212™ foi realizado. Apos o periodo de incubagdo, o TSB
e 0s espécimes foram liberados, e as laminulas com biofilme foram coradas com o
kit FilmTracer™ LIVE/DEAD® Biofilm Viability (Molecular Probes, Life Technologies
Ltd., Paisley, Reino Unido) para determinar a viabilidade das células bacterianas
dentro do biofilme e a ac&o do antibidtico apds o tratamento. O controle positivo foi
realizado sem antibidticos, enquanto o controle negativo foi realizado sem
antibioticos, com uma etapa de lavagem com etanol. Todas as laminulas dos
grupos foram imediatamente examinadas sob um microscépio de fluorescéncia
(Zeiss Scope. A1; Carl Zeiss, Oberkochen, Alemanha). Todas as amostras foram
coradas e tratadas seguindo o protocolo do kit, utilizando excitagdo/emissédo de
480/500 nm para SYTO® 9 e 490/635 nm para iodeto de propidio (24). Todos os
testes foram conduzidos em triplicata.

Anélise de Viabilidade Celular do Biofilme por MTT

A analise da atividade mitocondrial das células foi realizada utilizando o
meétodo de redugao do 3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazélio brometo (MTT,
Sigma-Aldrich, St. Louis, MO, EUA). Este método quantifica a conversdo do MTT
soluvel em agua em formazan insoluvel. O formazan roxo-azulado é solubilizado e
sua concentracdo € entdo determinada por densidade O6ptica em um
espectrofotobmetro a 570 nm utilizando um leitor de microplacas FluoStar OPTIMA
(BMG LABTECH, Ortenberg, Alemanha). Aliquotas de 200 pL de solugao
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contaminada com (EF) ATCC® 29212™ (concentragdo final de 10* ufc/mL) foram
adicionadas a cada pogo de uma placa de 96 pogos (Corning, Nova lorque, EUA),
com 5 grupos: controle positivo (solugdo contaminada sem adi¢ao de antibioticos),
solugao contaminada com adigao de hidroxido de calcio, solugdo contaminada com
adicdo de vancomicina, solugdo contaminada com adi¢cao de hidréxido de calcio e
vancomicina, e controle negativo (caldo TSB sem contaminante). Apds 24 horas
de incubacéao a 36°C, os pocos foram lavados com solugao salina duas vezes para
remover células bacterianas ndo aderentes, seguido da adi¢do de 200 yL de MTT
(Sigma-Aldrich, St. Louis, MO, EUA) na concentracdo de 0,5 mg/mL. A placa foi
mantida a 36°C por 2 horas. Apss esse periodo, os pogos foram lavados com PBS,
seguido da adicdo de 200 pL de isopropanol. Esta solugdo de cada pogo foi
aspirada e transferida para uma nova placa de poliestireno de 96 pogos (Corning,
Nova lorque, EUA) para analise em um espectrofotdbmetro com filtro de 570 nm
FluoStar OPTIMA (BMG LABTECH, Ortenberg, Alemanha (22). Todos os testes

foram conduzidos em octuplicata.

Analise da Capacidade de Formacgé&o de Biofilme por Cristal Violeta

Uma avaliagdo da capacidade de produgédo de biofiime de (EF) ATCC®
29212™ foi conduzida em microplacas de poliestireno de 96 pogos (Corning, Nova
lorque, EUA) através da avaliagdo da absorbancia por coloragdo com cristal violeta
(cloreto de hexametilpararosanilina). Uma solugdo com concentragao de 0,5 na
escala de turbidez de McFarland foi diluida em caldo de soja tripticase (TSB), e
200 uL desta suspenséo (concentragdo final de 10* ufc/mL) foram adicionados a
cada pogo. Os grupos incluiram: controle positivo sem adigdo de antibioticos,
solugao contaminada com adigao de hidroxido de calcio, solugdo contaminada com
adicdo de vancomicina, solugdo contaminada com adi¢ao de hidréxido de calcio e
vancomicina, e controle negativo, caldo TSB sem contaminante. Apos 24 horas de
incubacao a 36°C, os pogos foram cuidadosamente lavados com solugao salina
duas vezes para remover células bacterianas ndo aderentes, e os biofilmes foram
fixados por contato com 200 pL de metanol por 15 minutos. O metanol foi removido
e as microplacas foram secas ao ar. Apos a secagem, 200 pL de cristal violeta (1%
v/v) foram adicionados a cada pogo e incubados a 36°C por 5 minutos. Apds o
tempo designado, os pogos foram cuidadosamente lavados duas vezes com agua
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ultrapura estéril, seguido da adigdo de 200 pL de acido acético (33% v/v) para
dissolver a coloracdo. A absorbancia foi avaliada utilizando um leitor de
microplacas FluoStar OPTIMA (BMG LABTECH, Ortenberg, Alemanha) com DO a
570 nm (33). Todos os testes foram conduzidos em octuplicata.

Biofilme em Dentes

Para uma simulacao de biofilme dentario, dentes caninos foram obtidos e
cortados em se¢des de 2 mm de espessura. Apds o corte, os dentes foram
esterilizados por autoclave. A inducéao de biofilme foi realizada em placas de cultura
celular de 24 pocos. Os dentes foram imersos em 1 mL de caldo Muller Hinton
catiébnico ajustado contendo 107 ufc/mL de (EF) ATCC® 29212™ por 24 horas.
Subsequentemente, os modelos foram lavados duas vezes em PBS 7.2 por 5
minutos e colocados em uma nova placa com 1 mL de solugcdo baseando-se na
CIM de (V) (1 mg/L), (HC) (0,5 mg/mL) e os dois produtos combinados. Um grupo
de controle com solugdo salina foi incluido. Os testes foram conduzidos em
sextuplicata. Apds 24 horas de exposi¢ao, os moldes dentarios foram submetidos
a uma lavagem dupla com PBS 7.2 por 5 minutos e ent&o sonicados por 15 minutos
em 1 mL de solugao salina e semeados para quantificacdo em ufc/mL.

Analise Estatistica

Variaveis continuas foram comparadas pelo teste t de Student e expressas
em numero absoluto ou percentagens. As variaveis categoricas foram analisadas
pelo teste do qui-quadrado ou Fisher e expressas como numeros absolutos ou
percentagens. A diferencga estatistica foi considerada quando p <0,05. O SPSS v23
foi utilizado para analise estatistica (IBM, Armonk NY). Para a quantificagdo da
area no teste LIVE/DEAD, foi utilizado o software ImageJ. A analise do ImageJ foi
conduzida para avaliar as imagens de fluorescéncia obtidas do ensaio de
viabilidade de biofilme LIVE/DEAD. Este software facilita a determinacao de areas
especificas relacionadas a células bacterianas viaveis e ndo viaveis dentro do
biofilme. As imagens foram importadas para o software Imaged e regides de
interesse (ROIs) correspondentes as areas do biofilme foram definidas. O software
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calculou as areas de células viaveis (verde) e ndo viaveis (vermelho)

separadamente. As medi¢cdes foram expressas em termos de area de pixels.

Resultados

O passo inicial na consideragao da exploragao da combinacao (HC) e (V) foi
a avaliacédo de sua estabilidade em um ambiente altamente alcalino (pH 12 a 13).
O (HC), na sua concentragao maxima estavel, mantém um pH de 12,8. A avaliagao
da estabilidade indicou que a (V) manteve sua concentragdo mais efetivamente a
pH 9, semelhante a concentragdo do controle. A Figura 1 ilustra uma queda
acentuada em pH acido e uma curva mais suave em pH basico. A porcentagem de
perda nao excedeu 50%, sugerindo compensagdo com aumento da concentragao

de vancomicina.
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Figura 1 - Avaliacao da estabilidade da vancomicina em diferentes niveis de ph.

Os testes de difus&o antimicrobiana demonstraram que tanto a (V) (1 mg/L
ou 32 mg/L) quanto o (HC) (200 mg/mL), isoladamente ou combinados, exibiram a
capacidade de inibir o crescimento bacteriano, incentivando investigagdes
adicionais (Figura 2). Os testes de microdiluigio em caldo revelaram a
concentragdo inibitéria minima (CIM) da (V) de 1 mg/L, enquanto o (HC)
apresentou uma CIM de 0,5 mg/mL. Os resultados foram confirmados através de
macrodiluicdo em caldo, empregando uma técnica semelhante com um volume de

5 mL de caldo para minimizar erros. A concentragcéo bactericida minima (CBM)
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realizada juntamente com a CIM indicou uma concentragdo de (HC) de 4 mg/mL
(8x CIM) e de (V) a 32 mg/L (32x CIM).

Figura 2 - testes de difusé@o antimicrobiana A (hidroxido de calcio
200mg/ml); B (vancomicina 1mg/L); C (Vancomicina 32mg/L);
D1(hidréxido de calcio 200mg/ml + vancomicina 1mg/L); D2
hidroxido de calcio 200mg/ml + vancomicina 32mg/L)

Usando a concentragao inibitéria minima, foi realizada uma curva de morte
ao longo do tempo para avaliar a interacéo entre a (V) e o (HC) e explorar possiveis
efeitos sinérgicos, aditivos ou antagbnicos. Em comparagdo com o controle e
utilizando a concentragdo da CIM, a (V) exibiu uma redugdo de 2'°9 (100x),
enquanto o (HC) mostrou uma redugéo >5"9 (100.000x), com nenhum crescimento
bacteriano dentro de 24 horas. A combinacao foi dificil de avaliar devido a rapida
atividade bactericida do (HC). No entanto, a (V) ndo demonstrou efeito antagdnico
quando combinada com (HC) contra (EF) (Figura 3).
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Figura 3 Time-kill curve de vancomicina, hidréxido de calcio e da combinagao de hidroxido de calcio
com vancomicina sobre E. faecalis

Os testes MBIC indicaram uma MBIC para a (V) de 512 mg/L e uma MBIC
para o (HC) de 2 mg/mL. Testes de combinagdo n&do foram realizados, pois um
teste do tipo Checker Board seria necessario. Testes de viabilidade, incluindo
MBEC, MTT, cristal violeta e LIVE/DEAD, foram realizados. Na avaliacao

17



quantitativa do biofilme, a (V) ndo mostrou atividade isolada, com crescimento
bacteriano mantido em todas as concentrag¢des de 0,5 a 128 mg/L. O (HC) sozinho
ou combinado com (V) a 1 mg/L, resultou na erradicagdo completa do biofilme. A
analise da produgao de biofilme revelou que a combinacéo de (V) e (HC) alcangou
uma reducgéo maior do que o (HC) isoladamente (p<0,05). Nos testes de atividade
celular, a combinagao de (V) com (HC) superou a (V) isolada e diferiu do grupo
controle (p<0,05). No entanto, nenhuma diferenga foi observada ao adicionar (V)
ao (HC) (Figura 4).
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Figura 4 - teste de MTT em Biofilme de E. faecalis.
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Figura 5 - Teste de Cristal Violeta em Biofilme de E. faecalis.
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A viabilidade do biofilme exposto a (V) e (HC) foi testada usando o método
de fluorescéncia LIVE/DEAD. A Figura 6 mostra um biofilme misto para a (V), com
uma porcentagem semelhante de células vivas e mortas. No grupo de (HC), areas
de células vivas s&o visiveis, e na combinagdo de (HC) e (V), apenas células
mortas sdo identificadas (p < 0,05) (Figura 6).
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Figura 6- Resposta do biofilme aos tratamentos com vancomicina e hidroxido de calcio.
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Figura 7- Anélise de viabilidade de biofilme de E. faecalis com ImageJ®: quantificacdo das areas de
células viaveis (verde) e ndo viaveis (vermelho).

No modelo de biofilme em dente humano, todos os tratamentos foram

superiores ao controle positivo (p<0,05). A combinagao de (HC) e (V) demonstrou

uma resposta superior no tratamento do biofilme de (EF) (Figura 8).
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Figura 8 — Formagé&o de biofilme de Enterococcus Faecalis em dente humano.

Discussao

A pasta de (HC) é util como medicamento intracanal ndo apenas para a
eliminagao e redugao de microrganismos (35), mas também para a confirmagéo da
auséncia de sinais iniciais de cicatrizacdo ou sintomas antes do preenchimento do
canal radicular (36). (EF) tem sido comumente utilizado em modelos de biofilme
endodontico devido a sua associagdo com falhas no tratamento endoddntico.
Momenijavid et al. 2022 (37) sugeriram que o Cax*, como parte do (HC) n&o destroi
o biofilme de EF mas participa do fortalecimento da estrutura levando ao aumento
da densidade, alteracdo da morfologia e mudangas nas propriedades fisico-
quimicas. A partir dessa perspectiva, a (V) poderia potencializar o efeito
antibacteriano da pasta de (HC) contra o biofilme de (EF). Neste estudo, a hipétese
testada foi confirmada experimentalmente; observou-se que a (V) associada ao
(HC) nao foi citotoxica, apresentou atividade antimicrobiana e nao foi alterada pela
variagao de pH.

O objetivo do presente estudo foi investigar os potenciais efeitos sinérgicos
da combinacdo de (HC) e (V) contra o biofime de (EF). A avaliagédo inicial
concentrou-se na estabilidade desses agentes em um ambiente altamente alcalino

com pH variando de 12 a 13. O (HC), um conhecido agente alcalino comumente
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utilizado em tratamentos endoddnticos, exibiu um pH estavel de 12,8 em sua
concentragdo maxima. Essa estabilidade €& crucial para manter a eficacia
terapéutica em condi¢des alcalinas. As avaliagdes de estabilidade revelaram que
a (V), um antibidtico com papel critico no combate a infecgbes bacterianas,
manteve sua concentragdo mais efetivamente a pH 9, um achado analogo a
concentragéo do controle. A queda observada na estabilidade em niveis acidos de
pH e a curva mais gradual em pH basico indicaram um comportamento dependente
de pH. Notavelmente, a porcentagem de perda nao ultrapassou 50%, sugerindo
um possivel ajuste compensatério da concentragdo de vancomicina para mitigar o
impacto do pH acido (38) (39). A (V) € pouco soluvel a pH neutro, mas é ionizavel
(40). Além disso, a pasta de (HC) proporciona alcalinizagdo das superficies
internas das raizes e neutraliza produtos acidos do processo inflamatdrio,
facilitando a reparagao e a atividade antimicrobiana (40), o que pode representar
uma vantagem para a associagdao com a (V).

Os testes de difusdo antimicrobiana demonstraram os efeitos inibitorios
individuais e combinados de (V) e (HC) sobre o crescimento bacteriano. A
capacidade desses agentes de inibir a proliferagado bacteriana fornece uma base
para investigagcbes adicionais sobre sua eficacia combinada. Os testes de
microdiluicdo em caldo forneceram insights quantitativos sobre as concentragdes
inibitorias de (V) e (HC), com a (V) exibindo uma concentracéo inibitéria minima
(CIM) de 1 mg/L e o (HC) a 0,5 mg/mL. A confirmag&o através de macrodiluicao
em caldo e a determinag&o da concentracao bactericida minima (CBM) juntamente
com a concentragao inibitéria minima (CIM) apoiaram ainda mais esses achados.
O (HC) demonstrou uma concentragao de 4 mg/mL (8x CIM) para CBM, enquanto
a (V) mostrou 32 mg/L (32x CIM), enfatizando sua eficacia contra o crescimento
bacteriano. Por outro lado, o pH de (HC) nos testes de difusdo antimicrobiana
permanece alto, ao contrario de quando utilizado em outros modelos, como o
modelo de dente infectado, onde o pH do (HC) geralmente é mais baixo devido ao
efeito tampdo da dentina radicular (41), o que pode apresentar resultados
diferentes contra as bactérias.

A curva de morte ao longo do tempo, baseada na concentracdo inibitoria
minima, forneceu insights sobre a interagdo dinamica entre (V) e (HC). A
substancial reducg&o na viabilidade bacteriana observada com a (V) (reducao de 2
log ou 100x) e o hidréxido de calcio (>5'°9 ou 100.000x) destacou seus potentes
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efeitos bactericidas. A dificuldade em avaliar a eficacia combinada foi atribuida a
rapida atividade bactericida do (HC), impedindo uma avaliagdo abrangente dos
potenciais efeitos sinérgicos. No entanto, a auséncia de um efeito antagdnico
quando a (V) foi combinada com (HC) contra (EF) indicou uma interacdo
compativel entre esses agentes (42) . O modo de ac¢édo do (HC) e da (V) torna-os
muito promissores para o0 desenvolvimento de novos revestimentos
antimicrobianos intracanais e para a futura eliminagdo do biofilme de (EF).

Os testes MBIC sublinharam a eficacia individual de (V) e (HC), com valores
de MBIC de 512 mg/L e 2 mg/mL, respectivamente. Embora um teste de
combinacdo nao tenha sido conduzido, pois seria necessario um teste do tipo
checkerboard, a eficacia individual desses agentes foi ainda mais validada através
de testes de viabilidade, incluindo MBEC, MTT, cristal violeta e LIVE/DEAD.
Notavelmente, a (V) apresentou atividade limitada na avaliagdo quantitativa de
biofilme, com crescimento bacteriano observado em concentragcées de 0,5 a 128
mg/L. Em contraste, o (HC), sozinho ou em combinagdo com (V) (1 mg/L),
demonstrou erradicacdo completa do biofilme.

A analise da producéao de biofilme revelou que a combinagao alcangou uma
reducdo mais significativa do que o (HC) isoladamente, destacando um potencial
efeito sinérgico. Os testes de atividade celular enfatizaram ainda mais a
superioridade da combinagdo sobre a (V) isolada, diferenciando-se
significativamente do grupo controle. Esses achados ressaltam a maior eficacia da
combinagdo em mitigar a atividade bacteriana e a producé&o de biofilme (30). Além
disso, o uso de medicagdes intracanais visa eliminar microrganismos residuais da
preparagao quimiomecanica (43). Agentes antimicrobianos n&o conseguem
penetrar biofilmes sem a acéo fisico-mecanica, especialmente quando os biofilmes
tém grandes quantidades de matriz extracelular organizada (44).

A avaliagcéo da viabilidade do biofilme através do método de fluorescéncia
LIVE/DEAD forneceu uma representacao visual da resposta a vancomicina e ao
hidroxido de calcio. Enquanto a vancomicina exibiu um biofilme misto com uma
porcentagem comparavel de células vivas e mortas, a combinag¢ao de hidroxido de
calcio e vancomicina predominantemente mostrou células mortas. Esta avaliagcao
baseada em fluorescéncia reforcou o potencial da combinagdo para induzir a
erradicacao do biofilme. Neste estudo, as medicacbes intracanais estavam em
contato direto com as bactérias. As pastas de (HC) mostram capacidade
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antimicrobiana limitada em biofilmes (45). No modelo de biofime em dente
humano, todos os tratamentos, incluindo a combinacdo de hidroxido de calcio e
vancomicina, superaram o controle positivo, indicando eficacia superior no
tratamento do biofiime de EF. Uma limitacdo observada no estudo é que a
avaliacao se concentrou em apenas uma cepa bacteriana, a execugao dos testes
com biofilmes polimicrobianos pode alterar os resultados encontrados. Estudos
adicionais, incluindo investigagdes in vivo e clinicas, sdo necessarios para validar

esses achados e explorar o potencial de tradugao desta terapia combinada.

Conclusao

Em concluséo, a combinagao de (HC) e (V) demonstrou efeitos sinérgicos
promissores contra o biofilme de (EF). A estabilidade desses agentes em um
ambiente altamente alcalino, juntamente com seus efeitos inibitorios individuais e
combinados sobre o crescimento bacteriano, destaca o potencial dessa

combinagao como uma estratégia terapéutica eficaz em tratamentos endodénticos.
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Abstract

Introduction: Endodontic infections, particularly those involving Enterococcus
faecalis, pose challenges in root canal treatments. This study aimed to investigate
the synergistic effects of combining calcium hydroxide (CaOH2) and vancomycin
against E. faecalis biofilm, addressing the stability of these agents in an extreme
alkaline environment and their inhibitory effects on bacterial growth. Objective:
Evaluate the potential synergistic effects of CaOH2 and vancomycin against E.
faecalis biofilm. Methods: The stability of vancomycin was assessed across
different pH levels (1 to 13), and the inhibitory effects of CaOH2 and vancomycin,
alone and in combination, were examined through antimicrobial diffusion, minimum
inhibitory concentration (MIC), minimum bactericidal concentration (MBC), and
time-kill curve analyses. Viability tests, including minimum biofilm eradication
concentration (MBEC), minimum biofilm inhibition concentration (MBIC),
LIVE/DEAD assay, MTT, and crystal violet, were performed. A human tooth biofilm
model was also utilized for clinical relevance. Results: Vancomycin demonstrated
stability at pH 9 and exhibited inhibitory effects on bacterial growth. CaOHZ2 and
vancomycin, individually and in combination, effectively inhibited E. faecalis biofilm.
The combination showed synergistic effects, with enhanced biofilm eradication
compared to CaOH2 alone. Viability tests supported the superior efficacy of the
combination, with significant reductions in bacterial activity and biofilm production.
Conclusion: The combination of CaOH2 and vancomycin demonstrated promising
synergistic effects against E. faecalis biofilm, suggesting its potential as an effective
therapeutic strategy in endodontic treatments. Clinical Relevance: This synergistic
effect suggests a potential new therapeutic strategy to improve root canal treatment
outcomes.

Keywords: Endodontic Infections, Enterococcus faecalis, Calcium Hydroxide,
Vancomycin, Biofilms, Root Canal Therapy, Drug Synergism
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Introduction

Apical periodontitis is a chronic inflammatory condition resulting from
bacterial invasion of the dental pulp and root canal system, leading to the
destruction of periapical tissues [1-2]. Studies show that endodontic infections are
often associated with a complex microbiota, where Enterococcus faecalis (EF) and
Porphyromonas gingivalis are prevalent, particularly in retreatment cases. Such
infections are associated with clinical symptoms such as pain, sensitivity to
percussion, and periapical lesions [3].

Endodontic treatment reduces microorganisms from infected root canals but
not enough to achieve complete antisepsis when periapical infections are
maintained. Bacterial presence is usually associated, with E. faecalis (EF) being
the most reported microorganism in persistent lesions [4-6] The effective elimination
of bacteria and prevention of recontamination of the root canal system are the
foundations of endodontic therapy [7]. Even when the most rigorous chemo-
mechanical cleaning procedures are followed, bacteria may persist in cases of pulp
necrosis and periapical lesions [8-9]. To address this issue, the complementary
application of intracanal antimicrobial agents between endodontic therapy sessions
has been proposed to significantly reduce microorganisms [10-11].

The most described intracanal substance in the literature for this purpose is
calcium hydroxide (CH). This dressing is characterized by being a white, alkaline
powder (pH 12.8), slightly soluble in water (solubility of 1.2 g L-1 of water at 25°C),
obtained by calcination of calcium carbonate until it transforms into calcium oxide,
which, when hydrated, results in calcium hydroxide [12]. Based on the molecular
weight of the substance, the percentage of hydroxyl ions and calcium ions found
corresponds to 45.89% and 54.11%, respectively [13]. The antimicrobial activity of
(CH) is related to its capacity for enzymatic inhibition and alterations in the bacterial
cell wall. Another important action is its anti-exudative and biological activity,
responsible for activating the tissue enzyme alkaline phosphatase, which induces
the formation of mineralized bone tissue and thus contributes to the repair process
[14].

In endodontic therapy, bacteria may survive after intracanal medication for
several reasons. Microorganisms may be intrinsically resistant to intracanal

medication or may remain viable in anatomical variations of the root canal system
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that are inaccessible to biomechanical canal preparation. Furthermore, the effects
of dentin, organic debris, and tissue fluids may buffer the pH of (CH) affecting its
properties [15-16]. It is also questionable whether viscous or oily vehicles are
clinically beneficial, as they do not allow high dissociation and the consequent
release of hydroxyl ions, which are responsible for the main biological effects of CH
[17]. To compensate for some of these deficiencies, the combination of CH with
other antimicrobials has been used [18].

Several drugs have been suggested in the literature to improve the antiseptic
and physicochemical capacity of (CH), and they should have complementary
therapeutic actions, working without inactivating its biological and antimicrobial
effects and, if possible, optimizing them [19]. Among the most common
combinations are iodoform, camphorated para-chlorophenol, chlorhexidine, herbal
medicines, and non-steroidal anti-inflammatory drugs [20-23].

Antimicrobial options for (EF) are limited, such as ampicillin, vancomycin,
daptomycin, and tigecycline. Among these options, vancomycin (V) is an antibiotic
that can be used topically, as it is widely used in orthopedics combined with methyl
methacrylate [24]. Furthermore, resistance in (EF) is uncommon [25-27]. It is an
attractive drug for adjuvant treatment in endodontics. (V) is a thermostable drug,
capable of maintaining its activity for several weeks and being tolerable at pH levels
above physiological [28]. Considering the characteristics of (V) and the advantages
of (CH), the combination of these two products may be interesting in endodontic
treatment [22].

Vancomycin is an antibiotic from the tricyclic glycopeptide class, known for
its strong bactericidal activity against Gram-positive microorganisms. Due to its
water-soluble characteristic, it can be suggested in paste combinations [29-30]. It
has a unique mode of action, inhibiting the second stage of cell wall synthesis in
susceptible bacteria. There is evidence that the drug alters cell membrane
permeability and selectively inhibits ribonucleic acid synthesis [31-32].

The formulation of a (CH) paste associated with (V) may represent a
therapeutic intracanal possibility in teeth with pulp necrosis and infected with (EF).
The null hypothesis of this study is that the medium's pH will not alter vancomycin
activity, nor will it be cytotoxic, while maintaining antimicrobial potential against EF.
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Methods

In this study, the standard (EF) strain (ATCC 29212™) was used in all
experiments. Tryptic soy agar (TSA) was prepared according to manufacturer
instructions. A tooth biofilm induction was performed in canine teeth slices (2 mm

thick sections).

pH Analysis

A pH testing was conducted to assess the stability of vancomycin across
diverse acid-base gradients, ranging from pH 1 to 13. Hydrochloric acid (HCI) was
employed for these tests, with a calculated concentration to achieve pH=1.
Progressive dilutions of HCI facilitated the transition to pH 7. Subsequently,
solutions with increasing pH, ranging from 8 to 13, were generated through the
addition of sodium hydroxide (NaOH). The pH values were verified using an
automated pH meter (Digimed, D20, Sdo Paulo, SP, Brazil). Following pH
determination, vancomycin at a concentration of 20 mg/L was introduced. After a
one-hour incubation, the solution underwent vancomycin quantification through
high-performance liquid chromatography (HPLC), as previously detailed [28]. The
objective of this experiment was to evaluate the stability of vancomycin in an

alkaline environment prior to its combination with calcium hydroxide.

Bacterial Growth Inhibition Analysis using the Disk Diffusion Method

A solution with a concentration of 0.5 McFarland turbidity scale of
Enterococcus faecalis ATCC 29212™ was inoculated into a TSA plate.
Subsequently, a conditioning paste of (HC) at a concentration of 20 mg + 100 yL of
propylene glycol, along with (V) (1 and 32 mg/L) on filter paper disks, and a
combination of (CH) paste with (V) in sections created using a stainless-steel punch
(Golgran, Sao Paulo, Brazil), were applied. The inoculated plate was then incubated
for 24 hours at 36°C. In this assay, the formation and dimension of the bacterial
growth inhibition zone associated with the antimicrobial agents were assessed. This
test is considered a screening method to evaluate the ability of the tested agents to
inhibit bacterial growth.
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Minimum Inhibitory Concentration (MIC) Evaluation

This represents a qualitative analysis of the minimum concentration required
for vancomycin and calcium hydroxide to inhibit bacterial cell multiplication. MIC
determination for (CH) and (V) involved varying concentrations ranging from 0.25
mg/L to 512 mg/L, in progressive dilutions, arranged in a 96-well U-bottomed plate
(Corning, New York, USA). Subsequently, 5 L of a solution containing E. faecalis
ATCC 29212 TM at a concentration of 108 cfu/mL was added to each well. After a
24-hour incubation at 36°C, the plate was visually evaluated, and MIC was defined

as the lowest concentration that showed no bacterial growth.

Minimum Bactericidal Concentration (MBC) Assessment

This is a quantitative analysis to assess the minimum bactericidal
concentration. MBC was conducted on the same plate mentioned earlier, with
triplicate plating of 100 L from each well of all solutions with concentrations above
the MIC. TSA plates with Drigalski loop were used. MBC was determined as the

antimicrobial concentration with no cell growth, as previously described [33].

Time Kill Curve (TKC)

The objective of this test is to evaluate the synergistic effect of two drugs,
allowing the assessment of synergy between the drugs. TKC involved inoculating 3
x 107 cfu/mL of (EF) in 10 mL of Mueller-Hinton broth (Oxoid, Basingstoke, United
Kingdom). Aliquots of 100 yL were taken at time 0 and after incubation at 1, 4, 8,
and 24 hours. These aliquots were triplicate plated on TSA agar plates and
incubated for 24 hours at 36°C for colony counting. Time Kkill curves were
constructed by plotting average colony counts against time. Results were
interpreted after 24 hours of incubation. The test was conducted in triplicate.

Minimum Biofilm Eradication Concentration (MBEC)

This test determines the antibiotic concentration capable of eradicating pre-
formed biofilm. Biofilms were produced in a 96-well U-bottomed plate (Corning,

New York, USA) using a Tryptic Soy Broth (TSB) solution with a concentration of
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1.5 x 108 cfu/mL of (EF) After 24 hours of incubation at 36°C, the TSB solution was
aspirated, washed twice with pH 7.2 buffered solution (PBS - phosphate buffered
saline), and antimicrobial agents were added at increasing concentrations from the
previously defined MBC. After 24 hours at 36°C, the antimicrobial solutions were
aspirated, and 200 pL of PBS (pH 7.2) was added to each well. The plate underwent
sonication in an ultrasonic bath for 15 minutes at 37°C and 40 kHz (Sanders
Medical, Santa Rita do Sapucai, Minas Gerais, Brazil) to disrupt biofilm matrix cells.
Serial dilutions with sterile saline solution were performed, and the suspension was
plated on (TSA). The plates were incubated for 24 hours at 36°C. Colonies were
counted, and results were calculated as cfu/mL, where MBEC is the minimum
concentration in mg/L of each antimicrobial combination capable of reducing biofilm
cells by 2'°9/mL [34]. The tests were conducted in octuplicate.

Minimum Biofilm Inhibition Concentration (MBIC)

This test determines the concentration of the antibiotic capable of inhibiting
the development of planktonic cells from the biofiim. The test is conducted as
described for MBEC, but with a collection of 100 pL of broth before biofilm washing.
Vancomycin and calcium hydroxide concentrations were progressive (1-2048 mg/L)
and (0.5 - 1024 mg/mL), respectively. After 24 hours of antibiotic exposure, 100 uL
of broth was plated on (TSA) plates and spread using a Drigalski loop. The plates
were incubated for 24 hours at 36°C. Colonies were counted, and results were
calculated as cfu/mL, where MBIC is the minimum concentration in mg/L of each
antimicrobial combination capable of reducing biofilm cells by 2log/mL [34]. The
tests were conducted in triplicate.

Live-Dead Assay (L/D)

The L/D test is used to assess biofilm viability by fluorescence. A sample
from each group (calcium hydroxide, vancomycin, calcium hydroxide with
vancomycin) was placed in sterile 24-well plates with a pre-rounded glass coverslip
of 13 mm diameter (Sarstedt, Newton, NC, USA) at the bottom of each well.
Simultaneously, the (EF) biofilm production protocol was performed. After the
incubation period, TSB and specimens were released, and coverslips with biofilm
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were stained with the FilmTracer™ LIVE/DEAD® Biofilm Viability kit (Molecular
Probes, Life Technologies Ltd., Paisley, UK) to determine the viability of bacterial
cells within the biofilm and the antibiotic action after treatment. The positive control
was performed without antibiotics, while the negative control was performed without
antibiotics, with an ethanol washing step. All coverslips from the groups were
immediately examined under a fluorescence microscope (Zeiss Scope. A1; Carl
Zeiss, Oberkochen, Germany). All samples were stained and treated following the
kit protocol, using excitation/emission of 480/500 nm for SYTO® 9 and 490/635 nm
for propidium iodide [24]. All tests were conducted in triplicate.

Cell Viability Analysis of Biofilm by MTT

Analysis of mitochondrial activity of cells was performed using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich, St.
Louis, MO, USA) reduction method. This method quantifies the conversion of water-
soluble MTT into insoluble formazan. The purple-blue formazan is solubilized, and
its concentration is then determined by optical density in a spectrophotometer at
570 nm using a FluoStar OPTIMA microplate reader (BMG LABTECH, Ortenberg,
Germany). Aliquots of 200uL of (EF) contaminated solution (final concentration of
10* cfu/mL) were added to each well of a 96-well plate (Corning, New York, USA),
with 5 groups: positive control (contaminated solution without the addition of
antibiotics), contaminated solution with added calcium hydroxide, contaminated
solution with added vancomycin, contaminated solution with added calcium
hydroxide and vancomycin, and negative control (TSB broth without contaminant).
After 24 hours of incubation at 36°C, the wells were washed with saline solution
twice to remove non-adherent bacterial cells, followed by the addition of 200 pL of
MTT (Sigma-Aldrich, St. Louis, MO, USA) at a concentration of 0.5 mg/mL. The
plate was kept at 36°C for 2 hours. After this period, the wells were washed with
PBS, followed by the addition of 200 uL of isopropanol. This solution from each well
was aspirated and transferred to a new 96-well polystyrene plate (Corning, New
York, USA) for analysis in a spectrophotometer with a 570 nm filter FluoStar
OPTIMA (BMG LABTECH, Ortenberg, Germany [22]. All tests were conducted in
octuplicate.
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Biofilm Formation Capacity Analysis by Crystal Violet

An assessment of (EF) biofilm production capacity was conducted in 96-well
polystyrene microplates (Corning, New York, USA) by evaluating absorbance
through crystal violet staining (hexamethylpararosaniline chloride). A solution with
a concentration of 0.5 McFarland from the turbidity scale was diluted in Tryptic Soy
Broth (TSB), and 200 pL of this suspension (final concentration of 10*cfu/mL) was
added to each well. The groups included: positive control without the addition of
antibiotics, contaminated solution with added calcium hydroxide, contaminated
solution with added vancomycin, contaminated solution with added calcium
hydroxide and vancomycin, and negative control, TSB broth without contaminant.
After 24 hours of incubation at 36°C, the wells were carefully washed with saline
solution twice to remove non-adherent bacterial cells, and biofilms were fixed by
contact with 200 pL of methanol for 15 minutes. Methanol was removed, and
microplates were air-dried. After drying, 200 pL of Crystal Violet (1% v/v) was added
to each well and incubated at 36°C for 5 minutes. After the designated time, the
wells were carefully washed twice with sterile ultrapure water, followed by the
addition of 200 uL of acetic acid (33% v/v) to dissolve the coloration. Absorbance
was assessed using a FluoStar OPTIMA microplate reader (BMG LABTECH,
Ortenberg, Germany) with OD at 570 nm [33]. All tests were conducted in
octuplicate.

Biofilm on Teeth

For a tooth biofilm simulation, canine teeth were obtained and cut into 2 mm
thick sections. After cutting, the teeth were sterilized by autoclaving. Biofilm
induction was performed in 24-well cell culture plates. The teeth were immersed in
1 mL of adjusted cationic Muller Hinton broth containing 10’ CFU/mL (EF) for 24
hours. Subsequently, the models were washed twice in PBS 7.2 for 5 minutes and
placed in a new plate with 1 mL of vancomycin solution (1mg/L), calcium hydroxide
(0.5 mg/mL), and the two products combined. A control group with saline solution
was included. Tests were conducted in sextuplicate. After 24 hours of exposure,
the tooth molds were subjected to double washing with PBS 7.2 for 5 minutes and
then sonicated for 15 minutes in 1 mL of saline solution and plated for quantification

in cfu/mL.
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Statistical analysis

Continuous variables were compared by student t test and expressed in
absolute number or percentages. The categorical variables were analyzed by chi-
square or Fisher test and expressed as absolute numbers or percentages.
Statistical difference was considered when p <0.05. SPSS v23 was used for
statistical analysis (IBM, Armonk NY). For the quantification of area in the
LIVE/DEAD test, Imaged software was employed. The Imaged analysis was
conducted to assess the fluorescence images obtained from the LIVE/DEAD Biofilm
Viability assay. This software facilitates the determination of specific areas related
to viable and non-viable bacterial cells within the biofilm. Images were imported into
the Imaged software and regions of interest (ROIs) corresponding to the biofilm
areas were defined. The software calculated the areas of viable (green) and non-
viable (red) cells separately. Measurements were expressed in terms of pixel area.

Results

The initial step in considering the exploration of the (CH) and (V) combination
was assessing their stability in an extreme alkaline environment (pH 12 to 13). (CH)
at its stable maximum concentration, maintains a pH of 12.8. Stability evaluation
indicated that (V) retained its concentration most effectively at pH 9, similar to the
control concentration. Fig.1 illustrates a sharp decline at acidic pH and a gentler
curve at basic pH. The loss percentage did not exceed 50%, suggesting

compensation with increased vancomycin concentration.
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Fig.1: evaluation of vancomycin stability at different pH levels

Fig. 2 - antimicrobial diffusion tests A (calcium hydroxide
200mg/ml); B (vancomycin 1mg/L); C (Vancomycin 32mg/L); D1
(calcium hydroxide 200mg/ml + vancomycin 1mg/L); D2 calcium
hydroxide 200mg/ml + vancomycin 32mg/L)

Antimicrobial diffusion tests demonstrated that both (V) (1 mg/L or 32 mg/L)
and (CH) (200 mg/mL), whether isolated or combined, exhibited the ability to inhibit
bacterial growth, encouraging further investigations (Fig. 2). Broth microdilution
tests revealed (V) is inhibitory concentration to be 1 mg/L, while (CH) exhibited a
minimum inhibitory concentration of 0.5 mg/mL. Results were confirmed through
broth macrodilution, employing a similar technique with a 5 mL broth volume to
minimize errors. Minimum bactericidal concentration (MBC) conducted alongside
MIC indicated a calcium hydroxide concentration of 4 mg/mL (8x MIC) and
vancomycin at 32 mg/L (32x MIC).

Using the minimum inhibitory concentration, a time-kill curve was conducted
to assess the interaction between (V) and (CH) and explore potential synergistic,

additive, or antagonistic effects. Compared to the control and using MIC
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concentration, (V) exhibited a 27°9 reduction (100x), while (CH) showed a >5°9
reduction (100,000x), with no bacterial growth within 24 hours. The combination
was challenging to evaluate due to the rapid bactericidal activity of (CH). However
(V) demonstrated no antagonistic effect when combined with (CH) (Fig. 3).

Time Kill Curve
105 P = <

-e- Positive control
1 -=- \ancomycin
=+~ CaOH + Vancomycin
—a -+~ CaOH

CFU/mL

L] v v L) L] L] v
0 4 8 12 16 20 24
Time (hours)

Fig. 3- time-kill curve of vancomycin, calcium hydroxide and the combination of calcium hydroxide
and vancomycin on E. faecalis

MBIC tests indicated a (V) MBIC of 512 mg/L and a (CH) MBIC of 2 mg/mL.
Combination tests were not conducted, as a checkerboard-type test would be
required. Viability tests, including MBEC, MTT, crystal violet, and LIVE/DEAD tests,
were performed. In quantitative biofilm assessment, (V) showed no isolated activity,
with bacterial growth maintained at all concentrations from 0.5 to 128 mg/L. (CH),
alone or combined with (V) at 1 mg/L, resulted in complete biofilm eradication.
Biofilm production analysis revealed the combination of (CH) and (V) achieved a
greater reduction than (CH) alone (p<0.05). In cellular activity testing, the
combination of (V) with (CH) outperformed vancomycin alone and differed from the
control group (p <0.05). However, no difference was observed in adding (Fig. 4 and
Fig. 5).
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Fig. 5 - Violet Crystal Test on E. faecalis Biofilm
Viability of the biofiim exposed to (V) and (CH) was tested using the
LIVE/DEAD fluorescence method. Fig. 6 shows a mixed biofilm for (V), with a similar
percentage of live and dead cells. In the (CH) group, live cell areas are visible, and
in (CH) and (V) combination, only dead cells are identified (Fig.7) (p<0.05).
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Fig. 7 - viability analysis of E. faecalis biofilm with ImageJ®: quantification of areas of viable (green)
and non-viable (red) cells.

In the human tooth biofilm model, all treatments were superior to the positive
control (p<0.05). The combination of (CH) and (V) demonstrated a superior

response in treating biofilm (Figure 8).
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Flg. 8 - formation of Enterococcus Faecalis biofilm on human teeth
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Discussion

The calcium hydroxide paste is useful as an intracanal medication not only
for the elimination and reduction of microorganisms [35], but also to confirm the
absence of initial signs of healing or symptoms before root canal filling [36]. (EF)
has been commonly used in endodontic biofilm models due to its association with
endodontic treatment failures. Authors suggested that Ca2+, as part of the CH,
does not destroy the (EF) biofilm but rather participates in strengthening its
structure, making the biofilm denser. From this perspective, (V) could potentiate the
antibacterial effect of (CH) paste against the (EF) biofilm [37]. In this study, the
tested hypothesis was experimentally confirmed; it was observed that (V) combined
with (CH) was not cytotoxic, exhibited antimicrobial activity, and was not altered by
pH variation.

The aim of the present study was to investigate the potential synergistic
effects of the combination of (CH) and (V) against (EF) biofilm. The initial evaluation
focused on the stability of these agents in a highly alkaline environment with a pH
range of 12 to 13. (CH) a well-known alkaline agent commonly used in endodontic
treatments, exhibited a stable pH of 12.8 at its maximum concentration. This
stability is crucial to maintaining therapeutic efficacy under alkaline conditions.
Stability assessments revealed that (V), an antibiotic with a critical role in combating
bacterial infections, retained its concentration more effectively at pH 9, a finding
comparable to the control concentration. The observed decrease in stability at
acidic pH levels and the more gradual curve at basic pH indicated a pH-dependent
behavior. Notably, the percentage of loss did not exceed 50%, suggesting a
potential compensatory adjustment in (V) concentration to mitigate the impact of
acidic pH [38-39]. (V) is poorly soluble at neutral pH but is ionizable [40].
Additionally, the (CH) paste provides alkalinization of the internal surfaces of the
roots and neutralizes acidic products from the inflammatory process, facilitating
repair and antimicrobial activity [40], which may represent an advantage for its
association with V.

The antimicrobial diffusion tests demonstrated the individual and combined
inhibitory effects of (V) and (CH) on bacterial growth. The ability of these agents to
inhibit bacterial proliferation provides a basis for further investigations into their
combined efficacy. Broth microdilution tests provided quantitative insights into the
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inhibitory concentrations of (V) and (CH), with (V) showing a minimum inhibitory
concentration (MIC) of 1 mg/L and CH at 0.5 mg/mL. Confirmation through broth
macrodilution and determination of the minimum bactericidal concentration (MBC),
along with the minimum inhibitory concentration (MIC), further supported these
findings. (CH) demonstrated a concentration of 4 mg/mL (8x MIC) for MBC, while V
showed 32 mg/L (32x MIC), emphasizing its efficacy against bacterial growth. On
the other hand, the pH of (CH) in antimicrobial diffusion tests remains high, unlike
when used in other models, such as the infected tooth model, where the pH of CH
is generally lower due to the buffering effect of root dentin [41] which may present
different results against bacteria.

The time-kill curve, based on the minimum inhibitory concentration, provided
insights into the dynamic interaction between (V) and (CH). The substantial
reduction in bacterial viability observed with V (2-log or 100x reduction) and (CH)
(>5-'°9 or 100,000x reduction) highlighted their potent bactericidal effects. The
difficulty in evaluating the combined efficacy was attributed to the rapid bactericidal
activity of (CH), preventing a comprehensive assessment of potential synergistic
effects. However, the absence of an antagonistic effect when (V) was combined
with (CH) against (EF) indicated a compatible interaction between these agents
(42). The mode of action of (CH) and (V) makes them very promising for the
development of new intracanal antimicrobial coatings and for the future elimination
of (EF) biofilm.

The minimum biofilm inhibitory concentration (MBIC) tests underscored the
individual efficacy of (V) and (CH) with MBIC values of 512 mg/L and 2 mg/mL,
respectively. Although a combination test was not conducted, as a checkerboard
test would be necessary, the individual efficacy of these agents was further
validated through viability assays, including MBEC, MTT, crystal violet, and
LIVE/DEAD assays. Notably, (V) showed limited activity in quantitative biofilm
assessment, with bacterial growth observed at concentrations ranging from 0.5 to
128 mg/L. In contrast, (CH), either alone or in combination with (V) (1 mg/L),
demonstrated complete biofilm eradication.

Biofilm production analysis revealed that the combination achieved a more
significant reduction than (CH) alone, highlighting a potential synergistic effect. Cell
activity tests further emphasized the superiority of the combination over (V) alone,
showing a significant differentiation from the control group. These findings
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underscore the enhanced efficacy of the combination in mitigating bacterial activity
and biofilm production (30). Furthermore, the use of intracanal medications aims to
eliminate residual microorganisms from chemomechanical preparation (43).
Antimicrobial agents are unable to penetrate biofilms without physical-mechanical
action, especially when biofilms have large amounts of organized extracellular
matrix (44).

The assessment of biofilm viability through the LIVE/DEAD fluorescence
method provided a visual representation of the response to (V) and (CH). While (V)
displayed a mixed biofilm with a comparable percentage of live and dead cells, the
combination of (CH) and (V) predominantly showed dead cells. This fluorescence-
based assessment reinforced the potential of the combination to induce biofilm
eradication. In this study, the intracanal medications were in direct contact with the
bacteria. (CH) pastes show limited antimicrobial capacity in biofilms [45]. In the
human tooth biofilm model, all treatments, including the combination of (CH) and
(V), outperformed the positive control, indicating superior efficacy in treating (EF)
biofilm. A limitation observed in the study is that the evaluation focused on only one
bacterial strain, and conducting tests with polymicrobial biofilms may alter the
results found. Additional studies, including in vivo and clinical investigations, are
needed to validate these findings and explore the potential for translation of this
combined therapy.

Conclusion

In conclusion, the combination of (CH) and (V) demonstrated promising
synergistic effects against (EF) biofilm. The stability of these agents in a highly
alkaline environment, along with their individual and combined inhibitory effects on
bacterial growth, highlights the potential of this combination as an effective
therapeutic strategy in endodontic treatments.
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