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RESUMO 

O biofilme bacteriano persistente sobre a superfície do implante é o fator etiológico 
mais comum para peri-implantite, e os tratamentos antimicrobianos disponíveis 
buscam reduzir a carga microbiana e eliminar a inflamação da mucosa peri-implantar. 
Terapias alternativas envolvendo produtos naturais e nanobiotecnologia abrem novas 
perspectivas para controlar e reduzir a carga microbiana. O curcumin é um polifenol 
natural com propriedades terapêuticas eficazes como anti-inflamatória, 
quimioterápica, anti-oxidante, anti-HIV e antimicrobiana sendo um bom candidato para 
uso na nanobiotecnologia. Além de seus efeitos diretos, o curcumin tem sido avaliado 
como um fotossensibilizador para terapia fotodinâmica. As nanopartículas poliméricas 
associadas aos produtos naturais apresentam um papel promissor no controle de 
biofilmes, podendo ser consideradas como uma nova forma de prevenir e/ou tratar 
infecções. Atualmente, a ozonioterapia vem sendo cada vez mais utilizada na 
odontologia com resultados positivos no tratamento de doença periodontal e peri- 
implantar. Possui ação antimicrobiana, e contribui para diminuir os sinais da 
inflamação oral. Assim, os objetivos do presente estudo foram: a. sintetizar e 
caracterizar nanopartículas poliméricas carregadas com Curcumin; b. avaliar seu 
efeito antimicrobiano com e sem fotoativação, sobre culturas planctônicas e biofilmes 
de Streptococcus oralis, Porphyromonas gingivalis e Fusobacterium nucleatum; c. 
avaliar o potencial citotóxico sobre queratinócitos orais; d. investigar o efeito 
antibiofilme da ozonioterapia no mesmo modelo de biofilme anaeróbio. Nanopartículas 
(NP) foram sintetizadas pelo método de nanoprecipitação usando poliprolactona como 
polímero. A curcumina-NP teve suas características físico-químicas avaliadas e foi 
comparada à curcumina livre como fotossensibilizador para terapia fotodinâmica em 
biofilmes microbianos. O efeito citotóxico da curcumina-NP foi avaliado sobre células 
orais normais imortalizadas (NOK-Si). A curcumina-NP mostrou atividade antibiofilme 
e não foi citotóxica quando fotoativada por luz azul. Para avaliar o efeito antimicrobiano 
da ozonioterapia, biofilmes simples e multi-espécies foram formados sobre superfícies 
de titânio e tratados com diferentes concentrações de solução salina ozonizada e 
avaliados por Unidades Formadoras de Colônias (UFC mL-1) e Microscopia Confocal 
de Varredura a Laser (CLSM). A solução salina ozonizada mostrou atividade 
antibiofilme reduzindo, principalmente, a viabilidade de P. gingivalis em biofilmes 
simples e multi-espécies. Em conclusão, ambas as terapias estudadas possuem 
atividade antibiofilme sendo candidatas promissoras para o tratamento de doenças 
peri-implantares. 

 
 

Palavras chave: Biofilmes. Nanopartículas. Ozonio. 
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ABSTRACT 

 
The persistent bacterial biofilm on the implant surface is the most common etiological 
factor for peri-implantitis, and the available antimicrobial treatments seek to reduce the 
microbial load and eliminate inflammation of the peri-implant mucosa. Alternative 
therapies involving natural products and nanobiotechnology open new perspectives to 
control and reduce the microbial load. Curcumin is a natural polyphenol with effective 
therapeutic properties such as anti-inflammatory, chemotherapy, anti-oxidant, anti-HIV 
and antimicrobial and is a good candidate for use in nanobiotechnology. In addition, 
curcumin has been evaluated as a photosensitizer for photodynamic therapy. The 
polymeric nanoparticles associated with natural products have a promising role in the 
control of biofilms, and can be considered as a new way to prevent and/or treat 
infections. Ozone therapy is currently being increasingly used in dentistry with positive 
results in the treatment of periodontal and peri-implant disease. It has antimicrobial 
action, and helps to reduce the signs of oral inflammation. Thus, the objectives of the 
present study were: a. synthesize and characterize polymeric nanoparticles loaded 
with Curcumin; b. to evaluate its antimicrobial effects with and without photoactivation 
on planktonic cultures and biofilms of Streptococcus oralis, Porphyromonas gingivalis 
and Fusobacterium nucleatum; c. to evaluate its cytotoxic potential on oral 
keratinocytes; d. to investigate the antibiofilm effect of ozone therapy in the same 
anaerobic biofilm model. Nanoparticles (NP) were synthesized by the 
nanoprecipitation method using polyprolactone as a polymer. Curcumin-NP had its 
physicochemical characteristics evaluated and was compared to free curcumin as a 
photosensitizer for photodynamic therapy in microbial biofilms. The cytotoxic effect of 
curcumin-NP was evaluated on immortalized normal oral cells (NOK-Si). Curcumin-NP 
showed antibiofilm activity and was not cytotoxic when photoactivated by blue light. To 
assess the antimicrobial effect of ozone therapy, simple and multi-species biofilms 
were formed on titanium surfaces and treated with different concentrations of ozonated 
saline and evaluated by Colony Forming Units (UFC mL-1) and Confocal Laser 
Scanning Microscopy (CLSM). The ozonated saline solution showed antibiofilm 
activity, mainly reducing the viability of P. gingivalis in simple and multi-species 
biofilms. In conclusion, both therapies studied exhibited antibiofilm activity and are 
promising candidates for the treatment of peri-implant diseases. 

 
 

Keywords: Biofilms. Nanoparticle. Ozone. 
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1 INTRODUÇÃO 

A peri-implantite é considerada uma doença inflamatória que afeta tecidos 

moles e duros ao redor de implantes osseointegrados1. Os problemas associados aos 

implantes vêm aumentando e as consequências, como por exemplo, a peri-implantite 

é identificada com uma frequência que varia de 1% a 47% na população2 e a presença 

de biofilme bacteriano persistente sobre a superfície do implante é o fator etiológico 

mais comum para peri-implantite1,3. Imediatamente após a colocação do implante, as 

superfícies do implante e do abutment são colonizadas por espécies bacterianas tais 

como Streptococcus spp. e Actinomyces spp, que, ao longo da maturação do biofilme, 

desenvolvem uma comunidade que inclui outros membros pertencentes aos 

complexos vermelho, laranja e verde4. 

Por se tratar de infecção polimicrobiana com predominância de microrganismos 

anaeróbios5,6, Porphyromonas gingivalis e Fusobacterium nucleatum são os principais 

patógenos7 e os sinais clínicos são semelhantes aos da periodontite, como 

sangramento e perda óssea8. A presença de microrganismos primários como 

Streptococcus mutans e Streptococcus oralis durante o desenvolvimento de biofilme 

em superfícies de titânio pode interferir no crescimento e desenvolvimento dos 

colonizadores secundários (Fn e Pg), sendo então necessária a presença desses 

colonizadores primários para o estabelecimento de colonizadores secundários em 

biofilmes4. Devido a isso, os tratamentos disponíveis buscam reduzir a carga 

microbiana, eliminar a inflamação da mucosa peri-implantar, como também buscam a 

descontaminação da superfície do implante com a finalidade de preservar o osso de 

suporte9. 

Para o tratamento da peri-implantite, pode-se combinar diferentes métodos, 

incluindo técnicas regenerativas e métodos de descontaminação8. Superfícies de 

implantes de titânio podem ser limpas utilizando-se meios mecânicos (curetas dentais, 

raspadores ultra-sônicos, procedimentos abrasivos de ar-pó) e/ou químicos (ácido 

cítrico, H2O2, fluoreto estanoso, tetraciclina, niocilina, digluconato de clorexidina, e 

EDTA), geralmente associados a antibióticos locais ou sistêmicos8,11,12. Há grande 

diversidade de tratamentos e devido à heterogeneidade dos estudos e a variabilidade 

dos tipos de superfícies de implantes9, não parece existir consenso para esse tipo de 

infecão. Também é importante destacar que alguns desses métodos, como a remoção 

mecânica e aplicação local de clorexidina, podem danificar as propriedades de 

superfície dos implantes ou promover a resistência bacteriana10. 
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Terapias adjuntas, como utilização de antibióticos locais e sistêmicos, têm sido 

desenvolvidas para melhorar o prognóstico da peri-implantite e têm mostrado 

melhores resultados clínicos e microbiológicos, em curto prazo1,5, sendo eficazes no 

tratamento de infecções orais13, A clorexidina possui função bactericida, inibe as 

atividades glicosídicas e proteolíticas, reduz as atividades das metaloproteinases de 

matriz de uma variedade de bactérias orais14. No entanto, evidências sugerem que 

este composto pode também ter efeitos adversos aos tecidos e células orais, como 

por exemplo, atividade citotóxica sobre o osso alveolar, células epiteliais gengivais, 

redução da proliferação de fibroblastos gengivais, produção de colágeno e proteínas 

e efeitos genotóxicos secundários em células epiteliais13. Associada à prática 

odontológica, resultados mostram que concentrações elevadas de CHX (0,5% - 2% 

por 10 min) podem conseguir efeito bactericida substancial13. 

O alarmante problema da resistência a multidrogas (MDR – multi-drug 

resistance) por bactérias patogênicas obrigou pesquisadores a enfrentar o problema 

e buscar novas drogas e moléculas na natureza. É reconhecido que as nanopartículas 

poliméricas apresentam, entre outras propriedades, ação antimicrobiana15. Com o 

aumento dos microrganismos resistentes aos antibióticos e consequentemente das 

infecções provocadas por biofilmes microbianos, as nanopartículas poliméricas 

associadas a produtos naturais parecem apresentar um papel promissor no controle 

desses biofilmes que precisam ser mais estudados e pesquisados podendo assim ser 

considerados como uma nova forma de prevenir e/ou tratar infecções, como a peri- 

implantite15,16. 

A eficácia de um tratamento depende, em grande parte, da técnica pela qual os 

produtos são entregues a um sistema vivo e à concentração dos mesmos, podendo 

ser tóxico ou ainda não produzir nenhum benefício terapêutico. Os sistemas de 

entrega de medicamentos se dedicam geralmente, a aumentar a biodisponibilidade 

do mesmo em locais específicos do corpo e ao longo de um período de tempo. Dessa 

forma, abordagens nanotecnológicas estão sendo exploradas e desenvolvidas para 

melhorar a biodisponibilidade do medicamento a fim de orientar sua ação para o local 

específico de interesse, tornando sua aplicabilidade uma alternativa eficaz e segura17. 

A nanobiotecnologia possui o potencial de melhorar a distribuição de 

medicamentos levando ao aumento da eficácia e toxidade reduzida, o que resulta em 

grande benefício para os pacientes18,19. Além disso, permite uma melhor 
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biodegradabilidade e tolerabilidade, liberando o produto aos poucos e, em muitos 

casos, tornando os medicamentos mais eficazes no tratamento das infecções20. 

A nanotecnologia, entre outras definições, é o desenvolvimento da pesquisa e 

da tecnologia em nível atômico, molecular e macromolecular, para a produção de 

conhecimentos fundamentais dos fenômenos e dos materiais em nanoescala, 

possibilitando a criação e o uso de estruturas, dispositivos e sistemas com novas 

propriedades e funções devido a estes tamanhos. Espera-se que a sociedade seja 

beneficiada pela fusão dessas duas tecnologias, devido às potenciais aplicações em 

medicina, odontologia, agricultura, meio ambiente dentre outras áreas. 

Dentre a variedade de nanopartículas, os produtos à base de polímeros 

possuem algumas vantagens em relação ao fornecimento de medicamentos e 

recentemente o interesse em estudar esses produtos tem aumentado26,27. Praticidade 

e rapidez na síntese das formulações22,28, além da atividade antimicrobiana 

aumentada, são propriedades observadas, pois de modo geral, as nanopartículas se 

apresentam carregadas positivamente quando em pH neutro e, portanto, podem exibir 

uma forte atração eletrostática pelas cargas negativas presentes na cama externa das 

bactérias29. A nanotoxicidade nos microrganismos é desencadeada pela indução do 

estresse oxidativo pelos radicais livres formados, que são chamados de ROS (reactive 

oxygen singlet), durante a aplicação das nanopartículas30. 

As nanopartículas poliméricas biodegradáveis, são preparadas a partir de ácido 

poliláctico, ácido co-glicólico, quitosana e poli-ε-caprolactona (PCL), e tem sido 

amplamente empregados na entrega de drogas devido à sua excelente 

biodisponibilidade, melhor encapsulamento, capacidade de controlar a liberação de 

fármacos e propriedades menos tóxicas28. O PCL é um polímero sintético versátil, que 

foi projetado para possuir biocompatibilidade e biodegradabilidade, sendo 

extensivamente estudado para entrega controlada de fármacos31. Assim, o PCL tem 

sido usado para encapsular uma variedade de medicamentos com múltiplas 

aplicações. 

Várias abordagens estão disponíveis para a síntese de nanopartículas 

poliméricas, sendo que a preparação de nanopartículas de PCL carregadas com 

medicamentos ocorre pelo método de nanoprecipitação, com posterior caracterização 

físico-química envolvendo tamanho de partícula, polidispersidade, potencial zeta, 

encapsulamento, determinação de eficiência, avaliação de morfologia por microscopia 

de varredura e análises térmicas32. 
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O curcumin é um polifenol denominado [(E,E)-1,7-bis(4- hidroxi-3-metoxi-fenil)- 

1,6-heptadieno-3,5-ione] natural de coloração alaranjado, extraído do rizoma seco de 

açafrão Curcuma longa Linn. Este pigmento exibe propriedades terapêuticas eficazes 

não só como droga anti-inflamatória, mas também como quimioterapêutico, anti- 

oxidante, anti-HIV e antimicrobiano. Assim, o curcumin é um bom candidato para 

preparar nanopartículas16,33, e, além de seus efeitos diretos, também tem sido 

avaliado como fotossensibilizador para terapia fotodinâmica. Possui largo pico de 

absorção entre 300 a 500 nm e não apresenta efeitos tóxicos em culturas de células 

e estudos em animais34. 

A terapia fotodinâmica envolve três componentes principais: a luz visível, um 

fotossensibilizador (PS) e moléculas de oxigênio35. O PS é uma substância 

fotoativável seletiva para células alvo procarióticas e é ativado por luz a um 

comprimento de onda específico. Com esta ativação, formam-se radicais livres 

formam-se, tal como espécies de oxigênio reativo (ROS) que têm um efeito tóxico nas 

células35-37. As vantagens da terapia fotodinâmica (PDT) envolvem menores custos, 

reprodutibilidade, amplo espectro de efeitos antimicrobianos, segurança para o tecido 

hospedeiro38, além de não causar resistência microbiana39. Os efeitos do curcumin 

como PS são benéficos (40) e sua atividade antimicrobiana está extensivamente 

documentada na literatura7, 39,41-47. Essas características e atividades descritas, fazem 

do curcumin uma substância favorável para o tratamento de periodontite e peri- 

implantite33. 

Para aplicação na terapia fotodinâmica (PDT), as nanopartículas contendo 

fotossensibilizador possuem algumas vantagens em relação ao corante livre que 

incluem: maior massa crítica (pacote concentrado de PS) para a produção local de 

ROS; capacidade de limitar a célula alvo de bombear o medicamento, reduzindo assim 

a possibilidade de resistência a múltiplos medicamentos; aumentar a seletividade do 

tratamento pela entrega localizada de agentes, e não ser imunogênica48. 

Outra abordagem alternativa aos agentes antimicrobianos ou antissépticos 

convencionais na supressão de bactérias subgengivais é a inibição do crescimento 

microbiano alterando a tensão de oxigênio do ambiente subgengival, o qual se mostra 

altamente anaeróbio49. Vários agentes como oxigênio molecular50, oxigenação 

hiperbárica51 e peróxido de hidrogênio foram testados52. Foi demonstrado que a 

irrigação subgengival repetida de oxigênio em bolsas periodontais profundas não 
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tratadas previamente resultou numa melhora clínica significativa das condições 

periodontais53. 

O ozônio (O3) é uma modificação alotrópica da molécula de oxigênio em uma 

cadeia de três átomos de oxigênio com alto potencial oxidativo. É produzido por 

eventos naturais como radiação ultravioleta ou descargas elétricas. O gás é instável 

e é facilmente degradado em oxigênio por oxidação. Devido ao seu alto potencial 

oxidativo, possui alta afinidade pelas ligações duplas de carbono e pode interagir com 

muitos compostos orgânicos e inorgânicos54. Stoker55 relatou o primeiro uso do ozônio 

na medicina como agente germicida no tratamento de soldado alemão afetado por 

gangrena gasosa. Desde então, o entendimento da complexidade das ações 

bioquímicas, metabólicas e imunológicas que o oxigênio / ozônio médico pode ter no 

corpo humano vai muito além dos efeitos bactericidas. 

Metabolicamente, o efeito biológico da ozonioterapia tem sido descrito 

principalmente como o aumento no uso de glicose no nível celular, melhor 

metabolismo de proteínas e peroxidação de lipídios insaturados que resultam na 

produção de produtos de oxidação lipídica (LOPs). Na concentração correta, esses 

LOPs podem sinalizar a regulação positiva dos mecanismos de reparo tecidual56. 

O efeito terapêutico do ozônio é determinado pelo método de aplicação e 

dosagem. O ozônio pode ser administrado como gás (mistura de ozônio e oxigênio), 

como óleo ozonizado ou como solução ozonizada. Cada via de administração e 

concentração pode levar a um efeito terapêutico, placebo ou tóxico. Esse efeito 

terapêutico dependente da dose e do tempo é denominado hormesis58. 

O uso de gás ozonizado deve seguir diretrizes muito rígidas para evitar a 

inalação de ozônio, especialmente em altas doses. A unidade brônquio-alveolar tem 

muito pouca proteção antioxidante, por esse motivo, o ozônio nos pulmões pode 

produzir estresse oxidativo crônico, o que resulta na liberação de produtos 

peroxidativos pró-inflamatórios e citocinas59. 

Atualmente, o ozônio está sendo discutido na odontologia como um possível 

agente antisséptico alternativo. Seu alto poder antimicrobiano sem o desenvolvimento 

de resistência a medicamentos tem sido observado na purificação de água e 

preservação de alimentos. Investigações recentes relataram efeitos antimicrobianos 

nos patógenos orais das formas gasosa e aquosa do ozônio, e a eficácia do ozônio 

no tratamento de doenças bucais é atualmente objeto de intensa pesquisa60. 
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2 PROPOSIÇÃO 

 
 

Objetivo 1: 

- Sintetizar e caracterizar nanopartículas poliméricas carregadas com curcumin. 

Avaliar sua citotoxicidade e efeitos antimicrobianos da terapia fotodinâmica em 

comparação com curcumin livre como fotossensibilizador em culturas planctônicas e 

biofilmes formados por S. oralis, F. nucleatum e P. gingivalis. 

 
Objetivo 2: 

- Avaliar o efeito antimicrobiano da solução salina ozonizada em biofilmes de espécies 

bacterianas anaeróbias orais, num modelo de biofilme peri-implantar. 
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Effect of curcumin-loaded Photoactivatable Polymeric Nanoparticle on peri-implantis 

related biofilm 

 

Abstract 

Curcumin has been used as a photosensitizer (PS) for the antimicrobial photodynamic 

chemotherapy (PACT). However, its low solubility, instability and poor bioavailability 

challenge its in vivo application. The aim of this study was to synthesize curcumin-loaded 

polymeric nanoparticles (curcumin-NP) and to determine their antimicrobial and cytotoxic 

effects on photodynamic therapy. Nanoparticles (NP) were synthesized by the 

nanoprecipitation method using polyprolactone as a polymer. curcumin-NP was characterized 

by particle size, polydispersity index and zeta potential, scanning electron microscopy and 

curcumin encapsulation efficiency (EE). Curcumin-NP was compared to free curcumin 

solubilized in 10% DMSO as photosensitizers for PACT in single and multi-species 

Porphyromonas gingivalis, Fusobacterium nucleatum and Streptococcus oralis biofilms. 

Chlorhexidine 0.12% (CHX) and ultrapure water were used as positive and negative controls, 

respectively. The cytotoxic effect of curcumin-NP was evaluated on immortalized normal oral 

consultations (NOK-Si). Data were analyzed by parametric test (ANOVA) (p <0.05). curcumin- 

NP exhibited homogeneity and stability in solution, small particle size, and 67.5% EE of 

curcumin. Curcumin-NP showed antibiofilm activity at a concentration of 500 µg/ml when 

photoactivated by blue light. Curcumin-NP and curcumin with and without photoactivation 

exhibited no cytotoxicity against HPFL cells. In conclusion, curcumin-NP has antimicrobial 

and antibiofilm activities, with better effects when associated with blue light, being a promising 

candidate therapy for the prevention and treatment of peri-implant diseases. 

 
Key words: Curcumin, Nanoparticle, Porphyromonas gingivalis, Fusobacterium nucleatum, 

Streptococcus oralis, Biofilm 
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1. INTRODUCTION 

Problems associated with dental implants, such as peri-implantitis, has become a global 

burden that happens with a frequency from 1% to 47% at implant level (Monje et al., 2016). 

The presence of bacterial biofilms that persist on the implant surface is the major etiological 

factor for peri-implantitis (1). Immediately after the implant placement, its surfaces are 

colonized by primary bacterial species, such as Streptococcus spp., which during the biofilm 

maturation develop a community that includes others members from the red, orange and green 

complexes (2) , such as Porphyromonas gingivalis and Fusobacterium nucleatum. P. gingivalis 

and F. nucleatum are the main pathogens in peri-implantitis (3) and the clinical signs are similar 

to those found on periodontitis, like bleeding and bone loss (4). Therefore, treatments for peri- 

implantitis should focus on reducing the microbial load, eliminating mucosal inflammation, as 

well as decontaminating the implant surface to preserve bone support (5). 

For the treatment of peri-implantitis, it is common to associate different methods, 

including regenerative methods of decontamination (4). However, there is no consensus for the 

best treatment due to the heterogeneity of the studies and the variability of the available implant 

surfaces types (5). It is important to highlight that some of these methods, as the mechanical 

removal and the local application of chlorhexidine, can damage the implant surfaces properties 

or promote bacterial resistance (6). Chlorhexidine, which is known as a potent oral 

antimicrobial drug (7), can also show adverse effects to the tissue and oral cells, such as 

cytotoxic activity to the alveolar bone and epithelial gingival cells, reduction in the fibroblasts 

cells proliferation, production of collagen and proteins and secondary genotoxic effects on 

epithelial cells (8). 

The alarming problem of multi-drug resistant pathogenic bacteria has forced researchers 

to search for new drugs and molecules in the nature. Curcumin is a natural polyphenol called 

(E,E)-1,7-bis(4- hidroxi-3-metoxi-fenil)-1,6-heptadieno-3,5-ione], extracted from turmeric 

dried rhizome Curcuma longa Linn. This pigment exhibit efficient therapeutic properties not 

only as an anti-inflammatory drug, but also as a chemotherapeutic, anti-oxidant, anti-HVI and 

antimicrobial agent. However, Curcumin is not water-soluble and has limited bioavailability 

and instability, which challenges its clinical applicability. Thus, curcumin can be a good 

candidate to be loaded in nanoparticles (NP) (9)(10), and, in addition to its direct effect, 

curcumin also has been evaluated as photosensitizer (PS). Photodynamic Antimicrobial 

Chemotherapy (PACT) involves three main components: a visible light, a PS and oxygen 

molecules (11). The PS is a photoactivatable substance selective to target prokaryotic cells and 
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it is activated by light in a specific wavelength. Free radicals are formed, as well as ROS, which 

has toxic effect on cells (11)(12). 

PACT vantages include less cost, reproducibility, large spectrum of antimicrobial 

effects, site specific treatment, and host tissue safety (13). Curcumin presents beneficial effects 

as a PS (14) and its antimicrobial activity is extensively documented in the literature 

(15)(16)(17)(18)(19)(20)(21)(22). These characteristics and aforementioned activities make the 

curcumin a promising substance for periodontitis and peri-implantitis treatment (10). 

The efficacy of a treatment depends mostly on the technique by which the products will 

be delivered and on their concentration. The nanobiotechnology has the potential to improve 

the drug distribution leading to increased bioavailability, high potency and reduced toxicity 

(23). Furthermore, nanotechnology allows a better biodegradation and acceptance by gradually 

releasing the product and, in most of the cases, being more efficient in the infection’s treatments 

(24). 

Amongst a variety of NPs, polymer-based products have advantages regarding drug 

supply, thus the interest in studying these products has increased (25)(26). Polymeric NPs have 

a practical and fast formulation synthesis (27), moreover, antimicrobial activity is observed, 

because, in general, the NPs are positively loaded when in neutral pH therefore, they can exhibit 

strong electrostatic attraction for negative charges present in bacterial external layer (28). The 

toxic mechanism of NPs against bacteria is related to the production of reactive oxygen singlet 

(ROS) by the NPs and their ions, resulting in induction of oxidative stress. The produced ROS 

can irreversibly damage bacteria resulting in bacterial death (29). 

NPs applied on PACT have some advantages regarding the free PS, including higher 

critical mass for local ROS production; ability to limit the target cell from pumping drug, 

thereby reducing the possibility of resistance to multiple drugs; increased treatment selectivity 

by localized delivery of agents and it is not immunogenic (30). Therefore, this study aimed to 

synthesize and characterize polymeric NPs loaded with curcumin to evaluate its cytotoxicity 

and photodynamic antimicrobial effects compared to free curcumin as PS against planktonic 

cultures and biofilms formed by S. oralis, F. nucleatum and P. gingivalis). The scientific 

hypothesis of this research is that water solubility and cytotoxity of curcumin are improved with 

encapsulation in NP, whose antimicrobial effect is similar or higher than free curcumin. 
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2. MATERIALS AND METHODS 

2.1 Synthesis of curcumin-loaded PCL polymeric nanoparticles (NP) 

The polymeric NPs were prepared by the nanoprecipitation method (31), in which the 

organic phase (OP) containing curcumin (Sigma-Aldrich), poly-ε-caprolactone (PCL) (Sigma- 

Aldrich, USA) and acetone as solvent was slowly added to the aqueous phase (AP) containing 

0.5 % surfactant (Poloxamer ™ 407) (Sigma-Aldrich, USA) under gentle magnetic stirring (600 

rpm) overnight until complete the solvent evaporation. 

 
2.2 Characterization of curcumin-Np 

2.2.1 Physicochemical Characterization 

After encapsulation of curcumin-NP, the formulation was filtered (0.45 μm) and diluted 

in sterile ultrapure water 1:10 (v / v) at 25 °C and characterized by Dynamic Light Scattering – 

DLS to determine the particle size, polydispersity index and zeta potential using a Zetasizer 

Nano ZS (Malvern Instruments Ltd, Malvern, UK) in the absence of light. (31). 

2.2.2 Morphological characterization by scanning electron microscopy (SEM) 

The samples were dripped onto 0.5 cm2 glass coverslips and evaporated to obtain 

homogeneous dispersion of the particles. Then, the glass coverslips containing the samples were 

adhered to aluminum substrates with carbon-based adhesive tape. Subsequently, the entire 

system was covered with a thin layer of gold dust for 120 s in a Bal-Tec metallizer (Model SCD 

050 Sputter Coater, Baltec®). The morphological analysis of the samples were performed using 

a Zeiss electron microscope (model EVO50, Zeiss) (UFSCar - DEMa - LCE - FEG) using a 

voltage of 5.00 kV. 

2.2.3 Absorption Spectrum and Encapsulation Efficiency (EE): 

Curcumin-NP samples were centrifuged at 4,193 xg (5,000 RPM) for 10 minutes. The 

pellet (NPs) was resuspended in ultrapure water and the absorbance was determined before (B) 

and after (A) centrifugation. Absorbance was determined on a UV-visible spectrophotometer 

at wavelengths that showed maximum absorbance for each sample. The EE was calculated by 

the formula: EE% = A x 100 / B (32). 
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2.3 Antimicrobial assays 

2.3.1 Bacterial strains and bacterial growth 

Standard strains from the American Type Culture Collection (ATCC; Rockville, MD, 

USA) of Porphyromonas gingivalis (ATCC W83), Fusobacterium nucleatum (ATCC 25586) 

and Streptococcus oralis (ATCC 35037) were reactivated individually in 5 mL of BHI culture 

medium (Brain Heart Infusion, Acumedia, Lansing, MI, USA) supplemented with1% yeast 

extract, hemine (0.5 mg/mL) and menadione (5 mg/mL) and kept at 37 ºC in anaerobic 

conditions for 24 hours. Aliquots of each suspension were diluted in broth and incubated until 

the optical density (OD) reached the mid-log phase of (Figure 1). The suspensions of each 

microorganism were standardized (at OD 0.8 arbitrary units (a.u.) for P. gingivalis and F. 

nucleatum, and 0.6 a.u. for S. oralis), determined in a spectrophotometer (Eppendorf AG, 

22331, Hamburg, Germany), equivalent to 107 CFU mL-1. 

 

 
 

 

 

 
Fig. 1 Growth curves of P. gingivalis, F. nucleatum and S. oralis represented by OD at 600 nm and Log10 

(CFU/mL). OD: optical density, CFU: colony-forming units. 

 

 

 

 

2.3.2 Light Source and PACT specifications 
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For photosensitization, the light source employed was a commercially available non- 

coherent blue light (LumaCare Model LC-122, Medical Group, Newport Beach, CA) with 

wavelength 420 nm, spot size. 113.1 mm2 and a fixed output power of 95.5 mW cm-2. The 

output power of this device is an important factor to consider as this value, together with the 

illumination time, determines the amount of energy applied to the irradiated sample. This 

amount of energy is dosimetry and is expressed by the energy per area (J/cm2). The formula 

used to calculate the dosimetry was as follows: Dose (J/cm2) = Power (W/cm2) X Time (s) (de 

Sousa et al., 2015). As the light source used has constant power, the variation of the light dose 

was performed by varying the exposure time of the microbiological samples to blue light. Thus, 

the illumination time was approximately 12 minutes, which corresponds to a dose of 72 J/cm2, 

according to the literature (33)(34). 

 
2.3.3 Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration 

(MBC) 

Curcumin loaded in polymeric NPs at concentrations between 0.21 - 500 µg/ml were 

synthesized as described at the item 2.1. Free curcumin in 10 % DMSO in the same 

concentrations (0.25 - 500 µg/ml) and were used. Eight samples (n = 8) from each experimental 

and control groups were used to determine the MIC through the broth dilution method (CLSI - 

M27-A6). Each well of a black 24-well cell culture (Perkin Elmer, Waltham, MA, USA) was 

filled with 1000 µL of test solutions. After species reactivation, as described in the item 2.3.1, 

an individual suspension of 1000 µL of P. gingivalis, F. nucleatum and S. oralis and was added 

to each well at a final concentration of 105 CFU mL-1. 

The 24-well plate was then kept in the dark for 5 minutes (pre-irradiation time) and, 

after this period; the wells containing photoactivated groups (L+) were irradiated with blue light 

for 12 minutes. The wells containing groups without photoactivation (L-) were treated with the 

test solutions for the same amount of time as the photoactivated groups (total 17 minutes). 

Subsequently, the plates were incubated at 37 °C for 24 h in anaerobic conditions. From the 

wells that showed no visible growth, 10 µL were removed and seeded on blood agar culture 

medium (BD BBL ™ CDC Anaerobe 5% Sheep Blood Agar) and maintained at 37 °C in 

anaerobioses to determine the MBC. MIC was defined as the lowest concentration of tested 

solutions without visible growth, and MBC as the lowest concentration capable of reducing the 

initial inoculum to ≥ 99.9% (35). 
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2.4 PACT on single and multi-species biofilms of P. gingivalis, F. nucleatum and S. oralis 

formed on the bottom of 24-well plates and on the surface of titanium discs 

 
 

2.4.1 Biofilm formation on the bottom of 24-well plates 

After the reactivation and cultivation of the microorganisms as described in the item 

2.3.1, single and multi-species biofilms were formed to evaluate the effect of the PACT with 

Curcumin-NP. To form an acquired pellicle, the bottom of the 24-well plate was covered with 

25% of human serum (male, AB, USA, filtered-sterile - Sigma Aldrich - USA), that was 

previously inactivated by heating at 60º C for 30 min and diluted in 0,89% of NaCl solution for 

1 h at 37 °C on orbital shaker (100 rpm). Subsequently, the serum was carefully removed and 

the wells were washed once with sterile 0.89% saline solution. 

The biofilm formation method in microtiter plates has been previously described in the 

literature (36)(37). For single species biofilm formation, 1000 μL of P. gingivalis, F. nucleatum 

and S. oralis suspensions were transferred to the wells of the 24-well plate. For the multi-species 

biofilm formation, the three studied species were mixed at the same ratio (1:1:1) at final 

concentration of 107 CFU mL -1 and 1000 μL of this bacterial suspension were transferred to 

each well. The plates were kept at 37 ºC in anaerobic condition for 24 h, which corresponds to 

the adhesion phase. Medium was changed daily by removing the suspension from the wells, 

which were washed twice in sterile 0.89% saline solution to remove non-adhered bacteria. 

Then, 1000 μL of fresh BHI broth supplemented with yeast extract, hemin and menadione was 

added to each well. Biofilm was formed for 5 days (120 hours). 

 
2.4.2 Biofilm formation on titanium surfaces 

Biofilm formation on titanium specimens has been described by de Avila et al. (2016) 

(38), Maquera-Huacho et al. (2018) (37), with modifications. Titanium discs were provided by 

Implacil De Bortoli, São Paulo - SP, Brazil. The discs have dimensions of 7.5 mm in diameter 

by 2 mm in thickness, with approximately 136 mm2 of total area. All discs were washed in 

distilled water and subjected to cleaning with isopropyl alcohol in an ultrasound device 

(Kondortech, digital Ultrasonic Cleaner, São Carlos, SP) in 2 cycles with 30 minutes each and 

subsequent sterilization in autoclave. 

With sterile tweezers, the specimens from each group (n=8) were immersed in 1 mL of 

human serum 25 % for 1 h at 37 °C under agitation to form the acquired film on the surfaces. 

Then the samples were removed, washed with sterile once PBS and transferred to wells of a 

new plate. 
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For the formation of single and multi-species biofilm, suspensions of 1 mL of P. 

gingivalis, F. nucleatum and S. oralis individually or mixed, as described before, were placed 

in a 24-wells plate and the titanium discs were inserted and kept at 37 ºC for 24 h, in anaerobic 

conditions, which corresponded to the adhesion phase. After this period, the suspension was 

removed and the discs were washed twice in sterile PBS to remove non adhered bacteria. Then, 

the samples were placed in wells containing 1 ml of BHI broth supplemented with yeast extract 

1%, hemin and menadione, to promote biofilm growth for a period of 5 days (changing the 

culture medium every 24 h). 

 
2.4.3 Treatments 

After biofilm formation on the bottom of 24-well plates, the culture medium was 

carefully removed to be put in contact with 1000 µL of the tested solutions. For the biofilms 

formed on titanium surfaces, the discs were immersed in 1000 µL of tested solutions. The 

solutions tested were the following: curcumin (250 and 500 µg/ml) and curcumin-Np (500 

µg/ml); CHX 0.12% was applied for 1 minute, as a positive control. Ultrapure water was used 

as negative control, once it is was used to dilute curcumin-NP and curcumin. As controls, only 

the NPs (without curcumin) was tested, as well as only DMSO 10 %, for the same period as 

curcumin-NP and curcumin (12 minutes). The blue light irradiation dose was the same as used 

in planktonic cultures (72 J/cm2), as well as the pre-irradiation period (5 min). 

 
2.5 Biofilm Processing 

The viable biofilm quantification was performed by the Colony Forming Units (CFU 

mL-1) test. At the end of the experimental period, the biofilms formed on the bottom of 24-well 

plates were washed twice with sterile saline solution, scratched with a pipette tip and transferred 

to a 5 mL tube filled with 0.89% saline solution. The biofilms formed on titanium discs were 

washed twice by immersion in saline solution, collected with a sterile spatula and transferred 

to tubes containing 5 mL of sterile 0.89% saline solution. The biofilms suspensions were then 

sonicated using three 10 s pulses with a 7 W output (Fisher Scientific, Sonic Dismembrator 

model 100; USA). The homogenized suspension was used for dry weight and bacterial viability 

(colony forming units - CFU/mg biofilm dry weight) (39). 

 
2.5.1 Colony forming units (CFU) 

An aliquot (0.1 mL) of the homogenized suspension was serially diluted (1:10, 1:100, 

1:1000, 1:10000, 1:100000, 1:1000000) and seeded onto blood agar plates. The plates were 
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incubated at 37 °C in anaerobic conditions for 120 h for P. gingivalis and F. nucleatum biofilms, 

and 48 h for S. oralis biofilm, and then the CFU mL-1 was calculated. 

 
2.5.2 Dry weight 

For the determination of dry weight, three volumes of cold (-20 °C) ethanol were 

added to 1 ml biofilm suspension, and, after 18 h, the resulting precipitate was centrifuged 

(10.000 xg,10 min, 4 °C). The supernatant was discarded and the pellet was washed with cold 

ethanol, then the pellet was lyophilized, weighed, and the biomass of the biofilm was 

determined (39). The dry weight values were used to determine the biomass present in the 

biofilms and to normalize CFU data. 

 

2.6 Confocal laser scanning microscopy (CLSM) 

To illustrate the effect of the test solutions on single and multi-species biofilms 

formed on the surface of titanium discs, CLSM imaging was performed. After treatment, the 

specimens were gently washed twice with 0.89% saline solution to remove non-adherent 

microorganisms. Samples were stained using a LIVE/DEAD® BacLight™ Bacterial Viability 

Kit (L13152; Molecular Probes, Inc.) and incubated at room temperature in the dark for 15 

minutes to allow penetration of the fluorophores inside the bacterial cells. Then, samples were 

washed twice with 0.89% NaCl and examined under a Leica SP8 Resonant-scanning 

confocal/multiphoton microscope using Leica Fluotar VISIR 25x/0.95 water objective, with 

free working distance of 2.3 mm. Serial sessions on the xyz plane were observed. 

 

2.7 Cytotoxicity Assay 

To evaluate the cytotoxicity of curcumin-NP, human periodontal ligament fibroblast 

(HPLF) cell line was used. HPLF cells were cultured in 75 cm2 sterile culture flasks (Costar 

Corp., MA, USA) using Dulbecco Mem / Ham F-12 Medium (Sigma-Aldrich, MO, USA) 

supplemented with 10 % bovine fetal serum (SFB) (Cultilab, SP, Brazil) and 1 % penicillin, 

streptomycin and glutamine (100 IU/mL penicillin, 100 μg/mL streptomycin and 2 mmol/ L 

glutamine - Gibco, NY, USA) and incubated at 37 °C in 5% CO2 and 95 % air in humidified 

atmosphere. Cells were sub-cultured each 3 days and 30.000 cells/cm2 were seeded in 24-well 

cell culture plates (Costar Corp, MA, USA) and kept in a humidified incubator for 48 h. Then, 

the culture medium was aspirated and 1 mL of a new culture medium without SFB was added 

to the cells and then incubated for a further 24 h. 
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After the incubation period, the culture medium was aspirated and the same treatment 

groups and exposure periods from the antimicrobial assays were used (item 2.4.3). After the 

treatment period, the solutions were aspirated and the cells washed with PBS. Nine samples (n 

= 9) from each experimental and control group received the XTT reduction assay (2,3-bis (2- 

methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium hydroxide 

(Sigma-Aldrich, MO, USA), in which the cells metabolically reduce sodium to a soluble 

formazan product (40). The plates were incubated at 37 oC for 3 h and the absorbance of the 

supernatant was measured at 492 nm using an ELISA reader. Cytotoxicity analyzes were 

performed in triplicate in three independent experiments. The negative control with untreated 

cells was considered a total of 100 % living cells. 

 
2.8 Statistical analysis 

Normal distribution of data was assessed by the D'Agostino-Pearson method. Normally 

distributed data were analyzed by one-way ANOVA with Tukey’s post-hoc test (p<0.05). 

Analyzes were performed using GraphPad Prism version 5.0c; p <0.05 was considered 

statistically significant. 

 

 

3. RESULTS 

3.1 Characterization of curcumin-Np 

3.1.1 Physicochemical Characterization 

Dynamic light scattering (DLS) was used to determine the particle size, zeta potential 

value and polydispersion index, with values shown in Table 1. The formulations tested in this 

study showed sizes of 181.6 ± 1.943 nm for NP (without curcumin) and 189.0 ± 3.758 nm for 

curcumin-NP at a concentration of 500 µg/ml. The zeta potential of the formulations studied 

indicated stable suspensions, with values of - 9.37 ± 0.240 mV for NP and - 5.77 ± 0.356 mV 

for curcumin-NP. 
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Table 1 - Particle size, hydrodynamic diameter and zeta potential value of curcumin-loaded and non-polymeric 

NPs 
 

Samples 

Formulation Particle Size (nm) Polidispersion Index Zeta Potential (mV) 
  (IPD)  

NP 181.6 ± 1.943 0.092 ± 0.012 - 9.37 ± 0.240 

curcumin-NP 189.0 ± 3.758 0.200 ± 0.023 - 5.77 ± 0.356 

 

 

 
Polydispersion Index (PDI) is a parameter used to indicate the size distribution of 

NPsand the values can vary from 0 to 1. The PDI of the NP and curcumin-NP were 0.092 ± 

0.012 and 0.200 ± 0.023, respectively, which are considered homogeneous solutions, once 

values below 0.1 are associated with high homogeneity (41). 

 

 
3.1.2 Morphological characterization by scanning electron microscopy (SEM) 

To illustrate curcuminNP, scanning electron microscopy (FEG-SEM), shown in Figure 2, 

demonstrated that the curcumin incorporated NPshas a spherical shape after its synthesis. 

 
 

Figure 2. Morphology of curcumin incorporated polymeric NP obtained by confocal laser scanning microscopy, 

40000x magnification 

 

 

 

3.1.3 Absorption Spectrum and Encapsulation Efficiency (EE): 

Free curcumin and curcumin-NP showed maximum absorbance at 400 nm, as shown in 

Figure 3 curcumin-NP demonstrated maximum absorbance values from 1.818 to 1.963 (Optical 

Density) at 400 nm (blue region) wavelengths. Absorbance was determined by UV-visible 

spectrophotometer at wavelengths that showed maximum absorbance for each sample. The EE 

was calculated by the formula: EE% = Initial Absorbance x 100 / Final Absorbance, obtaining 

a value of 67.5%EE. 
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Figure 3. Absorption spectrum of curcumin free and curcumin-NP 

 

 
 

3.2 Antimicrobial assays 

3.2.1 PACT on planktonic cultures of S. oralis, F. nucleatum and P. gingivalis 

The bacteriostatic and bactericidal action of curcumin-NP and curcumin at different 

concentrations (0.25 - 500 µg/ml) were tested in planktonic cultures of microorganisms. MIC 

and MBC values of antimicrobial agents are depicted in Tables 2 and 3. 

 
Table 2. Minimum inhibitory concentrations of curcumin and curcumin-NP with and without blue light exposure 

on planktonic cultures of P. gingivalis, F. nucleatum and S. oralis 
 

L+ L- 

 

 

 

 

 

 

 

 

 
Table 3. Curcumin and curcumin-NP minimum bactericidal concentrations with and without exposure to blue 

light on planktonic cultures of P. gingivalis, F. nucleatum and S. oralis 
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Microorganisms  

 curcumin curcumin-NP curcumin curcumin-NP 

P. gingivalis 12.5 µg/mL 200 µg/mL 25 µg/mL 400µg/mL 

F. nucleatum 50 µg/mL 200 µg/mL 100µg/mL 400µg/mL 

S. oralis 150 µg/mL 200 µg/mL 300µg/mL 400µg/mL 

 

Microorganisms  

 

P. gingivalis 

curcumin 

25 µg/mL 
curcumin-NP 

400 µg/mL 
curcumin 

50 µg/mL 
curcumin-Np 

400µg/mL 

F. nucleatum 50 µg/mL 400 µg/mL 200 µg/mL 400µg/mL 

S. oralis 300 µg/mL 400 µg/mL 400 µg/mL 400µg/mL 
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P. gingivalis, F. nucleatum and S. oralis were sensitive to curcumin presenting MIC 

values of 25, 100 and 300 µg/mL, respectively. When activated by blue light, curcumin MIC 

values decreased to 12.5, 50 and 150 µg/mL for P. gingivalis, F. nucleatum and S. oralis, 

respectively. Regarding the bacteriostatic activity of curcumin-NP, for the three evaluated 

species, MIC value was 200 µg/mL when there was photoactivation and 400 µg/mL without 

photoactivation. 

Curcumin MBC values were 50, 200 and 400 µg/mL for P. gingivalis, F. nucleatum 

and S. oralis, respectively. When photoactivated, the values decreased to 25, 100 and 300 

µg/mL. MBC curcumin-NP was 400 µg/mL activated or not by blue light for the three species 

tested. 

 
3.2.2 PACT on single and multi-species biofilms of S. oralis, F. nucleatum and P. gingivalis 

Table 4 shows the dry weight values for single and multi-species biofilms which were 

used to determine the biofilm biomass and to normalize the data obtained, transforming the 

CFU mL-1 to CFU mg of biofilm -1 (CFU mg-1). 

 

 

Table 4. Dry weight (mg) average and standard deviation of curcumin and curcumin-NP on single and multi-species 

biofilms formed on 24-well plate after treatment 
 Single Biofilms Multi-species Biofilm 

Treatments P. gingivalis F. nucleatum S. oralis 

Curcumin 500 µg/mL L+ 0.37 ± 0.12 0.50 ± 0.34 0.84 ±  0.20 4.37 ± 0.15 
Curcumin 500 µg/mL L- 0.25 ± 0.12 0.38 ± 0.12 0.68 ± 0.24 4.39 ± 0.24 

Curcumin 250 µg/mL L+ 0.79 ± 0.72 0.45 ± 0.24 0.7 ± 0.19 4.29 ± 0.26 

Curcumin 250 µg/mL L- 0.75 ± 0.69 0.40 ± 0.22 0.87 ± 0.20 4.12 ± 0.23 

Curcumin-NP 500µg/mL L+ 0.30 ± 0.07 0.50 ± 0.23 0.91 ± 0.27 4.29 ± 0.30 

Curcumin-NP 500 µg/mL L- 0.30 ± 0.16 0.41 ± 0.20 0.84 ± 0.27 4.17 ± 0.22 

NP pure L+ 0.41 ± 0.21 0.56 ± 0.29 0.95 ± 0.27 4.16 ± 0.12 

NP pure L- 0.28 ± 0.06 0.49 ± 0.35 0.6 ± 0.22 4.08 ± 0.13 

DMSO 10% 0.40 ± 0.10 0.75 ± 0.34 0.27 ± 0.15 3.88 ± 0.22 

CHX 0.12% 0.92 ± 0.80 0.42 ± 0.19 0.24 ± 0.18 3.96 ± 0.24 
H2OL+ 0.35 ± 0.13 0.58 ± 0.13 0.6 ± 0.24 4.05 ±0.16 
H2OL- 0.22 ± 0.06 0.75 ± 0.20 0.39 ± 0.09 4.07 ± 0.21 
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Figure 4 shows the log10 CFU mg-1 results of P. gingivalis, F. nucleatum and S. oralis 

in single biofilms. 

 
Figure 4. Quantification (Log10 UFC mg-1) of P. gingivalis, F. nucleatum and S. oralis single biofilms. * Different 

letters represent statistical difference among the groups (ANOVA one-way. post hoc de Tukey) *p < 

0.05. Cur = curcumin. 

 
 

For P. gingivalis and F. nucleatum biofilms, a significant reduction (0.5 - 0.8 of log10 

CFU mg-1) was observed in all samples treated with curcumin, curcumin-NP without 

photoactivation, as well as the positive control 0.12% CHX (reduction of approximately 1 log10 

CFU mL-1) compared to the negative controls (L-). Photoactivated curcumin at concentrations 

of 500 and 250 µg/mL were the most effective in reducing P. gingivalis viability (reduction of 

1.5 and 1.3 log, respectively) curcumin 500 and 250 µg/ml reduced 0.7 and 0.5 log10 CFU mg- 

1 of P. gingivalis viability compared to CHX. Regarding F. nucleatum, Photoactivated curcumin 

500 µg/mL showed higher reduction on its viability (2.15 log10 CFU mg-1). In contrast, S. oralis 

biofilms were not reduced by any of the treatments (p≥0.05). 

Figure 5 shows the log10 CFU mg-1 results of P. gingivalis, F. nucleatum and S. oralis 

in multi-species biofilms. 10 % DMSO, NP L- and L + exhibited no statistically significant 

difference (p <0.05) compared to the negative control group (L-) in all biofilms studied, so they 

are not represented in the chart, but they are represented in Table 5. 
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For P. gingivalis and F. nucleatum, no significant reduction of log10 CFU mg-1 was 

observed for any treatments compared to negative control (L-) (p≥0.05). In the groups 

containing NPs, there was an increase in the viability of P. gingivalis in comparison to L-. For 

S. oralis, curcumin 500 µg/mL L+ showed significant reduction (0.1 Log10 CFU mg-1) to the 

control group (p<0.05). 
 

 
 

Figure 5. Quantification (Log10 UFC mg-1) of P. gingivalis, F. nucleatum and S. oralis in multi-species biofilm. * 
Different letters represent statistical difference among the groups (ANOVA one-way. post hoc de 
Tukey) *p < 0.05. Cur = curcumin. 

 

 

 

 

Table 5. Quantification (Log10 UFC mg-1) average and standard deviation values of single and multi-species 
biofilms of P. gingivalis, F. nucleatum and S. oralis, treated with 10% DMSO, NP L- and NP L+ 

 

Mono - species Multi - species 
24-well plate 

P. gingivalis F. nucleatum S. oralis P. gingivalis F. nucleatum S. oralis 

10% DMSO 6,99 ± 0,17 7,28 ± 0,62 6,67 ± 1,28 5,98 ± 0,30 6,95 ± 0,11 7,09 ± 0,77 

NP L- 7,29 ± 0,45 6,82 ± 0,35 6,88 ±1,23 6,13 ± 0,24 7,03 ± 0,36 7,11 ± 0,58 

NP L+ 7,16 ± 0,37 6,36 ± 0,40 6,82 ± 1,15 6,11 ± 0,10 7,00 ± 0,42 7,06 ± 0,45 

Control (L-) 7,13 ± 0,25 7,38 ± 0,38 6,51 ± 1,28 5,76 ± 0,35 6,87 ± 0,66 6,98 ± 0,29 

 



31 
 

 

 

 

3.2.3 PACT on single and multi-species biofilms of S. oralis, F. nucleatum and P. gingivalis 

on titanium surface 

Table 6 shows the dry weight values for single and multi-specie biofilms formed on 

titanium surface. The dry-weight was applied to determine the biofilm biomass and to normalize 

CFU data. 

 
Table 6. Dry weight (mg) average and standard deviation values for single and multi-species biofilms of P. 

gingivalis. F. nucleatum and S. oralis on titanium surface 

 

 
Titanium specimen 

 
Single-species Biofilms 

Multi-species 
Biofilm 

 P. gingivalis F. nucleatum S. oralis  

Treatments   

Curcumin 500 µg/mL L+ 0.74 ± 0.66 0.38 ± 0.17 2.73 ± 0.46 2.54 ± 0.26 

Curcumin 500 µg/mL L- 0.52 ± 0.14 0.45 ± 0.22 2.63 ± 0.28 2.61 ± 0.24 

Curcumin 250 µg/mL L+ 5.02 ± 11.73 0.42 ± 0.16 2.57 ± 0.19 2.65 ± 0.05 

Curcumin 250 µg/mL L- 0.49 ± 0.22 0.47 ± 0.18 2.47 ± 0.15 2.47 ± 0.21 

Curcumin-NP 500 µg/mL L+ 0.54 ± 0.26 0.32 ± 0.13 2.42 ± 0.26 2.62 ± 0.09 

Curcumin-NP 500 µg/mL L- 0.62 ± 0.25 0.46 ± 0.16 2.43 ± 0.28 2.62 ± 0.14 

Nano pure L+ 0.57 ± 0.31 0.48 ± 0.11 2.42 ± 0.09 2.6 ± 0.08 

Nano pure L- 0.56 ± 0.13 0.41 ± 0.15 2.38 ± 0.17 2.6 ± 0.12 

DMSO 10% 0.53 ± 0.25 0.38 ± 0.17 2.41 ± 0.25 2.59 ± 0.13 

CHX 0.12% 0.57 ± 0.20 0.30 ± 0.12 2.47 ± 0.46 2.47 ± 0.18 
H2OL+ 0.58 ± 0.18 0.34 ± 0.18 2.55 ± 0.34 2.58 ± 0.20 
H2OL- 0.63 ± 0.10 0.46 ±  0.24 2.63 ± 0.29 2.51 ± 0.20 
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Figure 6 shows the log10 CFU mg-1 results of single P. gingivalis, F. nucleatum and S. 

oralis biofilms developed on titanium surface. 

 

 
Figure 6. Quantification (Log10 UFC mg-1) of P. gingivalis, F. nucleatum and S. oralis in single biofilms on 

titanium surface. * Different letters represent statistical difference among the groups (ANOVA one- 
way. post hoc de Tukey) *p < 0.05. Cur = curcumin. 

 

 

 
A significant reduction of 1.3 log10 CFU mg-1 was observed for P. gingivalis biofilms 

in samples treated with curcumin 500 and 250 µg/mL when compared to the negative control 

(L-). Photoactivated curcumin 500 and 250 µg/mL exhibited a reduction of 1.7 and 1.6 log10 

CFU mg-1, respectively. CHX 0.12 % reduced 1.5 log10 CFU mg-1 of P. gingivalis biofilms 

compared to the negative control. 

Curcumin 250 and 500 µg/mL without light activation reduced F. nucleatum viability 

compared to the negative control group (reduction of 1.0 log10 CFU mg-1). Photoactivated 

curcumin 250 and 500 µg/mL reduced F. nucleatum viability by 1.4 and 1.5 log10 CFU mg-1. 

Curcumin-NP L+ and CHX reduced F. nucleatum viability by 0.8 log10 CFU mg-1. Compared 

to negative control group (L-), none of the treatments were able to reduce the viability of S. 

oralis biofilms. 
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Figure 7 shows the log10 CFU mg-1 results of P. gingivalis, F. nucleatum and S. oralis 

in multi-species biofilms formed on titanium surfaces. It was observed that the photoactivated 

curcumin 250 µg/mL eliminated P. gingivalis, but none of the other treated group reduced P. 

gingivalis viability compared to the control group (H2O L-) (p>0.05). None of the treatments 

reduced F. nucleatum compared to the negative control group (p <0.05). S. oralis was 

significantly reduced by curcumin 500 µg mL L+ and CHX when compared to the control group 

(reduction of 1.0 log10 CFU mg-1 for both treatments) (p<0.05). 

 

 

Figure 7. Quantification (Log10 UFC mg-1) of P. gingivalis, F. nucleatum and S. oralis in single biofilms on titanium 

surface. * Different letters represent statistical difference among the groups (ANOVA one-way. post hoc 
de Tukey) *p < 0.05. Cur = curcumin 
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DMSO 10 % and NP L- and L + showed no statistically significant difference compared 

to the negative control group (L-) in all biofilms studied (p <0.05), so they are not represented 

in the graph, but they are represented in Table 7. 

 

 
 

Table 7. Quantification (Log10 UFC mg-1) average and standard deviation values of single and multi-specie 
biofilms of P. gingivalis, F. nucleatum and S. oralis on titanium surface, treated with 10% DMSO, NP 
L- and NP L+ 

 

Titanium 
Single - species Multi - species 

 

 

 

 

3.2.4 Confocal Laser Scanning Microscopy (CLSM) 

Figures 7 to 10 are confocal images of single and multi-species biofilms of P. gingivalis, 

F. nucleatum and S. oralis formed on titanium surfaces. Four groups were chosen for CLSM 

analysis to illustrate the groups with the greatest reduction in P. gingivalis, F. nucleatum and S. 

oralis viability (curcumin 500 µg/mL L+) and (curcumin 500 µg/mL L+) compared to the 

negative control (L-) and light control (L+). In the images, living cells in the biofilms were 

stained and emitted a green fluorescence signal, while dead cells were stained and produced red 

fluorescence. 

Interestingly, compared to the negative control (L−), the treatment with light only (L+) 

did not affect the viability of P. gingivalis, F. nucleatum and S. oralis in single and multi- 

species biofilms. However, in the curcumin 500 µ/mL L+ group, a large numbers of dead cells 

(in red) was observed. The images show that photodynamic therapy contributed to the 

disturbance of all evaluated biofilms, especially multi-species biofilm (Figure 10). Curcumin 

(curcumin L-) slightly affected biofilms, generating a minor difference in confocal images in 

comparison to the control group (L-). 

 P. gingivalis F. nucleatum S. oralis P. gingivalis F. nucleatum S. oralis 

10% DMSO 5,76 ± 0,53 6,32 ± 0,16 5,63 ± 0,67 3,36 ± 2,17 5,61 ± 0,71 6,26 ± 0,21 

NP L- 5,90 ± 0,38 6,21 ± 0,67 5,63 ± 0,68 3,93 ± 1,70 5,69 ± 0,54 6,12 ± 0,08 

NP L+ 5,32 ± 0,55 5,95 ± 0,61 5,29 ± 0,16 1,74 ± 1,48 5,35 ± 0,65 5,42 ± 0,54 

Control (L-) 6,02 ± 0,35 6,49 ± 0,61 5,24 ± 0,97 4,49 ± 0,76 5,27 ± 0,46 6,15 ± 0,17 
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Figure 7. Representative CLSM images illustrating the effect of L-, L +, curcumin 500 µg/mL L- and curcumin 

500 µg/mL L + on single biofilms of P. gingivalis formed on titanium surface. Cur = curcumin 
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Figure 8. Representative CLSM images illustrating the effect of L-, L +, curcumin 500 µg mL L- and curcumin 

500 µg/mL L + on single biofilms of F. nucleatum formed on titanium surface. Cur = curcumin 
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Figure 9. Representative CLSM images illustrating the effect of L-, L +, curcumin 500 µg/mL L-and curcumin 

500 µg/mL L + on single biofilm of S. oralis formed on titanium surface. Cur = curcumin 
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Figure 10. Representative CLSM images illustrating the effect of L-, (L +, curcumin 500 µg/mL L- and curcumin 

500 µg/mL L + on multispecies biofilms of P. gingivalis, F. nucleatum and S. oralis formed on 

titanium surface. Cur = curcumin 
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3.3 Cytotoxicity Assay 

The viability of HPLF cells after different treatments was shown in Figure 11. The 

number of cells in the control group was set at 100% to compare the results in percent. 

It was observed that all groups with and without photosensitization presented cell 

viability greater than 70 % after treated with curcumin, curcumin-NP and NP, in addition, there 

was no statistical differences of these treatments in comparison to the negative control group 

(L-) (p<0.05). DMSO and light only (L +) groups were statistically different from the negative 

control (p<0.05), however, showed cell viability greater than 70 %. Chlorhexidine was 

statistically different from all treatments (p<0.05) and demonstrated cell viability below 70 % 

compared to the negative control group (L-). 

 
 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

Figure 11. Viability percentage of HPLF cells treated with curcumin and curcumin-NP with (L +) and without 

(L-) exposure to blue light. * Different letters represent statistical difference between groups (one- 

way ANOVA with Tukey post hoc) * p <0.05. The dotted line represents the 70% viability, which is 

considered safe for cells. Cur = curcumin 

 

 

 
4. DISCUSSION 

To gain new insight into the effect of curcumin-mediated PACT on anaerobic bacteria, 

we investigated the impact of polymeric NPs loaded with curcumin with PACT on P. gingivalis, 

F. nucleatum and S. oralis biofilm. The nanoprecipitation method was used to synthesize 

curcumin-NP because it is effective, economical, simple to perform, easy to scale-up and 

requires less toxic solvents (31). Poly-ε-caprolactone was used as the polymer for the 

production of NPs, since this compound is a synthetic aliphatic polyester FDA approved, 

hydrophobic, biodegradable, biocompatible polymer and has low  cost  (31).  In  addition,  the 
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surfactant used was PoloxamerTM 407 as a stabilizer, which when used in NPs synthesis, has 

prolonged drug action (42). 

The present study demonstrated that the encapsulation of curcumin in NPs was 

performed successfully. The diameter size obtained for NP and curcumin-Np is in accordance 

with the normal ranges for the used technique, which is between 100 and 500 nm (43). The ratio 

between the used organic phase and aqueous phase was 1:3 and the drug-polymer 

(curcumin:PCL) ratio was 1:5. These are important parameters for spontaneous formation of 

colloidal particles by the nanoprecipitation technique. In addition, Fonseca et al. (2002)(44) 

reported that the decrease in particle size is correlated with an increase in the specific surface 

area. 

Curcumin-NP formulation presented very low polydispersity at 0.200 ± 0.023 and zeta 

potential at - 5.77 ± 0.356 mV, which is important for particle stability. The determination of 

zeta potential is related to dispersion stability and particle surface properties, which reflects the 

electric potential of particles surface, influenced by the loading of NPs components (31). A 

negative zeta potential is generated by the presence of a negatively charged functional monomer 

group (45) and by the adsorption of stabilizer on the surface of NPs. Thus, the surfactant 

hydrocarbon chains interact with hydrophobic regions of the wall of polymer (PCL) and the 

hydrophilic portion of surfactant is exposed in the aqueous phase (46). 

EE is another NP’s property that depends on the drug to polymer ratio. In the present 

investigation, the EE percentage was 67.5% for curcumin-NP. According to previous reports, 

higher drug EE is obtained with higher polymer concentrations (47). However, it seems that a 

specific ratio of aqueous phase to organic phase is also critical for EE. In the Abriata et al., 

(2017) (31) study, the ratio 1:2 of AP:OP resulted in much higher value of encapsulation 

compared to 1:1 and 1:3. In contrast, in the same study, the ratio 1:10 drug to polymer compared 

to formulations prepared at ratios 1:3, 1:4 and 1:5 presented smaller EE values. 

Previous studies showed higher EE for their NPs varying from 78.95% to 97% 

(48)(49)(50)(51). The difference in the EE percentage could be explained by centrifugation 

speed and time and different methods employed in others studies, such as High Performance 

Liquid Chromatography (HPLC), which achieved EE values of 46.9, 77.07, 89, and 90% 

(49)(52)(53)(54). Maximum absorbance of curcumin-NP was 1.326 a.u. (400 nm), while free 

curcumin absorbance was 2.061 a.u. at 400 nm wavelength. These data are in agreement with 

data found in previous studies, which showed that curcumin absorbs blue light at wavelength 

between 400–434 nm (55, 56)(57)(32). 
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The periodontal biofilm model used in the present investigation was based on the 

Tavares et al. (2018) (36) study. In this model, authors used two anaerobic bacterial species, 

P. gingivalis and F. nucleatum. Evidence indicates that F. nucleatum and P. gingivalis are two 

anaerobic species involved in the initiation and progression of periodontal and peri-implant 

diseases (2). However, in the present study, the model was modified by adding S. oralis to the 

peri-implantitis related biofilm, which is a primary bacterium to attach the substrate. Biofilm 

formation and development depend on multiple factors, including interactions among different 

species of microorganisms and is a very ordered and coordinated process involving a series of 

sequential steps, such as the formation of the acquired pellicle followed by colonization by 

primary and then secondary colonizers. The acquired pellicle, composed of a variety of host- 

derived molecules, coats oral surfaces and represents a source of receptors for primary 

colonizers such as Streptococcus spp. The pioneer bacteria, attached to the pellicle, excrete an 

extracellular matrix (ECM), composed by polysaccharides, macromolecules and structural and 

functional proteins, which help bacteria to remain bound together (58). 

Curcumin is water insoluble and solvents such as dimethyl sulfoxide (DMSO) or 

ethanol are often used to dissolve it. However, the antibacterial activity of these solvents can 

often interfere with the interpretation of the data (59). Keeping this limitation in mind, we first 

confirmed that DMSO in the concentration of 10% (v/v) was the most suitable solvent, having 

no discernible effects on the growth of the strains tested. 

Eradication of planktonic cultures of P. gingivalis, F. nucleatum and S. oralis was 

observed when free curcumin and curcumin-NP were associated or not with blue light after 5 

minutes of pre-irradiation and a light dose of 72 J/cm2. Similar results were found by Izui et al. 

(56), Shahzad et al. (2015) (59) and Sha and (60) Garib (2019)(61) for planktonic cultures of 

P. gingivalis and F. nucleatum treated with free curcumin without light exposure, with MICs 

values ranging from 10 to 15 mg/mL. In our study, when photoactivated, curcumin-NP and 

curcumin showed better antimicrobial effects, while lower PS concentrations were able to 

eliminate planktonic cultures of P. gingivalis, F. nucleatum and S. oralis. The same effect was 

observed in previous studies evaluating curcumin and blue light in different species of 

microorganisms Paschoal et al. (2013) (21), Borba et al. (2017) (62); in which the presence of 

light exposure combined with PS showed higher antimicrobial effect. 

Interestingly, a species-dependent susceptibility of periodontal pathogens to PSs was 

observed; where MIC and MBC for Gram negative strains (P. gingivalis and F. nucleatum) 

were lower than for the Gram positive strain (S. oralis). Shazahd et al. (2015) (59) and Bakri 

and Douglas et al. (2005) (63) have obtained similar results, they observed that Gram negative 
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oral bacteria (A. actinomycetemcomitans, P. gingivalis and F. nucleatum) were more 

susceptible to the action of natural polyphenols than streptococci. This differential activity of 

PSs was further reflected in the time kill curves performed on Gram positive and Gram negative. 

Regarding Gram-negative bacterial strains tested in our study, F. nucleatum was the 

least susceptible to the action of curcumin. Interestingly, in addition to an outer membrane, F. 

nucleatum has a large periplasmic space surrounded by peptidoglycan layers, in-between the 

outer and inner cytoplasmic membranes (64). Therefore, it is reasonable to consider that 

decreased sensitivity of the bacterium could be partly due to its membrane structure, which 

could challenge access of PSs to the target enzymes in cytoplasmic and perioplasmic space. 

Similarly, the lower sensitivity of S. oralis to the treatments applied in this study may be 

explained by the presence of a thick peptidoglycan layer in the cell wall of Gram-positive 

bacteria (65). The difference between MIC and MBC values reflect the PPs tested in this study 

were bactericidal against the tested strains. 

There is a relation between ROS production and its interaction with bacteria and 

consequently, the efficacy of the treatment regimen. The relative production of ROS by 

curcumin was not determined in the present study, although previous studies have demonstrated 

that PS irradiated by blue light sources presented lower amount of ROS than the other PS 

irradiated by red lights (66). However, irradiation increased the antimicrobial activity of 

curcumin and curcumin-NP, indicating ROS formed after irradiation could be responsible for 

this increase. Thus, an antimicrobial effect can be reached by other factors related to the 

pharmacodynamic of PS such as cellular penetration, localization and influx and efflux 

parameters; the intracellular stability and activity of the PS; and sufficient targeting of the PS 

toward the pathogen (67). 

Regarding biofilms, similar results were found in our investigation for mono- and multi- 

species biofilms developed on 24-well plate and on titanium specimens. The presence of light 

exposure improved the anti-biofilm effect for both curcumin and curcumin-NP. P. gingivalis 

cell viability was the most affected by PACT. In addition to the fact that this bacterium has a 

thinner cytoplasm than the others bacteria studied, there is endogenous porphyrin production in 

the cell wall of P. gingivalis that can explain this finding, as porphyrin acts as a natural PS (36). 

The susceptibility of some oral black-pigmented bacterial species to light irradiation in the 

absence of PS has been previously demonstrated in laboratory research and in vivo experiments 

(68). Porphyrin is chemically excited by light of specific wavelengths (69) and promotes the 

generation of ROS capable of reacting and affecting biological systems (70). Thus, P. gingivalis 

viability is easier to reduce when exposed to 70mW/cm2 with a broadband light ranging from 
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380 to 520 nm, which includes blue light. Using a similar power density of around 72 W/cm2, 

Tavares et al. (2018) (36) obtained 1.33 log10 CFU/mL of reduction in P. gingivalis after light 

exposure at 660 nm without PS. 

The results of the present study demonstrate that PACT with curcumin and curcumin- 

NP resulted in reduced photoinactivation of periodontal-related biofilms. According to the 

American Society of Microbiology (ASM), an antimicrobial approach should promote 

reduction of at least 3.00 log10 (60). Nevertheless, the anti-biofilm effect of curcumin-NP and 

free curcumin were similar or even better than the effect of chlorhexidine 0.12%. 

The results against biofilms in the present investigation are in accordance with other 

studies, in which eradication of biofilm was not observed. Hegge et al. (2012) (71) observed 

less than 1 log10 reduction of S. epidermidis biofilm after aPDT mediated by curcumin 

solubilized in polyethylene glycol 400, pluronic F127, and hydroxypropyl-γ-cyclodextrin. 

curcumin in micellar NPs combined with silver NPs at 30μg/mL of curcumin and 3.75μg/mL 

of Ag suppressed the biofilm formation of S. aureus and P. aeruginosa. However, a higher 

concentration (400 μg/mL of curcumin-NP and 50 μg/mL of Ag NP) was necessary to reduce 

by 70% the biomass of pre-formed biofilms (72). Inhibition of biofilm formation from 89.48% 

to 99.38% was observed when S. mutans was incubated with curcumin loaded in polysaccharide 

NP (73). 

Regarding cytotoxicity, our results show that curcumin, curcumin-NP and NP groups 

with and without photosensitization presented cell viability greater than 70%, which according 

to ISO 10993-5 is not considered a cytotoxic effect. In addition, curcumin, curcumin-NP and 

NP showed no statistical difference compared to the negative control group (L-), demonstrating 

that the curcumin-NP developed in this investigation is not cytotoxic. It also confirms that PCL 

is a biocompatible polymer having low toxicity and is an attractive compound to encapsulate 

drugs. Although DMSO and L+ are slightly more cytotoxic than the negative control, they still 

demonstrated cell viability over 70%, the necessary percentage to be considered safe for cells 

However, the concentration of DMSO recommended to test cell viability is lower than 1% (74). 

Gutierrez et al. (2017) (32) investigated the effect of two different polymeric NPswith PLA 

(polylactic acid) and curcumin on Oral Keratinocytes. Cells treated with anionic formulations 

of curcumin-NP showed no significant difference of viability compared between with the 

negative control group after 4 hours. After 24 hours, both anionic and cationic formulations of 

curcumin-NP, as well as 10% DMSO did not show statistical difference with the control group 

and were not cytotoxic. 
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In our study, we also studied the effect of CHX on HPLF cells. CHX at 0.12 % was 

cytotoxic, being statistically different from all treatment groups, and demonstrated cell viability 

below 70 % compared to the negative control group (L-). Maquera-Huacho et al. (2018) (37), 

showed that CHX at 0.2 % causes a decrease in the number of L929 mouse fibroblast cells after 

5 min, 1 h, and 24 h. 

In conclusion, encapsulation of curcumin in polymeric NPs was performed successfully 

using PCL as polymer, and the properties of the curcumin-NPs were similar to those of the free 

curcumin. The curcumin, nano encapsulated or not, showed higher antimicrobial activity when 

activated by blue light, especially on the multi-species biofilm and showed no cytotoxicity. 

However, only mature biofilms were evaluated in this study. Nonetheless, the ability of 

curcumin-NP to inhibit multispecies biofilm formation was not assessed in this investigation. 

In addition, future studies should be conducted in order optimize the curcumin NP efficacy and, 

ideally, it should be active only during light exposure, to improve the efficacy of PACT. 
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Anti-biofilm effect of ozonized physiological saline solution on peri-implant-related biofilm 

 

Abstract: The purpose of this study was to evaluate the antimicrobial effect of ozonized physiological saline 

solution in different concentrations against oral biofilms developed on titanium surface. Single and multi-species 

biofilms of Porphyromonas gingivalis, Fusobacterium nucleatum and Streptococcus oralis were develop on 

titanium specimens for 5 days in anaerobic conditions. Biofilms were treated with ozonized saline solution at 

different concentrations (25, 50 and 80 μg/NmL), for 30 seconds and 1 minute. Chlorhexidine 0.12% (CHX) and 

saline solution (NaCl 0.89%) were used as positive and negative controls, respectively. Bacterial viability was 

quantified by Colony Forming Units (CFU mL-1), and biofilm images were acquired by Confocal Laser Scanning 

Microscopy (CLSM). Data were analyzed by parametric test (ANOVA) with Tukey post-hoc test (p <0.05). 

Results: Ozonized saline solution showed antibiofilm activity at a concentration of 80 µg/NmL for 30 seconds and 

1 minute, reducing, mainly, Porphyromonas gingivalis viability in both single and multi-specie biofilms, 

confirmed by representative CLSM images. In conclusion, ozonized saline solution has antibiofilm activity, with 

better effect when applied for 1 minute at 80 µg/NmL, being a promising candidate therapy for the prevention and 

treatment of peri-implant diseases. 

 

 

 

 

 

 

 
Key words: Biofilm; Ozonetherapy, Fusobacterium nucleatum; Streptococcus oralis; Porphyromonas gingivalis 
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1. INTRODUCTION 

 

The development of periodontal and peri-implant diseases has been associated with several restricted 

members of oral anaerobic species in the subgingival environment, such as black-pigmented Porphyromonas 

species and Actinobacillus actinomycetemcomitansitans.. Porphyromonas gingivalis and Fusobacterium 

nucleatum are the main pathogens of this type of infection Mahdi, Habiboallh (1), but they are secondary colonizers 

and their adhesion and establishment in the biofilm depends on the presence of primary microorganisms such as 

Streptococcus spp. (2). Since peri-implantitis is a polymicrobial infection, the available treatments seek to reduce 

the microbial load, eliminate inflammation of the peri-implant mucosa, as well as decontaminate the implant 

surface to preserve the supporting bone (3). 

Removal of dental plaque thus forms an important part of controlling and treating periodontal disease, 

which brings about both qualitative as well as quantitative changes in the subgingival microflora. A number of 

chemical adjuncts have been used to improve the outcome of mechanical oral hygiene procedures, one of which 

is chlorhexidine, a broad-spectrum antiseptic with pronounced antimicrobial effects on Gram-positive as well as 

Gram-negative bacteria, some viruses and fungi (4). However, it is important to highlight that some of these 

methods, such as mechanical removal and local application of chlorhexidine, could damage the surface properties 

of the implants or promote bacterial resistance (5). 

Chlorhexidine has a bactericidal function, inhibits glyosidic and proteolytic activities and reduces the 

activities of matrix metalloproteinase of a variety of oral bacteria (6). However, evidence suggests that this 

compound may also have adverse effects on oral tissues and cells, such ascytotoxic activity on alveolar bone, 

gingival epithelial cells, reduced proliferation of gingival fibroblasts, collagen and protein production and 

secondary genotoxic effects in epithelial cells (7). 

An alternative approach to conventional antimicrobial or antiseptic agents in the suppression of 

subgingival bacteria is to inhibit their growth by changing the subgingival environment, which has been shown to 

be highly anaerobic with a prevailing low oxygen tension (8). Various agents such as molecular oxygen, (9) 

hyperbaric oxygenation (10) and hydrogen peroxide have been applied (11). It has been shown that repeated 

subgingival oxygen irrigation in previously untreated deep periodontal pockets resulted in a significant clinical 

improvement of the periodontal baseline conditions (12). 

Ozone (O3) is an allotropic modification of the oxygen molecule into a chain of three atoms of oxygen 

that has a high oxidative potential. It is produced by natural events like ultraviolet radiation or electrical discharges. 

The gas is unstable and is easily degraded to oxygen by oxidation. Because of its high oxidative potential, it has 
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a high affinity for carbon double bonds and can interact with many organic and inorganic compounds (13, 14). 

Stoker reported the first use of ozone in medicine as a germicidal agent in the treatment of German soldier affected 

by gaseous gangrene (15). Since then, the understanding of the complexity of the biochemical, metabolic and 

immunological actions that medical oxygen/ozone (MOZO) can have on the human body go way beyond the 

bactericidal effects. 

Metabolically, the biological effect of ozone therapy has been described mainly as an increase usage of 

glucose use at the cellular level, improved protein metabolism and the peroxidation of unsaturated lipids that result 

in the production of lipid oxidation products (LOPs). At the correct concentration, these LOPs can signal the 

upregulation of the tissue repair mechanisms (16). Bocci et al, has described how LOPs such as 4-HNE can form 

cysteine adducts that are able to the biochemical pathways responsible for the tissue repair mechanisms (17). 

The therapeutic effect of ozone is determined by the method of application and dosage. Ozone can be 

administered as a gas (mixture of ozone and oxygen), as an ozonized oil or as an ozonized solution. Each route of 

administration and concentration can lead to a placebo, therapeutic or toxic effect. This dose and time dependent 

therapeutic effect is referred to as hormesis (13). The use of ozonized gas has to follow very strict guidelines to 

avoid ozone inhalation, especially in high doses. The bronchio-alveolar unit has very little antioxidant protection, 

for this reason, ozone in the lungs can produce chronic oxidative stress which results in the release of pro- 

inflammatory peroxidative products and cytokines (18). 

Ozone is currently being discussed in dentistry as a possible alternative antiseptic agent. Its high 

antimicrobial power without the development of drug resistance has been noted in water purification and food 

preservation. Recent investigations have reported antimicrobial effects on oral pathogens of both gaseous and 

aqueous forms of ozone, and the effectiveness of ozone in the treatment of oral diseases is currently a subject of 

intense research (19). 

Hence, the purpose of the current study was to evaluate the antimicrobial effect of ozonized saline solution 

in different concentrations against biofilms of oral species (Streptococcus oralis, Fusobacterium nucleatum and 

Porphyromonas gingivalis) developed on titanium surface. 

 
 

2. MATERIAL AND METHODS 

 

2.1 Antimicrobial assays 

 

2.1.1 Bacterial strains and bacterial growth 
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Standard strains from the American Type Culture Collection (ATCC; Rockville, MD, USA) of 

Porphyromonas gingivalis (ATCC W83), Fusobacterium nucleatum (ATCC 25586) and Streptococcus oralis 

(ATCC 35037) were reactivated individually in 5 mL of BHI culture medium (Brain Heart Infusion, Acumedia, 

Lansing, MI, USA) supplemented with 1% yeast extract, hemine (0.5 mg/mL) and menadione (5 mg/mL) and kept 

at 37 ºC in anaerobic conditions for 24 hours. Aliquots of each suspension were diluted in broth and incubated 

until the optical density (OD) reached the mid-log phase of (Figure 1). The suspensions of each microorganism 

were standardized (at OD 0.8 arbitrary units (a.u.) for P. gingivalis and F. nucleatum, and 0.6 a.u. for S. oralis), 

determined in a spectrophotometer (Eppendorf AG, 22331, Hamburg, Germany), equivalent to 107 CFU mL-1. 

 
 

2.2 Ozonized Saline Solution Production and Monitoring 

 

2.2.1 Ozonized Saline Solution Production 

 

One hundred (100) mL of a 0.89% sodium chloride (NaCl) solution was bubbled in different 

concentrations (25, 50 and 80 µg/NmL) in a glass super column using a continuous flow of a mixture of oxygen 

and ozone for 10 minutes. The ozone was generated using the Ozonobaric P (SEDECAL, Spain) and kept in a 

glass tube until it was applied on biofilm. 

 
 

3.2.2 Ozonized Saline Solution Monitoring 

 

To determine the total amount of ozone dissolved in the saline solution immediately after ozonized saline solution 

production, the ozone concentration was measured using an Aqueous Ozone MonitorTM (2B Technologies, Inc. – 

Model UV-106-W – Colorado - USA). One hundred (100) mL of ozonized solution was pumped to the monitor 

and the ozone concentration was measured each 10 seconds. 

 

2.3 Ozone therapy on single and multi-species biofilms of P. gingivalis, F. nucleatum and S. oralis formed 

on the surface of titanium discs 

2.3.1 Biofilm formation on titanium surfaces 

 

After the reactivation and cultivation of the microorganisms as described in the item 2.1.1, single and 

multi-species biofilms were formed to evaluate the effect of ozonized saline solution. 

Biofilm formation on titanium specimens has been described by de Avila et al. (2016) (20) and Maquera- 

Huacho et al. (2018) (21), with modifications. Titanium discs were provided by Implacil De Bortoli, São Paulo - 

SP, Brazil. The discs have dimensions of 7.5 mm in diameter by 2 mm in thickness, with approximately 136 mm2 

of total area. All discs were washed in distilled water and subjected to cleaning with isopropyl alcohol in an 



56 
 

 

 

 
ultrasound device (Kondortech, digital Ultrasonic Cleaner, São Carlos, SP) in 2 cycles with 30 minutes each and 

subsequent sterilization in autoclave. 

To form an acquired pellicle, the specimens from each group (n=8) were immersed in 1 mL of human 

serum 25 % (male, AB, USA, filtered-sterile - Sigma Aldrich - USA), that was previously inactivated by heating 

at 60º C for 30 min and diluted in 0.89% of NaCl solution for 1 h at 37 °C on orbital shaker (100 rpm). After 1 h 

at 37 °C under agitation the specimens were removed from the serum and washed once with sterile 0.89% saline 

solution. 

For single species biofilm formation, titanium discs were placed in a 24-well plate and immersed in 1mL 

of P. gingivalis, F. nucleatum and S. oralis suspensions. For the multi-species biofilm formation, the three studied 

species were mixed at the same ratio (1:1:1) at final concentration of 107 CFU mL -1 and 1 mL of this bacterial 

suspension were transferred to each well. The plate was kept at 37 ºC for 24 h, in anaerobic conditions, which 

corresponded to the adhesion phase. After this period, the discs were washed twice in sterile 0.89% NaCl to remove 

non adhered bacteria. Then, the samples were placed in wells containing 1 mL of BHI broth supplemented with 

1%, yeast extract hemin (0.5 mg/mL) and menadione (5 mg/mL) to promote biofilm growth for a period of 5 days 

(changing the culture medium every 24 h). 

 
 

2.3.1 Treatments 

 

After biofilm formation, the discs were immersed in 1 mL of the test solutions: 1 mL of ozonized 

physiological saline solution at three different ozone concentrations (15, 25 and 50 µg/mL) for 30 seconds and 1 

minute at room temperature, CHX 0.12% for 1 minute (positive control) and sterile physiological saline (negative 

control). Samples from each control and experimental groups were washed and immersed in 1 mL of saline (0.89 

% NaCl) for quantitative (CFU mg-1) and qualitative (CLSM) analysis. 

 

 

2.4 Biofilm Processing 

 

The viable biofilm quantification was performed by the Colony Forming Units (CFU mL-1) test. At the 

end of the experimental period, the biofilms formed on titanium discs were washed twice by immersion in saline 

solution, collected with a sterile spatula and transferred to tubes containing 5 mL of sterile 0.89% saline solution. 

The biofilms suspensions were then sonicated using three 10 s pulses with a 7 W output (Fisher Scientific, Sonic 

Dismembrator model 100; USA). The homogenized suspension was used bacterial viability (colony forming units 

- CFU/mg biofilm dry weight) (Duarte et al., 2006) (22). 



57 
 

 

 

 
2.4.1 Colony forming units (CFU) 

 

An aliquot (0.1 mL) of the homogenized suspension was serially diluted (1:10, 1:100, 1:1000, 1:10000, 

1:100000, 1:1000000) and seeded onto blood agar plates. The plates were incubated at 37 °C in anaerobic 

conditions for 120 h for P. gingivalis and F. nucleatum biofilms, and 48 h for S. oralis biofilm, and then the CFU 

mL-1 was calculated. 

 
2.4.2 Confocal laser scanning microscopy (CLSM) 

 
 

To illustrate the effect of the test solutions on single and multi-species biofilms formed on the surface 

of titanium discs, CLSM imaging was performed. After treatment, the specimens were gently washed twice with 

0.89% saline solution to remove non-adherent microorganisms. Samples were stained using a LIVE/DEAD® 

BacLight™ Bacterial Viability Kit (L13152; Molecular Probes, Inc.) and incubated at room temperature in the 

dark for 15 minutes to allow penetration of the fluorophores inside the bacterial cells. Then, samples were washed 

twice with 0.89% NaCl and examined under a Leica SP8 Resonant-scanning confocal/multiphoton microscope 

using Leica Fluotar VISIR 25x/0.95 water objective, with free working distance of 2.3 mm. Serial sessions on the 

xyz plane were observed. 

 
2.5 Statistical analysis 

 

Normal distribution of data was assessed by the D'Agostino-Pearson method. Normally distributed data 

were analyzed by one-way ANOVA with Tukey’s post-hoc test (p<0.05). Analyzes were performed using 

GraphPad Prism version 5.0c; p <0.05 was considered statistically significant. 

 
 

3. RESULTS 

 

3.1 Ozonized Saline Solution Monitoring 

 

Figure 2 shows the ozone concentration present in saline solution with different concentrations bubbled 

(25, 50 and 80 µg/NmL) according to the temperature. It was observed that 25 µg/NmL of ozone bubbled in saline 

solution resulted in 2.74 µg/mL of ozone saturation in the solution, at 35.9 oC, that is 10.96% of the injected 

concentration. When injected 50 µg/Nm, the saturation concentration was 3.94 µg/mL (7.88%) at 32.9 oC. 

Bubbling 80 µg/NmL, at 29 oC resulted in 9.05% of saturation, which is 7.24 µg/mL of ozone in the saline solution. 

 

 

 

3.2 Antimicrobial assays 
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3.2.1 Ozone therapy on single and multi-species biofilms of P. gingivalis, F. nucleatum and S. oralis on titanium 

 

discs 

 

Figure 3 shows the log10 CFU mg-1 results of single P. gingivalis, F. nucleatum and S. oralis biofilms 
 

developed on titanium surface. 

 

A significant reduction of was observed for P. gingivalis biofilms in samples treated with ozonized saline 

for 30 seconds and 1 minute, when compared to the negative control, as well as when treated with CHX for 1 min. 

The greatest reduction (2.78 log10 CFU mg-1) occurred on samples treated with 80 µg/NmL of ozonized saline for 

30 seconds. However, there is no statistical difference among the other treatment groups (p<0.05). Compared to 

CHX, the concentration of 80 µg/NmL showed better effect, reducing 1.4 log10 CFU mg-1. 

F. nucleatum viability was reduced by ozonized saline, being statistically different from the negative 

 

control when treated with 50 and 80 µg/NmL for 30 seconds and 1min, as well as CHX for 1 min (p<0.05). The 

concentration of 50 µg/NmL showed better effect, reducing 1.1 log10 CFU mg-1 compared to the negative control, 

while CHX presented similar effect, reducing 0.89 log10 CFU mg-1. 

Compared to the negative control group, none of the treatments were able to reduce the viability of S. 

oralis biofilms. 

Figure 4 shows the log10 CFU mg-1 results of P. gingivalis, F. nucleatum and S. oralis in multi-species 

biofilms formed on titanium surfaces. It was observed that the ozonized saline and CHX reduced the viability of 

P. gingivalis around 1.2 log10 CFU mg-1, except for the concentration of 25 µg/NmL for 30 seconds that did not 

show statistical difference from the negative control. Again, the concentration of 80 µg/NmL for 30 seconds was 

the treatment group with greatest reduction (1.7 log10 CFU mg-1). 

F. nucleatum viability was reduced by the concentrations of 50 and 80 µg/NmL, showing statistical 

difference compared to the control group, as well as CHX, in a similar way, reducing 1.0 log10 CFU mg-1(± 0.2) 

(p <0.05). S. oralis was significantly reduced only by CHX when compared to the control group (reduction of 1.2 

log10 CFU mg-1) (p<0.05). 

 

3.3.4 Confocal Laser Scanning Microscopy (CLSM) 

 

Two groups were chosen for CLSM analysis to illustrate the groups with the greatest reduction in P. 

gingivalis, F. nucleatum and S. oralis viability (ozonized saline 80 µg/NmL and negative control) and compared 

to the negative control. In the images, living cells in the biofilms were stained and emitted a green fluorescence 

signal, while dead cells were stained and produced red fluorescence. 
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Compared to the negative control, the treatment with ozonized saline 80 µg/NmL shows a large numbers 

of dead cells (in red). It can be observed that ozone therapy concentration contributed to the disturbance of all 

evaluated biofilms, especially multi-species biofilm (Figures 5, 6, 7 and 8). 

 
 

4. DISCUSSION 

 

Ozonetherapy has emerged as an important oral antibacterial agent and adjunct to periodontal and peri- 

implant therapy (23). The traditional treatment modality, which is the mechanical removal, remains the “gold 

standard” for the nonsurgical management of periodontal and peri-implant disease (24). However, mechanical 

removal does have certain limitations which include the inability to instrument the deeper periodontal pockets and 

inability to remove the microorganisms within the tissue lining of the periodontal and peri-implant pockets. Hence, 

antimicrobial therapy targets the susceptible microorganisms in various ecological niches of the oral cavity. Thus, 

chemical substituents could alter the environment of the pockets to prevent the growth of pathogens, which have 

shown greater efficacy when used with biofilm mechanical removal. Chlorhexidine is the drug most commonly 

studied in subgingival irrigation. There is doubt regarding the efficacy of some medications, such as phenolic rinse, 

metronidazole and salts, as irrigants after nonsurgical treatment (25). 

Ozonetherapy has been studied as an alternative to reach periodontal and peri-implant pockets biofilm, 

since the routes of ozone administration are topical and regional for both gaseous and aqueous forms (26-28). 

Several studies have reported significant improvement in pocket probing depth, plaque index, gingival index and 

bacterial count in quadrants treated with scaling and root planning (SRP) along with ozone application, even in 

patients with aggressive periodontitis (29, 30). 

Although previous studies have evaluated antimicrobial effects ozonetherapý, these studies were focused 

on the ozonized water, oil or gas, tested against different types of biofilm, but none with ozonized saline in an 

established multi-specie biofilm. Thus, the present investigation evaluated the effect of ozonized saline solution in 

simple and multi-species anaerobic biofilms, formed on titanium discs. 

The peri-implant-related biofilm model used was based on the Tavares et al. study (2018) (31). In this 

model, authors used two anaerobic bacterial species, P. gingivalis and F. nucleatum. Evidence indicates that F. 

nucleatum and P. gingivalis are two anaerobic species involved in the initiation and progression of periodontal 

and peri-implant diseases (32). However, in the present study, the model was modified by adding S. oralis to the 

peri-implantitis related biofilm, which is a primary bacterium to attach the substrate. Biofilm formation and 

development depend on multiple factors, including interactions among different species of microorganisms and is 
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a very ordered and coordinated process involving a series of sequential steps, such as the formation of the acquired 

pellicle followed by colonization by primary and then secondary colonizers. The acquired pellicle, composed of a 

variety of host-derived molecules, coats oral surfaces and represents a source of receptors for primary colonizers 

such as Streptococcus spp. The pioneer bacteria, attached to the pellicle, excrete an extracellular matrix (ECM), 

composed by polysaccharides, macromolecules and structural and functional proteins, which help bacteria to 

remain bound together (2). 

Ozonized water has been shown to be effective against periodontopathogenic bacteria such as A. 

actinomycetemcomitans and P.gingivalis in vitro (33). Ozonized water has also been shown to be effective on root 

surfaces after extra oral rinsing for decontamination of avulsed tooth in vitro (34). Although there are studies 

related to the use of ozonized water on oral microorganisms in vitro, no literature exists till date on the effect of 

ozonized saline solution on oral biofilms, especially periodontopathogenic microorganisms. 

In this study, ozonized saline at 80 µg/NmL (7.24 µg/mL of O3 in the solution) was the most effective 

concentration for the antimicrobial evaluation of the biofilms. Katti et al. (2013) (35), observed that ozonized water 

in a lower concentration compared to the present study (2.40 µg/mL) was effective in reducing gram negative 

bacteria, such as P. gingivalis, P. intermedia, F. nucleatum. However, this study applied ozone to planktonic 

cultures. It was previously observed that planktonic cultures are much more vulnerable to antimicrobial therapies 

than microorganisms organized in biofilms (36), since biofilms have the extracellular matrix to protect them 

against external agents (37). 

Interestingly, a species-dependent susceptibility of periodontal pathogens to ozonized saline solution was 

observed in the present investigation; where Gram negative strains (P. gingivalis and F. nucleatum) were more 

affected than the Gram positive strain (S. oralis). Shazahd et al (2015) (38) and Bakri and Douglas et al. (2005) 

(39) have obtained similar results; they observed that Gram negative oral bacteria (A. actinomycetemcomitans, P. 

gingivalis and F. nucleatum) were more susceptible to the action of natural polyphenols than streptococci. 

Regarding Gram-negative bacterial strains tested in our study, F. nucleatum was the least susceptible to 

the action of ozonized saline. It was also observed in the studies conducted by Azarpazhooh and Baysan et al. (27) 

and Nagayoshi et al. (40), where P. gingivalis andPrevotella intermedia were more sensitive to ozonized water 

compared to F. nucleatum in pure cultures. Interestingly, in addition to an outer membrane, F. nucleatum has a 

large periplasmic space surrounded by peptidoglycan layers, in-between the outer and inner cytoplasmic 

membranes (41). Therefore, it is reasonable to consider that decreased sensitivity of the bacterium could be partly 

due to its membrane structure, which could challenge access of antimicrobial solutions to the target enzymes in 
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cytoplasmic and periplasmic space. Similarly, the lower sensitivity of S. oralis to the treatments applied in this 

study may be explained by the presence of a thick peptidoglycan layer in the cell wall of Gram-positive bacteria 

(42). 

Ozone is a selective oxidant and affects only certain compounds, but when it is dissolved in water it 

becomes highly unstable and rapidly decomposes through a complex series of chain reactions. As a result, hydroxyl 

(OH) radicals are generated which are among the most reactive oxidizing species. Ozone reacts with various 

chemical compounds in aqueous systems in two different and coexisting modes; one involving direct reactions of 

molecular ozone and the other a free radical-mediated reaction. Both mechanisms may be involved in the 

destruction of bacteria as shown by Kshitish and Laxman (33). 

The temperature and pH have been shown to have an important effect on the ozone concentration in the 

water. This effect may be related to the different rates of gas degradation in different media, since the degradation 

rate of the gas increases with increasing temperature and pH value of the medium (43). The evidence of the great 

instability of ozone is provided by the large difference between the injected gas content and the saturation 

concentration. Galdeano et al. (2018) (44) investigated the effect of temperature and pH of water on the saturation 

time and gas concentration. At 13.3 mg L-1 bubbled in water, only 26% to 34% of ozone were quantified in the 

water, and the lowest value occurred with the highest temperature (25 °C) and the highest pH (6.0) tested. It is 

likely that under conditions where the ozone decomposition is faster (high pH and temperature), the degradation 

rate was predominant in relation to the injection concentration, thus resulting in the observed values. This 

difference between concentration of bubbled gas and saturation in the solution was also found in the present and 

other studies (45, 46). The low solubility of ozone in water can also explain the large difference between 

concentrations of ozone. Ozone is only partially soluble in water, and its solubility increases as the temperature 

decreases or the mixture is pressurized (Henry’s Law). For this reason, according to the authors, the concentrations 

of dissolved ozone do not generally exceed 5 ppm (µg/mL), since the treatments are normally carried out at 

atmospheric pressure and near room temperature (44). 

In conclusion, the present study confirmed the in vitro antimicrobial effects of ozonized saline solution 

on single and multi-species biofilms formed by S. oralis, F. nucleatum and P. gingivalis, being the concentration 

of 80 µg/NmL the one that showed better results. Therefore, we consider ozonized saline solution a promising 

candidate therapy for the prevention and treatment of peri-implant diseases. Further studies should be performed 

to confirm its biosafety for clinical use. 
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FIGURES AND LEGENDS 

 

 

 
Fig. 1 Growth curves represented by OD at 600 nm and CFU/mL for P. gingivalis (A), F. nucleatum (B) and S. 

oralis (C) OD: optical density, CFU: colony-forming units. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 
 

Figure 2. Ozone saturation in 0.89% sodium chloride (NaCl) solution. 
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Figure 3. Quantification (Log10 UFC mg-1) of P. gingivalis, F. nucleatum and S. oralis in single biofilms formed 

on titanium surface. * Different letters represent statistical difference among the groups (ANOVA one-way. post 

hoc de Tukey) *p < 0.05. O3 = ozonized saline solution. 
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Figure 4. Quantification (Log10 UFC mg-1) of P. gingivalis, F. nucleatum and S. oralis in multi-specie biofilm 

formed on titanium surface. * Different letters represent statistical difference among the groups (ANOVA one- 

way. post hoc de Tukey) *p < 0.05. O3 = ozonized saline solution. 
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Figure 5. Representative CLSM images illustrating the effect of ozonized saline 80 µg/NmL on single biofilm of 

P. gingivalis, formed on titanium surface. 
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Figure 6. Representative CLSM images illustrating the effect of ozonized saline 80 µg/NmL on single biofilm of 

F. nucleatum, formed on titanium surface. 

 

 
 

Figure 7. Representative CLSM images illustrating the effect of ozonized saline 80 µg/NmL on single biofilm of 

S. oralis, formed on titanium surface. 
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Figure 8. Representative CLSM images illustrating the effect of ozonized saline 80 µg/NmL on multi-species 

biofilm of P. gingivalis, F. nucleatum and S. oralis, formed on titanium surface. 
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5 CONCLUSÕES 

 
1. Curcumin incorporado ou não em nanopartículas poliméricas apresentou atividade 

antimicrobiana, promovendo efeitos bactericidas e bacteriostáticos em baixas 

concentrações e, com melhores efeitos quando associados à luz azul. Devido às 

suas propriedades antimicrobianas e antibiofilme, ambos podem representar uma 

abordagem promissora para a prevenção e tratamentos de doenças peri- 

implantares, uma vez que o curcumin mostrou resultados muito semelhantes à 

clorexidina em relação à atividade antibiofilme. Além disso, quando usado em 

baixas concentrações, curcumin e curcumin-NP não apresentam citotoxicidade 

quando não expostos à luz azul ou em períodos curtos de fotossensibilização. 

 

 
2. A solução salina ozonizada teve seus antimicrobianos confirmados, in vitro, em 

biofilmes simples e multiespécies formados compostos por P. gingivalis, F. 

nucleatum e S. oralis. Portanto, consideramos a solução salina ozonizada uma 

terapêutica candidata promissora para a prevenção e tratamento de doenças peri- 

implantares. Mais estudos devem ser realizados para confirmar sua biossegurança 

para uso clínico. 
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APÊNDICE A – Metodologia detalhada da Publicação 1 

Obtenção e Preparo do Curcumin 

O Curcumin foi obtido da Sigma-Aldrich (St. Louis, Missouri, USA). As 

concentrações finais (µg/ml) foram determinadas em estudo piloto e preparadas em 

dimethyl sulfoxide (DMSO) numa concentração final de 10 %. Um grupo controle para 

o DMSO nesta concentração foi avaliado para comprovar que este não interfere no 

crescimento dos microrganismos utilizados. 

 
Síntese das nanopartículas poliméricas de PCL carregadas com Curcumin 

As nanopartículas poliméricas foram preparadas pelo método de 

nanoprecipitação32, em que a fase orgânica (OP), contendo o Curcumin, poli-ε- 

caprolactona (PCL) (Sigma-Aldrich, EUA) e acetona, como solvente, é adicionada 

lentamente na fase aquosa (AP) contendo 0,5% de surfactante (Poloxamer ™ 407) 

(Sigma-Aldrich, EUA), sob suave agitação magnética (600 rpm) overnight até a 

completa evaporação do solvente. 

As nanopartículas poliméricas resultantes (PNs) foram filtradas (0.45 μm) 

seguida de ultracentrifugação para eliminar o fármaco não encapsulado e obter 

nanopartículas não agregadas com uma distribuição de tamanho regular. 

O sistema foi examinado quanto a distribuição de tamanho de partícula, 

potencial zeta e índice de polidispersidade. Durante o desenvolvimento, foram 

avaliadas várias proporções de OP: AP, a fim de se obter uma partícula de tamanho 

nanométrico. 

 
Caracterizações morfológicas e estruturais das nanopartículas poliméricas 

carregadas com Curcumin 

 
Análises de diâmetro hidrodinâmico e valor de potencial zeta: 

As análises foram realizadas no Laboratório de Permeabilidade de 

Biodisponibilidade do Departamento de Fármacos e Medicamentos da Faculdade de 

Ciências Farmacêuticas – UNESP Araraquara, SP. 

A formulação foi filtrada (0.45 μm) e diluída com água Milli Q ™, na razão 1:10 

(v / v) a 25 °C. As amostras foram, então, avaliadas quanto à distribuição de tamanho 

de partícula (dispersão de luz dinâmica – DLS - Dynamic Light Scattering), cuja técnica 
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consiste na incidência linear de um laser na amostra. Considerando a quantidade de 

radiação espalhada e o tempo que a radiação passa pela amostra, é possível 

mensurar o diâmetro médio das partículas em suspensão. O resultado foi o percentual 

de partículas em seus diferentes tamanhos (Khan et al., 2014). Além disso, os índices 

de polidispersidade (pdI) e valor de potencial zeta usando Zetasizer Malvern (EUA) 

também foram avaliados. 

 
Eficiência de encapsulamento (EE): 

Amostras de Cur-NP foram centrifugadas a 6.000 x g por 10 minutos. O 

sedimento (nanopartículas) foi ressuspenso em água ultrapura e a absorbância das 

amostras foi determinada antes (B) e após (A) centrifugação. A absorbância foi 

determinada em um espectrofotômetro UV-visível em comprimentos de onda que 

mostraram absorbância máxima para cada amostra [23]. A EE foi calculada pela 

fórmula: EE% = A x 100 / B. 

 
Caracterização morfológica por microscopia eletrônica de varredura (MEV) 

As amostras foram gotejadas em lamínulas de vidro de aproximadamente 0.5 

cm2 e submetidas à evaporação para obter a dispersão homogênea das partículas. 

Em seguida, as lamínulas de vidro contendo as amostras foram aderidas em suportes 

de alumínio com fita adesiva à base de carbono. Posteriormente, todo o sistema foi 

coberto com uma fina camada de ouro em pó, por 120 s em um metalizador Bal-Tec 

(Model SCD 050 Sputter Coater, Baltec®). A análise morfológica das amostras foi 

realizada em microscópio eletrônico Zeiss (modelo EVO50, Zeiss) (UFSCar – DEMa 

– LCE – FEG) usando tensão de 5,00 kV. 

 
 

 
Efeito antimicrobiano do Curcumin e das NPs 

Microrganismos 

Foram utilizadas três cepas de referência, Streptococcus oralis (ATCC 35037), 

Fusobacterium nucleatum (ATCC 25586) e Porphyromonas gingivalis (ATCC W83). 

 
 

Reativação das espécies 

Os microrganismos foram reativados individualmente em 5 ml de meio de 

cultura BHI (Brain Heart Infusion, Acumedia, Lansing, MI, USA) acrescidos de extrato 
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de levedura, hemina e menadiona e mantidos a 37 ºC em anaerobiose. Após o 

crescimento, as suspensões foram centrifugadas a 3000 rpm por 5 minutos e as 

células lavadas 2 vezes com solução salina estéril. Em seguida, as suspensões 

tiveram a turbidez ajustada com o auxílio do espectrofotômetro (Eppendorf AG, 22331, 

Hamburg, Germany), até atingir absorbância correspondente a 1.0 x 107 UFC mL-1
. 

 
Preparo das soluções 

Foi utilizado o Curcumin diluído em DMSO (10 %). Um grupo contendo meio 

de cultura, microrganismo e DMSO foi avaliado para comprovar que este não interfere 

no crescimento dos microrganismos utilizados. Para a utilização do Curcumin nos 

experimentos, foram realizadas diluições com concentrações entre 500 – 0.25 µg/ml, 

determinadas em estudos pilotos. Nanopartículas poliméricas incorporadas com 

Curcumin, nas concentrações entre 500 – 0.25 µg/ml, foram sintetizadas como 

descrito anteriormente. A Clorexidina 0.12% (CHX) foi utilizada como controle positivo. 

 
Determinação da Concentração Inibitória Mínima (CIM) e Determinação da 

Concentração Bactericida Mínima (CBM) 

Nove amostras (n = 9) de cada grupo experimental e controle foram utilizadas 

para a determinação da CIM por meio do método de diluição em caldo (CLSI - M27- 

A6). Cada poço de uma placa de cultura celular (96 poços) recebeu 100 µL das 

diluições do Curcumin e das diluições das Cur-NPs testadas, nas concentrações entre 

500 – 0.25 µg/ml. Após a reativação das espécies, como descrito anteriormente, uma 

suspensão individual de 100 µL de So, Pg e Fn foi adicionada em cada poço 

(concentração final 105 UFC mL-1). Como controle negativo foram utilizados poços 

apenas com a suspenção de microrganismos para avaliar o crescimento total. Para 

avaliar possíveis interferências do DMSO 10 %, este foi testado nos microrganismos 

com meio de cultura. As placas foram incubadas a 37 ºC, sob agitação de 75 rpm por 

24 h. 

Dos orifícios que não mostraram crescimento visível, foram retirados 10 µL, os 

quais foram semeados em meio de cultura ágar sangue (BD BBL™ CDC Anaerobe 

5% Sheep Blood Agar) e mantidos a 37 °C em anaerobiose. A CIM foi definida como 

a menor concentração das soluções testadas sem crescimento visível, e a CBM como 

a menor concentração capaz de reduzir o inóculo inicial a ≥ 99.9 %. 
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Procedimento de Terapia Fotodinâmica (TFD) 

Para a fotossensibilização das amostras foi utilizado o Curcumin previamente 

diluído como agente fotossensibilizador, o qual foi armazenado em tubo falcon 

envolvido em papel alumínio para proteção de luz e à temperatura de 5º C. Como o 

corante utilizado é uma substância fotossensível e pode sofrer degradação de seus 

componentes quando exposto à luz, a manipulação deste agente durante o preparo 

da solução e, posteriormente, na fotossensibilização dos microrganismos, foi realizado 

em ambiente escuro e processado no mesmo dia de sua utilização. A fonte de luz 

empregada na iluminação das amostras deste estudo foi uma luz azul não coerente e 

comercialmente disponível (Modelo LumaCare LC-122, Grupo Médico, Newport 

Beach, CA) com comprimento de onda de 420 nm, tamanho do ponto de 113,1 mm2 

e potência de saída fixa de 95,5 mW cm-2. 

A potência de saída deste dispositivo é um fator importante a ser considerado, 

pois este valor, juntamente com o tempo de iluminação, determina a quantidade de 

energia aplicada na amostra irradiada. Essa quantidade de energia é denominada 

fluência ou dosimetria e é expressa pela energia por área (J/cm2). A fórmula 

empregada para o cálculo da dosimetria foi a seguinte: Dose (J/cm2) = Potência 

(W/cm2) X Tempo (s) 

Como a fonte de luz utilizada possui potência constante, a variação da dose de 

luz foi realizada pela variação do tempo de exposição das amostras microbiológicas à 

luz azul. Assim o tempo de iluminação foi de 12 minutos, o que corresponde a uma 

dose de 72 J/cm2. Para esse estudo foram avaliados os seguintes grupos 

experimentais: 

• (L-) = Microrganismo = Controle negativo 

• (L+) = Microrganismo + luz 

• (Cur + L-) = Microrganismo + Solução de Curcumin 

• (Cur + L+) = Microrganismo + Solução de Curcumin + luz 

• (Cur-NPs + L-) = Microrganismo + NPs carregadas com Curcumin + luz 

• (Cur-NPs + L+) Microrganismo + NPs carregadas com Curcumin 

• (NP + L-) = Microrganismo + NPs 

• (NP + L+) = Microrganismo + NPs + luz 

• (CHX) = Microrganismo + Clorexidina = controle positivo 

• (DMSO) = Microrganismo + DMSO 10% (em água Mili-Q) 
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Em cada poço da placa de 96 poços, foram adicionados 100 µL da suspensão 

de microrganismo mais 100 µL da solução de tratamento. Nos grupos (L+ e L-), sem 

100 µL de meio de cultura foram adicionados para completar o volume. As amostras 

foram então mantidas no escuro durante 5 min, o que correspondeu ao período de 

pré-irradiação7. Após este período, os poços foram irradiados no dispositivo 

LumaCare LC-122. O tempo de irradiação com a luz azul para os grupos da TFD 12 

minutos, o que corresponde a uma dose de 72 J/cm2, e os tempos de tratamento para 

todos os grupos estudados estão descritos na tabela 1. 

 
Tabela 1 - Soluções e tempos de tratamentos para biofilmes simples e multi-espécie de S. 

oralis, F. nucleatum e P. gingivalis 

Tratamento Tempo 
incubação 

Tempo de 
irradiação 

Tempo de 
exposição 

L- (água Mili-Q) - - 1 min 

L+ (água Mili-Q) 5 min 12 min - 

Cur + L- 5 min - 12 min 

Cur + L+ 5 min 12 min - 

Cur-NPs + L- 5 min - 12 min 

Cur-NPs + L+ 5 min 12 min - 

NP + L- 5 min - 12 min 

NP + L+ 5 min 12 min - 

CHX - - 1 min 

DMSO 5 min - 12 min 

* Os grupos contendo água Mili-Q e CHX foram tratados por 1 minuto para simular bochecho. 

Fonte: Elaboração própria. 

 

Efeito do Curcumin e NPs em biofilmes simples e multi-espécie 

Formação do biofilme 

Foram adicionados 200 µL de soro (plasma) humano (masculino, AB, origem 

EUA, filtrado-esterilizado - Sigma Aldrich – USA) em cada poço da placa de 24 poços, 

durante 1 h a 37 ºC sob agitação para a formação da película adquirida sobre as 

superfícies. Em seguida, o soro foi removido cuidadosamente e os poços lavados uma 

vez com PBS estéril. 
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O método de formação de biofilme em placas de microtitulação foi descrito 

previamente na literatura (Tavares et al.; Maquera et al., 2018). Culturas de So, Pg e 

Fn foram reativadas conforme descrito anteriormente e transferidos 1000 μL para cada 

poço, para formação de biofilme simples. Para a formação do biofilme multi-espécie, 

as três espécies estudadas foram misturadas na mesma proporção (1:1) 

(concentração final 107 UFC/mL) e 1000 μL desta suspenção bacteriana foram 

transferidos para cada poço da placa de 24 poços. As placas foram mantidas à 37 ºC 

em anaerobiose por 24 horas, o que corresponde à fase de adesão. Após este 

intervalo, a suspensão foi removida e os poços lavados duas vezes em PBS estéril, 

para remoção das bactérias não aderidas. Em seguida, foram adicionados 1000 μl de 

BHI caldo, com extrato de levedura, hemina e menadiona, em cada poço. A cada 24h 

o meio de cultura foi trocado por um novo, totalizando um biofilme de 5 dias (120 

horas). 

Após a formação do biofilme, o meio de cultura foi removido cuidadosamente e 

foi adicionado 1000 µl das soluções testes: Cur (250 e 500 µg/ml), NP, Cur-NP (500 

µg/ml), CHX (controle positivo) e água Mili-Q (controle negativo) e DMSO 10%. O 

tempo de irradiação com a luz azul para os grupos da TFD 12 minutos, o que 

corresponde a uma dose de 72 J/cm2, e os tempos de tratamento para todos os grupos 

estudados estão descritos na Tabela 1. A quantificação do biofilme viável foi realizada 

pelo teste Unidades Formadoras de Colônias (UFC mL-1). 

 
Análise de biofilme: 

Ao final do período experimental, os biofilmes foram lavados duas vezes com 

solução salina estéril, rapados com auxílio da ponteira e transferidos para 5 ml de 

solução salina estéril. Os biofilmes foram, então submetidos a sonicação usando três 

pulsos de 15 s com uma saída de 7 W (Fisher Scientific, Sonic Dismembrator modelo 

100; EUA). A suspensão homogeneizada foi utilizada para peso seco e viabilidade 

bacteriana (unidades formadoras de colônias – UFC/ mg de peso seco de biofilme)62. 

 
Viabilidade bacteriana 

Uma alíquota (0.1 mL) da suspensão homogeneizada foi diluída em série 

(1:10, 1: 100, 1: 1000,1: 10000, 1: 100000, 1: 1000000) e semeadas em ágar sangue. 

As placas foram incubadas em anaerobiose a 37 °C por 120 h para biofilmes simples 
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de Pg e Fn, assim como para biofilme multi-espécies, e 48 h para biofilme simples de 

So, e então o número de UFC mL-1 de peso seco do biofilme foi determinado. 

 

Peso seco 

Para a determinação do peso seco, três volumes de etanol frio (- 20 °C) foram 

adicionados a 1 ml suspensão de biofilme, e o precipitado resultante foi centrifugado 

(10.000 g por 10 min a 4 °C). O sobrenadante foi descartado e o sedimento foi lavado 

com etanol frio, e depois liofilizado e pesado62. 

 
Efeito do Curcumin e NPs em biofilmes simples e multi-espécies sobre 

superfícies de titânio 

Obtenção e Preparo dos corpos de prova de Titânio 

Discos de titânio foram cedidos pela empresa Implacil De Bortoli, São Paulo - 

SP, Brasil. Os discos apresentavam dimensões de 7.5 mm de diâmetro por 2 mm de 

espessura, com aproximadamente 136 mm2 da área total. Todos os discos foram 

lavados em água destilada e submetidos à limpeza com álcool isopropílico em 

aparelho de ultrassom (Kondortech, digital Ultrasonic Cleaner, São Carlos, SP) em 2 

ciclos com 30 minutos cada e posterior esterilização por Radiação Gama a 25 kGy 

(Centro de Tecnologia das Radiações – CTR). 

 
Formação do biofilme 

A formação do biofilme em corpos de prova de titânio foi descrita por de Avila 

et al. (2016)63 Maquera-Huacho et al. (2018)64, com modificações. Com pinça estéril, 

os espécimes de cada grupo foram imersos em 1 mL de soro humano durante 1 h a 

37ºC sob agitação, para a formação da película adquirida sobre as superfícies. Em 

seguida, as amostras foram removidas, lavadas com uma vez PBS estéril e 

transferidas para poços de uma nova placa. 

Para a formação de biofilme monoespécie e multi-espécies suspensões de 1 

mL de So, Fn ou Pg individualmente ou associados (Tabela 1) foram colocados em 

placa de cultura (24 poços) e os discos de titânio foram inseridos e mantidos à 37 ºC 

por 24 horas em anaerobiose, o que correspondeu a fase de adesão. Após este 

intervalo, a suspensão foi removida e os discos lavados duas vezes em PBS estéril, 

para remoção das bactérias não aderidas. Em seguida, as amostras foram colocadas 

em poços contendo 1 ml de BHI caldo, com a adição de extrato de levedura, hemina 
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e menadiona, para promover o crescimento do biofilme pelo período de 5 dias 

(trocando o meio de cultura a cada 24 h). 

 
Efeito do Curcumin, NPs e TFD em biofilmes sobre superfícies de titânio 

Após a formação do biofilme, os discos foram imersos em 1 ml das soluções 

testes: Cur 250 e 500 µg/ml, NP, Cur-NP 500 µg/ml, CHX (controle positivo) e água 

Mili-Q estéril (controle negativo) e DMSO 10 %. O tempo de irradiação foi de 12 

minutos, o que corresponde a uma dose de 72 J/cm2. As amostras de cada grupo 

controles e experimentais foram lavadas e imersas em 1 mL de solução salina (NaCl 

0.89%) para realização das análises quantitativas e qualitativa. 

 
Análise dos biofilmes 

Ao final do período experimental, os biofilmes foram lavados por imersão 

duas vezes e coletados com auxílio de espátula estéril. O biofilme foi então transferido 

para 5 ml de solução salina estéril submetidos a sonicação usando três pulsos de 15 

s com uma saída de 7 W (Fisher Scientific, Sonic Dismembrator modelo 100; EUA). A 

suspensão homogeneizada foi utilizada para peso seco, viabilidade bacteriana 

(unidades formadoras de colônias) como descrito anteriormente. 

A fim de estabelecer se as soluções testes mantem os microrganismos 

viáveis ou não e aderidos ou não após o tratamento do biofilme formado sobre os 

discos de titânio, foi realizada análise por microscopia confocal de varredura laser 

(MCVL). 

Após o período de incubação, os corpos de prova foram lavados delicadamente 

duas vezes com PBS para a remoção de microrganismos não aderidos. No momento 

da análise no microscópio confocal laser, as amostras foram transferidas para poços 

da placa de cultura de célula e foram coradas utilizando-se o kit Live/Dead® Bac Light 

Bacterial Viability and Counting (Sigma-Aldrich, USA) seguindo as recomendações do 

fabricante. As amostras foram posicionadas sobre placa de petri, imersas com solução 

salina, o que possibilitou a análise do biofilme formado em microscópio confocal 

(Microscópio Confocal de Varredura a Laser Leica TCS SP5). Sessões seriadas no 

plano xyz foram observadas. 
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Tabela 2 - Grupos e tratamentos testados sobre os biofilmes em superfícies de titânio 

GRUPO TRATAMENTO BIOFILME 
ANÁLISE 

RESAZURINA 
ANÁLISE 

MCVL 

G.1- 1ª  

(L-) 

Streptococcus oralis 8 discos 2 discos 

G.1– 2b Fusobacterium nucleatum 8 discos 2 discos 

G.1 – 3c Porphyromonas gingivalis 8 discos 2 discos 

G.1 – 4d So/ Fn/ Pg 8 discos 2 discos 

G.2- 1ª  

(L+) 

Streptococcus oralis 8 discos 2 discos 

G.2– 2b Fusobacterium nucleatum 8 discos 2 discos 

G.2 – 3c Porphyromonas gingivalis 8 discos 2 discos 

G.2 – 4d So/ Fn/ Pg 8 discos 2 discos 

G.3- 1ª  

(Cur+L-) 

Streptococcus oralis 8 discos 2 discos 

G.3– 2b Fusobacterium nucleatum 8 discos 2 discos 

G.3 – 3c Porphyromonas gingivalis 8 discos 2 discos 

G.3 – 4d So/ Fn/ Pg 8 discos 2 discos 

G.4- 1ª  

 
(Cur + L+) 

Streptococcus oralis 8 discos 2 discos 

G.4– 2b Fusobacterium nucleatum 8 discos 2 discos 

G.4 – 3c Porphyromonas gingivalis 8 discos 2 discos 

G.4 – 4d So/ Fn/ Pg 8 discos 2 discos 

G.5- 1ª  

(Cur-NP + L-) 

Streptococcus oralis 8 discos 2 discos 

G.5– 2b Fusobacterium nucleatum 8 discos 2 discos 

G.5 – 3c Porphyromonas gingivalis 8 discos 2 discos 

G.5 – 4d So/ Fn/ Pg 8 discos 2 discos 

G.6- 1ª  

 
(Cur-NP + L+) 

Streptococcus oralis 8 discos 2 discos 

G.6– 2b Fusobacterium nucleatum 8 discos 2 discos 

G.6 – 3c Porphyromonas gingivalis 8 discos 2 discos 

G.6 – 4d So/ Fn/ Pg 8 discos 2 discos 

G.7- 1ª  

 
(NP + L-) 

Streptococcus oralis 8 discos 2 discos 

G.7– 2b Fusobacterium nucleatum 8 discos 2 discos 

G.7 – 3c Porphyromonas gingivalis 8 discos 2 discos 

G.7 – 4d So/ Fn/ Pg 8 discos 2 discos 

G.8- 1ª  

 
(NP + L+) 

Streptococcus oralis 8 discos 2 discos 

G.8– 2b Fusobacterium nucleatum 8 discos 2 discos 

G.8 – 3c Porphyromonas gingivalis 8 discos 2 discos 

G.8 – 4d So/ Fn/ Pg 8 discos 2 discos 

G.11- 1ª  

 
(CHX) 

Streptococcus oralis 8 discos 2 discos 

G.11– 2b Fusobacterium nucleatum 8 discos 2 discos 

G.11 – 3c Porphyromonas gingivalis 8 discos 2 discos 

G.11 – 4d So/ Fn/ Pg 8 discos 2 discos 

G.10- 1ª  

 
(DMSO) 

Streptococcus oralis 8 discos 2 discos 

G.10– 2b Fusobacterium nucleatum 8 discos 2 discos 

G.10 – 3c Porphyromonas gingivalis 8 discos 2 discos 

G.10 – 4d So/ Fn/ Pg 8 discos 2 discos 
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1a: Biofilme Monoespécie de Streptococcus oralis; 2b: Biofilme Monoespécie de 

Fusobacterium nucleatum; 3c: Biofilme Monoespécie de Porphyromonas gingivalis ;4d: 
Biofilme Multiespécie de So/ Fn/ Pg. 
Fonte: Elaboração própria. 

 

Avaliação da Citotoxicidade do Curcumin e NPs 

Verificar o potencial citotóxico do Curcumin na forma de solução e carregado 

em nanopartículas poliméricas (Cur-NPs), aplicados em fibroblastos do ligamento 

periodontal humano (HPLF). 

 
Teste de citotoxicidade 

Para avaliar a citotoxicidade da curcumina-NP, foi utilizada a linha celular de 

fibroblastos do ligamento periodontal humano (HPLF). As células HPLF foram 

cultivadas em frascos de cultura estéreis de 75 cm2 (Costar Corp., MA, EUA), 

utilizando o meio Dulbecco Mem / Ham F-12 (Sigma-Aldrich, MO, EUA) suplementado 

com soro fetal bovino 10% (SFB) (Cultilab, SP, Brasil) e 1% de penicilina, 

estreptomicina e glutamina (100 UI/mL de penicilina, 100 μg/mL de estreptomicina e 

2 mmol/L de glutamina - Gibco, NY, EUA) e incubados a 37 °C em 5% de CO2 e 95% 

ar em atmosfera umidificada. As células foram subcultivadas a cada 3 dias e 30.000 

células / cm2 foram semeadas em placas de cultura celular de 24 poços (Costar Corp, 

MA, EUA) e mantidas em uma incubadora umidificada por 48 h. Em seguida, o meio 

de cultura foi aspirado e 1 mL de um novo meio de cultura sem SFB foi adicionado às 

células e depois incubado por mais 24 h. 

Após o período de incubação, o meio de cultura foi aspirado e foram utilizados 

os mesmos grupos de tratamento e períodos de exposição dos ensaios 

antimicrobianos. Após o período de tratamento, as soluções foram aspiradas e as 

células lavadas com PBS. Nove amostras (n = 9) de cada grupo experimental e 

controle receberam o ensaio de redução de XTT (2,3-bis (2-metoxi-4-nitro-5-sulfofenil) 

-5 - [(fenilamino) carbonil] -2H-tetrazólio hidróxido (Sigma-Aldrich, MO, EUA), no qual 

as células reduzem metabolicamente o sódio a um produto solúvel em formazan (40) 

.As placas foram incubadas a 37 ºC por 3 h e a absorbância do sobrenadante foi 

medida a 492 nm, utilizando um Leitor ELISA As análises de citotoxicidade foram 

realizadas em triplicata em três experimentos independentes. O controle negativo com 

células não tratadas foi considerado um total de 100% de células vivas. 
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Análise Estatística 

A distribuição da normalidade dos dados foi avaliada pelo método D'Agostino- 

Pearson e os dados normalmente distribuídos foram analisados por meio de ANOVA 

one-way com o teste de Tukeys como pós-hoc (p <0.05). As análises foram realizadas 

utilizando o GraphPad Prism versão 5.0c; p <0.05 foi considerado estatisticamente 

significativo. 
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APÊNDICE B – Metodologia detalhada da Publicação 2 

Ensaios antimicrobianos 

Cepas bacterianas e crescimento bacteriano 

Cepas padrão da American Type Culture Collection (ATCC; Rockville, MD, 

EUA) de Porphyromonas gingivalis (ATCC W83), Fusobacterium nucleatum (ATCC 

25586) e Streptococcus oralis (ATCC 35037) foram reativadas individualmente em 5 

mL de meio de cultura BHI (Brain Heart Infusion, Acumedia, Lansing, MI, EUA) 

suplementado com 1% de extrato de levedura, hemina (0,5 mg / mL) e menadiona (5 

mg/mL) e mantido a 37 ºC em condições de anaerobiose por 24 horas. Alíquotas de 

cada suspensão foram diluídas em caldo e incubadas até que a densidade óptica (DO) 

atingisse a fase média do registro (Figura 1). As suspensões de cada microrganismo 

foram padronizadas (em OD 0.8 unidades arbitrárias (au) para P. gingivalis e F. 

nucleatum e 0.6 au para S. oralis), determinadas em espectrofotômetro (Eppendorf 

AG, 22331, Hamburgo, Alemanha), equivalente a 107 UFC mL-1. 

 
Produção e Monitoramento de Solução Salina Ozonizada 

Produção de solução salina ozonizada 

100 mL de uma solução de cloreto de sódio 0.89% (NaCl) foram borbulhados 

em diferentes concentrações (25, 50 e 80 µg/NmL) em uma super coluna de vidro 

usando um fluxo contínuo de uma mistura de oxigênio e ozônio por 10 minutos. O 

ozônio foi gerado utilizando o Ozonobaric P (SEDECAL, Espanha) e mantido em tubo 

de vidro até ser aplicado em biofilme. 

 
Monitoramento de solução salina ozonizada 

Para determinar a quantidade total de ozônio dissolvido na solução salina, 

imediatamente após a produção da solução salina ozonizada, a concentração de 

ozônio foi medida usando um Aqueous Ozone MonitorTM (2B Technologies, Inc. - 

Modelo UV-106-W - Colorado - EUA) e 100 ml de solução ozonizada foram 

bombeados para o monitor e a concentração de ozônio foi medida a cada 10 

segundos. 
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Ozonioterapia em biofilmes de P. gingivalis, F. nucleatum e S. oralis formados 

na superfície de discos de titânio 

Formação de biofilme em superfícies de titânio 

Após a reativação e cultivo dos microrganismos, conforme descrito acima, 

foram formados biofilmes únicos e multiespécies para avaliar o efeito da solução salina 

ozonizada. 

A formação de biofilme em amostras de titânio foi descrita por de Avila et al. 

(2016)63, Maquera-Huacho et al. (2018)64, com modificações. Os discos apresentavam 

dimensões de 7.5 mm de diâmetro por 2 mm de espessura, com aproximadamente 

136 mm2 de área total. Todos os discos foram lavados em água destilada e 

submetidos à limpeza com álcool isopropílico em aparelho de ultrassom (Kondortech, 

Limpador Ultrassônico digital, São Carlos, SP) em 2 ciclos com 30 minutos cada e 

posterior esterilização em autoclave. 

Para formação da película adquirida, as amostras de cada grupo (n = 8) foram 

imersas em 1 mL de soro humano a 25% (masculino, AB, EUA, estéril filtrado - Sigma 

Aldrich - EUA), previamente inativado por aquecimento a 60 °C por 30 min e diluído 

em solução NaCl 0.89% por 1 h a 37 °C em agitador orbital (100 rpm). Após 1 hora a 

37 °C sob agitação, as amostras foram removidas do soro e lavadas uma vez com 

solução salina estéril 0.89%. 

Para a formação de biofilme de única espécie, discos de titânio foram colocados 

em placa de 24 poços e imersos em 1000 μL de suspensões de P. gingivalis, F. 

nucleatum e S. oralis. Para a formação de biofilme multiespécies, as três espécies 

estudadas foram misturadas na mesma proporção (1: 1: 1) na concentração final de 

107 UFC mL-1 e transferidos para cada poço 1000 μL dessa suspensão bacteriana. A 

placa foi mantida a 37 ºC por 24 h, em condições anaeróbias, o que correspondeu à 

fase de adesão. Após este período, os discos foram lavados duas vezes em PBS 

estéril para remover bactérias não aderidas. Em seguida, as amostras foram 

colocadas em poços contendo 1 ml de caldo BHI suplementado com extrato de 

levedura a 1%, hemina e menadiona, para promover o crescimento do biofilme por um 

período de 5 dias (troca do meio de cultura a cada 24 h). 

Após a formação do biofilme, os discos foram imersos em 1 ml das soluções 

de teste: 1 mL de solução salina fisiológica ozonizada em três concentrações 

diferentes de ozônio (15, 25 e 50 µg/mL) por 30 segundos e 1 minuto à temperatura 

ambiente, CHX 0.12 % para 1 min (controle positivo) e solução salina fisiológica estéril 
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(controle negativo). As amostras de cada grupo controle e experimental foram lavadas 

e imersas em 1 mL de solução salina (0.89% NaCl) para análise quantitativa (UFC 

mg-1) e qualitativa (CLSM). 

 
Processamento de biofilme 

A quantificação viável do biofilme foi realizada pelo teste de unidades 

formadoras de colônias (UFC mL-1). Ao final do período experimental, os biofilmes 

formados sobre os discos de titânio foram lavados duas vezes por imersão em solução 

salina, coletados com espátula estéril e transferidos para tubos contendo 5 mL de 

solução salina estéril 0.89%. As suspensões de biofilmes foram então sonicadas 

usando três pulsos de 10 s com uma saída de 7 W (Fisher Scientific, Sonic 

Dismembrator modelo 100; EUA). A suspensão homogeneizada foi utilizada 

viabilidade bacteriana (unidades formadoras de colônias – UFC/mg de peso seco de 

biofilme)62. 

 
Unidades formadoras de colônias (UFC) 

Uma alíquota (0.1 mL) da suspensão homogeneizada foi diluída em série (1:10, 

1: 100, 1: 1000, 1: 10000, 1: 100000, 1: 1000000), semeada em placas de ágar sangue 

e incubadas a 37 °C em condições anaeróbias por 120 h para biofilmes de P. gingivalis 

e F. nucleatum e 48 h para biofilme de S. oralis e, em seguida, foi calculada a UFC 

mL-1. 

 
Microscopia confocal de varredura a laser (CLSM) 

Para ilustrar o efeito das soluções de teste em biofilmes únicos e multiespécies 

formados na superfície dos discos de titânio, foi realizada a imagem CLSM. Após o 

tratamento, as amostras foram lavadas delicadamente duas vezes com solução salina 

0.89% para remover microrganismos não aderentes. As amostras foram coradas 

usando um kit de viabilidade bacteriana LIVE / DEAD® BacLight ™ (L13152; 

Molecular Probes, Inc.) e incubadas à temperatura ambiente no escuro por 15 minutos 

para permitir a penetração dos fluoróforos no interior das células bacterianas. Em 

seguida, as amostras foram lavadas duas vezes com NaCl 0.89% e examinadas em 

um microscópio confocal/multifotônico de varredura por ressonância Leica SP8 

usando a objetiva de água Leica Fluotar VISIR 25x / 0.95, com distância livre de 2.3 

mm. Sessões seriais no plano xyz foram observadas. 
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Análise estatística 

A distribuição normal dos dados foi avaliada pelo método D'Agostino-Pearson. 

Os dados normalmente distribuídos foram analisados por ANOVA unidirecional com 

teste post-hoc de Tukey (p <0.05). As análises foram realizadas usando o GraphPad 

Prism versão 5.0c; p <0.05 foi considerado estatisticamente significante. 
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