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Ribeiro APD. Efeito da terapia fotodindmica antimicrobiana sobre culturas
planctdnicas e biofilmes de bactérias e fungos utilizando curcumina e cloro-aluminio
ftalocianina veiculada por nanoemulsdes [Tese de Doutorado]. Araraquara: Faculdade
de Odontologia da UNESP; 2012.

Resumo

Esta investigacéo teve os seguintes objetivos: 1. avaliar in vitro o efeito
da Terapia Fotodinamica (PDT) utilizando diferentes concentra¢es de curcumina e
doses de luz LED na inativagdo de suspensOes planctonicas de S. aureus resistente
(MRSA) e susceptivel a meticilina (MSSA) e a citotoxicidade dos parametros
antimicrobianos dessa terapia em cultura celular de fibroblastos; 2. o efeito
fotodinamico da cloro-aluminio ftalocianina (CIAIFt) veiculada em nano-emulséo
catibnica e aniénica e comparar com CIAIFt diluida em solvente organico na
inativacdo da C. albicans quando em suspensdo planctonica e organizados em
biofilmes; 3. o efeito antimicrobiano da terapia fotodinamica utilizando a cloro-
aluminio ftalocianina em sistema de nanoemulsdo em culturas planctonicas e
biofilmes de bactérias gram-positivas (MSSA e MRSA). No primeiro estudo,
suspensdes de MSSA e MRSA foram tratadas com diferentes concentracGes de
curcumina (entre 0,1 a 20,0 uM) e expostas a diferentes fluéncias de LED azul (18; 25
e 37,5 Jicm?). Em seguida, diluicBes seriadas foram obtidas e aliquotas de 25 pl de
cada diluicdo foram plaqueadas em meio de cultura Mannitol Salt Agar. Apo6s o
periodo de incubacgéo de 48 horas a 37°C, as unidades formadoras de coldnias foram
determinadas (UFC/mL). Para as células L929, essas foram incubadas por 20 minutos
com curcumina e irradiadas em seguida com LED (37,5 J/cm?). A viabilidade celular
apos a PDT foi avaliada utilizando o teste de MTT e as alteracGes morfoldgicas foram
avaliadas pela microscopia eletronica de varredura (MEV). Os resultados foram
submetidos & analise descritiva, Analise de Variancia (ANOVA) e post hoc de Tukey
(o= 5%). As concentracOes de 5, 10 e 20 uM resultaram em completa inativacdo do
MSSA quando associadas a qualquer fluéncia de energia avaliada. Entretanto,
somente a concentracéo de 20 uM associadas a dose de luz de 37,5 J/cm? resultou em
completa inativacdo do MRSA. Essa associagdo resultou em 80% de reducdo dos

fibroblastos. Além disso, alteracbes na morfologia celular foram observadas,



indicando que a membrana citoplasmatica foi o principal alvo dessa terapia. Os
controles de luz e curcumina ndo causaram alteragOes significativas tanto na
contagem de coldnias quanto nos valores do metabolismo celular. No segundo estudo,
suspensdes de C. albicans foram tratadas com a cloro-alumdnio ftalocianina (CIAIFt)
na concentracdo de 31,8 uM encapsulada em nanoemulsdes (NE) de carater catibnico
e anionico e a CIAIFt livre por 30 minutos no escuro. Em seguida, as amostras foram
centrifugadas para remog¢do do farmaco e 300 pl de solucdo salina foi adicionado
previamente 4 irradiacdo com LED (660 + 3 nm; 50 e 100 J/cm?). Amostras controle
negativo ndo foram expostas a CIAIFt nem luz. Para as solucbes planctonicas, as
colénias foram determinadas (UFC/mL) ap6s 48 horas de incubacdo. Além disso, o
metabolismo celular foi avaliado por meio do teste de XTT e a técnica de citometria
de fluxo foi utilizada para avaliar danos a membrana celular. Para os biofilmes, a
atividade metabdlica foi avaliada pelo XTT e a distribuicdo da CIAIFt utilizando os
diferentes veiculos no interior dos biofilmes foi analisada por microscopia confocal.
Os dados de CFU/mL e os valores de absorbancia obtidos pelo teste de XTT foram
analisados pelo Kruskal-Wallis e teste de comparag¢fes multiplas dos postos médios.
Ja para a citometria de fluxo foi utilizado ANOVA um critério (a= 0,05%). A
viabilidade fungica foi dependente do veiculo, da carga superficial e dose de luz. A
CIAIFt livre inativou completamente o fungo quando associada a maior dose de luz.
Ja a NE catibnica causou reducéo significativa tanto de CFU/mL (~ 3,1 log) quanto
do metabolismo celular em cerca de 92,3% quando comparada ao controle (p<0,05).
Além disso, ambas as veiculacGes resultaram em danos a membrana citoplasmatica
significativos (p<0,05). Para os biofilmes, a NE catidnica resultou em reducéo de 70%
do metabolismo. A FS anionica ndo apresentou atividade antifungica. As imagens
obtidas pela microscopia confocal demonstraram diferentes padrdes de acumulo e
intensidade de fluorescéncia no interior dos biofilmes para os diferentes sistemas de
veiculacdo de farmacos avaliados. No estudo 3, suspensdes e biofilmes de MSSA e
MRSA foram tratados com a CIAIFt livre e com os sistemas de NE catinico e
anidnico contendo esse farmaco. Apds o periodo de pré-incubagdo, o farmaco foi
removido e a irradiacéo foi realizada por um sistema de LED (660 = 3 nm). Para as
suspensdes plancténicas bacterianas, foi avaliado o nimero de unidade formadoras de
colbnias (UFC/mL) e o metabolismo celular pelo teste de XTT. Ja para os biofilmes,
foi avaliado o metabolismo pelo XTT. Assim como para o fungo, a eficiéncia da PDT



foi dependente do veiculo, carga superficial e dose de luz. A NE catidnica e a CIAIFt
livre causaram completa inativacdo de ambas as cepas de S. aureus. Para os biofilmes,
a NE catidnica reduziu em cerca de 80 e 73% o0 metabolismo celular da cepa
susceptivel e da resistente, respectivamente. A NE ani6nica, apesar de reduzir em
cerca de 4 log e 1 log o0 nimero de UFC/mL para 0 MSSA e MRSA, respectivamente,
ndo causou redugdo do metabolismo dos biofilmes do MRSA mesmo quando
associada a maior dose de luz avaliada. Esses resultados sugerem que a NE catidnica
representa uma veiculacdo viavel para inativacdo de fungos e bactérias, incluindo

cepas resistentes aos tratamentos convencionais.

Palavras chave: Fotoquimioterapia, Veiculo Farmacéutico, Candida albicans,

Staphylococcus aureus, Staphylococcus aureus Resistente a Meticilina , Curcumina.






Ribeiro APD. Effect of antimicrobial photodynamic therapy against planktonic and
biofilm cultures of bacteria and fungi mediated by curcumin and aluminum-chloride-
phthalocyanine entrapped in nanoemulsions [Tese de Doutorado]. Araraquara:
Faculdade de Odontologia da UNESP; 2012.

Abstract

The aim of this investigation was to evaluate: 1. the Photodynamic
Therapy (PDT) mediated by curcumin for in vitro inactivation of methicillin-resistant
S. aureus (MRSA) and susceptible S. aureus (MSSA) and its citotoxic effects against
L929 fibroblasts; 2. the photodynamic potential of aluminum-chloride-phthalocyanine
(CIAIPc) entrapped in cationic and anionic nanoemulsions (NE) to inactivate C.
albicans planktonic and biofilm cultures compared with free CIAIPc; 3. the
photodynamic effect of CIAIPc encapsulated in NE on methicillin susceptible and
resistant S. aureus suspensions and biofilms. In the first study, suspensions of MSSA
and MRSA were treated with different concentrations of curcumin and exposed to
LED. Serial dilutions were obtained from each sample, and colony counts were
quantified. For fibroblasts, the cell viability subsequent to the curcumin-mediated
photodynamic therapy was evaluated using the MTT assay and morphological
changes were assessed by SEM analysis. Curcumin concentrations ranging from 5.0
to 20.0 uM in combination with any tested LED fluences resulted in photokilling of
MSSA. However, only the 20.0 uM concentration in combination with highest
fluence resulted in photokilling of MRSA. This combination also promoted an 80%
reduction in fibroblast cell metabolism and morphological changes were present,
indicating that cell membrane was the main target of this phototherapy. In the second
study, fungal suspensions were treated with different types of delivery systems
containing CIAIPc. After 30 minutes, the drug was washed-out and samples were
illuminated with LED source (660 £ 3 nm). Negative control samples were not
exposed to CIAIPc or light. For planktonic suspensions, colonies were counted
(CFU/mI) and cell metabolism was evaluated by XTT assay. (Kruskal-Wallis and
Multiple Comparison test; a= 0.05%). Flow cytometry was used to evaluate damage
to cell membrane. (One-way ANOVA; a= 0.05%). For biofilms, the metabolic

activity was evaluated by means of XTT reduction assay and CIAIPc distribution



using the different delivery systems through three-dimensional architecture of the
biofilms were analyzed by confocal laser scanning microscopy (CLSM). Fungal
viability was dependent on the delivery system, superficial charge and light dose. Free
CIAIPc caused photokilling of the yeast when combined with a higher light dose.
Cationic NE-CIAIPc reduced significantly both CFU/mL (~3.1 logio) and cell
metabolism (92.3%) compared with the negative control (p<0.05). In addition,
cationic NE-CIAIPc and free-CIAIPc caused significant damage to the cell membrane
(p<0.05). For the biofilms, cationic NE-CIAIPc reduced cell metabolism by 70%.
Anionic NE-CIAIPc did not present antifungal activity. CLSM showed different
accumulation and fluorescence intensities emissions on biofilm structure for the
evaluated delivery systems. In the third study, suspensions and biofilms of MRSA and
MSSA were treated with different delivery systems containing CIAIPc. After the pre-
incubation period, the drug was washed-out and irradiation was performed with LED
source (660 = 3 nm). Negative control samples were not exposed to CIAIPc or light.
For the suspensions, colonies were counted (CFU/mL). The metabolism of S. aureus
suspensions and biofilms were evaluated by the XTT assay. The efficiency was
dependent on the delivery system, superficial load and light dose. Cationic NE-
CIAIPc and free-CIAIPc caused photokilling of the both strains of S.aureus. For
biofilms, cationic NE-CIAIPc reduced cell metabolism by 80 and 73% of susceptible
and resistant strains, respectively. Although anionic NE-CIAIPc caused a significant
CFU/mL reduction for MSSA and MRSA, it was not capable of reducing MRSA
biofilm metabolism. CIAIPc entrapped in cationic NE or in its free form combined
with LED caused photokilling of both S. aureus strains evaluated and reduction of the
metabolic activity of biofilms. This therapy may represent an alternative treatment for

eradicating resistant strains.

Key words: Photochemotherapy, Pharmaceutical Vehicles, Candida albicans,

Staphylococcus aureus, Methicillin-Resistant Staphylococcus aureus, Curcumin.






1 Introducéao

A Terapia Fotodindmica (PDT) é uma modalidade de tratamento que
combina a utilizacdo de um farmaco fotossensivel e luz visivel em um determinado
comprimento de onda. Essa terapia surgiu inicialmente como tratamento
minimamente invasivo de diversos tipos de tumores e lesdes pré-cancerosas®. A FDA
(Food and Drug Administration) aprovou a PDT como tratamento para esdfago de
Barret, carcinomas obstrutivos de esdfago e traqueobrbénquico, queratose actinica e
degeneracdo macular nos EUA. Em outros paises, a PDT também tem sido aplicada
no tratamento de tumores de cabeca e pescoco quando em estagio inicial e para
tratamento paliativo desse tipo de cancer®®.

O grande interesse nesta terapia advém da sua simplicidade de
aplicacdo, além de apresentar-se como alternativa menos invasiva e destrutiva quando
comparada as demais modalidades de tratamento de tumores, como cirurgia, quimio e
radioterapia®. Além disso, a PDT tem como vantagem o dano limitado ao tecido-alvo
devido a maior captacdo do fotossensibilizador (FS) pelas células tumorais associada
a irradiagdo localizada, o que reduz os efeitos adversos'®. A toxicidade da PDT é
resultado da interacdo entre o FS e luz com o oxigénio molecular presente no meio e
compreende trés fases: excitacdo do farmaco, producdo de espécies reativas de
oxigénio (EROs) e morte celular'?. Na primeira fase, a fonte de luz transfere energia
para o farmaco fotossensivel, cujas moléculas absorvem essa energia e passam para
um estado singleto excitado. Nesse estagio, as moléculas do FS podem retornar ao
estado original e, dessa forma, liberar essa energia por florescéncia (principio do
fotodiagnostico). Por outro lado, essas moleculas podem passar para o estado triplo
excitado transferindo a energia absorvida para moléculas de oxigénio ou outras
moléculas presentes no meio que vado reagir com o oxigénio. Essa Ultima reacdo
descrita é conhecida como reagdo do Tipo | e resulta na formag&o de espécies reativas
de oxigénio, como hidroxila, superéxido anion e perdxido de hidrogénio. Na reacao
tipo Il, o FS excitado pode reagir com oxigénio molecular e produzir oxigénio
singleto, altamente reativo'. Todos esses produtos formados, seja na reacéo tipo | ou

na reacdo tipo I, geram uma sequéncia de eventos oxidativos resultando em morte
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celular direta, destruicdo da vascularizagdo do tumor e ativagdo da resposta imune do
hospedeiro®.

Atualmente o campo de aplicagdo da PDT se tornou mais amplo
devido ao aumento da resisténcia dos micro-organismos aos tratamentos
convencionais resultante do uso indiscriminado dos antimicrobianos, o que levou ao
desenvolvimento de tratamentos alternativos e coadjuvantes para inativagao desses
patdgenos. O principio da PDT antimicrobiana parte do pressuposto de que o FS se
liga e penetra nas células bacterianas e fingicas mais rapidamente que as células do
hospedeiro. Assim, a iluminagdo da lesdo infecciosa apds a aplicagdo do farmaco
fotossensivel promove a morte dos micro-organismos sem causar danos as células
normais subjacentes™. As vantagens da PDT como tratamento antimicrobiano estdo
relacionadas a seu efeito bactericida e fungicida instantaneo, e a possibilidade de
varias aplicacdes dessa terapia sem a inducdo de resisténcia por parte dos micro-
organismos®*. Essa Ultima caracteristica é resultado do mecanismo de acdo da PDT
que age via producdo de oxigénio singleto e outras espécies reativas. Esses radicais
livres gerados interagem em diversas estruturas celulares (proteinas, membranas
lipidicas e acidos nucléicos) por diferentes mecanismos dificultando o
desenvolvimento da resisténcia microbiana a essa terapia®’.

Dentre as bactérias que se destacam com relacdo a resisténcia aos
antibidticos esta o Staplylococcus aureus, considerado um dos patdégenos humanos
mais importantes, e comumente encontrado na cavidade bucal de aproximadamente
24 a 36% de pacientes saudaveis’®. A incidéncia dessa bactéria é ainda maior em
pacientes portadores de proteses removiveis, uma vez que foi relatado que 48% dos
individuos usuérios de prétese apresentavam S. Aureus’?. Infeccdes nos tecidos bucais
como queilite angular, parotite e mucosite staphylococa séo infecgdes comumente
associadas a presenca do S. Aureus’®. Dessa forma, existem evidéncias cientificas de
que a cavidade bucal representa uma fonte de disseminacdo dessa espécie que é
responsavel por infecgdes em outros Orgdos, como pneumonia por aspiracao,
endocardite, doencas cronicas de pulmao, entre outras’™.

Todas as estratégias para inativacdo do S. aureus se tornaram mais
dificeis devido ao surgimento de cepas resistentes aos antibidticos. O S. aureus
resistente a meticilina (MRSA) foi inicialmente isolado em 1961, e atualmente,
apresenta alta prevaléncia em infec¢Bes hospitalares, sendo responsavel pela elevada
morbidade e mortalidade dessas infeccbes e aumento dos custos medico-
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hospitalares*®. Sabe-se que a colonizacdo precede a infeccdo, dessa forma, a
descolonizagdo pode reduzir o risco de infeccdo pelo MRSA em individuos e prevenir
a infeccdo cruzada entre pacientes e profissionais da salde. Dessa forma, para
prevenir a colonizacdo por cepas de S. aureus resistentes e susceptiveis a meticilina
(MSSA), ja foram propostos aplicacdo intranasal de mupirocina, banhos diarios com
solucdes de clorexidina, antibioticoterapia com rifampicina e doxiciclina, uso de
soluc@es higienizadores para proteses, procedimento de higiene bucal e métodos para
esterilizacdo de proteses™“®"81 Entretanto, até 0 momento, ndo existe evidéncia
suficiente para comprovar que o uso de terapia antimicrobiana topica e sistémica €
eficiente na erradicagio do MRSA®.

Os fungos representam outra espécie de micro-organismo que deve ser
considerada quando se trata de resisténcia aos tratamentos convencionais,
principalmente os do género Candida. Essas espécies sdo responsaveis por infeccdes
superficiais de mucosa e infec¢des invasivas com risco de morte, sendo a Candida
albicans a espécie mais prevalente®’. Nos Gltimos anos houve um aumento na
incidéncia das infeccBes fungicas devido ao aumento da populacdo imunossuprimida
em resultado da infeccdo pelo HIV e dos tratamentos antineoplasicos. Estudos
indicam que 84 a 100% de individuos HIV positivos desenvolvem ao menos um
episddio de candidose pseudomembranosa’®. Os tratamentos para a candidose
utilizam medicacdo antifingica topica® e sistémica®. Na terapia antif(ingica tépica sdo
utilizadas drogas como a nistatina e miconazol, porém, os resultados ndo tem sido
satisfatorios devido aos efeitos diluentes da saliva e a recidiva da infeccdo é freqlente.
A medicacdo antifingica sistémica é usualmente instituida em individuos com saude
geral comprometida e nos episodios de infecgdes recorrentes, e utiliza medicamentos
como fluconazol, itraconazol e anfotericina B®. No entanto, a utilizacdo desses
medicamentos deve ser cautelosa em razdo da possibilidade de efeitos hepatotdxicos e
nefrotoxicos. Além disso, um aspecto importante a ser analisado na terapia com
antifngicos topicos ou sistémicos se refere a resisténcia que as espécies de Candida
podem apresentar a esses medicamentos.

Associado ao surgimento de espécies resistentes as terapias
medicamentosas, a dificuldade em eliminar os micro-organismos também pode ser
atribuida a forma de organizacdo dos mesmos in vivo. Os biofilmes representam
comunidades de micro-organismos estruturadas envoltas por uma matriz polimérica

extracelular com caracteristicas unicas que conferem diversas vantagens quando
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comparados ao crescimento planctonico®. Nos biofilmes, as espécies microbianas sdo
altamente interativas e utilizam meios de sinalizagdo intercelular conhecido mais
comumente por “quorum sensing”®’. Esse fendmeno resulta em um comportamento
coletivo dentro de uma populacdo de micro-organismos promovendo melhor acesso
aos nutrientes assim como uma defesa coletiva a outros organismos competidores
(Williams 2007dentro de Pereira). A maior relevancia clinica dos biofilmes é sua alta
resisténcia aos antimicrobianos, uma vez aproximadamente 65% das infecgcOes
microbianas estdo associadas a presenca de biofilmes™®’.

Devido & elevada ocorréncia das infecches e as deficiéncias
apresentadas pelos tratamentos atualmente disponiveis, pesquisas tem sido
direcionadas para o desenvolvimento de alternativas para o tratamento de infeccgdes
localizadas. Uma modalidade terapéutica promissora para a inativacdo de micro-
organismos  patogénicos €é a Terapia Fotodinamica (PDT). Diversos

fotossensibilizadores tem sido empregados em estudos de PDT antimicrobiana, dentre

4,10,22,84 19,73,85 51,75,85

eles destacam-se as porfirinas , 0s fenotiazinicos , as ftalocianinas e
o 4cido 5-aminolevulinico (ALA)*®. As porfirinas sdo farmacos fotossensiveis da
primeira-geracdo cuja banda de absorcdo esta entre 610-630 nm, sendo 0 grupo mais
avaliado atualmente. Seu mecanismo de acdo consiste em promover um dano inicial a
membrana citoplasmatica, o qual permitird a entrada do FS para o interior da célula.
Com a continuidade da irradiacdo, esse FS causara danos intracelulares como a
peroxidacdo lipidica, fotodegradacdo de esterOides insaturados e a inativacdo de
proteinas da parede celular™. As porfirinas possuem algumas desvantagens
relacionadas ao baixo comprimento de onda de excitacdo e a longa sensibilidade apos
sua aplicacdo. O grupo dos fenotiazinicos compreende os corantes como azul de
metileno, azul de toluidina e outros. Assim como as porfirinas, se localizam
preferencialmente na membrana, e durante a iluminagdo, alteram essa estrutura
promovendo um aumento da permeabilidade celular e a conseqiiente morte celular®.
A desvantagem desse grupo é a possibilidade de corar tecidos e préteses, além de sua
maior toxicidade na auséncia de luz, o que diminui a eficiéncia terapéutica da PDT.
Sendo assim, pesquisas tem sido conduzidas com novos
fotossensibilizadores que sejam mais seletivos aos micro-organismos, apresentem
maior rendimento fotodindmico e ndo sejam tdxicos. Pigmentos fotossensiveis,
principalmente aqueles de origem natural e baixo custo, tem sido alvo de estudos. A

Curcumina é um pigmento amarelo extraido dos rizomas da planta Curcuma longa
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(Linn), conhecida como agafrdo da india e vem sendo empregada na culinaria asiatica
e na medicina tradicional Indiana a décadas®*. O potencial terapéutico da curcumina
tem sido investigado devido a suas propriedades anti-inflamatdrias, antitumorais,
imunomoduladoras e antimicrobianas®. Estudos tem demonstrado que o efeito
antimicrobiano pode ser potencializado em combinagdo com a luz, o que tem
estimulado os pesquisadores a explorar a utilizacdo desse pigmento em diversas areas
que incluem a fotoquimica e fotobiologia®.

Outro grupo de FS que tem sido estudado sdo as ftalocianinas,
compostos quimicos puros capazes de absorver luz em comprimentos de onda mais
longos quando comparadas aos derivados da hematoporfirina. Esses compostos
pertencem a segunda geracdo de fotossensibilizadores, o0s quais apresentam
caracteristicas superiores aos derivados da hematoporfirina quando se compara a
banda de absor¢do do FS e sua seletividade e capacidade de ser eliminado do
organismo®. Consideradas como porfirinas de carater aromatico aumentado, as
ftalocianinas possuem maior rendimento na producao de oxigénio singleto, sendo seu
poder oxidativo aumentado quando comparado ao dos derivados da
hematoporfirina'®*’.,

Apesar das vantagens apresentadas pelas ftalocianinas, a maioria
apresenta comportamento hidrofébico que resulta na formacéo de agregados em meio
aquoso. Com o fendmeno da agregacdo, ocorre uma reducao da fotoatividade desses
compostos, com menor producdo de espécies reativas e conseqliente menor
fotoinativacdo dos micro-organismos>2. Dessa forma, tem sido propostos diversos
sistemas de veiculacdo de farmacos, que contenham compartimentos hidrofobicos
para solubilizacdo das ftalocianinas e mantenham as suas caracteristicas hidrofilicas

em solugdes aquosas™%.

Esses sistemas incluem os lipossomos, micelas
poliméricas, nano-emulsdes, microesferas e nano-particulas®®. Idealmente, esses
sistemas de veiculagdo de farmacos deveriam ser biodegradaveis com minima
resposta imunogénica, incorporar o FS sem alteragdo da atividade do mesmo e
fornecer um ambiente para que o FS seja administrado em sua forma monomérica*?.
Dentre os sistemas existentes, as nano-emulsdes representam um tipo de veiculo de
aplicacdo topica que apresenta como caracteristicas o aspecto cremoso™ e, dessa
forma, podem ser empregadas em infecgdes superficiais de pele e mucosa.

Outra importante caracteristica destes veiculos é a possibilidade de

alterar suas propriedades fisicas, como a carga da superficie, aumentando a
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possibilidade de interacdo entre o veiculo e o micro-organismo. Sabe-se que as
paredes celulares bacterianas e fungicas possuem uma carga superficial residual
negativa devido a presenca de moléculas de carater aniénico como o &cido teicoico
para as Gram-positivas e o lipopolissacarideo nas Gram-negativas**. Dessa forma,
veiculos que apresentem carga superficial positiva tendem a se acumular em maior
quantidade no interior das células dos micro-organismos e promover maior
fotoinativacdo principalmente de bactérias Gram-negativas e dos fungos'>°"*>",
Além da carga, as dimensbes da veiculacdo pode permitir melhor penetracdo dos
farmacos nos biofilmes, uma vez que esses apresentam estruturas porosas com canais
que permitem a circulacéo de fluidos e metabélitos™.

Diante do exposto, foram conduzidos estudos que avaliaram o
potencial antimicrobiano da curcumina associada a luz em suspensdes planctdnicas de
MSSA e MRSA (Capitulo 1). Além disso, foi avaliado o efeito fotodinamico da cloro-
aluminio ftalocianina (CIAIFt) veiculada em nano-emulsdo catibnica e anidnica na
inativacdo de bactérias gram-positivas (MSSA e MRSA) e fungo (C. albicans)

quando em suspensao plancténica e organizados em biofilmes (Capitulos 2 e 3).






2 Proposicao

De acordo com as informacdes apresentadas na se¢do anterior, esta
investigacgao teve como objetivo avaliar dois fotossensibilizadores, curcumina e cloro-
aluminio-ftalocianina, na fotoinativacdo de bactérias gram-positivas (MSSA e
MRSA) e fungo (C. albicans). Para isso, trés estudos foram propostos com 0S

seguintes objetivos especificos:

1. Avaliar in vitro o efeito fotodindmico de diferentes concentragfes de
curcumina e doses de luz LED na inativacdo de suspensdes planctonicas de bactérias
gram-positivas (MSSA e MRSA) por meio de contagem de colénias (CFU/mL).
Também avaliar a citotoxicidade dos parametros antimicrobianos dessa terapia em
cultura celular de fibroblastos por meio da analise do metabolismo celular e da

morfologia celular.

2. Avaliar in vitro o efeito fotodindmico da cloro-aluminio ftalocianina
(CIAIFt) veiculada em nano-emulsdo catidnica e aniénica e comparar com CIAIFt
diluida em solvente organico na inativacdo da C. albicans quando em suspensdo
planctonica e organizados em biofilmes. Além disso, determinar os possiveis danos a
membrana citoplasmatica da C. albicans por meio da analise por citometria de fluxo

utilizando o fluorocromo iodeto de propideo.

3. Avaliar in vitro o efeito antimicrobiano da terapia fotodinamica utilizando a
cloro-aluminio ftalocianina em sistema de nanoemulsdo em culturas plancténicas e
biofilmes de bactérias gram-positivas (MSSA e MRSA) por meio da determinacdo do
numero de unidades formadoras de coldnias (UFC/mL) e pelo teste de XTT.
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Phototoxic effect of Curcumin on methicillin-resistant Staphylococcus aureus and
L.929 fibroblasts”
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Phototoxic effect of Curcumin on methicillin-resistant Staphylococcus aureus and

L929 fibroblasts

Abstract: Photodynamic therapy has been investigated as an alternative method of
killing pathogens in response to the multiantibiotic resistance problem. This study
evaluated the photodynamic effect of curcumin on methicillin-resistant S. aureus
(MRSA) compared to susceptible S. aureus (MSSA) and L929 fibroblasts.
Suspensions of MSSA and MRSA were treated with different concentrations of
curcumin and exposed to LED. Serial dilutions were obtained from each sample, and
colony counts were quantified. For fibroblasts, the cell viability subsequent to the
curcumin-mediated photodynamic therapy was evaluated using the MTT assay and
morphological changes were assessed by SEM analysis. Curcumin concentrations
ranging from 5.0 to 20.0 uM in combination with any tested LED fluences resulted in
photokilling of MSSA. However, only the 20.0 uM concentration in combination with
highest fluence resulted in photokilling of MRSA. This combination also promoted an
80% reduction in fibroblast cell metabolism and morphological changes were present,
indicating that cell membrane was the main target of this phototherapy. The
combination of curcumin with LED light caused photokilling of both S. aureus strains
and may represent an alternative treatment for eradicating MRSA, responsible for
significantly higher morbidity and mortality and increased healthcare costs in

institutions and hospitals.

Key Words: MRSA; photodynamic therapy; curcumin; fibroblasts.

Introduction

Staphylococcus aureus, considered one of the most important human
pathogens, is commonly found in the oral environment [1]. Although the major
reservoirs of S. aureus are the anterior nares, this organism has been isolated from 24
to 36% of healthy oral cavities. This incidence increases in the presence of prosthetic
devices, reaching up to 48% in denture-wearing patients [2]. Furthermore, S. aureus
strains have been found in different patient groups, such as children, elderly and
patients with systemic diseases and hematological malignancies [2]. Some oral
infections are associated with S. aureus, such as angular cheilitis, endodontic
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infection, parotitis and staphylococcal mucositis [2]. There is also scientific evidence
that the oral cavity can be the source of the staphylococci responsible for infection at
distant sites, such as aspiration pneumonia, endocarditis, acute septic arthritis and
chronic lung diseases [3].

As the oral cavity can be an important reservoir of this opportunistic pathogen,
much effort has been made in order to promote the decolonization of Staphylococcus
carriers [4]. However, the strategies to eliminate the S. aureus strains have been
challenged with the development of antibiotic-resistant microorganisms, such as the
methicillin-resistant S. aureus (MRSA). Strains of MRSA were first detected in 1961
and these pathogens are currently prevalent worldwide [5]. MRSA has become a
major problem in nososcomial infections as it is responsible for significantly higher
morbidity and mortality and increased healthcare costs [6]. It is known that the
colonization precedes the systemic infection and therefore decolonization may reduce
the risk of MRSA infection in individual carriers and prevent cross-infection to other
patients or healthcare workers. Intranasal mupirocin, daily chlorhexidine body wash,
antibiotics such as rifampin and doxycline, oral hygiene procedures, use of denture-
cleansing agents and denture sterilization methods have been proposed to prevent
colonization by MRSA and methicillin-susceptible S. aureus (MSSA) [6,7]. However,
a systematic review concluded that there is insufficient evidence to support the use of
any topical or systemic antimicrobial therapy for eradicating MRSA [8].

The photodynamic therapy (PDT) has emerged in the clinical field as a
potential alternative to antibiotics for inactivating resistant microorganisms using a
non-toxic light-sensitive compound (known as photosensitizer - PS), visible light and
oxygen. Briefly, activation of the PS by a visible light that matches its photophysical
properties generates reactive oxygen species (ROS) like free radicals by electron or
hydrogen transfer (type | reaction) or reactive singlet oxygen by direct energy transfer
to oxygen (type Il reaction) [9]. Photodynamic inactivation of microorganisms has
advantages, such as the local application of PS and light, which limits the action of
ROS and avoids systemic effects on normal bacterial flora [10]. In addition, unlike
antibiotics, which have a single target in the microbial cell, the reactive species
generated by the photodynamic reaction have a multifunctional nature and can
damage multiple cellular structures, reducing the chances of development of PDT-
resistant strains [11]. Dovigo et al. [12] observed that fluconazole-resistant C. albicans
and C. glabrata strains were sensitivity to PDT, although they were less susceptible
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than non-resistant strains. At the same time, however, this is a limitation of PDT
because the host cells are also susceptible to the action of ROS. Ribeiro et al. [13]
found that PDT caused severe toxic effects in normal cell culture, characterized by the
reduction of the mitochondrial activity, morphological alterations and induction of
necrotic cell death. Therefore, the challenge in PDT is to find a therapeutic window,
as a function of the incubation time, PS concentration and applied light dose, in which
bacteria can be killed without causing cytotoxic effects to the host’s surrounding
healthy tissues [14].

Curcumin is a naturally occurring, intensely yellow pigment that is isolated
from the rhizomes of the plant Curcuma longa (Linn) [15]. It is the active ingredient
of the spice turmeric and is used worldwide as a cooking spice, flavoring agent and
colorant [15]. Potential therapeutic applications of curcumin have been investigated
due to its antiinflammatory, antioxidant, antimicrobial, antitumor [15] and antifungal
properties [16]. It has also been proposed that the beneficial effects of curcumin are
enhanced in combination with light activation, which has stimulated researchers to
explore the use of this pigment in several areas including photochemistry and
photobiology [17]. In this scenario, it would be of interest to investigate the
phototoxicity of curcumin against a pathogen that is a leading cause of bacterial
diseases, including oral infections, in humans. The aim of this study was to evaluate
the photodynamic effect of curcumin in combination with light-emitting diode (LED)
light on MRSA and MSSA as well as its potential cytotoxic effects on L929
fibroblasts.

Material and methods
Microorganisms

The microorganisms used in this study were methicillin-susceptible (MSSA,;
ATCC 25923) and methicillin-resistant (MRSA; ATCC 33591) S. aureus obtained
from American Type Culture Collection (ATCC; Rockville, MD, USA). These
bacteria were individually inoculated in 5 mL of Tryptic Soy Broth (TSB) and grown
aerobically overnight at 37°C. Each culture was harvested after centrifugation at
2,000 rpm for 10 minutes, washed twice with sterile distilled water and resuspended

in sterile saline to a turbidity of 10° cells mL™ (McFarland standard).
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Cell Culture

Immortalized L929 fibroblasts purchased from the Adolfo Lutz Institute (S&o
Paulo, SP, Brazil) were cultured in Dulbecco's Modified Eagle Medium (DMEM,;
Sigma Chemical Co.) supplemented with 10% bovine fetal serum (Gibco, Grand
Island, NY, USA) with 100 1U/mL penicillin, 100 pg/mL streptomycin and 2 mmol/L
glutamine (Gibco) in an humidified incubator with 5% CO, and 95% air at 37°C
(Isotemp Fisher Scientific, Pittsburgh, PA, USA). The cells were sub-cultured every 3
days until an adequate number of cells were obtained for the study. After reaching
approximately 80% density, the cells were trypsinized, seeded in sterile 24-well plates
(30,000 cells/cm?) and incubated for 72 hours.

Photosensitizer and light source

A stock solution of curcumin (200uM) was prepared in DMSO. On the day of
the experiment, this solution was diluted in sterile saline to final concentrations of 0.1,
0.5, 1,5, 10 and 20 uM (keeping the final concentration of DMSO at 10%). A LED-
based device with a predominant wavelength of 455 nm and composed of eight royal
blue LEDs (LXHL-PR09, Luxeon® 11l Emitter, Lumileds Lighting, San Jose, CA,
USA) uniformly distributed into the device was used to excite the PS. The intensity of

light delivered was 22 mW/cm?.

Phototoxicity assay against MSSA and MRSA

Aliquots of 100 puL of MSSA suspension were individually transferred to
separate wells of 96-well microtitre plates. An equal volume of each PS solution was
added to each well to give final concentrations of 0.1, 0.5, 1, 5, 10 and 20 uM. After
dark incubation for 20 minutes (pre-irradiation time), each plate was placed on the
LED device. The MSSA suspensions were subjected to three light fluences, 18.0,
25.5, and 37.5 J/cm?. In order to determine whether curcumin alone had any effect on
cell viability, additional wells containing one of the bacterial suspensions were
exposed to curcumin identically to those described above, but not to LED light (C+L).
The effect of LED light alone was also determined by exposing cells to light without
being previously exposed to curcumin (C-L+). Suspensions exposed to neither
curcumin nor LED light were considered as the negative control group (C-L-).

Based on the results of the experiments reported above, the three
concentrations of curcumin that achieved the most promising results for MSSA
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inactivation (5, 10, 20 uM) and the light fluence of 37.5 J/cm? were selected to be
used against MRSA. The experimental protocol was carried out as described above
and the experimental groups C+L+, C+L-, C-L+ and C-L- were evaluated. To
determine MSSA and MRSA survival, aliquots of the contents of each well were
serially diluted 10-fold in sterile saline to give dilutions of 10 to 107 times the
original concentration. Triplicate 25 uL aliquots were plated onto Mannitol Salt agar
plates. All plates were aerobically incubated at 37°C for 24 hours and thereafter
colony counts of each plate were quantified using a digital colony counter (CP 600
Plus, Phoenix Ind Com Equipamentos Cientificos Ltda, Araraquara, SP, Brazil). The

number of colony forming units per milliliter (CFU/mL) was determined.

Phototoxicity assay of L929 fibroblasts

For the L929 fibroblast cell line, after 48 hours of incubation, the culture
medium was removed and cells were washed with phosphate buffer saline (PBS).
Aliquots of 350 pL of curcumin at final concentrations of 5, 10 and 20 uM were
transferred individually to wells of 24-well plates and were incubated in contact with
the cells for 20 minutes protected from light. After incubation, cells were irradiated
with a light fluence of 37.5 J/cm® Additional wells containing cells exposed only to
curcumin or only to LED light were also evaluated. Negative control group was
composed of cells exposed to neither curcumin nor LED light.

For fibroblast culture, cell viability was evaluated by succinic dehydrogenase
(SDH) production, which is a measure of the mitochondrial respiration of the cell. For
such purpose, the methyltetrazolium (MTT) assay was used. In 10 wells, 900 uL of
DMEM plus 100 puL of MTT solution (5 mg/mL sterile phosphate buffered saline -
PBS) (Sigma Chemical Co.) were applied to the cells cultured in each well and
incubated at 37°C for 4 hours. Thereafter, the culture medium (DMEM with the MTT
solution) was aspirated and replaced by 600 pL of acidified isopropanol solution (0.04
N HCI) to dissolve the blue crystals of formazan present in the cells. Cell metabolism
was determined as being proportional to the absorbance measured at 570 nm
wavelength with an ELISA plate reader (BIO-RAD, model 3550-UV, microplate
reader, Hercules, CA, USA).

For analysis of the L929 cell line morphology by SEM, sterile 12-mm-
diameter cover glasses (Fisher Scientific) were placed on the bottom of the wells of
all experimental and control groups immediately before seeding the cells. After the
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experimental conditions, the culture medium was removed and the viable cells that
remained adhered to the glass substrate were fixed in 1 mL of buffered 2.5%
glutaraldehyde for 24 hours and post-fixed with 1% osmium tetroxide for 1 hour. The
cells adhered to the glass substrate were then dehydrated in a series of increasing
ethanol concentrations (30, 50, 70, 95 and 100%) and immersed in 1,1,1,3,3,3-
hexamethyldisilazane (HMDS; Acros Organics, Springfield, NJ, USA) for 90 minutes
and stored in a desiccator for 24 hours. The cover glasses were then mounted on
metallic stubs, sputter-coated with gold and the morphology of the surface-adhered
L929 cells was examined with a scanning electron microscope (JEOL-JMS-T33A
Scanning Microscope, Tokyo, Japan).

Data analysis and statistics

Bacterial cell counts were carried out in duplicate and repeated five times for
each experimental condition. For the purpose of analysis, cfu/mL values were
transformed into logarithm (logip). Data from microbiological evaluation (S. aureus)
and cytotoxicity test (L929 fibroblasts) presented a normal distribution and were
analyzed statistically by ANOVA and Tukey post hoc tests. P values of <0.05 were

considered significant.

Results
Phototoxicity against MSSA and MRSA

The three highest concentrations of curcumin (5, 10 and 20 pM) in
combination with any of the light fluences (18.0, 25.5 and 37.5 J/cm?) resulted in
complete elimination of MSSA. In these cases, the log reduction achieved was over 6
logs. The association of lower curcumin concentrations (0.1, 0.5 and 1 uM) with light
decreased the MSSA viability (CFU/mL counts) in a dose-dependent manner (Fig. 1).
In these experimental conditions, the highest log reduction observed was
approximately of 5 logs corresponding to MSSA exposed to 1 uM of curcumin at 25.5
Jlem?. Colony counts of MSSA exposed only to LED light or curcumin was not
different from the negative control group (Table 1), indicating that only the
combination of curcumin with light was able to cause a significant reduction on
CFU/mL counts.

For MRSA, the concentration of 20 uM combined with illumination (37.5
Jlem?) caused the total inactivation of bacterial suspensions. The other two
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concentrations (5 and 10 uM) significantly reduced the CFU/mL counts (Fig. 2). The
log reduction achieved was of 6.7, 8.3, and 9.8 logs for the curcumin concentrations
of 5, 10 and, 20 uM, respectively. The C+L-, C-L+ and C-L- showed no significant

changes in cell numbers throughout the course of the experiment.

Phototoxicity against L292 cell line

Figure 3 presents the effect of PDT (C+L+), different curcumin concentrations
(C+L), and LED light (C-L+) on cell viability. Considering the negative control group
(C-L-) as having 100% of cell viability, the metabolic activity of the L929 cells
decreased by 68.1, 75.1 and 80% when exposed to 5, 10, and 20 uM curcumin
concentrations in combination with blue LED light, respectively. In those groups,
there was no statistically significant difference (p>0.05) among the curcumin
concentrations (5, 10, and 20 uM). The toxicity of curcumin without exposure to light
was also evaluated and no significant difference (p>0.05) was observed compared
with the negative control group.

Figure 4 (a-d) is a composite figure of SEM micrographs of the L929
fibroblasts representative of the experimental and control groups. For the negative
control group (no treatment) and the group treated only with curcumin (20 puM),
numerous L929 fibroblasts that remained adhered to the glass substrate exhibited a
spindle-shaped appearance with few cytoplasmic processes originating from the
membrane (Fig. 4a,b). Arrows indicate mitoses occurring in both groups. In the
groups subjected to PDT, a smaller number of L929 fibroblasts remained adhered to
the cover glass. In some areas of the glass substrate, rests of cytoplasmic membrane of

dead cells were observed (Fig. 4c,d).

Discussion

The present in vitro study showed the efficacy of PDT using curcumin at a
final concentration of 20 uM and blue LED light in promoting photokilling of MSSA
and MRSA strains. Curcumin has been extensively investigated for therapeutic
applications due to its antiinflammatory, antitumor and antimicrobial effects [18]. The
antimicrobial action of this substance is directly related to its combination or not with
excitation by a visible light source [17]. Wang et al. [19] found that the minimum
inhibitory concentration (MIC) of curcumin against S. aureus without illumination

was 62.5 mg/L. Another study confirmed the antifungal action of curcumin and found
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that its MIC against different Candida spp. species without light activation ranged
from 32 to 256 mg/L [16].

On the other hand, when used in combination with visible light, the
concentration of curcumin required to promote photoinactivation of bacteria is
reduced to the micromolar level, as demonstrated in the present study. On irradiation
with blue LED light, curcumin caused cytotoxic effects to both MSSA and MRSA
and its phototoxicity was expressed in a PS concentration-, light fluence- and bacterial
strain-dependent manner. A 5 UM concentration of curcumin used in combination
with the lowest energy density (18 J/cm?) was sufficient to promote photokilling of
MSSA. The capacity of curcumin exerting potent phototoxic effects in micromolar
amounts when illuminated by a visible light source has been described [17,20].
Haukvik et al. [20] evaluated photokilling of gram-positive Enterococcus faecalis,
Streptococcus intermedius and gram-negative Escherichia coli after treatment with
curcumin and blue light illumination and found that a 2.5 UM concentration was
sufficient to kill the gram-positive bacteria, while a 25 pM concentration was
necessary for E. coli. Only one study has so far evaluated the photokilling of S. aureus
by curcumin [17] and the authors observed that washout of curcumin before
illumination resulted in minimal reduction of bacterial counts (CFU/mL), even after a
90-minutes pre-incubation period with the PS. This result suggests that the
photodynamic effect is greatly increased when curcumin is present during light
application. Curcumin phototoxicity to bacterial strains seems to be mediated by the
excited states of curcumin and/or products derived from the subsequent reactions with
oxygen during irradiation [18]. This way, light is responsible for the triplet excited
state of curcumin, resulting in energy or electron transfer to molecular oxygen with
consequent formation of ROS, which ultimately cause destruction of microbial cells
[21].

In the present study, a higher curcumin concentration (20 pM) combined with
illumination at 37.5 J/cm® was necessary for photodynamic inactivation of MRSA,
which means that the methicillin-resistant strain was more resistant to PDT than the
MSSA, requiring a 4-fold higher concentration of the PS to be inactivated. Recent
studies have reported that higher concentrations of PS were necessary for killing of
MRSA compared with MSSA strains [14, 22]. Grinholc et al. [14] reported that the
response of different MSSA and MRSA strains to PDT was not homogenous, and 0 to

3 logio-unit reduction in viable counts was observed when a porphyrin was used as a
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PS for photodynamic inactivation of the bacteria. Those authors observed more PDT-
resistant MRSA strains compared with the MSSA strains, as observed in the present
study. Tsai et al. [22] also found that the PDT susceptibility of MRSA strains was
lower than the other antibiotic-susceptible strains. This greater resistance of MRSA
strains to PDT has been related to the capsular polysaccharide structure on the
bacterial cell surface, which would limit the penetration of the PS into the MRSA
cells, reducing the toxic effects of the ROS generated during photodynamic
inactivation [23]. The need for higher light fluences and drug concentration for
resistant strains have been also observed for yeasts, showing that fluconazole-resistant
C. albicans and C. glabrata strains had reduced sensitivity to PDT [12]. It is accepted
that PDT is a non-specific and effective treatment against both susceptible and
resistant pathogen [22]. Until now, the studies reported that PDT effect is strain and
isolate-dependent. In our study, the ATTC evaluated strains presented the behavior of
susceptible bacteria being more sensitive to PDT treatment than the resistant bacteria.
However, Grinholc et al. [14] reported on MRSA isolates highly sensitive to PDT,
whereas there are some other MRSA isolates resistant to its effects [14,22]. Therefore,
it is relevant to evaluate the susceptibility of resistant microorganisms to PDT in order
to determine whether it can be used in the treatment of infections in which the
prevalence of these microorganisms has increased at alarming rates.

In the same way, it is important to investigate the potential toxic effects of
PDT to the host’s cells, which are also susceptible to the action of ROS. In the present
study, the metabolism of cultured fibroblast cells decreased by 68.1, 75.1 and 80% in
response to exposure to curcumin at 5, 10 and 20 UM concentrations, respectively, in
combination with blue LED light illumination. Similarly, in a previous study,
porphyrin-mediated photodynamic therapy reduced the viability of human dermal
fibroblasts by 66.5% and caused photodynamic inactivation of 99.9% of MRSA [14].
Even considering that the reduction of cell metabolism was accentuated in our study,
it was not sufficient to cause complete inhibition of the SDH enzyme, suggesting that
both MSSA and MRSA strains were more susceptible to PDT than the L929
fibroblasts. Dovigo et al. [24] obtained similar results when the same parameters used
for fungal cells were applied for macrophage cell culture. While a complete
photokilling was achieved for C. albicans planktonic cells, the macrophages
metabolism was not completely reduced. Despite the significant reduction of cell

metabolism, the in vitro experiments cannot reproduce all in vivo conditions. In a



42

living organism, in response to the oxidative stress generated by the presence of ROS,
the defense the system releases several endogenous antioxidant agents, such as
peroxidases and catalases, which promotes an enzymatic degradation of those highly
reactive and unstable molecules to avoid excessive tissue damage [25].

The interaction of curcumin with biomolecules and cells has been
investigated. Results of recent studies have indicated that curcumin binds
preferentially to lipid membrane and some cell proteins [18]. Bruzell et al. [26]
observed that PDT using curcumin at 13.5 uM in combination with halogen light
illumination (6 J/cm?) resulted in around 80% of necrotic cell death and less the 20%
of apoptotic cell death. In the present study, the SEM analysis revealed that the
fibroblast cell cultures subjected to PDT exhibited a significant decrease in the
number of cells adhered to the glass substrate. In addition, several cytoplasmic rests
remained adhered to the glass coverslip, indicating rupture of the cytoplasmic
membrane and suggesting necrotic cell death.

Another factor to be considered for the use of curcumin as a PS is the vehicle
used to deliver this compound. As curcumin is relatively insoluble in water, various
diluents like acetone, DMSO and ethanol as well as other preparations such as
micelles, cyclodextrine, liposomes and hydrophilic polymers have been proposed as
vehicles for curcumin [26]. DMSO is the most commonly used vehicle to evaluate the
phototoxic effects of PDT in in vitro studies and it has become a control to evaluate
several types of drug vehicles because of its excellent solvent propriety [15,20]. In the
present study, dilution of curcumin in DMSO increased its solubility in aqueous
solutions, improving its bioavailability and promoting bacterial photokilling [27].
Bruzell et al. [26] reported that the use of curcumin at 13.5 puM diluted in DMSO was
sufficient to reduce by 80% the viability of rat submandibular salivary gland acinar
cells. However, preparation of the same curcumin concentration in cyclodextrine or
liposome did not cause reduction of enzymatic activity. It is known that DMSO is not
an optimal vehicle for in vivo applications because it increases membrane
permeability to the drugs and may cause tissue damage and systemic effects [20].
Therefore, further studies should evaluate different vehicles as efficient as DMSO for
curcumin to exert photokilling against bacterial strains.

Both essential components of PDT - the PS and the visible light - can alter cell
functions. However, in the present study, no significant differences were observed
between the groups exposed only to curcumin (C+L-) or blue LED light (C-L+) when
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compared with the negative control (C-L-). Without illumination, the curcumin
concentrations were insufficient to cause toxic effects against the bacteria and the
fibroblast cultures. As mentioned before, micromolar concentrations caused cell
damage only when used in combination with visible light because of ROS formation.
In a similar way, no significant alteration in colony numbers of MSSA and MRSA or
in the metabolism of fibroblast cells was detected after the use of LED light without
previous photosentization with curcumin. The results of the present investigations are
in agreement with those of Ribeiro et al. [13] who did not find significant reduction on
the metabolism of L929 fibroblasts and MDPC-23 cells using the same light source
(blue LED) at similar light fluence (37.5 J/cm?).

The results of the present study showed the efficiency of curcumin combined
with blue LED light in causing photoinactivation of MSSA and MRSA. This therapy
also caused a significant reduction of L929 cell metabolism, but was more effective in
inactivating the bacterial samples than the fibroblast cell. The planktonic cultures used
in this study represent the first step for evaluation of a light-sensitive compound in
PDT. In the same way, cell cultures are more susceptible to the photocytotoxic effects
of this therapy because they do not present the defense systems existing in a living
organism. Therefore, further in vitro studies using biofilms and three-dimensional
cultures as well as in vivo investigations are necessary to confirm the potential of

curcumin as a PS as well as its clinical application on PDT.

Conclusion

This article demonstrated the efficiency of curcumin in combination with LED
in promote photodynamic inactivation of MRSA. Although a significant reduction
around 80% on fibroblast metabolism were also observed, this therapy caused
photodynamic inactivation of 100% of MRSA showing that PDT was more efficient
against bacteria. Therefore, the results obtained encourage the continued evaluation of
PDT protocols using natural compounds to eradicate pathogenic bacteria such as
MRSA in institutions and hospitals in which these bacteria are responsible for
significantly higher morbidity and mortality and increased healthcare costs.
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Tables

Table 1- Mean values and standard deviation of log (CFU/mL) calculated from the

results of MSSA evaluation. Different lowercase letters denote significant differences

among columns while different uppercase letters denote significant differences among

rows, according to Tukey's Test (p< 0.05).

Light Fluences Curcumin Concentrations (uM)
3lem?) 0 0.1 0.5 1 5 10 20
0 676"  6.73%* 6797 676** 000 000 000
0.04 0.03 0.06 0.04 0.00 0.00 0.00
18 6.76": 5688  432°% 2358 000  0.00  0.00
0.05 0.05 0.04 0.12 0.00 0.00 0.00
255 6.75%* 467  416° 169° 000 000 0.0
0.03 0.28 0.08 0.27 0.00 0.00 0.00
37.5 6787 451  414° 188° 000 000 000
0.05 0.03 0.03 0.34 0.00 0.00 0.00

*. Complete inactivation was observed
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Figure 1. Effect of curcumin concentrations on MSSA cell survival (CFU/mL) at
different light fluences. MSSA suspensions were incubated for 20 minutes with
curcumin concentrations ranging from 0.1 to 20 uM and then irradiated with blue
LED at three different light fluences (18, 25.5 and 37.5 J/cm2). Data are expressed as

mean values of three independent experiments (n=3).

Figure 2: Graphic representation of mean values and standard deviation of survival
counts (CFU/mL) observed after experiments with MRSA. The light fluence used was
37.5 Jicm? (groups C-L+ and C+L+). Different uppercase letters denote significant

differences among columns (groups) according to Tukey's Test (p< 0.05).
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Figure 3: Graphic representation of mean values and standard deviation of absorbance
values (MTT assay) observed after experiments with L929 fibroblast. The light
fluence used was 37.5 Jlcm? (groups C-L+ and C+L+). Different uppercase letters
denote significant differences among columns (groups) according to Tukey's Test (p<
0.05).

Figure 4: Representative SEM micrographs, SEM, 500X. A- Negative control group
of L929 fibroblasts (C-L-); B- L929 fibroblasts in contact with curcumin at 20uM
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(C+L- 20uM); C- L929 cell line exposed to PDT with 5uM of curcumin; D- L929 cell
line exposed to PDT with 20 uM of curcumin.
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Abstract:

New drug delivery systems, such as nanoemulsions (NE), have been developed to
allow the use of hydrophobic drugs on the antimicrobial photodynamic therapy
(aPDT). This study evaluated the photodynamic potential of aluminum-chloride-
phthalocyanine (CIAIPc) entrapped in cationic and anionic NE to inactivate C.
albicans planktonic and biofilm cultures compared with free CIAIPc. Fungal
suspensions were treated with different delivery systems containing CIAIPc and
illuminated with LED. For planktonic suspensions, colonies were counted and cell
metabolism was evaluated by XTT assay. Flow cytometry evaluated cell membrane
damage. For biofilms, the metabolic activity was evaluated by XTT reduction assay
and CIAIPc distribution through biofilms three-dimensional architecture was analyzed
by confocal laser scanning microscopy (CLSM). Fungal viability was dependent on
the delivery system, superficial charge and light dose. Free CIAIPc caused
photokilling of the yeast when combined with a higher light dose. Cationic NE-
CIAIPc reduced significantly both CFU/mL and cell metabolism compared with the
negative control (p<0.05). In addition, cationic NE-CIAIPc and free-CIAIPc caused
significant damage to the cell membrane (p<0.05). For the biofilms, cationic NE-
CIAIPc reduced cell metabolism by 70%. Anionic NE-CIAIPc did not present
antifungal activity. CLSM showed different accumulation and fluorescence intensities

emissions on biofilm structure for the evaluated delivery systems.

Key Words: Antimicrobial Photodynamic Therapy, C. albicans biofilms, Confocal

Laser Microscopy, Drug delivery systems, phthalocyanine.
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Introduction

Candida albicans is a commensal microorganism commonly found in the oral
cavity of healthy individuals. However, under certain conditions, this yeast has the
capacity to alter its morphology, acting as an opportunistic pathogen, invading tissues
and starting infectious processes (1). Oral and oropharyngeal candidosis are
considered the most frequent fungal infections in humans, developing after the
increase of Candida spp. colonization and subsequent infection of oral and
oropharyngeal tissues and affecting mainly immunocompromised patients (1). Local
etiological factors such as reduction of salivary flow rate, local trauma, pH changes
and use of dental prostheses could also be associated with the development of these
oral infections (2).

Currently available treatments for oral and oropharyngeal candidosis are based
on the administration of topical and systemic antifungal drugs. Topical antifungal
medications, such as nystatin and miconazole, are usually applied in the first episodes
of candidosis (3), and the results of infection remission are temporary in most cases.
Systemic antifungal medications, such as fluconazole, itraconazole and amphotericin
B, are usually prescribed to individuals with compromised general health and those
with recurrent infection episodes (4). However, these drugs should be prescribed with
caution due to the possibility of hepatotoxic and nephrotoxic effects (5). The
development of strains resistant to antifungal drugs, especially fluconazole, and the
limited number of drugs available for antifungal therapy are additional shortcoming
(6). Therefore, the treatment of fungal infections in immunocompromised individuals
is frequently a difficult task.

In this way, alternative or adjuvant treatments have been explored in order to

limit the adverse effects of these infections. The antimicrobial photodynamic therapy
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(aPDT) has emerged as one of the possibilities, using a non-toxic light-sensitive
compound (known as photosensitizer - PS) in combination with a visible light source
of appropriate wavelength with maximum absorption by the PS. This therapy
comprises three phases: PS excitation, production of reactive oxygen species (ROS)
and cell death (7). In the first phase, the light source transfers energy to the light-
sensitive drug, whose molecules absorbs this energy and pass to an excited singlet
state. From this stage, the PS molecules pass to an excited triplet state transferring the
absorbed energy to the oxygen molecules (type Il reaction) or to other molecules that
will react with oxygen (type I reaction) (8).

The principle of aPDT presupposes that PS can bind and penetrate fungal cells
more rapidly than host cells. Therefore, irradiation of the infected area after
application of a light-sensitive drug ultimately cause destruction of microbial cells
without causing damage to the subjacent normal cells (9). The advantages of aPDT,
such as its antimicrobial action, are related to its instantaneous fungicidal effect and
the possibility of several PDT applications without inducing microbial resistance to
this therapy (10). This latter characteristic is attributed to the mechanism of action of
aPDT based on production of singlet oxygen and other ROS. These free radicals
interact with several cell components (proteins, membranes lipid and nucleic acids) by
different mechanisms, reducing the chances of development of aPDT-resistant strains
(12).

Some light-sensitive drugs have been evaluated for use in aPDT, among which
the phthalocyanines are noteworthy. These second-generation PSs have a more
effective production of singlet oxygen, with higher oxidative power compared with
hematoporphyrin- and phenothiazine-derivatives (12,13). In spite of these advantages,

these compounds are highly hydrophobic, which impairs their circulation in aqueous
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medium and increases the possibility of aggregate formation, reducing the
photodynamic efficiency (14). Therefore, new drug delivery systems with
hydrophobic compartments for solubilization of phthalocyanines have been
developed, such as polymeric micelles, liposomes, nanoparticles and nanoemulsions
(NE) (14-17). Among these drug delivery systems, NE represents an option for topical
application (18) and can be used in the treatment of superficial fungal infections. This
type of phthalocyanine entrapment has been evaluated for its antitumor potential and
for the treatment of infections caused by periodontal pathogens (13,14,19). However,
there are no published studies reporting on the use of NE in planktonic and biofilm
cultures of C. albicans. Therefore, drug delivery systems at the nanoscale and with
different charges represent an option for permeation of biofilms and killing of
microorganisms. The aim of this study was to evaluate the photodynamic effect of
chloro-aluminum-phthalocyanine (CIAIPc) entrapped in cationic and anionic NE
compared with CIAIPc diluted in organic solvent (free CIAIPc) on the inactivation of
C. albicans planktonic and biofilm cultures. The viability of the C. albicans cells
suspended in planktonic cultures was determined by the XTT assay and by counting
colony forming units per milliliter (CFU/mL). For the C. albicans cells organized as
biofilms, viability was assessed by the XTT assay and CIAIPc distribution in biofilms
was examined by confocal laser-scanning microscopy study of the biofilms. In
addition, the occurrence of possible damage to the C. albicans cell membrane was

determined using the propidium iodide (PI) flow cytometry assay.

Material And Methods

Photosensitizer and synthesis
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CIAIPc was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA) and the
natural soy phospholipids Epikuron 170 (7.5%) and Miglyol 812 N oil (250 pL) were
obtained from Hulls Inc. (Puteaux, France). The NE was obtained by spontaneous
emulsification as previously described (14). Initially, the surfactants were dissolved in
10 mL of spectroscopic acetone at 55 °C under magnetic stirring. At the same time,
the phthalocyanine was dissolved directly in Miglyol 812 N oil at 55 °C and was
added to the phospholipid organic solution at a concentration of 1.0 mg/mL. The
aqueous phase was obtained by dissolution of the biopolymer Poloxamer 188 (Sigma-
Aldrich Co., St. Louis, MO, USA) in ultra-pure water. The NE was formed by slow
injection of the organic phase into the aqueous phase under magnetic stirring
(300 rpm for 30 min) at 55°C. The solvent was then evaporated under reduced
pressure at approximately 75°C, and the volume of the NE was concentrated to the
initial volume of the aqueous phase. The amount of hydrophilic and lipophilic
surfactants was fixed at 1% with a 1:1 weight ratio. The photophysical, chemical and
biological properties were evaluated and exhibited similar response as observed in
previous studies of the research group (13,14). The final concentration of CIAIPc in
the NE was 31.8 uM and two NE with superficial charges were developed, namely a
cationic NE and anionic NE. In order to compare the photodynamic inactivation of
C. albicans by this new delivery system (NE-CIAIPc, in its cationic and anionic
forms) and by free CIAIPc, the drug was also diluted in DMSO. A stock solution of
phthalocyanine (600 uM) was prepared in DMSO and then diluted in PBS to obtain

the same final concentrations of NE (31.8 uM).

Yeast strain and preparation of cultures
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The microorganism used in this study was an American Type Culture
Collection (ATCC; Rockville, MD, USA) strain of C. albicans (ATCC 90028)
maintained in solid Yeast-Peptone-Glucose medium and frozen at -70°C. To obtain
the standardized C. albicans planktonic suspensions, the yeast was individually
inoculated in Tryptic Soy Broth (TSB), incubated for 18 hours at 37°C. Cells in the
logarithmic phase of growth were harvested by centrifugation (5000 rpm for 7 min),
washed and resuspended in phosphate-buffered saline (PBS). The cell suspensions
were standardized with a spectrophotometer (Biospectro, Equipar Ltda., Curitiba, PR,
Brazil; model: SP-220) calibrated at 520 nm wavelength to give final concentration of

1x10" cells mL™.

Photoinactivation of planktonic cultures

Aliquots of 150 pL of the standardized C. albicans planktonic suspensions
were individually transferred to separate Eppendorf flasks and centrifuged to remove
the supernatant. The cells were incubated with the NE (cationic and anionic)
containing the CIAIPC or the free CIAIPc for 30 min in the dark. After this period, the
phthalocyanine was washed out and 300 uL of PBS were added to the cells. The
samples were transferred to a 24-well plate that was placed on a light device for
irradiation. A light emitting diode (LED)-based device, composed of red LEDs
(LXHL- PRO09, Luxeon Il Emitter; Lumileds Lighting, San Jose, CA, USA), was
used to excite the phthalocyanine. The LED device provided a maximum emission at
660 nm and the irradiance delivered was of 38.1 mW/cm?. The light doses used in this
study were 50 and 100 J/cm? The groups subjected to PDT were called PDT groups
and were defined by the type of delivery system used. Table 1 presents the groups

distribution.
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To determine whether CIAIPc alone and its delivery systems induced any
effect on yeast viability (dark toxicity controls), additional wells containing C.
albicans planktonic suspensions were exposed to the drug under identical conditions
to those described above, but not to LED. Another group was exposed only to LED
irradiation to evaluate the effects of light alone (light control). The overall control
(negative control) consisted of C. albicans planktonic suspensions not exposed to

CIAIPc or LED.

Determination of cell survival in planktonic cultures

Cell survival in planktonic cultures was determined by the number of colony
forming units per milliliter (CFU/mL) and by the XTT assay, a metabolic assay based
on the reduction of a tetrazolium salt (XTT, Sigma-Aldrich). For the CFU method,
10-fold serial dilutions of aliquots of the contents of each well were prepared using
sterile saline. Duplicate 25 pL aliquots were plated onto Sabouraud Dextrose agar
(SDA) medium containing 5 mg/L gentamicin. All plates were aerobically incubated
at 37°C for 48 hours and thereafter, colony counts of each plate were quantified using
a digital colony counter (CP 600 Plus; Phoenix Ind. Com. Equipamentos Cientificos
Ltda., Araraquara, SP, Brazil) and the CFU/mL was determined (20).

For the XTT assay, the salt was dissolved in PBS (1 mg/mL) and stored at -
70°C. For each experiment, 158 uL of PBS was prepared with glucose at 200 mM, 40
pL of XTT plus 2 uL of menadione at 0.4 mM (Sigma-Aldrich) were mixed and
transferred to each well. The plates were incubated in the dark at 37°C for 3 h. After
this 100 pL of the reacted XTT salt solution was transferred to a 96-well plate and the
cell viability was analyzed by proportional colorimetric changes and light absorbance

measured by a microtiter plate reader (Thermo Plate - TP Reader) at 492 nm.
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Estimation of membrane damage by flow cytometry

Yeast suspensions were incubated with the cationic and anionic NE-CIAIPc
and free CIAIPc for 30 min and irradiated after the washed out procedure as described
above. After the aPDT protocol, the cells were centrifuged to remove the supernatant
and resuspended in 1 mL of ligation buffer containing 10 mM HEPES pH 7.4, 150
mMNacCl, 5 mMKCI, ImM MgCl; and 1.8 mM CaCl,. The cells were stained and
analyzed by fluorescence-activated cell sorting (FACS) in a flow cytometer
(FACSCanto; BD Biosciences, San Jose, CA, USA) equipped with argon laser and
BD-FACS Diva software (BD Biosciences, San Jose, CA, USA). At least 10,000
events were collected for each sample. An aliquot of 3 uL PI (1 pg/mL) was added to
the cell suspensions immediately before measuring the fluorescence. This dye has a
high affinity towards nucleic acids and only penetrates cells with damaged

cytoplasmic membranes.

Biofilm formation and aPDT of biofilms

Colonies of recently grown yeast isolates on SDA were transferred to a Falcon
tube containing RPMI 1640 and incubated overnight in an orbital shaker (AP 56,
Phoenix Ind. Com. Equipamentos CientificosLtda, Araraquara, SP, Brazil) at 120 rpm
and 37°C. Cultures were centrifuged, and the supernatants discarded. The cells were
washed twice and, finally, resuspended in PBS. Standardized cell suspensions were
obtained as described for the planktonic cultures. The resulting standardized
suspensions were standpoint for every further procedure. Aliquots of 100 pL of
standardized C. albicans suspensions were transferred to a 96-wells microtiter plate

and incubated for 90 min at 37°C in the orbital shaker at 75 rpm for the adhesion
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phase. After this period, each well was washed twice with PBS and 150 puL of freshly
prepared RPMI 1640 was added to each well. The plates were incubated for 48 hours
at 37°C in order to generate single-species biofilms. This protocol has been described
previously (20).

After this period, the wells were carefully washed twice with 200 puL of PBS
to remove non-adherent cells. Aliquots of 150 uL of NE-entrapped CIAIPc or free
CIAIPc were added to each appropriate well directly over the biofilm. The
photosensitizers were left in contact with the biofilms for 30 min and then were
washed out. Aliquots of 150 pL of PBS were added to the wells and the biofilms were
illuminated using light doses of 50 and 100 J/cm®. The same experimental conditions
described previously for planktonic cultures were performed in biofilms and the
treatments received the same groups description (Table 1). The photodynamic effects

against the biofilms were also evaluated by the XTT assay (20).

Confocal laser-scanning microscopy study of biofilms

C. albicans biofilms were developed on 8-mm round coverslips and incubated
for 48 hours at 37°C, as described previously. The biofilms were washed and
incubated with the cationic and anionic NE-CIAIPc and free CIAIPc for 30 minutes.
They were then covered with coverslips and examined by a Leica TCS SPE confocal
microscope (Leica Microsystems GmbH,Wetzlar, Germany). Serial sections of
biofilms in the xy plane were obtained at 1-um intervals along the z axis and scanned
by the transmission mode using 635 nm laser radiations. The red fluorescence of
CIAIPc bound to C. albicans biofilms was observed at 635 nm excitation wavelength
and fluorescence emission from 660 to 740 nm, allowing the examination of the

stained bhiofilm cells.
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Statistical analysis

For the purpose of analysis, CFU/mL values were transformed into logarithm
(logip). The results collected after the evaluation of aPDT against planktonic
suspensions (log CFU/mL and XTT absorbance), biofilm cultures (XTT absorbance)
and membrane damage (fluorescence) presented heterocedasticity. The Kruskal-
Wallis and Multiple Comparison based on pairwise ranking test were used to detect
differences in CFU/mL and XTT absorbance values among investigated groups. For
flow-cytometry data, one-way ANOVA was used. Differences were considered

statistically significant at P < 0.05.

Results
aPDT on C. albicans planktonic cultures

The effect aPDT of CIAIPc entrapped in cationic and anionic NE and free
CIAIPc against C. albicans suspension (10’CFU/mL) was investigated (Fig. 1). The
viability of fungal cells after aPDT was dependent on the delivery system used (NE or
free), superficial charge of the NE (cationic or anionic) and light dose (50 or 100
Jlcm?). Free CIAIPc promoted photokilling of the yeast when irradiated using the light
dose of 100 J/cm?, being the only combination that resulted on total eradication of this
microorganism (p < 0.05). Cationic NE-CIAIPc caused a ~ 1.5 and ~3.1 logio
reduction of cell survival when combined with light doses of 50 and 100 J/cm?,
respectively. Anionic NE-CIAIPc showed less then ~0.5 log;o reduction on CFU/mL
with both light doses, showing that this system was not effective against C. albicans.
Control experiments showed that the C. albicans CFU/mL was unaffected by the

presence of both types of NE containing the CIAIPc for 30 min. The results indicate
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clearly that the cell mortality obtained after irradiation of the suspensions was induced
by the photosensitization activity of phthalocyanine.

Regarding the analysis by the XTT assay, the cell metabolism reduction was
also dependent on the delivery system used and the superficial charge of the NE (Fig.
2). In all the tested systems, illumination of CIAIPc with LED caused a higher
reduction on cell metabolism achieving approximately 99.5% when the free CIAIPc
was combined with illumination at 100 J/cm® The anionic NE-CIAIPc associated to
both light doses caused reduction similar to that of the cationic NE-CIAIPc dark
control, indicating that this delivery system had less effect on fungal metabolism. On
the other hand, the cationic NE-CIAIPc used in combination with a light dose of 50
and 100 J/cm?showed greater reduction, around 93.1 and 92.3%, respectively, when
considering the negative control (NC) as 100% of cell metabolism. The use of a
higher light dose did not result in greater reduction of C. albicans metabolism,
differently from the colony count assay. The greatest decrease was observed for the
free CIAIPc, approximately 96.6 and 99.5% when combined with 50 and 100 J/cm?
light fluences, respectively. The results also showed that the CIAIPc entrapped in the
cationic NE-CIAIPc and the free CIAIPc had potential to cause a decrease in cell
metabolism in dark conditions (p<0.05), although no reduction in cell survival was

observed for these groups (Fig. 1).

Cell membrane damage assay

Flow cytometry assay using Pl fluorochrome was used to study the
mechanism by which the CIAIPc entrapped or not in NE is able to promote inhibition
of C. albicans growth after irradiation. This fluorescent molecule is membrane

impermeant and generally excluded from viable cells. Thus, it allows identifying cells
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with damaged cytoplasmic membrane. Regarding the dark controls of the NE-CIAIPc
and free CIAIPc, the cationic NE showed approximately 6 times more fluorescence
than the negative control (p<0.05), which suggest that this delivery system can cause
damage to cytoplasmic membrane when applied alone. The results clearly
demonstrate that the combination of all the tested systems with light induces higher
levels of membrane damage, depending directly on the light dose used (Fig. 3).
Illumination of free CIAIPc and cationic NE with a light fluence of 100 J/cm?
increased the percentage of Pl-positive cells up to 34 and 49% when compared to

negative control group (approximately 2%).

aPDT on C. albicans biofilms

The biofilms of C. albicans developed after 48 hours were treated with CIAIPc
(31.8 uM) for an incubation period of 30 min. The same light regimen as for
suspension (660 nm LED, 50 and 100 J/cm?) was used. In the same way as observed
for the planktonic cultures, the values obtained from the XTT assay of biofilms were
dependent on the type of carrier, type of superficial charge in the NE and light dose
(Fig. 4). The cationic NE-CIAIPc presented a significant dark toxicity for the biofilms
resulting in significant reduction of the absorbance values for this group (p<0.05).
Differently, no dark toxicity was observed for free CIAIPc or anionic NE-CIAIPc.
Although the cationic NE present a significant dark toxicity for biofilms, its efficiency
in causing decrease in C. albicans metabolism was greater when combined with light,
reaching a reduction of approximately 70% when used with 100 J/cm?. For the
biofilms, the free CIAIPc presented an intermediate behavior. When illuminated with
both 50 and 100 J/cm? fluences, the free CIAIPc decreased the biofilm metabolism by

approximately 26 and 34%, respectively. The anionic NE-CIAIPc induced an increase
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on cell metabolism of about 21% when compared to the negative control, which was
also maintained when combining the anionic NE-CIAIPc with a light dose of 50
Jlem?. When the higher light dose was used (100 J/cm?), there was a 5% reduction on
biofilm metabolism, though without significant difference from the negative control
(p>0.05). The results demonstrate that the higher light dose caused great reduction in

yeast biofilm metabolism for all the tested delivery systems.

Confocal Laser Scanning Microscopy Observations:

The accumulation of free CIAIPc, anionic and cationic NE-CIAIPc into fungal
biofilms as observed by CLSM is presented in Figures 5, 6 and 7, respectively. The
red fluorescence detection of free CIAIPc into Candida cells suggests that CIAIPc
diluted in DMSO presented a diffuse accumulation from the cellular wall to some
extent inside the cells (Fig. 5A). Also, the side views of the same biofilm (Fig. 5B)
revealed lack of sensitized cells in the deepest portions (yellow arrows), whereas the
outermost layers clearly showed higher fluorescence (white arrows). Figure 5C shows
the overlay of fluorescence of free CIAIPc with the light transmission mode indicating
that CIAIPc diluted in DMSO had a tendency to accumulate into hyphae. For the
anionic NE-CIAIPc, bright fluorescence could be seen on the three-dimensional view,
accumulating preferentially in the extracellular matrix (Fig. 6A), while no
fluorescence emission was observed inside hyphal and yeast forms. The side views
reveal that this delivery system was able to penetrate deeply into the biofilm structure
showing a great fluorescence in the deepest portions (white arrows) (Fig. 6B). The
overlay image shows that the anionic NE-CIAIPC had a limited accumulation into the
C. albicans cells (Fig. 6C). The cationic NE-CIAIPc showed a diffuse accumulation

preferentially in extracellular matrix and cellular wall from hyphae and yeast (Fig.
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7A). As observed for the free CIAIPc, the side views showed lack of sensitized cells
in the deepest portions (yellow arrows) and higher fluorescence on the outermost
layers (white arrows) (Fig. 7B). The merge of the transmission mode and fluorescence

was applied to visualize dye uptake into the biofilm structure (Fig. 7C).

Discussion

The photodynamic efficacy of CIAIPc in antitumor aPDT has been
demonstrated with excellent results on decreasing the toxicity of tumor cells and
promoting tumor regression in vivo (21-23). This PS has high photodynamic activity
and is easy to synthesize and commercially available (24). Therefore, it appears as an
option for use in aPDT, with better properties than those of porphyrins and
phenothiazines. Little research has been done on the use of CIAIPc in aPDT, and the
available studies investigated its effect on the inactivation of cariogenic bacteria (17)
and progression of periodontal disease (13). Fungal photokilling by phthalocyanine
has been described by Mantareva et al. (25-27) using phthalocyanines directly diluted
in aqueous solution. In the search for more stable delivery systems for light-sensitive
drugs, the present study investigated the antifungal photodynamic effect of NE-
entrapped CIAIPc on planktonic and biofilm cultures of C. albicans.

CIAIPc entrapped in NE has a high tissue penetration capacity (14, 19) and
may be used in aPDT protocols to treat superficial mucosa and skin lesions. This type
of delivery system offers better availability of the drug, reducing the possibility of
aggregation and loss of photodynamic efficiency and increasing the stability of the PS
(28). In general, most aPDT studies have used PS in aqueous solutions either diluted
directly in buffering solutions or initially dissolved in an organic solvent, such as

DMSO, and then diluted in aqueous medium (29). Although this is a viable procedure



66

for in vitro experiments, the clinical application of the drugs is difficult because the
media are instable, which requires preparation of the light-sensitive drug at the
moment of application to ensure minimal alterations of its physical properties. The
NE used in the present study permits the maintenance of the photosensitizing
properties of CIAIPc for up to weeks (14) and has greater viscosity, which favors the
clinical application.

The results of the present study demonstrated that aPDT with CIAIPc was
effective on decreasing the viability of C. albicans planktonic and biofilm cultures.
This decrease was dependent on the drug delivery system, superficial charge and light
dose. For the planktonic suspensions, free CIAIPc presented the best results on the
decrease of both CFU/mL counts and cell metabolism (XTT assay). The combination
of free CIAIPc at 31.8 uM and LED light dose of 100 J/cm? resulted in photokilling of
C. albicans cells and 99.5% reduction of its metabolism (XTT assay). Mantareva et
al. (26) also observed photodynamic inactivation of all C. albicans cells when silicon-
phthalocyanine was used in combination with LED, while germanium-phthalocyanine
caused only 1 logie-unit reduction in fungal growth. It is therefore important to
consider the metallic group when evaluating the photodynamic potential of
phthalocyanine because it is responsible for the phototoxicity potential and ionic
characteristics of the drug (21).

Even though the NE-CIAIPc did promote complete photoinactivation of the
planktonic suspensions, the cationic NE-CIAIPc promoted a 3 logie-unit reduction in
viable fungal counts, while the anionic NE-CIAIPc did not promote of a significant
reduction in the number of CFU/mL. In addition, cationic NE-CIAIPc reduced cell
metabolism by approximately 93.1 and 92.3% when combined with light doses of 50

and 100 J/cm?, respectively. This greater efficiency of cationic drugs has been
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demonstrated in previous studies (25,30). Cormick et al., (30) evaluated the
photodynamic action of cationic and anionic porphyrins against C. albicans
suspensions and verified that the anionic porphyrin did not present any antimicrobial
potential even after 3 hours of irradiation, as demonstrated by the low fluorescence
within the C. albicans cells, which indicates the low affinity of this PS with the yeast.
The cationic porphyrin, on the other hand, bound rapidly to C. albicans, reaching
maximum concentration after 30 min of contact with the yeast, resulting in a 3 logio-
unit reduction in viable counts when activated by light. Another study evaluating the
antimicrobial photodynamic potential of cationic and anionic zinc-phthalocyanines
revealed that the anionic phthalocyanine combined with an argon-pumped dye laser
system (light dose of 60 J/cm?) did not promote phototoxic damage to C. albicans
suspensions, while the use of cationic phthalocyanine at a lower light dose resulted in
complete photoinactivation (25). This greater affinity for PSs or even delivery
systems of cationic nature results from their interaction with the external surface of
the fungal cell wall, which has a negative residual charge (17). As the cell wall
provides structure to fungal cell in addition to protection to the external environment,
the drugs should be able to cross this barrier and reach the internal cell compartments
in order to produce cell damage (30). Therefore, the superficial charge is extremely
important for achieving effective outcomes in aPDT and the use NE permit this type
of modification, which may produce better photodynamic effects.

In the planktonic cultures, the phototoxic action of the CIAIPc entrapped in
cationic NE-CIAIPc resulted from the drug absorbed by the fungal cells. After the pre-
incubation period, the excess of extracellular NE-CIAIPc was removed because the
opaque characteristics of the emulsions made difficult their interaction with the light.

Therefore, the antimicrobial photodynamic effect resulted from the CIAIPc present
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within the fungal cells, which reinforces once more the fact that the cationic NE were
capable of penetrating into the C. albicans , while the anionic NE presented low
affinity with the yeast. Furthermore, this capacity of CIAIPc to bound to the fungal
cells is important because it limits the phototoxic damage to the cells that absorbed
this PS. Bertoloni et al. (31) reported that the photodynamic action of a porphyrin was
reduced when it was removed from the extracellular medium, and its mechanism of
action depends on an initial damage to the membrane to permit the penetration of the
PS into the fungus. Therefore, from the obtained results, it may be suggested that the
mechanism of action of CIAIPc does not depend on excess extracellular PS to cause
external damage to the wall or membrane, as the phthalocyanine absorbed by the
fungal cells was responsible for the cell damage.

In the present study, the CFU/mL data of cell suspensions were complemented
by the XTT assay, which was performed immediately after aPDT allowing the
evaluation of the initial effect of this therapy on the microorganisms. The absorbance
values obtained from the XTT assay revealed that the metabolism of C. albicans cells
decreased by approximately 93% after aPDT with cationic NE. However, colony
count revealed a ~3.0 log reduction of cell survival. These results suggest that the
products generated by the aPDT reaction using CIAIPc entrapped in cationic NE were
capable of causing cell damage that resulted in reduction of the initial mitochondrial
activity. Nevertheless, these damages were not sufficient to cause the death of all cells
as growth of some colonies was observed after 48 hours in adequate culture medium
such as SDA. Yet, these colonies presented smaller size when compared with the
negative control, demonstrating that aPDT with cationic NE altered the process of cell

replication and consequently the growth of C. albicans colonies.
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In order to evaluate the possible effects of CIAIPc to the cytoplasmic
membrane of C. albincans cells, planktonic cultures subjected to aPDT were analyzed
by flow cytometry using PI fluorochrome, a nuclear marker that does not pass through
the membranes of intact cells and can penetrate only permeable membranes of
damaged cells. The results indicated that for all delivery systems, the combination of
phthalocyanine with light increased the percentage of Pl-positive cells. The group that
was completely inactivated (free-CIAIPc combined with light dose of 100 J/cm?)
presented the highest percentage of Pl-positive cells. Giroldo et al. (32) also observed
damage to the cytoplasmic membrane of fungi using the SYTOX® Green nucleic acid
stain, which green-fluorescent nuclear and chromosome counterstain, and
spectrofluorometry. Those authors verified a two-fold increase in the fluorescence of
the group subjected to aPDT with methylene blue compared with the control, and
reported a 50% reduction of CFU/mL counts under the same conditions. In the present
study, while the percentage of Pl-positive cells in the control group was
approximately 2%, the percentage of these cells in the groups treated with cationic
NE- CIAIPc and free-CIAIPc was 34 and 49%, respectively. Therefore, the results of
flow cytometry demonstrated that the cytoplasmic membrane was target of the ROS
produced by the aPDT reaction, confirming the best results for the groups of cationic
NE- CIAIPc and free-CIAIPc, with larger number of Pl-positive cells and more
accentuated reduction of cell metabolism and colony counts.

The investigation of the antimicrobial effect of aPDT on biofilms is extremely
important as this represents the most common form of microbial organization (33). In
addition, because of their characteristics, such as presence of extracellular polymer
matrix, biofilms offer more resistance to the penetration of antifungal agents and

consequently light-sensitive drugs (34). Some others mechanisms of resistance have
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been studied namely expression of resistance genes like those encoding efflux pump
(35), slow growth rate leading to slow drug uptake, and decrease of ergosterol content
and its biosynthetic gene expression (36-38), showing that biofilm resistance
represents a multifactorial complex process (39). Strategies have been proposed for
inactivation of biofilms, such as the combination of aPDT with conventional therapy,
use of ultrasound, and nanoparticle-based drug delivery systems (27). In the present
study, the proposed use NE aimed at not only increasing drug stability, but also
permitting greater penetration of CIAIPc into biofilm. From the obtained results,
cationic NE- CIAIPc combined with light dose of 100 J/cm? reached the best results
for C. albicans biofilms, decreasing cell metabolism by approximately 70%.
Mantareva et al. (26) demonstrated that silicon-phthalocyanine (SiPc) and
germanium-phthalocyanine (GePc) had an incomplete penetration into C. albicans
biofilms, and only SiPc promoted a reduction in the counts of viable colonies when
fractionated illumination (3 x 150 J/lcm?) was used. In another study, aPDT with
gallium-phthalocyanine promoted complete inactivation of C. albicans biofilms (27).
In this latter study, the time of formation of the biofilms was only 18 hours,
representing an intermediate stage. Comparing both studies, those authors
demonstrated that more mature biofilms (>48 hours of formation) are more resistant
to aPDT, presenting a lower decrease of viability compared with biofilms at
intermediate stage. It is known that singlet oxygen acts not only on the fungal cell, but
also on the extracellular matrix polysaccharides (39). Therefore, there is greater
amount of extracellular matrix in mature biofilms, which requires more ROS
production to alter this structure and consequently fungal cell viability.

As shown by the CLSM, there were different patterns of CIAIPc penetration

into biofilms using the tested delivery systems. Free CIAIPc showed a higher
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fluorescence on hyphal forms than yeasts. Greater susceptibility of hyphae to PDT has
been reported by Jackson et al. (40) and attributed to cellular changes occurred during
the transformation from yeast to hyphae. Moreover, the superficial layers of the
biofilm presented a bright intense fluorescence, while in the basal layer the
fluorescence was less intense, suggesting that the free CIAIPc did not penetrate
effectively into the biofilm. For the cationic NE-CIAIPc, a better drug distribution
between hyphae and yeasts was observed, which could explain its greater efficacy in
reducing biofilm metabolism. However, as seen for the free CIAIPc, the deepest
portions of biofilms were not as sensitized as the superficial layers, proving the
difficulty in penetrating the biofilm structure. For the anionic NE-CIAIPc, the
confocal images showed an intense fluorescence for the basal layers of C. albicans
biofilms, indicating that this delivery system was able to penetrate more deeply into
the biofilms. However, it was also observed the absence of fluorescence around or
inside the yeasts or hyphae, which suggests that the fungal cells did not absorb the
anionic NE-CIAIPc. Therefore, the confocal images complemented the XTT results,
which showed no reduction of C. albicans biofilm metabolism when the anionic NE-
CIAIPc was used.

From the obtained results, it was observed that the photodynamic effect of
CIAIPc was dependent on type of drug delivery system, the superficial charge and
light dose used. CIAIPc entrapped in cationic NE presented promising results for
photokilling of C. albicans planktonic and biofilm cultures. This type of delivery
system seems to offer greater stability to the light-sensitive drug for clinical use and

permit its penetration into biofilms.
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Table 1: Distribution of the controls and experimental groups.
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Group Treatment
NC Negative control
LC Light control
C-NE Dark control- anionic NE-CIAIPc
C+NE Dark control- cationic NE-CIAIPc
C CIAIPc Dark control- free-CIAIPc
PDT 50-NE PDT anionic NE-CIAIPc with 50 J/cm?
PDT 50+NE PDT cationic NE-CIAIPc with 50 J/cm?
PDT 50 CIAIPc PDT free-CIAIPc with 50 J/cm?
PDT 100-NE PDT anionic NE-CIAIPc with 100 J/cm?
PDT 100+NE PDT cationic NE-CIAIPc with 100 J/cm?
PDT 100 CIAIPc PDT free-CIAIPc with 100 J/cm?
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Figure 1: Line graphic representation of mean values and standard deviation of

logarithmic of survival counts (CFU/mL) of C. albicans planktonic suspensions

according to the light dose (0, 50 or 100 J/cm?) and drug delivery system (free,

anionic or cationic NE- CIAIPc).

Figure 2: Box-plot graphic representation of mean values and standard deviation of

absorbance values (XTT assay) obtained for the C. albicans planktonic cultures

subjected to the different experimental conditions. n=10.
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Figure 3: Graphic representation of mean values and standard deviation of PI-positive

cells percentage of according to the different experimental conditions. n=6

Figure 4: Box-plot graphic representation of mean values and standard deviation of
absorbance values (XTT assay) obtained for the C. albicans biofilms subjected to the

different experimental conditions. n=10.
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Figure 5. A: Overview of a 33.0-um-thick C. albicans biofilm after 30 min of contact
with free CIAIPc (red fluorescence; exc: 635 nm, em: 650-740 nm); B: Cross sections
and side views of a 33.0-um-thick C. albicans biofilm after 30 min of incubation with
free CIAIPc. On the side views, it is possible to note the absence of sensitized cells in
the deepest portion of the biofilm (yellow arrows), when compared with the outer
layer (white arrows); C: the overlay of fluorescence of free CIAIPc with the light

transmission mode. Original magnification: x40.

Figure 6. A: Overview of a 45.0-um-thick C. albicans biofilm after 30 min of contact
with anionic NE-CIAIPc (red fluorescence; exc: 635 nm, em: 650-740 nm); B: Cross
sections and side views of a 45.0-um-thick biofilm of C. albicans after 30 min of

incubation with anionic NE-CIAIPc. On the side views, it is possible to observe
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intense fluorescence in the deepest portion of the biofilm (white arrows); C: the

overlay of fluorescence of anionic NE-CIAIPc with the light transmission mode.

Original magnification: x40.

Figure 7. A: Overview of a 40.0-um-thick biofilm of C. albicans after 30 min of
contact with cationic NE-CIAIPc (red fluorescence; exc: 635 nm, em: 650-740 nm);
B: Cross sections and side views of a 40.0-um-thick biofilm of C. albicans after 30
min of incubation with cationic NE-CIAIPc. On the side views, it is possible to
observe the absence of sensitized cells in the deepest portion of the biofilm (yellow
arrows), when compared with the outer layer (white arrows); C: the overlay of
fluorescence of cationic NE-CIAIPc with the light transmission mode. Original

magnification: x40.
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Abstract:

Antimicrobial photodynamic therapy represents an alternative method of killing
resistant pathogens. Efforts have been made to develop delivery systems for
hydrophobic drugs to improve the photokilling. This study evaluated the
photodynamic effect of chloro-aluminum phthalocyanine (CIAIPc) encapsulated in
nanoemulsions (NE) on methicillin susceptible and resistant S. aureus suspensions
and biofilms. Suspensions and biofilms were treated with different delivery systems
containing CIAIPc. After the pre-incubation period, the drug was washed-out and
irradiation was performed with LED source (660 + 3 nm). Negative control samples
were not exposed to CIAIPc or light. For the suspensions, colonies were counted
(CFU/mL). The metabolism of S. aureus suspensions and biofilms were evaluated by
the XTT assay. The efficiency was dependent on the delivery system, superficial load
and light dose. Cationic NE-CIAIPc and free-CIAIPc caused photokilling of the both
strains of S.aureus. For biofilms, cationic NE-CIAIPc reduced cell metabolism by 80
and 73% of susceptible and resistant strains, respectively. Although anionic NE-
CIAIPc caused a significant CFU/mI reduction for MSSA and MRSA, it was not
capable of reducing MRSA biofilm metabolism. This therapy may represent an

alternative treatment for eradicating resistant strains.

Introduction:

The antimicrobial photodynamic therapy (aPDT) has emerged as an
alternative treatment of skin and mucosa lesions and infections (Wainwright, 1998).
However, unlike antitumor PDT, which has been used in some countries as an
established therapeutic option, aPDT is still in the experimental phase (Bredell et al.,
2010). In this therapy, a non-toxic light-sensitive compound (known as
photosensitizer - PS) is applied on the lesion and, after an incubation period to permit
accumulation of the drug in the bacterial cells, the area is irradiated with a visible
light source of appropriate wavelength with maximum absorption by the PS
(Wainwright, 1998). With light excitation, the PS undergoes a transition to a more
energetic state in which it is capable to react with molecules present in the medium
and transfer electrons or hydrogen, leading to the production of reactive oxygen

species (ROS) (type | reaction), or transfer energy to molecular oxygen, generating
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the highly reactive singlet oxygen (type Il reaction) (Konopka & Goslinski, 2007).
The products of these reactions cause lethal oxidative damage to the bacterial cells.

The growing interest in aPDT is due to its ease of application and the fact that
the ROS generated during the photodynamic reaction have a multifunctional nature
and can damage multiple cellular structures, from membrane to organelles, reducing
the chances of development of PDT-resistant strains (Maisch et al., 2011). Unlike
chemical agents, which have a continuous action and may induce the habituation of
microorganisms to these drugs, the toxic products of aPDT are only generated when
the PS is excited by a light source of specific wavelength, permitting a better control
of its toxicity. In addition, the ROS have a short life in the biological systems and
minimal diffusion, which restricts their oxidative damage to the site of PS application
(Maisch et al., 2011). Therefore, the use of photodynamic therapy with capacity to
kill pathogenic bacteria without inducing resistance has been suggested as an
alternative especially for microorganisms resistant to conventional treatments with
antimicrobial agents. The development of antibiotic-resistant bacteria has become a
major health problem worldwide, as it is responsible for significantly higher
morbidity and mortality due to certain infections and increased healthcare costs
(Diekema et al., 2001). Among the several types of antibiotic-resistant pathogenic
microorganisms, methicillin-resistant Staphylococcus aureus (MRSA) is noteworthy.
This microorganism has developed resistance to antimicrobial agents by several
mechanisms that range from mutation to transduction (Ferro et al., 2007). It has been
associated with life-threatening infections in immunocompromised patients, which
may lead to fatal bacteremia and septicemia (Jarraud et al., 2002), and is frequently
found in infections related to prostheses, catheters and other biomaterials (Grinholc et
al., 2007). MRSA are often found in biofilm formations, which act as protective
coatings that attract various staph strains to form a microbial structure involved by a
extracellular polymer matrix responsible for reducing the capacity of antibiotics to
reach the microorganisms, increasing their the resistance to the treatment (Sharma et
al., 2008).

This way, strategies have been developed to increase the permeation of the
light-sensitive agents into the bacterial biofilm structure and ensure the action of
aPDT. The first step is the choice of the PS, which should preferably be a drug with
an effective production of singlet oxygen and high oxidative power, such as
phthalocyanines (Allison et al., 2004). However, phthalocyanines are not water-
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soluble and need delivery systems, such as polymeric micelles, liposomes,
nanoparticles and nanoemulsions (NE). In addition, the inclusion of charges on the
surface of these delivery systems has also been suggested to increase the physical
attraction to the bacterial cells (Longo et al., 2011). It is also known that in addition to
acting directly on the bacterial cells, the products generated by aPDT also act on the
extracellular matrix of biofilms (Pereira Gonzales & Maisch, 2012), increasing the
photodynamic efficiency. Therefore, the aim of this study was to evaluate the
photodynamic effect of chloro-aluminum-phthalocyanine (CIAIPc) encapsulated in
cationic and anionic NE compared with CIAIPc diluted in organic solvent (free
CIAIPc) on the inactivation of planktonic and biofilm cultures of methicillin-
susceptible Staphylococcus aureus (MRSA) and MRSA.

Methods:
Photosensitizer and light source

CIAIPc encapsulated in NE was kindly donated by the Center of
Nanotechnology and Tissue Engineers, Photobiology and Photomedicine research
Group of the University of Sdo Paulo at Ribeirdo Preto, Brazil. The NE preparation
was obtained by spontaneous emulsification as previously described (Primo et al.,
2008). Initially, the surfactants were dissolved in 10 mL of spectroscopic acetone at
55 °C under magnetic stirrer. At the same time, the phthalocyanine was dissolved
directly in Miglyol 812 N oil at 55 °C and was added to the phospholipid organic
solution at a concentration of 1.0 mg/mL. The aqueous phase was obtained by
dissolution of the biopolymer Poloxamer 188 (Sigma-Aldrich Co., St. Louis, MO,
USA) in ultra-pure water. The NE was formed by slow injection of the organic phase
into the aqueous phase under magnetic stirring (300 rpm for 30 min) at 55 °C. The
solvent was then evaporated under reduced pressure at approximately 75 °C, and the
volume of the NE was concentrated to the initial volume of the aqueous phase. The
amount of hydrophilic and lipophilic surfactants was fixed at 1% with a 1:1 weight
ratio. The photophysical, chemical and biological properties were evaluated and
presented similar response, as observed in other studies of the research (Primo et al.,
2008; Séguier et al., 2010). The final concentration of CIAIPc in the NE was 31.8 uM
and two NE with different superficial charges was developed, cationic and anionic. In
order to compare this new delivery system with the free phthalocyanine, CIAIPc was
purchased from Sigma-Aldrich (St. Louis, MO, USA) and was dissolved in DMSO to
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give a 600 mM stock solution. Before the experiments, this solution was further
diluted in PBS to obtain the same final concentration as the NE (31.8 uM).

[llumination of PS was carried out using a light system composed of red
emitting diodes (LEDs) (LXHL - PRO9; Luxeon Il Emitter; Lumileds Lighting, San
Jose, CA, USA). The LED device provided a maximum emission at 660 nm and the
irradiance delivered was of 38.1 mW/cm?.

Bacterial culture

The bacterial strains used in this study were obtained from the American Type
Culture Collection (ATCC; Rockville, MD, USA): MSSA (ATCC 25923) and MRSA
(ATCC 33591). Both isolates were maintained in Tryptic Soy Broth - TSB (Acumedia
Manufactures Inc., Baltimore, MD, USA) medium and frozen at -70°C until use. For
the experiments, these bacteria were individually inoculated in 5 mL of TSB and
grown aerobically overnight at 37°C. Each culture was harvested after centrifugation
at 2,000 rpm for 10 min, washed twice with sterile distilled water and resuspended in
PBS. Cell suspensions were standardized by spectrophotometer (Biospectro,
EquiparLtda, Curitiba, PR, Brazil; model: SP-220) calibrated at 600 nm wavelength to

give final concentration of 1x10” cells mL™.

Photodynamic inactivation studies in planktonic suspensions

Aliquots of 150 pL of the standardized MSSA and MRSA suspensions were
individually transferred to separate eppendorfs and centrifuged to remove the
supernatant. The cells were incubated with either the cationic and anionic NE
containing the CIAIPC or the free CIAIPc for 30 min in the dark. After this pre-
incubation time, the CIAIPC was washed out and 300 uL of PBS were added to the
cells. The samples were transferred to a 24-well plate that was placed on the LED
device for illumination at light fluences of 15 and 25 J/cm® for MSSA and 25 and 50
Jlem? for MRSA. Controls were established in order to determine whether CIAIPc
alone and its delivery systems (dark toxicity controls) or light alone (light control-
LC) induced any effect on bacteria viability. Therefore, additional wells containing
MSSA and MRSA suspensions were exposed to the drug under identical conditions to
those described above, but not to LED, and others were exposed only to irradiation. A
negative control (NC) was also established consisting of bacterial suspensions not
exposed to CIAIPc or LED.



38

The viability of the planktonic suspensions was evaluated by two methods: the
number of colony forming units per milliliter (CFU/mL) and XTT assay. For the first
method, aliquots of the contents of each well were serially diluted 10-fold in sterile
saline to give dilutions of 10" to 10 times the original concentration. Triplicate 25
uL aliquots were plated onto Mannitol Salt agar plates. All plates were aerobically
incubated at 37°C for 24 h and thereafter colony counts of each plate were quantified
(CFU/mL) using a digital colony counter (CP 600 Plus; Phoenix Dentsply Ind. e Com.
Equipamentos Cientificos Ltda., Araraquara, SP, Brazil).

The XTT assay is a metabolic assay based on the reduction of a tetrazolium
salt (XTT, Sigma-Aldrich). For this assay, 158 uL of PBS were prepared with glucose
at 200 mM, 40 pL of XTT plus 2 uL of menadione at 0.4 mM (Sigma-Aldrich) were
mixed and transferred to each well. The plates were incubated in the dark at 37°C for
3 h. After this 100 pL of the reacted XTT salt solution was transferred to a 96-well
plate and cell viability was analyzed by proportional colorimetric changes and light
absorbance measured by a microtiter plate reader (Thermo Plate - TP Reader) at 492

nm.

Biofilm growth and photodynamic inactivation studies in biofilms

Colonies of recently grown bacteria isolates on Manitol Agar were transferred
to a Falcon tube containing RPMI 1640 and incubated overnight in an orbital shaker
(AP 56, Phoenix Ind. e Com. Equipamentos Cientificos Ltda., Araraquara, SP, Brazil)
at 120 rpm and 37°C. Cultures were centrifuged, and the supernatants were discarded.
The cells were washed twice and finally resuspended in PBS. Standardized cell
suspensions were obtained as described for the planktonic cultures. The resulting
standardized suspensions were standpoint for every further procedure. Aliquots of 100
pL of MSSA and MRSA standardized suspensions were transferred to a 96-wells
microtiter plate and incubated for 90 min at 37°C in the orbital shaker at 75 rpm for
the adhesion phase. After this period, each well was washed twice with PBS and 150
uL of freshly prepared RPMI 1640 was added to each well. The plates were incubated
for 48 h at 37°C in order to generate single-species biofilms.

After this period, the wells were carefully washed twice with 200 puL of PBS
to remove non-adherent cells. Aliquots of 150 uL of CIAIPc encapsulated in NE or
free were added to each appropriate well directly over the biofilm. The

photosensitizers were left in contact with the biofilms for 30 min and then were
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washed out. Aliquots of 150 uL of PBS were added to the wells before irradiation.
The biofilms were illuminated using light fluences of 15 or 25 J/cm? for MSSA and
50 or 100 J/cm? for MRSA. The same experimental conditions described previously
to planktonic cultures were performed in biofilms. The photodynamic effects against
the biofilms were also evaluated using the XTT assay, as described previously.

Statistics

For analytical purposes, CFU/mL values were transformed into logarithm
(logip). The results collected after the evaluation of aPDT against planktonic
suspensions (log CFU/mL and XTT absorbance values) and biofilm cultures (XTT
absorbance) presented heterocedasticity. The Kruskal-Wallis and Multiple
Comparison based on pairwise ranking test were used to detect differences in
CFU/mL and XTT absorbance values among the groups. Differences were considered

statistically significant at P < 0.05.

Results
Effect of aPDT on colony counts of planktonic suspensions

The photodynamic antimicrobial effect of CIAIPc encapsulated in cationic and
anionic NE and free CIAIPc against MSSA (CFU/mL) is presented in Figure 1. The
bacterial growth was directly dependent on the delivery system used (NE or free),
superficial charge of the NE (cationic or anionic) and light fluence (15 or 25 J/cm?).
Free CIAIPc and cationic NE-CIAIPc promoted photokilling of MSSA when
irradiated with the light fluence of 25 J/cm® When combined with the light fluence of
15 J/cm?, cationic NE-CIAIPc and free CIAIPc caused 5 and 6 logy reduction of
bacterial cell survival, respectively (p<0.05). Although anionic NE-CIAIPc did not
cause photokilling of MSSA, 2 and 4 log;o reduction of bacterial cell survival was
observed when irradiated with light fluences of 15 and 25 J/cm? respectively
(p<0.05). The dark and light controls did not cause a significant decrease of bacterial
growth and only the combined use of PS and light was capable of reducing the
number of colonies.

For MRSA, the delivery system, superficial charge and light fluence also had a
direct influence on colony counts after aPDT (Figure 2). Cationic NE-CIAIPc and free
CIAIPc promoted photokilling of MRSA when illuminated with 50 J/cm?, which is
twice the light fluence required for eradication of MSSA. Illumination of both
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delivery systems with 25 J/lcm? promoted ~5 logio reduction on CFU/mL. Anionic
NE-CIAIPc in combination with the lower light fluence did not differ significantly
from the negative control (p>0.05) and caused a significant reduction of bacterial cell

survival (~1 logso) only when illuminated with the 50 J/cm? light fluence.

Effect of aPDT on XTT absorbance values of planktonic suspensions

The XTT absorbance values for MSSA are depicted in Figure 3 and they were
directly influenced by the light fluence and delivery system. The combination of
CIAIPc and light reduced cell metabolism regardless of the delivery system.
Considering the respective dark control as having 100% of cell metabolism, the
anionic NE-CIAIPc reduced MSSA metabolism by 63.5 and 93.7% when combined
with light fluences of 15 and 25 J/cm?, respectively (p<0.05). For the cationic NE-
CIAIPc, reductions of 72.5 and 86.5% in MSSA metabolism were observed with light
fluences of 15 and 25 J/cm?, respectively, considering the respective dark control as
having as 100% of cell metabolism. Illumination of free CIAIPc with light fluences of
15 and 25 Jicm? reduced MSSA metabolism by 91 and 92%, respectively. For
cationic NE-CIAIPc and free CIAIPc, the increase of light fluence did not result in
significantly greater reduction in MSSA metabolism (p>0.05) and both of them had
potential to cause a significant decrease in cell metabolism in dark conditions.
However, the reduction in XTT absorbance values observed in the controls of these
delivery systems was not sufficient to cause a significant reduction in the growth of
MSSA (Figure 1).

For MRSA, the delivery system and light fluence were decisive in the
antimicrobial effect of CIAIPc (Figure 4). Free CIAIPc presented the best results,
reducing MRSA metabolism by approximately 96 and 92% when illuminated with
light fluences de 25 and 50 J/cm? respectively, without significant difference
(p>0.05) between them. For the cationic NE-CIAIPc, significant differences (p<0.05)
were found between the light fluences; while no reduction in cell metabolism was
observed with illumination at 25 J/cm?, the 50 J/cm? light fluence reduced cell
metabolism by 70%. Anionic NE-CIAIPc also presented a light fluence-dependent
behavior, causing a significant reduction in MRSA metabolism (around 45%) only in
combination with the higher light fluence. Regarding the dark controls, only the
cationic NE-CIAIPc presented significant toxicity when compared with the negative
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control (p<0.05); the other controls did not affect significantly (p>0.05) the
metabolism of MRSA biofilms.

Effect of aPDT on XTT absorbance values of bacteria biofilms

The MSSA biofilms used in this study were mature (developed after 48 h) and
were treated with CIAIPc encapsulated in different delivery systems for an incubation
period of 30 min. The same light regimen as for the planktonic suspensions (660 nm
LED, 15 and 25 J/cm?) was used. The absorbance values (XTT assay) for MSSA are
presented in Figure 5 and they were influenced by the type of delivery system,
superficial charge and light fluence. Cationic NE-CIAIPc was the only delivery
system that presented significant dark toxicity to the biofilms (p<0.05). However,
considering the respective dark control as having 100% of metabolism, cationic NE-
CIAIPc in combination with light fluences of 25 and 50 J/cm? decreased biofilm
metabolism by 58% and 80%, respectively. Anionic NE-CIAIPc and free CIAIPc
caused a significant decrease in the metabolism of MSSA biofilms only when
irradiated with the higher light fluence - 42 and 43%, respectively.

MRSA biofilms were obtained in the same way as described for MSSA
biofilms and their absorbance values (XTT assay) are depicted in Figure 6. Regardless
of the light fluence, the cationic NE-CIAIPc was the most effective against MRSA
biofilms, reducing their metabolism by 76.5 and 73.5% when illuminated with light
fluences of 25 and 50 J/cm®. Free-CIAIPc presented an intermediate behavior and
caused a significant decrease in the metabolism of MRSA biofilms only when
irradiated with the higher light fluence (55%). The anionic NE-CIAIPc was not
capable of reducing MRSA biofilm metabolism, regardless of light fluence. The dark
and light controls did not affect negatively the absorbance values when compared
with the negative control (not exposed to CIAIPc or light), which indicates that the
reductions in the metabolism of MRSA biofilms resulted from the photodynamic
action of CIAIPc.

Discussion

The incidence of staphylococcal infections caused by antibiotic-resistant
strains has led to the development of new therapeutic modalities, such as aPDT. To
increase the success of this therapy, research has been directed on light-sensitive
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drugs with photodynamic efficiency to kill microorganisms and new delivery systems
to these drugs, which are hydrophobic compounds in most cases.

Among the second-generation PSs, the phthalocyanines are noteworthy
because of their more effective production of singlet oxygen, with higher oxidative
power compared with hematoporphyrin- and phenothiazine-derivatives. Their
chemical structure permits the association of several metals, which increases the
phototoxicity and ionic characteristics of these drugs (Tapajos et al., 2008). In
addition to their high photodynamic activity, phthalocyanines are easy to synthesize,
have rapid elimination with minimal adverse effects and are commercially available
(Kyriazi et al., 2008). In spite of these advantages, the highly hydrophobic nature of
phthalocyanines impairs their circulation in aqueous medium and increases the
possibility of aggregate formation, making necessary the use of these drugs with
organic solvents or delivery systems, such as polymeric micelles, liposomes,
nanoparticles and NE, which are mainly employed in antitumor PDT (Primo et al.,
2008; Schwiertz et al., 2009; Fadel et al., 2010; Longo et al., 2011). Most aPDT
studies have used PS in aqueous solutions either diluted directly in saline or initially
dissolved in an organic solvent, such as DMSO, and then diluted in aqueous medium,
if necessary (Dovigo et al., 2011). Although this is a viable procedure for in vitro
experiments, clinical application of phthalocyanines using this form of delivery is
difficult because saline and organic solvents are instable media, which would require
preparation of the drug at the moment of use to ensure minimal alterations of its
physical properties. Furthermore, DMSO is not an excellent delivery system for in
vivo application because it increases the permeability of the host cells to the drug,
possibly causing tissue damage and systemic effects. Among the drug delivery
systems for aPDT, NE represent an excellent option as a topical delivery system with
high capacity of penetration into the tissues (Primo et al., 2008; Rossetti et al., 2011),
better biodistribution and greater drug stability, reducing the possibility of aggregate
formation and loss of photodynamic efficiency (Zhao et al., 2009). Therefore, the
present study evaluated the phototoxic properties of CIAIPc encapsulated in cationic
and anionic NE and compared with CIAIPc diluted in organic solvent in the
photokilling of different planktonic suspensions and biofilms of S. aureus (MSSA and
MRSA).

The results obtained for the planktonic suspensions revealed photokilling of
both S. aureus strains (MSSA and MRSA) by CIAIPc encapsulated in cationic NE-
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CIAIPc or diluted in DMSO. On the other hand, anionic NE-CIAIPc caused only a 4
logio reduction of MSSA cell survival and did not cause any reduction in MRSA
CFU/mL. It is known that Gram-positive bacteria have a relatively thick cell-wall,
composed basically by peptidoglycans and negatively charged due to the residues of
teichoic acid (Lambert et al., 2002). In this way, cationic molecules have greater
affinity by the cell wall, facilitating the active transport of these drugs into the
bacterial cells (Ferro et al., 2007; Mantareva et al., 2007; Spesia et al., 2010;
Mantareva et al., 2011). Mantareva et al. (2007) evaluated the photodynamic effect of
cationic and anionic hydrosoluble zinc-phthalocyanines against MSSA and MRSA
and found that both strains were photokilled by the cationic phthalocyanine in
concentrations up to 6 puM, while the anionic phthalocyanine needed higher light
fluences to cause 3 to 4 logie reduction in S. aureus growth. A previous study
evaluating the photodynamic efficiency of a porphyrin encapsulated in neutral and
cationic liposomes showed a significant inhibition of MRSA growth only when the
cationic phospholipid carrier was used, resulting in 4.5 and 6 logso reduction when the
porphyrin was illuminated with a halogen light source for 5 and 10 min, respectively
(Ferro et al., 2007). Therefore, the superficial charge of the delivery system or even
the drug itself is determinant on the photodynamic efficiency.

In addition, the lower affinity of the anionic delivery system by bacterial cells
was influenced by removal of the excess of extracellular drug. Due to the optical
characteristics of NE, after the pre-incubation period, the excess of extracellular NE
was removed because their opaque characteristics made difficult light distribution in
the bacterial suspensions and biofilms. This means that the antimicrobial phototoxic
damages were caused exclusively by the drug that penetrated into the bacterial cells.
The influence of absorption of light-sensitive drugs by target microorganisms on the
efficiency of aPDT has been investigated in experiments with and without the drug
present during irradiation. Grinholc et al. (2010) evaluated the photokilling potential
of a protoporphyrin against MSSA and MRSA planktonic cultures and found that
washout of the PS before illumination resulted in minimal bactericidal effect. A recent
study, however, did not find significant difference in the phototoxic potential of a
chlorine to S. aureus cultures with and without washout of the PS before illumination
(Huang et al., 2011). These results indicate that the type of delivery system and PS
determine the capacity of the drug to penetrate into bacterial cell more rapidly than
host cells. The capacity of cationic NE-CIAIPc to be readily absorbed by the target
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cells, as demonstrated in the present study, is important because it limits the
phototoxic damage to the cells that absorbed this PS, without causing damage to the
subjacent normal cells.

Another interesting finding of the present study was that free CIAIPc and
cationic NE-CIAIPc presented similar results in reducing CFU/mL of MSSA and
MRSA planktonic suspensions. Tsai et al. (2009) compared two forms of
encapsulation of hematoporphyrin (liposomes and polymeric micelles) and its free
form (dilution in saline) in the photoinactivation of Gram-positive pathogens. The
authors reported that photokilling was more effective when liposomes and polymeric
micelles were used with porphyrin at lower concentrations. However, the three
delivery systems had the same behavior when higher concentrations of porphyrin
were used. Therefore, it may be speculated that the concentration used in the present
study was sufficiently high to cause photoinactivation of the bacteria, as similar
results were obtained for free CIAIPc and cationic NE-CIAIPc.

In the present study, in addition to the delivery system and superficial charge,
the light fluence also influenced the aPDT efficiency. For both S. aureus strains, only
the higher light fluence caused photokilling of the planktonic suspensions. For MSSA,
photokilling of the microorganisms was observed when the cationic NE-CIAIPc and
free CIAIPc were illuminated with a light fluence of 25 J/cm?. Even for the anionic
NE-CIAIPc, illumination with the higher light fluence resulted in a 4 log;o reduction
of bacterial cell survival, while a reduction of only 2 log;o was observed with the
lower light fluence. For MRSA, twice the light fluence (50 J/cm?) was necessary to a
full photodynamic inactivation of this strain compared with MSSA. This higher
resistance of MRSA to aPDT has been demonstrated (Grinholc et al., 2008; Tsai et
al., 2009). Grinholc et al. (2008) reported that although no association was established
between antibiotic resistance and photoinactivation, the results demonstrated that the
different MRSA strains were less susceptible to aPDT than the MSSA strains. Tsai et
al. (2009) also found that the methicillin-resistant strain was more resistant to aPDT
than the MSSA, requiring a 4-fold higher concentration of hematoporphyrin to be
inactivated. The greater resistance of MRSA strains to aPDT has been related to the
capsular polysaccharide structure on the bacterial cell surface, which would limit the
penetration of the PS into the MRSA cells, reducing the toxic effects of the ROS
generated during photodynamic inactivation (Fournier et al., 1989).
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In addition to the photodynamic effect of CIAIPc on survival counts
(CFU/mL) of MSSA and MRSA planktonic suspensions, the metabolism of the
bacterial suspensions after aPDT was also evaluated using the XTT assay, which is
based on MTT salt reduction by the active electron transport system of bacteria
(Roslve & King, 1993). For MSSA, both forms of NE encapsulation and free CIAIPc
resulted in accentuated reduction of cell metabolism, regardless of the light fluence
used for irradiation of the drug. For MRSA, however, a significant reduction of
bacterial cell metabolism was observed only when the higher light fluence (50 J/cm?),
except for free CIAIPc, which also reduced cell metabolism by approximately 96%
when illuminated with the light fluence of 25 J/cm?. These results show that aPDT
caused an initial alteration in the active electron transport of on cell membrane
responsible for bacterial respiration. The results of the XTT assay showed that the
cationic NE-CIAIPc and free CIAIPc presented a significant dark toxicity to MSSA
planktonic suspensions, and only the cationic NE-CIAIPc was toxic in the dark to the
MRSA planktonic suspensions.

Higher toxicity of cationic molecules, either the PS or the delivery system, has
been previously reported (Schwiertz et al., 2009; Kussovski et al., 2009; Bourré et al.,
2010). Kussovski et al. (2009) evaluated the effect of cationic phthalocyanines against
Gram-negative bacteria, and found photokilling of Aeromonas when one of the
phthalocyanines was used at a concentration above 2 uM. Bourré et al. (2009)
reported that porphyrin at concentrations above 1 uM was also toxic when conjugated
with a peptide, causing a ~3 to 6 logso reduction in CFU/mL counts of Gram-positive
species, such as S. aureus. This higher toxicity of cationic molecules is related to their
potential to bind more rapidly to microorganisms and alter the properties of their
plasma membrane.

Regarding the biofilms, cationic NE-CIAIPc produced the best results,
reducing the cell metabolism by around 80% and 76.5%, for MSSA and MRSA,
respectively. Biofilms are structures formed by microorganisms involved by an
extracellular polymer matrix and represent the most common form of bacterial
organization in the nature (Chandra et al., 2001). This polymer matrix reduced the
permeation of antibacterial agents, increasing bacterial resistance and persistence of
infections, and therefore, a number of strategies have been proposed to increase the
permeability of biofilms to antimicrobial agents and PSs used in aPDT (Pereira
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Gonzales & Maisch, 2012). Sharma et al. (2008) evaluated the effect of pretreatment
with the chelating agent EDTA on the photoinactivation of staphylococcal biofilms,
and found that this agent increased aPDT efficiency against S. epidermidis by
disrupting the biofilm structure and reducing bacterial cell counts, but it did not
improve the photodynamic action against S. aureus biofilms (Sharma et al., 2008). A
recent study evaluated the antimicrobial photodynamic potential of different types of
cationic gallium-phthalocyanines (GaPc) against biofilms of Gram-positive and
Gram-negative bacteria and fungi (Mantareva et al., 2011). The time of formation of
the biofilms was only 18 h, representing an intermediate stage and they were treated
with GaPc at 6 pM and LED light at 50 J/cm?. The aPDT caused photokilling of the
fungal biofilms and maximum 1 to 2 logi reduction on in the counts of viable
colonies of the bacterial biofilms. The authors suggested that because of the longer
time required for replication of fungal cells, the period of 18 h resulted in fungal
biofilms with a smaller number of microorganisms when compared with the bacterial
biofilms, which were more resistant. Although complete reduction of biofilm
metabolism was not achieved, aPDT with cationic NE-CIAIPc appeared as a good
option as it reduced the metabolism of both S. aureus biofilms. In addition, it is
known that singlet oxygen, a product of the photodynamic reaction, also acts on the
extracellular matrix polysaccharides (Pereira Gonzales & Maisch, 2012), causing
disruption of this structure and facilitating the action of other therapies used in
combination with aPDT. The cationic NE-CIAIPc presented promising results for the
photokilling of planktonic and biofilm cultures of MSSA and MRSA, offering greater
stability to the drug for clinical application and greater permeation of biofilms with a

more efficient action against the microorganisms.
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Figures

Figure 1. Line graphic representation of mean values and standard deviation of
logarithmic of survival counts (CFU/mL) of MSSA planktonic suspensions according
to the light dose (0, 15 or 25 J/cm?) and drug delivery system (free, anionic or
cationic NE- CIAIPc).

Figure 2. Line graphic representation of mean values and standard deviation of
logarithmic of survival counts (CFU/mL) of MRSA planktonic suspensions according
to the light dose (0, 15 or 25 J/cm®) and drug delivery system (free, anionic or
cationic NE- CIAIPc).
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Figure 3. Box-plot graphic representation of mean values and standard deviation of

absorbance values (XTT assay) obtained for the MSSA planktonic cultures subjected

to the different experimental conditions. n=10.
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Figure 4. Box-plot graphic representation of mean values and standard deviation of
absorbance values (XTT assay) obtained for the MRSA planktonic cultures subjected

to the different experimental conditions. n=10.



103

Figure 5. Box-plot graphic representation of mean values and standard deviation of
absorbance values (XTT assay) obtained for the MSSA biofilms subjected to the

different experimental conditions. n=10.

Figure 6. Box-plot graphic representation of mean values and standard deviation of
absorbance values (XTT assay) obtained for the MRSA biofilms subjected to the
different experimental conditions. n=10.






4 Discussao

A Terapia Fotodindmica Antimicrobiana tem sido sugerida como
tratamento alternativo para infeccdes superficiais de mucosa e derme®, onde estdo
presentes micro-organismos susceptiveis e resistentes aos tratamentos convencionais.
Entretanto, apesar de passados 100 anos da primeira publicagédo sobre efeitos
fotodindmicos de compostos quimicos contra micro-organismos®’, a PDT com
enfoque antimicrobiano ainda se encontra em fase de experimentacdo®. Até o
momento, o0s estudos buscam determinar parametros adequados para aplicacao clinica
da PDT antimicrobiana, o que envolve avaliar diferentes fotossensibilizadores, fontes
e doses de luz, concentraces dos farmacos, e, até mesmo, sistemas para veiculagao
desses farmacos fotossensiveis. Diante disso, nossos estudos tém procurado
identificar fotossensibilizadores com atividade antimicrobiana quando associada a luz
LED, uma fonte de luz de menor custo e tecnologia mais simples comparada com a
dos aparelhos laser, facilitando a aplicacdo clinica dessa terapia®®.

Dessa forma, o objetivo do primeiro estudo (Capitulo 1) foi avaliar in
vitro o efeito fotodinamico de diferentes concentracdes de curcumina e doses de luz
LED de comprimento de onda azul (predominantemente em 455nm) na inativacédo de
suspensdes planctdnicas de bactérias gram-positivas (MSSA e MRSA). Além disso, a
partir de parametros eficazes para inativacdo destas bacterias, foram avaliados os
possiveis efeitos toxicos da PDT em cultura celular de fibroblastos. A possibilidade
de utilizar a curcumina como fotossensibilizador advém de sua atividade

antimicrobiana mesmo na auséncia de luz. Wang et al.®

observaram que a
concentragdo minima inibitoria (CMI) da curcumina contra S. aureus na auséncia de
luz foi de 62,5 mg/L. Outro estudo avaliou a agdo antifingica da curcumina e
observou que a CMI contra diferentes cepas de Candida spp. variou de 32 a 256
mg/L>. Sharma et al.®®, comparando a inativacdo f(ngica pela curcumina em
diferentes meios, verificaram inibicdo do crescimento flngico em meio liquido a
partir de 185 mg/L, enquanto que maiores concentragdes foram necessérias (296-370
mg/L) para inibi¢do de crescimento do fungo em meio solido.

No entanto, quando associada a luz, a curcumina tem seu efeito
antimicrobiano potencializado, requerendo concentragfes em ordem de micromolar

para causar fotoinativacdo de micro-organismos, como observado no Capitulo 1. Os

* Dados originais apresentados no Apéndice referente ao Capitulo 1
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resultados demonstraram que a curcumina associada a luz azul causou efeitos toxicos
em ambas as cepas de S. aureus, sendo esse efeito dependente da concentracdo de
curcumina, da dose de luz empregada e da cepa avaliada. A concentracdo de 5 uM
associada a menor dose de luz (18 J/cm?) promoveu completa inativacio do MSSA,
sendo que as concentragdes inferiores (0,1; 0,5 e 1 uM) causaram uma reducédo dose-
dependente significativa do ndmero de col6nias (CFU/mL). Essa capacidade da
curcumina em inativar bactérias quando associada a luz ja foi previamente descrita em
alguns estudos'’**™. Haukvik et al.* observaram que a concentracéo de 2,5 pM foi
suficiente para inativar completamente bactérias Gram positivas, sendo que uma
concentracdo de 25 UM foi necesséria para inativar a E. coli. A fototoxicidade contra
micro-organismos é mediada pelos estados excitados da curcumina e/ou produtos
provenientes de reacdo com oxigénio durante o periodo de irradiacdo®. Dessa forma,
a luz é responsavel por excitar a curcumina a um estado triplo, resultando em
transferéncia de energia ou de elétrons para o oxigénio molecular o que resulta na
formacao de EROs, responséveis pelos danos as células dos micro-organismos’®.

Os resultados também demonstraram que para inativacdo da cepa
resistente do S. aureus, uma maior concentracdo de curcumina (20 uM) e dose de luz
(37,5 Jicm?) foram necessarias. Dessa forma, a cepa resistente & meticilina também
apresentou-se mais resistente a PDT, sendo necessaria uma concentracdo 4 vezes
maior para sua completa inativacdo. Estudos recentes também observaram serem
necessarias maiores concentracdes de FS para completa inativacdo do MRSA quando
comparadas a cepas de MSSA?*3%®2 Grinholc et al.*® observaram que a resposta a
PDT néo foi homogénea quando comparou diferentes isolados clinicos do MSSA e
MRSA, uma vez que foi observada uma variacédo de 0 a 3 log de reducdo de UFC/mL
quando se associou uma protoporfirina a luz visivel para fotossensibilizagdo das
cepas. Esses autores observaram que o MRSA apresentou um maior nimero de cepas
resistentes a PDT quando comparadas ao MSSA, assim como observado em nosso
estudo. Tsai et al.®° também verificaram que a susceptibilidade do MRSA & PDT foi
menor quando comparado a outras cepas susceptiveis aos antibioticos (MSSA). Essa
maior resisténcia a PDT observada para espécie MRSA tem sido atribuida a presenca
de uma capsula de polissacarideos na superficie celular dessa bactéria, a qual reduz a
penetracdo do fotossensibilizador para o interior da célula e conseqlientemente reduz
os efeitos toxicos resultantes das EROs produzidas’’. Sabe-se que a PDT é um

tratamento ndo especifico e efetivo contra patdgenos susceptiveis e resistentes a
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antibioticoterapia®. Entretanto, até 0 momento, alguns estudos tém relatado que o
efeito da PDT é dependente do tipo de micro-organismo, da cepas e do isolado
clinico, de forma que existem isolados de MRSA altamente sensiveis a PDT e
isolados mais resistentes aos seus efeitos®. Em nosso estudo, as cepas ATCC
avaliadas apresentaram comportamentos distintos, uma vez que as bactérias
susceptiveis & meticilina foram mais sensiveis @ PDT quando comparados aquelas
resistentes a esse antibidtico. Dessa forma, se torna importante a avaliacdo da
susceptibilidade de micro-organismos resistentes aos tratamentos convencionais
quando submetidos a PDT para verificar a possibilidade de utilizar essa terapia no
tratamento de infecgOes superficiais nas quais a prevaléncia desses micro-organismos
tem aumentado.

Sabe-se que ao contrario dos antibiéticos que possuem um unico alvo
na célula do micro-organismo, as espécies reativas geradas pela reacdo da PDT tém
carater multifuncional, podendo danificar diversas estruturas celulares, reduzindo a
possibilidade de desenvolvimento de cepas resistentes a essa terapia>. No entanto,
esse aspecto passa a ser uma limitacdo na PDT, pois as células do hospedeiro também
sdo suscetiveis a acdo das EROs. O desafio dessa terapia € encontrar uma janela
terapéutica, na qual os micro-organismos sejam erradicados sem causar danos 0s
tecidos sadios do hospedeiro®. Dessa forma, o presente estudo também avaliou o
efeito da PDT, utilizando parametros antimicrobianos efetivos para inativacdo das
bactérias, em cultura de fibroblastos L929. Foi observada uma reducdo do
metabolismo celular dos fibroblastos de 68,1; 75,1 e 80% para a associacdo de 5, 10 e
20 uM de curcumina com LED, respectivamente. Reducédo de 66,5% da viabilidade
celular de fibroblastos de derme humana também foi verificada no estudo de Grinholc
et al.*°que avaliou a toxicidade da PDT mediada por uma porfirina. Esse mesmo
parametro foi capaz de reduzir 99,9% da viabilidade de culturas plancténicas de
MRSA®. Ainda que a reducdo do metabolismo celular tenha sido elevada em nosso
estudo, ndo foi suficiente para causar completa inibicdo da enzima desidrogenase
succinica, sugerindo que tanto MSSA quanto o MRSA foram mais susceptiveis a PDT

1.2 também obtiveram resultados

do que os fibroblastos L929. Dovigo et a
semelhantes quando aplicaram os paramentos utilizados para inativagdo de fungos
com a curcumina em cultura de macréfagos. Enquanto observou-se completa
inativacdo de suspensOes planctonicas da C. albicans, o metabolismo celular dos

macrofagos ndo foi completamente reduzido®. E importante ressaltar que os estudos
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in vitro ndo simulam todas as condic¢des presentes in vivo e ndo apresentam a resposta
de defesa do proprio organismo, como a acdo de agentes antioxidantes enddgenos, tais
como peroxidases e catalases, capazes de promover a degradacdo enzimatica das
EROs®.

De acordo com as imagens da MEV, os grupos de fibroblastos
submetidos a PDT apresentaram reducdo do nimero de células aderidas ao substrato
de vidro. Além disso, diversos restos citoplasméaticos permaneceram aderidos a
laminula, indicando rompimento da membrana citoplasmatica e sugerindo um
processo de morte celular por necrose. A localizagdo do fotossensibilizador é de
extrema importancia para a definigdo do tipo de morte celular ocorrida ap6s a PDT.
Geralmente, os fotossensibilizadores que se acumulam nas mitocéndrias ou reticulo
endoplasmatico causam apoptose; enquanto, 0s que se acumulam na membrana
plasmatica ou lisossomos predispdem as células para necrose’. Os estudos tém
indicado que a curcumina se liga preferencialmente a membrana lipidica e algumas
proteinas celulares®®. Bruzell et al.” observaram que a concentracio de 13,5 uM de
Curcumina associada a irradiacdo com luz halégena (6 J/cm?) resultou em 80% de
morte por necrose, ndo chegando a 20% a morte induzida por apoptose.

Outro fator relacionado ao potencial da curcumina como
fotossensibilizador € o meio utilizado para veicular a droga. Por ser um composto
relativamente insolUvel em agua, diferentes diluentes como acetona, dimetilsufoxide
(DMSO) e etanol, além de outras preparacdes como micelas, ciclodextrina,
lipossomos e polimeros hidrofilicos tém sido sugeridos para veicular a Curcumina’®.
O DMSO tem sido o veiculo mais utilizado para avaliar os efeitos da PDT em estudos
in vitro e tem se tornado como um controle para avaliar diversos tipos de veiculagao
de farmacos, pois apresenta excelente propriedade como solvente’”**”®. Em nosso
estudo, ao ser diluida em DMSO, a Curcumina aumentou sua solubilidade em
solugBes aquosas melhorando sua biodisponibilidade, resultando em completa
inativacdo dos micro-organismos®’. Bruzell et al.” observaram que a utilizagdo de 13,5
MM de Curcumina quando diluida em DMSO foi suficiente para redugdo de 80% da
viabilidade celular de células glandulares de rato, sendo que a mesma concentragao
quando preparada em ciclodextrina ou lipossomo ndo resultou em reducdo da

1.3 obtiveram resultados

atividade enziméatica. Da mesma forma, Haukvik et a
semelhantes aos encontrados com DMSO somente para o surfactante PEG 400, sendo

que os demais veiculos avaliados ndo resultaram em completa inativacdo da E. coli.
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Sabe-se que o DMSO n&o representa um o6timo veiculo para aplicacdo in vivo, pois
aumenta a permeabilidade aos farmacos e pode causar danos teciduais e efeitos
sistémicos. Sendo assim, sdo necessarios estudos que avaliem diferentes formas de
veiculacdo dos fotossenbilizadores hidrofébicos e que apresentem resultados téo
positivos quanto aqueles obtidos com o DMSO.

A busca por um tipo de veiculagdo mais estadvel levou ao
desenvolvimento dos Capitulos 2 e 3- juntamente com o Centro de Nanotecnologia e
Engenharia Tecidual do Departamento de Quimica da Universidade de Sdo Paulo-
Campus Ribeirdo Preto. Esse grupo tem desenvolvido novos sistemas de veiculagdo
de farmacos hidrofobos, como por exemplo, a ftalocianina, que é considerada um FS
da segunda geracdo, com maior rendimento na producdo de oxigénio singleto,
apresentando poder oxidativo aumentado quando comparado ao dos derivados da
hematoporfirina e fenotiazinicos*"®®. Apesar dessas vantagens, esses compostos sdo
altamente hidrofébicos, o que dificulta sua circulacdo em meio aquoso e aumenta a
possibilidade de formacdo de agregados®. Dessa forma, novos sistemas de
veiculacbes de farmacos que apresentem compartimentos hidréfobos para
solubilizacdo das ftalocianinas tém sido desenvolvidos, como micelas poliméricas,
lipossomos, nano-particulas e nano-emulsdes (NE)?****°% Dentre essas veiculacoes,
as nano-emulsdes representam uma opcdo de aplicacdo topica'®, e dessa forma,
podem ser empregadas em infeccBes superficiais por fungos e bactérias. Esse tipo de
veiculacdo da ftalocianina ja foi avaliada quanto ao seu potencial antitumoral e em

*9048 A ftalocianina veiculada em nano-

infeccdes de patdgenos periodontais
emulsdes apresenta alto poder de penetracéo nos tecidos>®®. Além disso, esse tipo de
veiculacdo garante melhor biodistribuicdo do farmaco, reduzindo a possibilidade de
agregacdo e reducdo da sua eficiéncia fotodindmica, além de fornecer maior
estabilidade para o mesmo®. Em geral, a maioria dos estudos de PDT tem utilizado
FS em solugdes aquosas diluidos diretamente em solugdes tampdes ou mesmo com
dissolugdo inicial em solvente organico como DMSO e depois em meio aquoso®.
Ainda que esse seja um procedimento viavel para experimentos in vitro, a aplicacao
clinica de farmacos se torna dificil uma vez que os meios sdo instaveis, exigindo que
0 FS seja preparado no momento da aplicacdo para garantir minima alteracdo nas

propriedades fisicas do mesmo. Dessa forma, a NE utilizada nesse estudo permite

* Dados originais apresentados no Apéndice referente aos Capitulos 2 e 3
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maior facilidade na aplicacdo clinica, uma vez que mantém as propriedades
fotossensibilizadoras da CIAIFt>, além disso apresenta maior viscosidade o que
favorece a aplicacéo clinica.

Os resultados apresentados nos Capitulos 2 e 3 demonstraram que a
PDT com CIAIFt foi efetiva na reducdo da viabilidade da C. albicans, MRSA e
MSSA quando em suspenséo planctonica e biofilmes. Essa redugéo foi dependente do
tipo de veiculagdo, carga superficial e dose de luz empregadas. Para a suspensdo
planctonica de C. albicans, a CIAIFt livre apresentou os melhores resultados na
reducdo do nimero de CFU/mL, uma vez que sua associa¢do com dose de luz LED de
100 J/em? resultou em completa inativagdo desse fungo. O estudo de Mantareva et
al.>® também observou completa inativacdo da C. albicans quando associou-se silicio-
ftalocianina ao LED, sendo que a germanio-ftalocianina reduziu em apenas 1 log o
crescimento do fungo. Segundo os autores, 0 grupo metalico utilizado na estrutura do
FS é importante na avaliacdo do potencial fotodinamico do farmaco, pois sao
responsaveis pelo aumento da fototoxicidade da ftalocianina e pelas caracteristicas
idnicas das mesmas®’.

Os resultados demonstraram que para as NE ndo foi observada
completa inativacdo das suspensdes plancténicas de C. albicans, entretanto a NE
catiénica associada a uma dose de luz de 100 J/cm? reduziu em cerca de 3 log o
CFU/mL. Por outro lado, foi observada completa inativacdo de ambas as cepas de S.
aureus (MSSA e MRSA) pela CIAIFt quando veiculada pela NE catidnica ou diluida
em DMSO e associadas a doses de luz de 25 e 50 J/cm?, respectivamente. Essa maior
dificuldade em inativar a C. albicans quando comparada a bactérias ja foi observada

1985 Deminova e Hamblin®, comparando trés

anteriormente por outros estudos
agentes fotossensibilizadores, verificaram que a C. albicans foi mais resistente 8 PDT
em comparag&o com as bactérias para os trés FSs avaliados. Segundo Zeina et al.®, a
celula fangica, além de ser eucaridtica, é cerca de 25 a 50 vezes maior que a célula
bacteriana. A inativacdo da C. albicans com a PDT é um processo mdltiplo e
complexo, no qual a saturacdo de mais de um componente celular é necessario para
causar a morte, ao contrario das bactérias cujo processo é mais simples. Como a
efetividade da PDT é dependente da formacdo de EROs e oxigénio singleto, uma
maior quantidade desses componentes deve ser produzida para atuar em uma célula de

maior tamanho e que possui uma variedade de alvos, inclusive uma barreira adicional
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como a membrana nuclear'®. Dessa forma, para inativar espécies de Candida sdo
necessarios uma maior concentracdo de FS e uma maior dose de luz.

A NE anionica associada a maior dose de luz avaliada para cada micro-
organismo resultou em apenas reducéo de 4 log para 0 MSSA, e ndo causou nenhuma
reducdo nos valores de CFU/mL do MRSA e C. albicans. Essa maior eficiéncia de
farmacos cationicos ja foi demonstrada em estudos anteriores *>°*. Cormick et al.*®
avaliaram a acdo fotodinamica de porfirinas catidnicas e anionicas em suspensodes de
C. albicans e verificaram que a porfirina anionica ndo apresentou nenhum potencial
antimicrobiano mesmo ap6s 3 horas de irradiacdo, o que foi confirmado pela menor
fluorescéncia no interior das células fangicas evidenciando baixa afinidade desse FS
pela célula fangica. Ja a porfirina catidnica se ligou rapidamente a C. albicans,
atingindo uma concentragdo maxima ap6s 30 minutos de contato com o fungo
resultando em uma reducdo de 5 log quando associada a luz. Outro estudo avaliando o
potencial fotodindmico antimicrobiano de zinco-ftalocianinas, catiénica e anionica,
observou que mesmo na concentragdo mais alta (6 pM) associada a uma dose de luz
de 60 J/cm?, a ftalocianina anidnica ndo promoveu danos fototdxicos em suspensdes
de C. albicans, sendo que a cationica resultou em completa inativacdo com dose de
luz mais baixa®*. J& para 0 MSSA e MRSA, observou-se que ambas as cepas foram
completamente inativadas pela ftalocianina catiénica na concentragéo até 6 uM, sendo
que para a ftalocianina anionica, doses de luz maiores foram necessarias para causar
reducdo de 3 a 4 log no crescimento do S. aureus®. Essa maior afinidade por
fotossensibilizadores ou mesmo veiculos com superficie de carater cationico é
resultado da interagdo com a superficie externa da parede celular dos fungos e
bactérias. A parede bacteriana Gram-positiva é relativamente espessa constituida
basicamente por peptideoglicanos e negativamente carregada devido aos residuos de
4cido teicoico*’. Ainda, a parede celular f(ingica também possui uma carga residual
negativa. Sendo assim, moléculas catibnicas possuem maior afinidade pela parede
celular, facilitando o transporte ativo desses farmacos para o interior das células
bacterianas e fangicas®"*""*. Além disso, como a parede celular fornece estrutura para
célula dos micro-organismos além de protecdo contra o meio externo, os farmacos
devem ser capazes de atravessar essa barreira e atingir os compartimentos celulares
internos a fim de promover danos celulares™. Dessa forma, as cargas superficiais s&o

de extrema importancia para resultados efetivos na PDT, e as NE possibilitaram a
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alteracdo nas propriedades do FS, como a carga da superficie, 0 que resultou em
melhores efeitos fotodinamicos.

Essa menor afinidade do veiculo aniénico pelas células bacterianas e
fangicas foi influenciada pela remoc¢édo do excesso extracelular do farmaco. Devido as
caracteristicas Opticas da NE, houve a necessidade de remover a mesma apds o
periodo de pré-incubagdo de 30 minutos, pois a sua opacidade dificultou a
distribuicdo da luz pela suspensdo dos micro-organismos. Sendo assim, somente o
farmaco absorvido pelas bactérias e fungos foi responsavel pelos danos fototoxicos
observados. A influéncia da absor¢do do FS pelo micro-organismo na efetividade da
PDT foi avaliada em experimentos realizados na presenca e auséncia do farmaco

durante a irradiacdo®’. Grinholc et al. *

avaliaram o potencial da PDT em cultura
planctonica de MSSA e MRSA utilizando uma protoporfirina que foi removida
previamente a irradiacdo e observaram que o efeito bactericida foi reduzido com a

remocao do farmaco. No estudo de Dahl et al.*’

que avaliou os efeitos toxicos da PDT
com curcumina em S. aureus foi observado que a remoc¢édo da solugéo de curcumina
antes da irradiacdo mesmo ap6s um periodo de pré-incubacao de 90 minutos resultou
em minima reducdo da UFC/mL dessa bactéria demonstrando ser necessaria a
presenca do FS durante a PDT. Dessa forma, o tipo de veiculagdo assim como as
caracteristicas do FS determinam a capacidade do mesmo ser absorvido pelo micro-
organismo. Essa capacidade da CIAIFt veiculada em NE catidnica em ser absorvida
pela a célula-alvo como demonstrado nos Capitulos 2 e 3 é importante, uma vez que
restringe os danos fototdxicos as células que absorveram esse FS, sem causar efeitos
adversos aos tecidos normais do hospedeiro.

Outro ponto interessante em nosso estudo € que os resultados de
UFC/mL obtidos para a CIAIFt livre e NE catidnica foram semelhantes para

1.8% avaliaram duas formas

suspensdo planctonica de bactérias gram-positivas. Tsai et a
de encapsulamento (lipossomos e micelas poliméricas) de uma hematoporfirina na
inativacdo de patdgenos gram-positivos e compararam com sua forma livre. Os
autores observaram que menores doses de FS foram necessarias para inativar as
bactérias quando veiculadas por lipossomos e micelas em comparagdo com a solucdo
salina. Entretanto, em concentracbes mais altas da porfirina, as trés formas de
veiculacdo apresentaram 0 mesmo comportamento. Sendo assim, especula-se a partir

dos resultados do Capitulo 3, que a concentracdo utilizada foi suficientemente alta,
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resultando em comportamento semelhante da CIAIFt quando veiculada na NE
cationica ou livre.

Além do efeito da PDT com CIAIFt no valores de UFC/mL das suspensfes
planctonicas, também foi avaliado o efeito no metabolismo bacteriano e fungico
dessas suspensodes utilizando o teste de XTT, o qual se baseia na reducdo do sal de
tetrazolium pelo sistema de transporte de elétrons ativos em bactérias e pela enzima
desidrogena em fungos®. Essa avaliacdo foi realizada imediatamente apds a PDT e
permitiu observar o efeito inicial dessa terapia sobre os micro-organismos. Para o
MSSA, ambas as NE e a CIAIFt livre quando associadas a luz resultaram em intensa
reducdo do metabolismo celular, independente da dose de luz empregada. Ja para o
MRSA, a reducdo do metabolismo foi evidenciada para todas as veiculagdes somente
quando associadas a maior fluéncia (50 J/cm?), exceto para a ftalocianina diluida em
DMSO, em que também observou-se redugdo de cerca de 96% associada a dose de
luz de 25 J/cm?. Esses resultados revelam que a PDT causou uma alteragdo inicial no
transporte de elétrons ativos da membrana celular responsaveis pela respiracao
bacteriana. Entretanto, essa alteracdo ndo foram suficientes para causar completa
inativacdo dos micro-organismos em todas as associacbes de CIAIFt e luz, o que
evidencia uma relacdo nem sempre direta dos resultados obtidos no teste XTT com 0s
valores de CFU/mL. O mesmo foi observado nas suspensdes plancténicas de C.
albicans, onde foi verificado reducdo no metabolismo celular apés a PDT com NE
catibnica, em aproximadamente de 93%. Entretanto, pela contagem de coldnias,
observou-se reducdo de aproximadamente 3 log. Sendo assim, esses dados sugerem
que os produtos gerados pela reacdo da PDT utilizando a CIAIFt veiculada nas NE
catidnica foram capazes de causar alteracGes celulares que resultaram em reducédo da
atividade mitocondrial inicial. Entretanto, essas alteragdes ndo foram suficientes para
causar morte de todas as células, pois, quando em meio de cultura propicio como o
SDA ap0s 48 horas, foi observado crescimento de algumas coldnias. Ainda assim, foi
observado que essas colonias apresentavam tamanho reduzido quando comparado ao
controle negativo, demonstrando que a PDT com a NE catidnica resultou em alteracéo
do processo de replicagéo celular e consequentemente no crescimento de colbnias da
C. albicans.

Os resultados do XTT também evidenciaram que a NE catibnica e a
CIAIFt diluida em DMSO apresentaram toxicidade no escuro para 0 MSSA, MRSA e
C. albicans quando em suspensdo plancténica. A maior toxicidade de moléculas
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catibnicas, seja o proprio FS ou mesmo o veiculo utilizado, j& foi relatado
anteriormente na literatura®*®®. Kussovski et al.** ao avaliar o efeito de ftalocianinas
catibnicas em bactérias gram-negativa, observaram inativacdo completa da
Aeromonas com concentragdo acima de 2 uM com uma das ftalocianinas avaliadas.
No estudo de Bourré et al.’, a porfirina em concentracdes acima de 1 pM quando
conjugada a um peptideo também foi toxica, reduzindo cerca de 3 a 6 log 0 nimero de
UFC/mL das espécies Gram-positivas, como o S. aureus. Essa maior toxicidade de
moléculas catidnicas esta relacionada ao seu potencial de se ligar mais rapidamente e
alterar as propriedades da membrana plasmatica dos micro-organismos. Apesar de ter
sido observada uma redugéo estatisticamente significante do metabolismo dos micro-
organismos avaliados quando em contato com a NE-catidnica e CIAIFt livre, na
avaliacdo pela contagem de coldnias (CFU/mL) n&o foi evidenciada diferencas entre o
grupo controle negativo e o grupo controle das veiculages.

A fim de verificar os possiveis efeitos na membrana plasmatica da C.
albicans promovidos pela CIAIFt, as suspensdes celulares fangicas apos a PDT foram
analisadas por citometria de fluxo utilizando o iodeto de propideo (P1), um marcador
nuclear que penetra exclusivamente nas células que tém a membrana celular
danificada. Os resultados indicaram que para todas as veiculacbes avaliadas, a
associacdo da ftalocianina com luz resultou em aumento na porcentagem de células
marcadas com PI. O grupo que foi completamente inativado (CIAIFt livre associada a
dose de luz de 100 J/cm?) apresentou a maior porcentagem de células PI positivas. O

estudo de Giroldo et al.?®

também observou danos a membrana citoplasmatica de
fungos utilizando o corante SYTOX Green e espectrofluorémetro. Esses autores
verificaram um aumento de duas vezes na fluorescéncia do grupo submetido a PDT
com azul de metileno quando comparado ao controle, sendo que nas mesmas
condi¢cdes houve reducdo de 50% do CFU/mL. No presente estudo, enquanto a
porcentagem de células marcadas por Pl para o grupo controle foi de cerca 2%, a
porcentagem para os grupos da NE cationica e CIAIFt livre foi de 34 e 49%,
respectivamente. Dessa forma, o0s resultados da citometria demonstram que a
membrana plasmatica foi alvo das espécies reativas produzidas pela reacdo da PDT e
confirmam os melhores resultados para os grupos da NE catidnica e CIAIFt livre com
maior numero de células Pl positivas, maiores redu¢des no metabolismo celular e na

determinacdo de CFU/mL.
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A investigacdo do efeito antimicrobiano da PDT em biofilmes é de
extrema importancia, uma vez que é a forma mais comum de organizacdo dos micro-
organismos in vivo'. Além disso, devido a suas caracteristicas como a presenca de
matriz polimérica extracelular, os biofilmes possuem maior resisténcia a penetracdo
de agentes antimicrobianos e consequentemente aos farmacos fotossensiveis®. Na
presente pesquisa, a utilizacdo de nanoemulsdes teve como objetivo aumentar a
estabilidade do farmaco e permitir maior penetracdo da CIAIFt no biofilme. De
acordo com os resultados obtidos, a NE cationica associada a dose de luz de 100
Jlem? apresentou os melhores resultados para os biofilmes f(ingicos promovendo
reducdo de cerca de 70% do metabolismo celular. Para os biofilmes bacterianos, a
CIAIFt veiculada na NE catidnica também apresentou os melhores resultados,
reduzindo cerca de 80% o metabolismo celular dos biofilmes de MSSA e de 76,5% 0s
de MRSA. O estudo de Mantareva et al.”® demonstrou que a silicio-ftalocianina (SiPc)
e germanio-ftalocianina (GePc) apresentaram uma penetracdo incompleta nos
biofilmes de C. albicans, sendo que somente a SiPc promoveu reducéo significativa
do CFU/mL quando utilizou-se uma dose de luz 150 J/cm? fracionada em trés vezes.
Estudo recente avaliou dois diferentes tipos de galio-ftalocianinas (GaPc) catidnicas
qguanto ao potencial fotodindmico antimicrobiano em biofilmes de bactérias gram-
positivas e negativas e fungos. Os biofilmes foram formados pelo periodo de 18
horas, caracterizando um biofilme em fase intermediaria e depois formam submetidos
a PDT com 6 pM de GaPc irradiados por 50 J/cm?. Observou-se completa inativacio
de biofilme fungico e reducdo maxima de 1 a 2 log na UFC/mL para os biofilmes
bacterianos. Os autores sugeriram que devido ao maior tempo necessario para
replicacéo das celulas fungicas, o periodo de 18 horas resultou em menor numero de
células para um biofilme fungico quando comparado ao bacteriano, o qual por esse
motivo foi mais resistente. Ainda que ndo tenha sido observada completa reducdo do
metabolismo dos biofilmes, a PDT com CIAIFt encapsulada em NE catibnica
apresentou-se como uma possibilidade uma vez que reduziu significativamente o
metabolismo celular bacteriano e fungico dos biofilmes. Além disso, sabe-se que o
oxigénio singleto, produto da reacdo fotodinamica, atua também nos polissacarideos
que comp&em a matriz extracelular®’, o que pode levar a uma ruptura dessa estrutura
facilitando a a¢do de outros farmacos quando utilizados em associa¢do com a PDT.

Como demonstrado pela microscopia confocal, foram observados
diferentes padrfes de penetracdo da CIAIFt no interior dos biofilmes com os veiculos



116

avaliados. A CIAIFt livre apresentou maior fluorescéncia ao redor e no interior das
hifas do que das leveduras. Essa maior suscetibilidade das hifas a PDT também foi

observada por Jackson et al.®

e foi atribuida as alteracGes celulares ocorridas durante
a transformacgdo da levedura a hifa. Alem disso, observou-se que as camadas mais
superficiais do biofilme apresentaram fluorescéncia mais intensa, enquanto que a
camada basal apresenta-se com menor intensidade, sugerindo que a flatocinanina livre
ndo penetrou efetivamente no interior dos biofilmes. Para a NE- catibnica, uma
melhor distribui¢do do veiculo foi observada entre hifas e leveduras, o que explica sua
maior eficiéncia em reduzir o metabolismo dos biofilmes. Entretanto, assim como
observado para o farmaco livre, as por¢des mais profundas dos biofilmes ndo foram
sensibilizados como as camadas superficiais, demonstrando a dificuldade de
penetracdo desses veiculos no interior da estrutura dos biofilmes. As imagens de
microscopia confocal obtidas apds a aplicacdo da NE- anidnica, revelam intensa
fluorescéncia nas camadas basais dos biofilmes de C. albicans, indicando que esse
veiculo foi capaz de penetrar mais profundamente no interior dessa estrutura.
Entretanto, também foi observada auséncia de fluorescéncia no interior e ao redor das
leveduras e hifas, sugerindo que as células fungicas ndo absorveram a ftalocianina
veiculada por NE-anidnica. Dessa forma, essas imagens da microscopia confocal
complementaram os resultados obtidos no teste XTT, onde ndo foi observada reducgéo
do metabolismo dos biofilmes de C. albicans quando se utilizou a veiculacdo anidnica
para a CIAIFt.

Assim, a partir dos resultados obtidos no presente estudo, verificou-se o efeito
fotodinamico da CIAIFt foi dependente da veiculacdo do farmaco, da carga da
veiculacdo e da dose de luz empregada. A CIAIFt encapsulada na NE catidnica
apresentou resultados promissores na inativacdo de C. albicans, MSSA e MRSA
quando em culturas planctonicas e biofilmes. Esse tipo de veiculagcdo oferece maior

estabilidade para o farmaco em sua aplicacéo clinica.






5 Conclusao

Com base nas condi¢cfes experimentais, e considerando as limitagfes
do presente estudo, foi possivel concluir que:

1. A associacdo de 5, 10 e 20 uM de curcumina com 18, 25 e 37,5
Jlem? de luz promoveu a completa inviabilizacdo de uma cepa ATCC de S. aureus
susceptivel & meticilina (MSSA) em suspensdes planctonicas.

2. Somente a associacdo de 20 uM de curcumina com 37,5 J/cm? de
luz promoveu a completa inviabilizacdo de uma cepa ATCC de S. aureus resistente a
meticilina (MRSA) em suspensdes planctonicas.

3. O protocolo utilizado para inativagdo do MRSA reduziu
significativamente o metabolismo de uma cultura celular de fibroblastos, em cerca de
80%.

4. O efeito fotodindmico antimicrobiano da cloro-aluminio ftalocianina
foi influenciado diretamente pelo tipo de veiculo utilizado (livre ou em NE), carga
superficial das NE e dose de luz empregada.

5. A CIAIFt livre inativou completamente suspensdes plancténicas do
fungo C. albicans quando associada a 100 J/cm?, e nesses mesmos parametros causou
reducdo do metabolismo das células plancténicas em 99,5%. Para as cepas
bacterianas, também foi observada completa inativacdo do MSSA e MRSA quando
associou-se a CIAIFt livre as doses de luz de 25 e 50 J/cm?, respectivamente.

6. A CIAIFt veiculada na nanoemulsdo cationica quando associada a
dose de luz de 100 J/cm? causou reducdo significativa tanto de UFC/mL (~ 3.1 log)
quanto do metabolismo celular em cerca de 92,3% do fungo C. albicans. Para as
bactérias, a NE catidnica inativou completamente as suspens@es plancténicas do
MSSA e MRSA quando associada as doses de luz de 25 e 50 J/cm?, respectivamente.

7. Para os biofilmes de C. albicans, a CIAIFt veiculada na
nanoemulsdo cationica apresentou os melhores resultados, reduzindo o metabolismo
do biofilmes em 70%. Da mesma forma, a NE cationica reduziu em cerca de 80 e
76% o metabolismo dos biofilmes de MSSA e MRSA, respectivamente.

8. A CIAIFt veiculada na nanoemulsdo ani6nica ndo apresentou
atividade antimicrobiana para o fungo C. albicans e MRSA mesmo quando associada
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as maiores doses de luz avaliadas. Por outro lado, para 0 MSSA, a NE anibnica
resultou em reducdes de 2 e 4 log quando irradiada pela dose de luz de 15 e 25 J/cm?,

respectivamente.
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7 Apéndice

Nesta secdo estdo apresentados os resultados originais obtidos por
meio das metodologias empregadas nos Capitulos 1, 2 e 3. Além disso, também estdo
descritas as andlises utilizadas para possibilitar a posterior interpretacdo dos
resultados. A descri¢do foi divida em trés partes principais, de acordo com o capitulo
onde os resultados estdo inseridos. A sequéncia utilizada para apresentagédo dos
resultados, dentro de cada capitulo, estd de acordo com a sequéncia adotada no

respectivo artigo.



7.1 Capitulo 1

A- Avaliacdo de diferentes concentracdes de curcumina sobre células plancténicas de
MSSA

Inicialmente, foram avaliadas diferentes concentragdes de curcumina
(0,1; 0,5; 1; 5; 10 e 20uM) em associacdo com diferentes doses de luz (18,0; 25,5 e
37,5 Jicm?) sobre suspensdes planctonicas de MSSA (condicBes denominadas de
C+L+). As mesmas concentragdes do FS foram avaliadas sem iluminacdo para se
determinar o possivel efeito toxico da curcumina isoladamente (condigdes
denominadas de C+L-), assim como as mesmas doses de luz foram avaliagdo sem a
presenca do FS para se determinar o possivel efeito da luz isoladamente (condigdes
denominadas C-L+). A condi¢do denominada de controle foi constituida de amostras
que ndo receberam nem FS nem luz (C-L-). Para cada condicdo avaliada, foram
realizadas cinco repeticdes, distribuidas aleatoriamente em duas diferentes ocasides de
experimentos.

Para avaliacdo da viabilidade celular das amostras, foram obtidas
diluicBes seriadas das amostras, as quais foram plaqueadas em placas de Petri
contendo o meio de cultura Manitol Salt Agar. Apds 48 horas de incubagdo a 37 °C,
as placas de Petri foram submetidas a contagem de coldnias e 0s nimeros de unidades

formadoras de coldnias (ufc/mL) foram calculados a partir da formula:

ufc/mL = ndmero de coldnias x 10"
q

Onde:
n = valor absoluto da dilui¢éo (0, 1, 2 ou 3)
g= volume (mL) pipetado em cada quadrante nas placas

Os valores originais de ufc/mL obtidos em todas as condigcOes
experimentais para 0 MSSA estdo apresentados nas Tabelas Al a A4. Como 0s
valores de ufc/mL sdo extremamente elevados, estes foram transformados em
logaritmo (de base 10) para a andlise pretendida neste trabalho. Inicialmente,
procedeu-se a andlise descritiva dos dados por meio do célculo das medidas de
resumo (tendéncia central e variabilidade). As principais medidas calculadas estdo
apresentadas nas Tabelas A5 a A8.
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Tabela Al- Valores originais de ufc/mL obtidos nas condi¢des experimentais C+L+ e
C-L+ para 0 MSSA, de acordo com a concentracdo de curcumina utilizada na dose de
luz de 18 J/cm?. Faculdade de Odontologia de Araraquara, 2012

Concentragfes de Curcumina

0 0,1 0,5 1 5 10 20
6,06E+06  4,12E+05 1,52E+04  3,40E+02 0,00E+00  0,00E+00  0,00E+00
4,94E+06  4,92E+05 1,22E+04  2,20E+02  0,00E+00  0,00E+00  0,00E+00
544E+06  4,28E+05  1,34E+04  2,00E+02 0,00E+00  0,00E+00  0,00E+00
6,40E+06  550E+05 1,48E+04 2,40E+02 0,00E+00 0,00E+00  0,00E+00
6,40E+06  5,20E+05 1,26E+04  1,60E+02 0,00E+00  0,00E+00  0,00E+00

Tabela A2- Valores originais de ufc/mL obtidos nas condig¢des experimentais C+L+ e
C-L+ para 0 MSSA, de acordo com a concentragdo de curcumina utilizada na dose de
luz de 25,5 J/cm?. Faculdade de Odontologia de Araraquara, 2012

Concentracdes de Curcumina

0 0,1 0,5 1 5 10 20
5,28E+06 5,88E+04 1,46E+04 8,00E+01 0,00E+00 0,00E+00 0,00E+00
5, 74E+06 1,72E+04 1,94E+04 4,00E+01 0,00E+00 0,00E+00 0,00E+00
6,26E+06 9,82E+04 1,26E+04 4,00E+01 0,00E+00 0,00E+00 0,00E+00
5,34E+06 5,88E+04 1,42E+04 1,00E+02 0,00E+00 0,00E+00 0,00E+00
572E+06 3,80E+04 1,22E+04 2,00E+01 0,00E+00 0,00E+00 0,00E+00

Tabela A3- Valores originais de ufc/mL obtidos nas condi¢des experimentais C+L+ e
C-L+ para o MSSA, de acordo com a concentracdo de curcumina utilizada na dose de
luz de 37,5 J/cm?. Faculdade de Odontologia de Araraquara, 2012

Concentracodes de Curcumina

0 0,1 0,5 1 5 10 20
6,14E+06 3,06E+04 1,26E+04 2,00E+01 0,00E+00 0,00E+00 0,00E+00
5,90E+06 3,00E+04 1,38E+04 1,00E+02 0,00E+00 0,00E+00 0,00E+00
6,58E+06 3,46E+04 1,40E+04 1,80E+02 0,00E+00 0,00E+00 0,00E+00
6,52E+06 3,42E+04 3,56E+04 8,00E+01 0,00E+00 0,00E+00 0,00E+00
4,84E+06 3,32E+04 2,38E+04 8,00E+01 O0,00E+00 0,00E+00 0,00E+00
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Tabela A4- Valores originais de ufc/mL obtidos nas condi¢des experimentais C+L- e
C-L- para o MSSA, de acordo com a concentragdo de curcumina utilizada, Faculdade
de Odontologia de Araraquara, 2012

Concentracgodes de Curcumina

0 0,1 0,5 1 5 10 20
568E+06 5,28E+06 5,72E+06 5,90E+06 5,64E+06 5,46E+06 6,46E+06
5,28E+06 5,18E+06 5,14E+06 5,14E+06 6,46E+06 5,28E+06 6,04E+06
5,60E+06 5,18E+06 6,02E+06 6,44E+06 5,10E+06 5,58E+06 5,84E+06
6,68E+06 5,36E+06 7,22E+06 6,04E+06 6,04E+06 5,94E+06 5,46E+06
552E+06 6,04E+06 6,82E+06 5,24E+06 5,00E+06 5,98E+06 5,06E+06

Tabela A5- Medidas de resumo, em logio (ufc/mL), calculadas para as amostras das
condicgdes experimentais C+L+ e C-L+ para 0 MSSA, de acordo com a concentragéo
de curcumina utilizada na dose de luz de 18 J/cm® Faculdade de Odontologia de

Araraquara, 2012

Medidas de Concentragfes de Curcumina
Resumo 0 0.1 0,5 1 5 10 20
Média 6,765 5,679 4,318 2,354 0,000 0,000 0,000

Mediana 6,782 5,692 4,301 2,344 0,000 0,000 0,000
Variancia 0,002 0,003 0,002 0,014 0,000 0,000 0,000

Desvio 0,049 0,054 0,043 0,119 0,000 0,000 0,000
padréo
Minimo 6,694 5,615 4,279 2,207 0,000 0,000 0,000

Maximo 6,806 5,740 4,369 2,533 0,000 0,000 0,000

Tabela A6- Medidas de resumo, em log;o (ufc/mL), calculadas para as amostras das
condicdes experimentais C+L+ e C-L+ para 0 MSSA, de acordo com a concentragédo
de curcumina utilizada na dose de luz de 25,5 J/lcm® Faculdade de Odontologia de

Araraquara, 2012

Medidas de Concentragdes de Curcumina
Resumo 0 0.1 05 1 5 10 20
Média 6,753 4,669 4,158 1,692 0,000 0,000 0,000

Mediana 6,757 4,769 4,152 1,613 0,000 0,000 0,000
Variancia 0,001 0,080 0,006 0,073 0,000 0,000 0,000

Desvio 0,030 0,283 0,080 0,271 0,000 0,000 0,000
padréo

Minimo 6,723 4,236 4,086 1,322 0,000 0,000 0,000
Maximo 6,797 4,992 4,288 2,004 0,000 0,000 0,000
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Tabela A7- Medidas de resumo, em log;o (ufc/mL), calculadas para as amostras das
condigOes experimentais C+L+ e C-L+ para 0 MSSA, de acordo com a concentragao
de curcumina utilizada na dose de luz de 37,5 J/lcm? Faculdade de Odontologia de

Araraquara, 2012

Medidas de Concentragdes de Curcumina
Resumo 0 0.1 05 1 5 10 20
Média 6,775 4,511 4,144 1,880 0,000 0,000 0,000

Mediana 6,788 4,521 4,140 1,908 0,000 0,000 0,000
Variancia 0,003 0,001 0,001 0,118 0,000 0,000 0,000

Desvio 0,054 0,028 0,033 0,343 0,000 0,000 0,000
padréo
Minimo 6,685 4477 4,100 1,322 0,000 0,000 0,000

Maximo 6,818 4,539 4,193 2,258 0,000 0,000 0,000

Tabela A8- Medidas de resumo, em logyo (ufc/mL), calculadas para as amostras das
condicOes experimentais C+L- e C-L- para 0 MSSA, de acordo com a concentragao

de curcumina utilizada. Faculdade de Odontologia de Araraquara, 2012

Medidas de Concentrag6es de Curcumina
Resumo 0 0.1 0,5 1 5 10 20
Média 6,758 6,732 6,788 6,758 6,750 6,751 6,760

Mediana 6,748 6,723 6,780 6,771 6,751 6,747 6,766
Variancia 0,002 0,001 0,004 0,002 0,002 0,001 0,002

Desvio 0,039 0,028 0,059 0,042 0,047 0,023 0,041
padréo

Minimo 6,723 6,714 6,711 6,711 6,699 6,723 6,704
Maximo 6,825 6,781 6,859 6,809 6,810 6,777 6,810

Como o objetivo principal do estudo foi de verificar qual tratamento
resultou em maior efetividade na inativacdo de MSSA, a anélise inferencial a ser
utilizada deveria possibilitar a comparagédo entre os grupos estudados. Inicialmente, os
testes de Shapiro-Wilk e Bartlett foram utilizados para a verificacdo da normalidade e
homocedasticidade dos dados, respectivamente (o = 0,05). O resultado de ambos 0s
testes indicou valores de probabilidade maiores que 0,05, confirmando que o conjunto
dos dados atendia aos pressupostos necessarios para utilizacéo de testes paramétricos.
Dessa forma, o teste estatistico empregado para comparacdo das médias dos grupos
foi a Analise de Variancia (ANOVA), ao nivel de significancia de 5%.

O resultado da ANOVA esta apresentado nas Tabela A9. E importante
notar que o tratamento de PDT mediado por 5, 10 e 20 uM de curcumina resultou em
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valores nulos de crescimento de coldnias, e, por se tratar de valores iguais a zero, este

grupo ndo foi inserido na analise inferencial.

Tabela A9- Sumario da Anélise de Variancia empregada para comparacdo das médias
dos grupos experimentais e controle do MSSA. Faculdade de Odontologia de
Araraquara, 2012

ANOVA

Fonte da variagdo SQ o] MQ F valor-P F critico
Amostra 81,0469407 3 27,0156469 1384,36026 0,000000 2,74819091
Colunas 132,480901 3 44,1603004  2262,90214  0,000000 2,74819091
Interacdes 46,8616700 9 5,20685223 266,814242 0,000000 2,02979207

A partir dos resultados obtidos pelo ANOVA, os valores de
probabilidade encontrados indicaram haver diferenca estatisticamente significativa em
pelo menos uma das médias dos grupos. Por isso, foi necessaria a utilizacdo de um
teste de comparacGes multiplas das médias (post hoc). O teste selecionado foi o teste
de Tukey, ao nivel de significancia de 5%, e os resultados estdo apresentados nas
Tabela A10.

Tabela Al10- Resultado das comparacdes multiplas entre as meédias dos grupos
experimentais e controle por meio do teste de Tukey, ao nivel de significancia de 5%.
Letras minusculas diferentes indicam diferenca significativa entre colunas, enquanto
letras maiusculas diferentes indicam diferenca significativa entre linhas. Faculdade de

Odontologia de Araraquara, 2012

Doses de luz Concentragdes de Curcumina (#M)

(I/em?) 0 0.1 0.5 1 B 10 20

0 6,76 " 6,73 "t 6,79 "t 6,76 "* 0,00 © 0,00 " 0,00
0,04 0,03 0,06 0,04 0,00 0,00 0,00

18 6,76 " 568 432 " 235 ** 0,00 © 0,00 " 0,00
0,05 0,05 0,04 0,12 0,00 0,00 0,00

255 6,75 "oa67 416 1,69 0,00 © 0,00 " 0,00
0,03 0,28 0,08 0,27 0,00 0,00 0,00

37,5 6,78 "t 451 414 1,88 0,00 © 0,00 © 0,00
0,05 0,03 0,03 0,34 0,00 0,00 0,00

* Indica inativagdo completa
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B- Avaliacdo de diferentes concentragdes de curcumina sobre células planctonicas de
MRSA

A partir dos resultados obtidos para a cepa de MSSA, foram
selecionados os melhores pardmetros para utilizagdo na cepa resistente (MRSA).
Assim, foram avaliadas as maiores concentracfes de curcumina (5; 10 e 20 uM) em
associacdo com a maior dose de luz (37,5 J/cm?) sobre suspensdes planctdnicas de
MRSA. As condi¢Bes experimentais foram denominadas de forma similar aquela
apresentada para o MSSA. Os valores originais de ufc/mL obtidos em todas as
condigdes experimentais para 0 MSSA estéo apresentados nas Tabelas A1l e Al12.

Tabela Al1- Valores originais de ufc/mL obtidos nas condigdes experimentais C+L+
e C-L+ para o MRSA, de acordo com a concentragdo de curcumina utilizada na dose

de luz de 37,5 J/cm?. Faculdade de Odontologia de Araraquara, 2012

Concentracgfes de Curcumina
0 5 10 20
1,12E+08 3,16E+03 8,80E+02 0,00E+00
1,68E+09 9,60E+02 2,00E+01 0,00E+00
6,62E+09 3,54E+03 1,20E+02 0,00E+00
3,04E+09 6,60E+02 0,00E+00 0,00E+00
5,22E+09 6,00E+02 2,00E+01 0,00E+00

Tabela A12- Valores originais de ufc/mL obtidos nas condi¢des experimentais C+L- e
C-L- para 0 MRSA, de acordo com a concentracdo de curcumina utilizada na auséncia

de luz. Faculdade de Odontologia de Araraquara, 2012

Concentragfes de Curcumina
0 5 10 20
8,28E+09 9,02E+09 8,04E+09 1,68E+09
8,20E+09 6,50E+09 5,62E+09 4,12E+09
7,68E+09 7,90E+09 3,16E+09 7,92E+09
4,42E+09 9,10E+09 3,56E+09 2,62E+09
1,14E+10 1,02E+10 1,08E+10 7,18E+09

Como os valores de ufc/mL sdo extremamente elevados, estes foram
transformados em logaritmo (de base 10) para a analise pretendida neste trabalho.
Inicialmente, procedeu-se a analise descritiva dos dados por meio do célculo das
medidas de resumo (tendéncia central e variabilidade). As principais medidas
calculadas estdo apresentadas nas Tabelas A13 a Al4.
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Tabela A13- Medidas de resumo, em logio (ufc/mL), calculadas para as amostras das
condigOes experimentais C+L+ e C-L+ para 0 MRSA, de acordo com a concentragao
de curcumina utilizada na dose de luz de 37 Jicm® Faculdade de Odontologia de

Araraquara, 2012

Medidas de Concentragdes de Curcumina
Resumo 0 5 10 20
Média 9,26 3,13 1,53 0,00
Mediana 9,48 2,98 1,32 0,00
Variancia 0,51 0,14 1,18 0,00
Desvio 0,71 0,37 1,09 0,00
padréo

Minimo 8,05 2,78 0,00 0,00
Méaximo 9,82 3,55 2,94 0,00

Tabela Al4- Medidas de resumo, em log;o (ufc/mL), calculadas para as amostras das
condicOes experimentais C+L- e C-L- para 0 MRSA, de acordo com a concentragao

de curcumina utilizada. Faculdade de Odontologia de Araraquara, 2012

Medidas de Concentracgfes de Curcumina

Resumo 0 5 10 20
Meédia 9,88 9,93 9,75 9,60
Mediana 9,91 9,96 9,75 9,61
Variancia 0,02 0,01 0,05 0,08
Desvio 0,15 0,07 0,23 0,29
padréo

Minimo 9,65 9,81 9,50 9,23
Maximo 10,06 10,01 10,03 9,90

Os testes de Shapiro-Wilk e Bartlett foram utilizados para a verificagao
da normalidade e homocedasticidade dos dados, respectivamente (a = 0,05). O
resultado de ambos os testes indicou valores de probabilidade maiores que 0,05,
confirmando que o conjunto dos dados atendia aos pressupostos necessarios para
utilizacdo de testes paramétricos. Dessa forma, o teste estatistico empregado para
comparacao das médias dos grupos foi a Analise de Variancia (ANOVA), ao nivel de
significancia de 5%. O resultado da ANOVA esta apresentado nas Tabela A15. E
importante notar que o tratamento de PDT mediado por 20 uM de curcumina resultou
em valores nulos de crescimento de col6nias, e, por se tratar de valores iguais a zero,

este grupo ndo foi inserido na analise inferencial.
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Tabela Al15- Sumario da Analise de Variancia empregada para comparacdo das
médias dos grupos experimentais e controle do MRSA. Faculdade de Odontologia de
Araraquara, 2012

ANOVA

Fonte da SQ o] MQ F valor-P
variagao

Tratamento 394,331 6 65,722 231,2639 <0,0001

A partir dos resultados obtidos pelo ANOVA, os valores de
probabilidade encontrados indicaram haver diferenga estatisticamente significativa em
pelo menos uma das medias dos grupos. Por isso, foi necessaria a utilizagcdo de um
teste de comparagdes multiplas das medias (post hoc). O teste selecionado foi o teste
de Tukey, ao nivel de significancia de 5%, e os resultados estdo apresentados na
Tabela A16.

Tabela Al6- Resultado das comparacdes multiplas entre as médias dos grupos
experimentais e controle do MRSA por meio do teste de Tukey, ao nivel de
significancia de 5%. Letras iguais ndo representam diferencas significativas entre

grupos. Faculdade de Odontologia de Araraquara, 2012

Doses de luz Concentracdes de Curcumina (uM)
(Jlem?) 0 5 10 20
0 9,886 a 9,928 a 9,748 a 9,604 a
37,5 9,26 a 3,13 b 1,53 C 0 *

* Indica inativacdo completa

C- Avaliacéo de diferentes concentragGes de curcumina sobre cultura de fibroblastos

A partir dos resultados obtidos para as cepas bacterianas, foram
selecionados os parametros efetivos para inativacdo tanto do MSSA quanto do MRSA
para utilizagdo em cultura de fibroblastos L929. Assim, foram avaliadas as maiores
concentragdes de curcumina (5; 10 e 20 uM) em associacdo com a maior dose de luz
(37,5 Jlcm?) sobre essa linhagem celular. As condicdes experimentais foram
denominadas de forma similar aquela apresentada para as bactérias. Os valores
originais de absorbancia obtidos pelo teste de MTT em todas as condicgdes

experimentais estdo apresentados nas Tabelas A17 e Al8.
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Tabela Al7- Valores originais de absorbancia obtidos nas condi¢fes experimentais
C+L+ e C-L+ para os fibroblastos L929, de acordo com a concentracdo de curcumina

utilizada na dose de luz de 37,5 J/cm?. Faculdade de Odontologia de Araraquara, 2012

Concentracgodes de Curcumina

0 5 10 20
0,273 0,071 0,091 0,048
0,266 0,084 0,073 0,055
0,240 0,099 0,075 0,051
0,243 0,064 0,056 0,065
0,265 0,060 0,057 0,026
0,247 0,111 0,048 0,042
0,360 0,144 0,112 0,098
0,341 0,126 0,071 0,097
0,307 0,091 0,073 0,072
0,284 0,096 0,104 0,058

Tabela A18- Valores originais de absorbancia obtidos nas condi¢bes experimentais
C+L- e C-L- para os fibroblastos L929, de acordo com a concentracdo de curcumina

utilizada na auséncia de luz. Faculdade de Odontologia de Araraquara, 2012

Concentracdes de Curcumina

0 5 10 20
0,290 0,251 0,357 0,260
0,268 0,270 0,256 0,293
0,269 0,302 0,264 0,254
0,258 0,254 0,245 0,271
0,300 0,250 0,245 0,234
0,266 0,274 0,254 0,249
0,372 0,305 0,340 0,340
0,355 0,306 0,325 0,282
0,349 0,295 0,379 0,336
0,325 0,349 0,337 0,279

Os testes de Shapiro-Wilk e Bartlett foram utilizados para a verificagao
da normalidade e homocedasticidade dos dados, respectivamente (a = 0,05). O
resultado de ambos os testes indicou valores de probabilidade maiores que 0,05,
confirmando que o conjunto dos dados atendia aos pressupostos necessarios para
utilizacdo de testes paramétricos. Dessa forma, o teste estatistico empregado para
comparacao das médias dos grupos foi a Analise de Variancia (ANOVA), ao nivel de
significancia de 5%. O resultado da ANOVA esté apresentado nas Tabela A19.
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Tabela A19- Sumario da Analise de Variancia empregada para comparacdo das
médias dos grupos experimentais e controles dos fibroblastos L929. Faculdade de

Odontologia de Araraquara, 2012

ANOVA

Fonte da variacéo SQ MQ F valor-P F critico
Grupos 0,86 0,12 97,45 0,000000 7
Residuos 0,07 0 0,000000 72

A partir dos resultados obtidos pelo ANOVA, os valores de
probabilidade encontrados indicaram haver diferenca estatisticamente significativa em
pelo menos uma das medias dos grupos. Por isso, foi necessaria a utilizagcdo de um
teste de comparagdes multiplas das medias (post hoc). O teste selecionado foi o teste
de Tukey, ao nivel de significancia de 5%, e os resultados estdo apresentados na
Tabela A20.

Tabela A20- Resultado das comparacdes multiplas entre as médias dos grupos
experimentais e controle dos fibroblastos L929 por meio do teste de Tukey, ao nivel
de significancia de 5%. Letras iguais ndo representam diferencas significativas entre

grupos. Faculdade de Odontologia de Araraquara, 2012

Doses de luz Concentragdes de Curcumina (M)
(Jlcm?) 0 5 10 20
0 0,3052 a 03002 a 0,2853 a 02826 a
0,0133 0,0165 0,0100 0,0131
37,5 0,2798 a 0,0947 b 0,0760 b 0,0610 b
0,0111 0,0085 0,0066 0,0073




7.2 Capitulo 2

A- Avaliacéo do efeito das diferentes veiculagbes da CIAIFt associadas as doses de
luz de 50 e 100 J/cm® nos valores de UFC/mL das suspensdes planctdnicas de C.
albicans

Inicialmente, foram avaliados diferentes veiculagdes (NE cationica,
anionica e livre) contendo a CIAIFt em uma concentracdo de 31,8 uM em associagédo
com diferentes doses de luz (50 e 100 J/cm?) sobre suspensdes planctdnicas de C.
albicans (condi¢bes denominadas PDT). O FS nas suas diferentes formas de
veiculagdo foi avaliado sem iluminacdo para se determinar o possivel efeito da
ftalocianina isoladamente (condi¢cdes denominadas de C —NE, C +NE, C CIAIPc)
assim como a maior dose de luz foi avaliada sem a presenca do FS para se determinar
0 possivel efeito da luz isoladamente (condi¢cBes denominadas LC). A condicdo
denominada de controle foi constituida de amostras que nao receberam nem FS nem
luz (NC). Para cada condi¢do avaliada, foram realizadas cinco repetic@es, distribuidas
aleatoriamente em duas diferentes ocasides de experimentos.

Para avaliacdo da viabilidade celular das amostras, foram obtidas
diluicBes seriadas das amostras, as quais foram plaqueadas em placas de Petri
contendo o meio de cultura Sabouraud Dextrose Agar contendo 5 pg/mL de
cloranfenicol (SDA). Apds 48 horas de incubacéo a 37 °C, as placas de Petri foram
submetidas a contagem de col6nias e os nimeros de unidades formadoras de col6nias
(ufc/mL) foram calculados a partir da formula ja citada anteriormente.

Os valores originais de ufc/mL obtidos ja transformados em logaritmo
(de base 10) em todas as condicdes experimentais para a C. albicans estdo
apresentados na Tabela A21. Inicialmente, procedeu-se a anélise descritiva dos dados
por meio do célculo das medidas de resumo (tendéncia central e variabilidade). As

principais medidas calculadas estdo apresentadas na Tabela A22.
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Tabela A21- Valores originais de log 1o obtidos a partir dos valores de ufc/mL nas

condicdes experimentais para a C. albicans. Faculdade de Odontologia de Araraquara,

2012
NC C- C C LC PDT 50 PDT50 PDT 50 PDT 100 PDT 100 PDT 100
NE +NE  CIAIPc -NE +NE CIAIPc -NE +NE CIAIPc
6,75 6,74 6,71 6,60 6,46 6,16 5,62 5,06 571 3,55 0
6,70 6,86 6,72 6,65 6,12 6,46 5,16 5,14 6,50 3,16 0
6,67 687 685 6,61 6,37 6,60 5,24 5,08 6,33 3,95 0
6,74 6,80 6,72 656 659 6,57 5,32 5,07 6,64 3,68 0
6,77 6,74 6,74 659 6,44 6,59 5,54 5,12 6,73 3,60 0
6,70 6,78 651 656 6,28 6,36 5,24 5,30 6,47 3,96 0
6,69 6,74 657 6,60 6,25 6,36 5,35 5,27 6,02 3,57 0
6,57 6,61 6,67 6,68 6,09 6,38 5,80 531 5,85 3,65 0
6,58 6,71 6,75 6,32 6,09 6,81 5,53 5,10 5,89 3,62 0
6,67 651 6,72 6,43 6,25 6,51 5,60 5,11 6,45 2,79 0

Tabela A22- Medidas de resumo, em log;o (ufc/mL), calculadas para as amostras das

condicOes experimentais da C. albicans, de acordo com a veiculacdo e dose de luz

utilizadas. Faculdade de Odontologia de Araraquara, 2012

Mesumo NG CMNE CONE oo L g sive  Clame  10NE e Glpe
Média 6,68 674 6,70 656 629 648 5,44 5,16 6,26 3,55 0,00
Variancia 0,004 0,012 0,000 0,012 0,029 0,032 0,043 0,010 0,130 0,120 0,000
Desvio padréo 007 011 009 0211 017 0,18 0,21 0,10 0,36 0,35 0,00
Mediana 6,69 674 6,72 6,60 627 6,49 5,44 511 6,39 3,61 0,00
Minimo 6,57 651 651 632 609 6,16 5,16 5,06 5,71 2,79 0,00
Maximo 6,77 687 685 6,68 659 681 5,80 5,31 6,73 3,96 0,00

Os testes de Shapiro-Wilk e Bartlett foram utilizados para a verificagao

da normalidade e homocedasticidade dos dados, respectivamente (a = 0,05). O

resultado de ambos os testes indicou valores de probabilidade menores que 0,05,

confirmando que o conjunto dos dados ndo atendia aos pressupostos necessarios para

utilizacdo de testes paramétricos. Dessa forma, o teste de Kruskal-Wallis, o qual se

baseia no estudo dos s que os dados ocupam quando se leva em consideracdo a

ordenacdo dos valores numéricos em funcdo dos grupos delineados, foi utilizado, ao

nivel de significancia de 5%. O teste de Kruskal-Wallis foi realizado e rejeitou a

hipétese nula (estatistica x> =96,67 com 10 graus de liberdade), que resultou em valor

de p < 10*°. Dessa forma, existem grupos com médias distintas entre si. Assim,

utilizou-se o teste de comparagGes multiplas dos postos médios, a fim de identificar
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diferencas entre os grupos experimentais. Os dados estdo apresentados na Tabela
A23.

Tabela A23- Resultado do teste de comparagdes multiplas dos postos médios dos
valores de ufc/mL das suspensbes plancténicas de C. albicans submetidas as
diferentes condicdes experimentais, ao nivel de significancia de 5%. Letras iguais ndo
representam diferencas significativas entre grupos. Faculdade de Odontologia de

Araraquara, 2012

Grupos Média de log Comparagdes
Experimentais (ufc/mL) Multiplas
NC 6,68 a
C -NE 6,74 a
C +NE 6,70 a
C CIAIPc 6,56 a,b
LC 6,29 b
PDT 50-NE 6,48 a,b
PDT 50+NE 5,44 C
PDT 50 CIAIPc 5,16 C
PDT 100-NE 6,26 b
PDT 100+NE 3,55 d
PDT 100 CIAIPc 0,00 e

B- Avaliacdo do efeito das diferentes veiculacdes da CIAIFt associadas as doses de
luz de 50 e 100 J/cm? nos valores de absorbancia obtidos pelo teste de XTT das
suspensdes planctonicas de C. albicans

As mesmas condicdes experimentais apresentadas para avaliagdo do
efeito da PDT associando a ftalocianina ao LED nos valores de ufc/mL foram
utilizadas para o teste de XTT. Os valores originais de absorbancia obtidos pelo teste
de XTT em todas as condigdes experimentais para a C. albicans estdo apresentados
na Tabela A24. Inicialmente, procedeu-se a andlise descritiva dos dados por meio do
calculo das medidas de resumo (tendéncia central e variabilidade). As principais
medidas calculadas estédo apresentadas nas Tabela A25.
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Tabela A24- Valores originais de absorbancia obtidos a partir do teste de XTT nas

condi¢des experimentais para as suspensdes plancténicas de C. albicans. Faculdade

de Odontologia de Araraquara, 2012

C- C C PDT 50- PDT PDT 50 PDT 100- PDT PDT 100
NC NE +NE  CIAIPc LC NE 50+NE CIAIPc NE 100+NE  CIAIPc
0,845 0,889 0,374 0,311 0,388 0,431 0,051 0,025 0,299 0,01 0
0,729 0,832 0,667 0,351 0,345 0,372 0,058 0 0,257 0,066 0
0,929 0,877 0,388 0,349 0,435 0,396 0,075 0,048 0,301 0,09 0
0,966 0,946 0,491 0,394 0,401 0,432 0,042 0 0,355 0,085 0
0,947 0,863 0,351 0,367 0,403 0,414 0,052 0 0,374 0,061 0,009
0,743 0,732 0,325 0,534 0,307 0,711 0,038 0,037 0,417 0,065 0,014
0,721 0,699 0,243 0,311 0,258 0,622 0,084 0,075 0,299 0,046 0,021
0,747 0,659 0,293 0,469 0,231 0,446 0,068 0,052 0,292 0,089 0
0,797 0,668 0,314 0,501 0,273 0,425 0,065 0,016 0,315 0,053 0
0,814 0,736 0,276 0,535 0,255 0,404 0,035 0,028 0,257 0,065 0

Tabela A25- Medidas de resumo de absorbancia obtidos a partir do teste de XTT,

calculadas para as amostras das condi¢Ges experimentais das suspensdes plancténicas

de C. albicans, de acordo com a veiculagéo e dose de luz. Faculdade de Odontologia

de Araraquara, 2012

Medidas de NC C- C C LC PDT 50 PDT PDT 50 PDT PDT PDT 100
resumo NE +NE CIAIPc NE 50+NE CIAIPc 100-NE 100+NE CIAIPc
Média 0824 0790 0372 0412 0330 0465 0,057 0,028 0317 0,063 0,004

Variancia 0,009 0011 0016 0008 0005 0,012 0,000 0,001 0,003 0,001 0,000
F?:SI\%% 0,094 0,03 0125 0089 0074 0,110 0,016 0025 0,051 0,024 0,008

Mediana 0806 0,784 0338 0381 0326 0,428 0,055 0,027 0,300 0,065 0,000
Minimo 0721 0659 0243 0311 0231 0372 0,035 0,000 0,257 0,010 0,000
Méximo 0,966 0946 0667 0535 0435 0,711 0,084 0075 0,417 0,090 0,021

A fim de verificar, numérica e probabilisticamente, quais grupos foram

semelhantes ou diferentes entre si, foi utilizado o teste de Kruskal-Wallis, tendo em

vista que ndo foram obtidas as caracteristicas de normalidade das variaveis, tampouco

a homogeneidade de variancias entre grupos, o que impossibilitou o uso da ANOVA

paramétrica. Considerando, portanto, a hipétese nula de igualdade de médias entre

grupos, com nivel de significancia de 5%, o teste de Kruskal-Wallis foi realizado e

observou-se valor de p < 10 (x* = 99,3034 com 10 graus de liberdade), o que levou

a clara rejeicdo da hipotese nula no nivel de significancia adotado, sendo necessaria a

complementacdo desse teste com o teste de comparag¢fes maltiplas dos postos médios
(Tabela A26).
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Tabela A26- Resultado do teste de comparacdes multiplas dos postos médios dos
valores de absorbancia das suspensdes plancténicas de C. albicans submetidas as
diferentes condicBes experimentais, ao nivel de significancia de 5%. Letras iguais nao
representam diferencas significativas entre grupos. Faculdade de Odontologia de

Araraquara, 2012

Meédia de
Grupos absorbancia Comparacoes
Experimentais (nm) Multiplas
NC 0,824 a
C -NE 0,790 a
C +NE 0,372 b,c,d
C CIAIPc 0,412 b,c
LC 0,330 cd
PDT 50-NE 0,465 b
PDT 50+NE 0,057 e
PDT 50
CIAIPc 0,028 f
PDT 100-NE 0,317 d
PDT 100+NE 0,063 e
PDT 100
CIAIPc 0,004 g

C- Avaliacdo do efeito das diferentes veiculagdes da CIAIFt associadas as doses de
luz de 50 e 100 J/cm? na porcentagem de marcacdo de células pelo fluorocromo
iodeto de propideo das suspensdes planctonicas de C. albicans

As mesmas condicdes experimentais apresentadas para avaliagdo do
efeito da PDT associando a ftalocianina ao LED nos valores de ufc/mL e absorbancia
foram utilizadas para a citometria de fluxo. Os valores originais obtidos pela
citometria de fluxo em todas as condicGes experimentais para a C. albicans estdo

apresentados na Tabela A27.
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Tabela A27- Valores originais obtidos pela citometria de fluxo nas condicgdes
experimentais para as suspensdes plactonicas de C. albicans. Faculdade de
Odontologia de Araraquara, 2012

% de % marcacao namero de células

GRUPOS eventos namero de eventos por IP marcadas por IP
NC 98,2% 9825 2,10% 207
NC 98,80% 9884 2,20% 212
NC 98,40% 9836 1,10% 114
NC 98,90% 9894 2,00% 200
NC 98,30% 9826 2,30% 234
C-NE 97,60% 9759 3,20% 308
C-NE 98,00% 9796 2,20% 220
C-NE 97,60% 9764 3,20% 318
C-NE 97,60% 9758 2,70% 266
C-NE 98,2% 9819 2,00% 203
C +NE 63,80% 6385 11,50% 1151
C +NE 65,00% 6498 17,10% 1708
C +NE 69,60% 6955 10,00% 958
C +NE 69,20% 6921 12,40% 1240
C +NE 75,8% 7580 11,30% 1132
C CIAIPc 99,50% 9952 1,70% 170
C CIAIPc 99,90% 9989 2,20% 220
C CIAIPc 99,90% 9998 1,60% 160
C CIAIPc 99,90% 9997 5,70% 572
C CIAIPc 99,90% 9997 4,20% 427
LC 94,80% 9483 1,90% 193
LC 98,40% 9838 2,70% 268
LC 98,00% 9797 2,1% 209
LC 95,80% 9576 1,50% 151
LC 98,00% 9795 2,20% 221
PDT 50-NE 97,60% 9760 5,60% 562
PDT 50-NE 98,40% 9841 7,20% 719
PDT 50-NE 98,30% 9828 5,60% 560
PDT 50-NE 98,00% 9797 9,70% 970
PDT 50-NE 98,00% 9799 7,60% 764
PDT 50 +NE 2% 7191 19,40% 1941
PDT 50 +NE 71,10% 7110 24,40% 2441
PDT 50 +NE 69,60% 6959 21,10% 2107
PDT 50 +NE 66,70% 6671 29,50% 2950
PDT 50 +NE 62,80% 6283 20,00% 2005
PDT 50 CIAIPc 99,90% 9993 10,70% 1071
PDT 50 CIAIPc 99,90% 9994 13,00% 1296

PDT 50 CIAIPc 99,90% 9998 10,80% 1085
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PDT 50 CIAIPc 99,90% 9996 10,30% 1034
PDT 50 CIAIPc 99,90% 9997 13,80% 1384
PDT 100-NE 98,80% 9876 10,30% 1031
PDT 100-NE 98,00% 9802 9,60% 959
PDT 100-NE 97,40% 9740 8,60% 855
PDT 100-NE 97,00% 9702 7,90% 792
PDT 100-NE 98,20% 9821 8,90% 886
PDT 100+NE 75,80% 7575 36,00% 3604
PDT 100+NE 82,70% 8268 33,60% 3361
PDT 100+NE 74,60% 7461 33,70% 3370
PDT 100+NE 77,40% 7741 33,70% 3369
PDT 100+NE 62,50% 6251 33,00% 3300
PDT 100 CIAIPc  99,70% 9970 51,20% 5124
PDT 100 CIAIPc  99,90% 9996 47,20% 4724
PDT 100 CIAIPc  99,70% 9968 53,50% 5348
PDT 100 CIAIPc  99,90% 9997 47,90% 4788
PDT 100 CIAIPc  99,90% 9999 44,60% 4461

Os testes de Shapiro-Wilk e Bartlett foram utilizados para a verificacdo

da normalidade e homocedasticidade dos dados, respectivamente (a = 0,05). O

resultado de ambos os testes indicou valores de probabilidade maiores que 0,05,

confirmando que o conjunto dos dados atendia aos pressupostos necessarios para

utilizacdo de testes paramétricos. Dessa forma, o teste estatistico empregado para

comparacdo das médias dos grupos foi a Analise de Variancia (ANOVA), ao nivel de

significancia de 5%. A partir dos resultados obtidos pelo ANOVA, os valores de

probabilidade encontrados indicaram haver diferenca estatisticamente significativa em

pelo menos uma das medias dos grupos. Por isso, foi necessaria a utilizacdo de um

teste de comparacGes multiplas das médias (post hoc). O teste selecionado foi o teste

de Tukey, ao nivel de significancia de 5%, e os resultados estdo apresentados nas

Tabela A28.
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Tabela A28- Resultado das comparacdes multiplas entre as médias dos grupos
experimentais dos dados da citometria de fluxo para suspensdes planctonicas de C.
albicans por meio do teste de Tukey, ao nivel de significancia de 5%. Faculdade de

Odontologia de Araraquara, 2012

Gr_upos _ m;rcjc:l:ggg Teste de
Experimentais por 1P (%) Tukey*
NC 1,94 a
C-NE 2,66 a
C +NE 12,46 b
C ClAlPc 3,08 a
LC 2,08 a
PDT 50-NE 7,14 b
PDT 50+NE 22,88 c
PDT 50 CIAIPc 11,72 b
PDT 100-NE 9,06 b
PDT 100+NE 34 d
TR ww
* letras iguais denotam médias consideradas estatisticamente semelhantes pelo teste
de Tukey (p>0,05).

D- Avaliacdo do efeito das diferentes veiculagbes da CIAIFt associadas as doses de
luz de 50 e 100 J/cm? nos valores de absorbancia obtidos pelo teste de XTT dos
biofilmes de C. albicans

Foram avaliados diferentes veiculagdes (NE catidnica, anidnica e livre)
contendo a CIAIFt em uma concentracdo de 31,8 uM em associacdo com diferentes
doses de luz (50 e 100 J/cm?) sobre os biofilmes de C. albicans (condicdes
denominadas PDT). O FS nas suas diferentes formas de veiculacao foi avaliado sem
iluminagdo para se determinar o possivel efeito da ftalocianina isoladamente
(condicbes denominadas de C —NE, C +NE, C CIAIPc) assim como a maior dose de
luz foi avaliada sem a presenca do FS para se determinar o possivel efeito da luz
isoladamente (condi¢des denominadas LC). A condigdo denominada de controle foi
constituida de amostras que ndo receberam nem FS nem luz (NC). Para cada condicao
avaliada, foram realizadas dez repeticdes, distribuidas aleatoriamente em diferentes
ocasifes de experimentos. Em todas as condig¢des experimentais, a viabilidade celular
foi avaliada por meio do ensaio de reducdo do sal de XTT. O resultado da reacéo
quimica foi medido utilizando-se o espectrofotdmetro com filtro em 492nm. Os
valores originais de absorbancia obtidos em todas as condi¢Ges experimentais estdo
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apresentados na Tabela A29. Inicialmente, procedeu-se a analise descritiva dos dados
por meio do célculo das medidas de resumo (tendéncia central e variabilidade). As
principais medidas calculadas estéo apresentadas na Tabela A30.

Tabela A29- Valores originais de absorbancia obtidos a partir do teste de XTT nas
condicOes experimentais para os biofilmes de C. albicans. Faculdade de Odontologia
de Araraquara, 2012

NC C C C Lc PDTS0- PDT  PDT50 PDT PDT PDT 100
-NE +NE CIAIPc NE 50+NE  CIAIPc  100-NE  100+NE  CIAIPc
1,351 1,580 1,035 1,049 1,308 1,767 0,802 0,990 1,281 0,396 0,935
1,372 1,555 0,914 1,337 1,320 1,772 0,806 1,158 1,193 0,386 0,993
1,400 1,567 0,571 1,344 1,288 1,743 0,730 1,001 1,319 0,384 0,921
1,268 1,515 0,628 1,356 1,258 1,726 0,723 1,088 1,215 0,364 0,882
1,303 1,561 0,652 1,347 1,283 1,642 0,753 0,974 1,319 0,377 0,884
1,300 1,702 0,879 1,348 1,282 1,728 0,816 1,085 1,380 0,470 0,894
1,376 1,673 0,868 1,400 1,311 1,712 0,787 1,025 1,203 0,424 0,798
1,322 1,651 0,660 1,392 1,281 1,749 0,749 0,988 1,255 0,390 0,871
1,272 1,683 0,823 1,427 1241 1,755 0,722 0,896 1,278 0,419 0,792
1,365 1,696 0,833 1,440 0,728 1,739 0,773 0,932 1,275 0,424 0,895
Tabela A30- Medidas de resumo de absorbancia obtidos a partir do teste de XTT,
calculadas para os biofilmes das condicGes experimentais da C. albicans, de acordo
com a veiculacdo e dose de luz utilizadas. Faculdade de Odontologia de Araraquara,
2012
Medidas de NC C-NE C C LC PDT PDT PDT PDT PDT PDT 100
resumo +NE CIAIPc 50-NE 50+NE 50 CIAIPc 100-NE 100+NE CIAIPc
Média 1,33 162 079 1,34 123 173 0,77 1,01 1,27 0,40 0,89
Variancia 0,002 0,005 0,022 0,012 0,032 0,001 0,001 0,006 0,003 0,001 0,004
Desvio
padréo 005 007 015 011 018 0,04 0,04 0,08 0,06 0,03 0,06
Mediana 1,34 162 083 135 128 174 0,76 1,00 1,28 0,39 0,89
Minimo 1,27 152 057 1,05 073 164 0,72 0,90 1,19 0,36 0,79
Méximo 1,40 1,70 104 144 132 177 0,82 1,16 1,38 0,47 0,99
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Testes foram realizados para verificagdo de normalidade e
homogeneidade de variancias visando a realizacdo de Andlise de Variancias, mas ndo
foram detectadas as condicGes necessarias e portanto, foi escolhido o teste de
Kruskal-Wallis. Sob a hip6tese nula de igualdade de todas as médias, considerando o
teste bilateral com o = 0, 05, obtivemos estatistica * = 101, 021 com 10 graus de
liberdade, indicando, assim, fortissima evidéncia de que a hipétese nula ndo é
conveniente, ou seja, que existe, pelo menos, um grupo com média distinta das
demais (valor de p < 0, 0001). Para complementar o Kruskal-Wallis, foi utilizado o
teste de postos médios (Tabela A31).

Tabela A31- Resultado do teste de comparacdes multiplas dos postos medios dos
valores de absorbancia dos biofilmes de C. albicans submetidos as diferentes
condicBes experimentais, ao nivel de significAncia de 5%. Letras iguais ndo
representam diferencgas significativas entre grupos. Faculdade de Odontologia de

Araraquara, 2012

Grupos Media de Comparacdes
Experimentais  absorbancia (nm) Multiplas

NC 1,33 a
C-NE 1,62 b
C +NE 0,79 C
C CIAIPc 1,34 a
LC 1,23 a,e
PDT 50-NE 1,73 d
PDT 50+NE 0,77 C
PDT 50 CIAIPc 1,01 g
PDT 100-NE 1,27 e
PDT 100+NE 0,40 f
PDT 100 CIAIPc 0,89 h




7.3 Capitulo 3

A- Avaliacéo do efeito das diferentes veiculagOes da CIAIFt associadas a diferentes
doses de luz e nos valores de UFC/mL das suspensdes planctonicas de MSSA e MRSA

Inicialmente, foram avaliados diferentes veiculagdes (NE cationica,
anionica e livre) contendo a CIAIFt em uma concentracdo de 31,8 uM em associagédo
com diferentes doses de luz (15 e 25 J/cm? para MSSA; e 25 e 50 J/cm? para o
MRSA) sobre suspensdes planctonicas das cepas de S. aureus (condigOes
denominadas PDT). O FS nas suas diferentes formas de veiculagéo foi avaliado sem
iluminacdo para se determinar o possivel efeito da ftalocianina isoladamente
(condicGes denominadas de C —NE, C +NE, C CIAIPc) assim como a maior dose de
luz foi avaliada sem a presenca do FS para se determinar o possivel efeito da luz
isoladamente (condi¢Ges denominadas LC). A condicdo denominada de controle foi
constituida de amostras que ndo receberam nem FS nem luz (NC). Para cada condicéo
avaliada, foram realizadas cinco repeticdes, distribuidas aleatoriamente em duas
diferentes ocasifes de experimentos. Os valores originais de ufc/mL obtidos ja
transformados em logaritmo (de base 10) em todas as condi¢bes experimentais para
MSSA e MRSA estdo apresentados nas Tabelas A32 e A33.

Tabela A32- Valores originais de log 1o obtidos a partir dos valores de ufc/mL nas
condicdes experimentais para a MSSA. Faculdade de Odontologia de Araraquara,
2012

C PDT 15- PDT PDT 15 PDT PDT PDT 25

NC C-NE C +NE CIAIPc LC NE 15+NE CIAIPc 25-NE 25+NE  CIAIPc
6,71 7,04 7,15 5,30 6,55 4,72 2,08 1,30 3,79 0,00 0,00
6,86 6,92 7,28 5,92 6,58 4,95 1,91 0,00 2,94 0,00 0,00
6,77 6,91 6,99 5,70 6,58 5,26 1,76 0,00 2,14 0,00 0,00
6,88 7,04 7,09 5,76 6,49 4,93 1,76 1,30 2,51 0,00 0,00
6,68 7,08 7,24 5,88 6,52 4,82 2,08 1,30 2,68 0,00 0,00
7,00 7,22 7,52 6,35 6,89 4,19 1,85 0,00 2,34 0,00 0,00
7,11 6,82 7,17 6,40 6,94 4,19 2,21 1,30 1,76 0,00 0,00
6,71 6,68 7,36 6,26 6,72 4,23 2,08 1,30 1,91 0,00 0,00
6,86 6,96 6,64 6,55 6,97 4,16 2,06 0,00 1,85 0,00 0,00

6,77 6,95 7,66 6,52 6,72 4,75 1,61 0,00 2,11 0,00

0,00
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Tabela A33- Valores originais de log 1o obtidos a partir dos valores de ufc/mL nas

condicdes experimentais para a MRSA. Faculdade de Odontologia de Araraquara,

2012
C C PDT 25- PDT PDT 25 PDT PDT PDT 50
NC CNE N ciape € NE 25¢NE  CIAIPc ) S0+NE CIAIPC
7,31 732 698 7,02 7,09 6,99 2,84 251 6,56 0,00 0,00
7,28 732 730 676 7,0 7,05 3,26 241 646 0,00 0,00
7,25 726 710 684 747 6,79 3,26 226 659 0,00 0,00
7,27 726 702 675 7,38 6,97 3,22 160 661 0,00 0,00
7,31 732 693 690 7,02 7,05 3,19 234 6,66 0,00 0,00
7,51 771 721 555 7,22 7,02 3,26 262 618 0,00 0,00
7,45 732 735 563 7,20 6,37 2,30 208 617 0,00 0,00
7,18 751 748 58 7,22 6,77 2,61 230 6,09 0,00 0,00
7,66 727 137 576 7,02 6,73 2,34 226 628 0,00 0,00
7,59 739 729 587 7,24 7,22 2,00 190 638 0,00 0,00
Procedeu-se a analise descritiva dos dados por meio do calculo das
medidas de resumo (tendéncia central e variabilidade). As principais medidas
calculadas estdo apresentadas nas Tabelas A34 e A35.
Tabela A34- Medidas de resumo, em logio (ufc/mL), calculadas para as amostras das
condicdes experimentais do MSSA, de acordo com a veiculagdo e dose de luz
utilizadas. Faculdade de Odontologia de Araraquara, 2012
Medidas de C PDT PDT PDT 15 PDT PDT PDT 25
resumo NC C-NE C+NE CIAIPc LC 15-NE 15+NE CIAIPc 25-NE 25+NE CIAIPc
Média 684 696 721 606 670 462 194 065 240 0,00 0,00
Variancia 0,019 0022 0080 0171 0033 0157 0,036 0470 0,380 0,000 0,000
Desvio
padrao 014 015 028 041 018 040 019 069 062 000 0,00
Mediana 682 695 721 609 665 473 198 065 224 000 0,00
Minimo 668 668 664 530 649 416 161 000 176 0,00 0,00
Méximo 711 722 7,66 655 697 526 221 130 379 0,00 0,00
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Tabela A35- Medidas de resumo, em logip (ufc/mL), calculadas para as amostras das

condi¢Bes experimentais do MSSA, de acordo com a veiculagdo e dose de luz

utilizadas. Faculdade de Odontologia de Araraquara, 2012

Medidas de C PDT PDT PDT 25 PDT PDT PDT 50
resumo NC C-NE  C+NE CIAIPc LC 25-NE  25+NE CIAIPc 50-NE  50+NE CIAIPc
Média 738 737 720 629 717 690 2,83 223 640 0,00 0,00
Variancia 0,026 0,020 0034 0365 0013 0,057 0,234 0,090 0,043 0,000 0,000
Desvio

padrao 016 014 019 060 011 024 048 030 021 000 0,00
Mediana 731 732 725 631 718 6,98 3,02 228 642 0,00 0,00
Minimo 718 7,26 693 555 7,02 637 2,00 1,60 609 0,00 0,00
Maximo 766 7,71 748 702 738 7,22 3,26 262 6,66 0,00 0,00

A fim de verificar, numérica e probabilisticamente quais sao

semelhantes ou diferentes entre si, foi utilizado o teste de Kruskal-Wallis, tendo em

vista que ndo foram obtidas as caracteristicas de normalidade das variaveis, tampouco

a homogeneidade de variancias entre grupos, o que nos impossibilita realizarmos a

ANOVA parameétrica. Considerando, portanto, a hipdtese nula de igualdade de médias

entre grupos, com nivel de significancia de 5%, o teste de Kruskal-Wallis foi utilizado

e o valor de p obtido foi de p < 107" (3* = 99,3034 com 10 graus de liberdade), o que

levou a rejeicdao da hipotese nula no nivel de significancia adotado. Dessa forma, foi

aplicado para ambas as cepas de S. aureus o teste de compara¢6es multiplas de postos

médios (Tabelas A36 e A37).
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Tabela A36- Resultado do teste de comparacdes multiplas dos postos meédios dos

valores de ufc/mL das suspensfes planctonicas do MSSA submetidos as diferentes

condigBes experimentais, ao nivel de significAncia de 5%. Letras iguais ndo

representam diferencas significativas entre grupos. Faculdade de Odontologia de

Araraquara, 2012

Grupos Meédia de Comparacdes
Experimentais log (ufc/mL) Multiplas

NC 6,84 a
C-NE 6,96 a
C +NE 7,21 a
C ClAIPc 6,06 b
LC 6,70 a
PDT 15-NE 4,62 c
PDT 15+NE 1,94 d
PDT 15 CIAIPc 0,65 e
PDT 25-NE 2,40 d
PDT 25+NE 0,00 f
PDT 25 CIAIPc 0,00 f

Tabela A37- Resultado do teste do posto médio para comparacdes multiplas dos

valores de ufc/mL das suspensfes planctonicas do MRSA submetidos as diferentes

condicdes experimentais, ao nivel de significancia de 5%. Letras iguais ndo

representam diferencas significativas entre grupos. Faculdade de Odontologia de

Araraquara, 2012

Grupos Média de log Comparacdes
Experimentais (ufc/mL) Multiplas
NC 7,38 a
C-NE 7,37 a
C +NE 7,20 a
C CIAIPc 6,29 b
LC 7,17 a
PDT 25-NE 6,90 a,b
PDT 25+NE 2,83 C
PDT 25 CIAIPc 2,23 c
PDT 50-NE 6,40 d
PDT 50+NE 0,00 e
PDT 50 CIAIPc 0,00 e
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B- Avaliacéo do efeito das diferentes veiculagGes da CIAIFt associadas as diferentes
doses de luz nos valores de absorbancia obtidos pelo teste de XTT das suspensdes
planctonicas de MSSA e MRSA

As mesmas condigdes experimentais apresentadas para avaliagédo do
efeito da PDT associando a ftalocianina ao LED nos valores de ufc/mL foram
utilizadas para o teste de XTT. Em todas as condigdes experimentais, a viabilidade
celular foi avaliada por meio do ensaio de reducdo do sal de XTT. O resultado da
reacdo quimica foi medido utilizando-se o espectrofotémetro com filtro em 492nm.
Os valores originais de absorbancia obtidos em todas as condigdes experimentais
estdo apresentados nas Tabelas A38 e A39. Inicialmente, procedeu-se a analise
descritiva dos dados por meio do calculo das medidas de resumo (tendéncia central e
variabilidade). As principais medidas calculadas estdo apresentadas nas Tabelas A40
e A4l

Tabela A38- Valores originais de absorbancia obtidos a partir do teste de XTT nas
condicdes experimentais para as suspensdes planctonicas de MSSA. Faculdade de

Odontologia de Araraquara, 2012

PDT
NG C-NE  C+NE C|§|Pc Lc 1Z-DNTE 1EEI\TE Fc’:lleTlF%f:3 I%ISE ZE+DI;II-E Féﬁf.ﬁ?
065 076 019 0142 087 0109 0186 0047 0,063 0,031 0
067 071 040 0098 086 0259 0093 0021 0204 0,051 0
064 076 0,27 013 070 0402 0,000 0035 0054 0000 0,047
055 084 023 0154 078 0229 0,047 0 0,077 0,130 0
065 0,80 008 0091 087 0503 0,000 0 0029 0049 0,051
057 085 013 0118 060 0321 0,027 0 0,012 0,000 0
061 086 007 0047 073 0355 0,41 0 0,000 0,000 0
055 0,90 010 0182 080 0381 0,035 0 0,025 0,000 0
061 092 032 0018 062 0167 0014 0 0,019 0,005 0
074 0,82 017 0126 083 0279 0,000 0 0,031 0,000 0
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Tabela A39- Valores originais de absorbancia obtidos a partir do teste de XTT nas

condicdes experimentais para as suspensdes planctonicas de MRSA. Faculdade de

Odontologia de Araraquara, 2012

NC C- C LC PDT PDT P;DST PDT PDT PDT50

NE +NE CIAIPc 25-NE  25+NE CIAIPG 50-NE  50+NE CIAIPc
0,290 0,241 0150 0,188 0,199 0,146 0,022 0,000 0,196 0,036 0,058
0,316 0,285 0,245 0,207 0,182 0,320 0,208 0,044 0,015 0,004 0,021
0,110 0,235 0,035 0231 0,271 0,312 0,201 0,009 0,248 0,000 0,031
0,266 0,270 0,051 0,171 0,241 0,198 0,189 0,012 0,231 0,113 0,027
0,115 0,238 0,197 0,229 0,223 0,299 0,131 0,009 0,156 0,021 0,024
0,219 0,221 0,234 0,173 0,286 0,309 0,193 0,000 0,166 0,000 0,000
0,048 0,250 0,123 0,192 0,189 0,363 0,222 0,000 0,147 0,011 0,000
0,203 0,215 0,140 0,224 0,398 0,231 0,268 0,000 0,000 0,000 0,000
0,295 0,204 0,075 0,2 0,569 0,233 0,170 0,000 0,177 0,154 0,000
0,343 0,287 0,249 0,208 0,218 0,329 0,133 0,000 0,012 0,090 0,000

Tabela A40- Medidas de resumo de absorbancia obtidos a partir do teste de XTT,

calculadas para as amostras das condicdes experimentais do MSSA, de acordo com a

veiculacdo e dose de luz utilizadas. Faculdade de Odontologia de Araraquara, 2012

demesmo NC_CNE CHNE oipr L€ iGle  isie Gl ooNE  25E_ Ge
Média 0625 0823 0,19 0,111 0,767 0,301 0,054 0,010 0,051 0,027 0,010
Variancia 0,004 0,004 0012 0,002 0,010 0,014 0,004 0,000 0,003 0,002 0,000
;?ae(sj\lf:'?\oo 0059 0,065 0,109 0,049 0,00 0,117 0,065 0,018 0,059 0,042 0,021
Mediana 0628 0829 0183 0,122 0,791 0,300 0,031 0,000 0,030 0,003 0,000
Minimo 0548 0,712 0,074 0,018 0,603 0,109 0,000 0,000 0,000 0,000 0,000
Méaximo 0,740 0924 0,397 0,182 0,873 0,503 0,186 0,047 0,204 0,130 0,051
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Tabela A41- Medidas de resumo de absorbancia obtidos a partir do teste de XTT,
calculadas para as amostras das condi¢Oes experimentais do MRSA, de acordo com a
veiculacdo e dose de luz utilizadas. Faculdade de Odontologia de Araraquara, 2012

Medidas de C PDT PDT PDT 25 PDT PDT PDT 50

Resumo NC C-NE C+NE _ CIAIPc LC 25-NE  25+NE  CIAIPc 50-NE 50+NE CIAIPc

Média 0,22 0,24 0,15 0,20 0,28 0,27 0,17 0,01 0,13 0,04 0,02
Variancia 0,010 0001 0,006 0,000 0,015 0,005 0,004 0,000 0,009 0,003 0,000
Eaecsi\lf}ioo 0,10 0,03 0,08 0,02 0,12 0,07 0,07 0,01 0,09 0,06 0,02
Mediana 0,24 0,24 0,15 0,20 0,23 0,30 0,19 0,00 0,16 0,02 0,01
Minimo 0,05 0,20 0,04 0,17 0,18 0,15 0,02 0,00 0,00 0,00 0,00
Méximo 0,34 0,29 0,25 0,23 0,57 0,36 0,27 0,04 0,25 0,15 0,06

Por néo preencher os requisitos de normalidade e homogeneidade, ndo
foi possivel aplicar o teste ANOVA paramétrica para avaliagdo dos valores de XTT
obtidos para os grupos experimentais em ambas as suspensdes plancténicas das cepas
bacterianas. Portanto, considerando o nivel de significancia a = 0, 05 (5%) e sob a
igualdade de médias, como hipdtese nula, obtivemos para o teste de Kruskal-Wallis
estatistica y°= 94, 5198 com 10 graus de liberdade, de modo que foi rejeitada a
hip6tese de igualdade entre médias com valor de p < 10 ™. A fim de complementar os
dados desse teste, foi utilizado compara¢6es multiplas dos postos médios (Tabelas
A42 e A43).

Tabela A42- Resultado do teste de comparacGes multiplas dos postos meédios dos
valores de absorbancia das suspensdes plancténicas de MSSA submetidas as
diferentes condic¢des experimentais, ao nivel de significancia de 5%. Letras iguais ndo
representam diferencas significativas entre grupos. Faculdade de Odontologia de

Araraquara, 2012

Grupos Média de Comparagdes
Experimentais Absorbancia (nm) Multiplas
NC 0,625 a
C -NE 0,823 b
C +NE 0,196 C
C CIAIPc 0,111 c
LC 0,767 a,b
PDT 15-NE 0,301 C
PDT 15+NE 0,054 de
PDT 15 CIAIPc 0,010 f
PDT 25-NE 0,051 d
PDT 25+NE 0,027 e
PDT 25 CIAIPc 0,010 f
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Tabela A43- Resultado do teste de comparacdes multiplas dos postos médios dos
valores de absorbancia das suspensdes plancténicas de MRSA submetidas as
diferentes condicBes experimentais, ao nivel de significancia de 5%. Letras iguais nao
representam diferencas significativas entre grupos. Faculdade de Odontologia de
Araraquara, 2012

Grupos Média de Comparacoes
Experimentais Absorbéancia (nm) Multiplas

NC 0,22 a,b
C-NE 0,24 a
C +NE 0,15 c,d
C CIAIPc 0,20 b,c
LC 0,28 a,b
PDT 25-NE 0,27 a
PDT 25+NE 0,17 c,d
PDT 25 CIAIPc 0,01 e
PDT 50-NE 0,13 d
PDT 50+NE 0,04 e
PDT 50 CIAIPc 0,02 e

C- Avaliacao do efeito das diferentes veiculacdes da CIAIFt associadas as diferentes
doses de luz nos valores de absorbancia obtidos pelo teste de XTT dos biofilmes de
MSSA e MRSA

Os mesmos grupos experimentais utilizados para as suspensdes
plactdnicas bacterianas foram reproduzidos para os biofilmes do MSSA e MRSA.
Para cada condicdo avaliada, foram realizadas dez repeticdes, distribuidas
aleatoriamente em diferentes ocasides de experimentos. Em todas as condicgdes
experimentais, a viabilidade celular foi avaliada por meio do ensaio de reducgéo do sal
de XTT. O resultado da reacdo quimica foi medido utilizando-se o espectrofotdmetro
com filtro em 492nm. Os valores originais de absorbancia obtidos em todas as
condicOes experimentais estdo apresentados nas Tabelas A44 e A45. Inicialmente,
procedeu-se a analise descritiva dos dados por meio do calculo das medidas de
resumo (tendéncia central e variabilidade). As principais medidas calculadas estdo
apresentadas na Tabela A46 e A47.
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Tabela A44- Valores originais de absorbancia obtidos a partir do teste de XTT nas

condigcOes experimentais para os biofilmes de MSSA. Faculdade de Odontologia de

Araraquara, 2012

NG C-NE CNE gipe LC iSNE 15eNE CAPe 25NE 25NE  CIAIRG
0,854 0,561 0,609 0,942 1,246 0,439 0,163 0,659 0,181 0,140 0,462
0,568 0,620 0,551 0,673 0,709 0,464 0,155 0,636 0,177 0,144 0,508
0,430 0,612 0,604 0,741 0,677 0,528 0,128 0,775 0,295 0,054 0,336
0,426 0,607 0,543 0,867 0,673 0,595 0,163 0,678 0,488 0,095 0,444
0,468 0,686 0,770 0,814 0,702 0,502 0,179 0,707 0,496 0,046 0,337
0,877 0,527 0,203 0,718 0,673 0,800 0,262 0,766 0,374 0,097 0,459
0,689 0,534 0,128 0,632 0,896 0,600 0,184 0,861 0,257 0,070 0,435
0,633 0,519 0,195 0,749 0,689 0,760 0,173 0,510 0,340 0,066 0,363
0,564 0,496 0,156 0,705 0,726 0,709 0,174 0,998 0,364 0,042 0,544
0,533 0,717 0,218 0,746 0,812 0,858 0,111 0,744 0,446 0,040 0,430

Tabela A45- Valores originais de absorbancia obtidos a partir do teste de XTT nas

condicOes experimentais para os biofilmes de MRSA. Faculdade de Odontologia de

Araraquara, 2012

NG CNE CHNE e LC ppNe  5E Gl SONE SoNE  GlARe
0,714 0,749 0,422 0,894 1,191 0,615 0,173 0,991 0,816 0,109 0,58
0,590 0,714 0,323 1,105 0,817 0,399 0,149 0,886 0,686 0,107 0,412
0,422 0,578 0,581 1,245 0,900 0,575 0,134 0,987 0,899 0,095 0,622
0,471 0,608 0,256 1,259 0,934 0,633 0,129 1,011 0,977 0,087 0,364
0,403 0,929 0,801 1,292 0,965 0,649 0,156 0,924 0,811 0,08 0,427
0,524 0,541 0,490 0,939 0,930 0,761 0,152 0,779 0,837 0,077 0,465
0,390 0,903 0,602 0,905 0,745 1,068 0,129 0,906 0,948 0,81 0,685
0,570 0,770 0,721 1,167 0,889 0,908 0,121 0,624 0,975 0,061 0,452
0,550 0,776 0,620 1,214 0,910 1,237 0,095 0,973 0,721 0,076 0,557
0,632 1,013 0,877 1,110 0,882 0,809 0,099 0,863 0,620 0,063 0,589
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Tabela A46- Medidas de resumo de absorbancia obtidos a partir do teste de XTT,

calculadas para os biofilmes das condic¢des experimentais da MSSA, de acordo com a
veiculacdo e dose de luz utilizadas. Faculdade de Odontologia de Araraquara, 2012

Meamo  NC_CMNE CMNE gup LC g\ e GPe  25NE 2o Clawe
Média 060 059 040 076 078 063 017 073 034 0,08 0,43
Variancia 0,026 0005 0057 0009 0032 0022 0002 0018 0013 0001 0005
F?aeds‘r’;‘; 016 007 024 009 018 015 004 013 012 0,04 0,07
Mediana ~ 057 058 038 074 071 060 017 073 035 0,07 0,44
Minimo 043 050 013 063 067 044 011 051 0,8 0,04 0,34
Maximo 088 072 077 094 125 08 026 1,00 050 0,14 0,54

Tabela A47- Medidas de resumo de absorbancia obtidos a partir do teste de XTT,

calculadas para os biofilmes das condi¢Ges experimentais da MRSA, de acordo com a

veiculacéo e dose de luz utilizadas. Faculdade de Odontologia de Araraquara, 2012

Medidas C PDT PDT PDT 25 PDT PDT PDT 50
de resumo NC C-NE C +NE CIAIPc LC 25-NE 25+NE ClAIPc 50-NE 50+NE ClAIPc
Média 0,53 0,76 0,57 1,11 0,92 0,77 0,13 0,89 0,83 0,16 0,52
Variancia 0,011 0,024 0,040 0,023 0,013 0,062 0,001 0,014 0,015 0,053 0,011
pD:(i\r/:;\(()) 0,11 0,16 0,20 0,15 0,12 0,25 0,02 0,12 0,12 0,23 0,11
Mediana 0,54 0,76 0,59 1,14 0,91 0,71 0,13 0,92 0,83 0,08 0,51
Minimo 0,39 0,54 0,26 0,89 0,75 0,40 0,10 0,62 0,62 0,06 0,36
Méaximo 0,71 1,01 0,88 1,29 1,19 1,24 0,17 1,01 0,98 0,81 0,69

Assim como observado para as demais analises estatisticas, os dados
ndo apresentaram normalidade e homogeneidade, de forma que foi necessaria a

aplicacdo de teste ndo-paramétricos (Kruskal-Wallis e compara¢Ges mdaltiplas dos

postos médios), Os resultados do teste de comparagdes multiplas dos postos médios
estdo apresentados nas Tabelas A48 e A49.
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Tabela A48- Resultado do teste de comparacdes multiplas dos postos medios dos
valores de absorbancia dos biofilmes de MSSA submetidos as diferentes condicGes
experimentais, ao nivel de significancia de 5%. Letras iguais ndo representam

diferencas significativas entre grupos. Faculdade de Odontologia de Araraquara, 2012

Grupos Experimentais Média de absorbancia (hm) Comparac¢des Multiplas
NC 0,60 b
C -NE 0,59 b
C +NE 0,40 c
C CIAIPc 0,76 a
LC 0,78 a
PDT 15-NE 0,63 C
PDT 15+NE 0,17 d
PDT 15 CIAIPc 0,73 a
PDT 25-NE 0,34 b
PDT 25+NE 0,08 d
PDT 25 CIAIPc 0,43 C

Tabela A49- Resultado do teste de comparacGes multiplas dos postos médios dos
valores de absorbancia dos biofilmes de MRSA submetidos as diferentes condicdes
experimentais, ao nivel de significancia de 5%. Letras iguais ndo representam

diferencas significativas entre grupos. Faculdade de Odontologia de Araraquara, 2012

Grupos Experimentais Média de absorbancia (nm)  Comparagdes Mdltiplas
NC 0,53 C
C -NE 0,76 d
C +NE 0,57 d
C CIAIPc 1,11 a
LC 0,92 b
PDT 25-NE 0,77 C
PDT 25+NE 0,13 e
PDT 25 CIAIPc 0,89 b
PDT 50-NE 0,83 b,c
PDT 50+NE 0,16 e

PDT 50 CIAIPc 0,52 d
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