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Pimentel BNAS. Microcristais de tungstato de prata, molibdato de prata e vanadato de
prata: biocompatibilidade e atividade antifungica sobre biofilme de Candida albicans
[tese de doutorado]. Araraquara: Faculdade de Odontologia da UNESP; 2022.

RESUMO

A presente tese foi dividida em dois estudos que tiveram como objetivos (1) avaliar a
citotoxicidade dos microcristais vanadato de prata (a-AgVOs; 3,9 pug/mL e 15,62
png/mL), tungstato de prata (a-Ag2WOs; 7,81 pg/mL) e molibdato de prata (B-Ag2MoQOg;
15,62 pg/mL) sobre células inflamatérias THP-1 e macréfago em monocamada, bem
como quantificar a producdo de superdxido, citocinas pro-inflamatérias e
metaloproteinases de matriz (MMP); (2) avaliar a atividade antifungica de a-AgVOs, a-
Ag2WO:4 e 3-Ag2Mo004, sobre biofilme de Candida albicans cultivados sobre modelos
de co-cultivo tridimensional (3D). A citotoxicidade e a resposta inflamatéria de a-
AgVOs, a-Ag2WO4 e 3-Ag2MoO4 foram avaliadas sobre os modelos de co-cultivo 3D.
No estudo 1, a viabilidade celular de THP-1 e macrofagos, apos 24 horas de contato
com a-AgVOs, a-AgaWO4 e (B-AgaMoOs4, foi determinada a partir do ensaio de
alamarBlue™. A producéo da espécie reativa de oxigénio (superoéxido) foi quantificada
por fluorimetria e visualizada por microscopia de fluorescéncia confocal. Ja a producgéo
de citocinas e metaloproteinases de matriz foi quantificada por citometria de fluxo e
ELISA, respectivamente. Os microcristais a-Ag2WO4, B-Ag2MoOs4 e a-AgVOs, na
concentracdo fungicida minima (CFM: 15,62 pug/mL), promoveram pequena
diminuicdo na viabilidade de THP-1 (77,3%, 69,29% e 73,96%, respectivamente). Ja
em macrofagos, apenas a-AgVOs (CFM) foi capaz de diminuir a viabilidade celular
(70,36%). Em ambas as células foram observadas producdo de superoxido. Com
relacdo as citocinas, houve aumento na producéo de IL-8 por ambas as células, bem
como aumento na produgéo de IL-18 por macréfagos. A MMP-8 néo foi detectada no
sobrenadante de THP-1 em nenhuma condicéo avaliada, enquanto a MMP-9 teve sua
producdo reduzida nas células THP-1 expostas a a-Ag2WOs e B-Ag2Mo0Os. J& 0S
sobrenadantes dos macrofagos apresentaram diminuicdo de MMP-8 e -9,
independente do microcristal ao qual a célula foi exposta. No estudo 2, um modelo de
co-cultivo 3D envolvendo trés linhagens celulares foi desenvolvido e validado. Nestes
modelos foi determinada a citotoxicidade, pelo ensaio colorimétrico MTT, de a-AgVOs,
a-Ag2WO4 e B-Ag2MoOas, nas mesmas concentracdes testadas no estudo 1. Foi
avaliada também a acdo dos microcristais sobre biofilmes de Candida albicans
crescidos sobre os modelos 3D, simulando um processo infeccioso. Além disso, a
modulacao da resposta inflamatéria foi verificada a partir da dosagem de citocinas proé-
inflamatdrias, na auséncia e na presenca dos microcristais, tanto nos modelos com
infeccdo, quanto nos modelos sem infeccdo. O modelo de co-cultivo 3D se mostrou
adequado para avaliar a biocompatibilidade de biomateriais bem como processos
infecciosos. Entre os microcristais avaliados, apenas a-AgVOs mostrou-se citotoxico,
além de néo ter sido efetivo contra o biofilme de C. albicans e ndo ter modulado a
resposta inflamatoria; a-Ag2WO4 apresentou atividade contra biofilme de C. albicans,
com reducéo de 1,5 logio, semelhante a reducéo observada no controle com a droga
padrdo (fluconazol), e induziu a producdo de IL-6, IL-8 e IL-1B; B-Ag2M0o0O4 nédo
apresentou atividade contra o biofilme de C. albicans, pesar de ter sido biocompativel
e capaz de diminuir a produgdo de TNFa nos modelos infectados. Com base nos
resultados destes estudos, a-Ag2WO4 foi considerado um material promissor no
tratamento de infeccdes por C. albicans.



Palavras chave: Teste de materiais. Candida albicans. Prata. Citocinas.
Metaloproteinases da matriz.



Pimentel BNAS. Silver tungstate, silver molybdate and silver vanadate microcrystals:
biocompatibility and antifungal activity on Candida albicans biofilm [tese de doutorado].
Araraquara: Faculdade de Odontologia da UNESP; 2022.

ABSTRACT

This present thesis was divided into two studies that aimed to (1) evaluate the
cytotoxicity of microcrystals silver vanadate (a-AgVOs; 3.9 pg/mL and 15.62 pg/mL),
silver tungstate (a-Ag2WOa4; 7.81 pg/mL) and silver molybdate (B-Ag2M0Oa4; 15.62
png/mL) on THP-1 and macrophage inflammatory cells in monolayer model, as well as
quantifying the production of superoxide, proinflammatory cytokines and matrix
metalloproteinases (MMP); (2) evaluate the antifungal activity of a-AgVOs, a-Ag2WO4
and B-Ag2Mo0O4 on Candida albicans biofilm cultivated on three-dimensional (3D) co-
culture models. The cytotoxicity and inflammatory response of a-AgVOs, a-Ag2WOa4
and 3-Ag2MoO4 were also evaluated on 3D co-culture models. In study 1, the cell
viability of THP-1 and macrophages, after being challenged with a-AgVOs, a-Ag2WO4
and B-Ag2MoOs for 24 hours, was determined using the alamarBlue™ assay. The
production of reactive oxygen species (superoxide) was quantified by fluorimetry and
visualized by confocal laser scanning microscopy. The production of cytokines and
matrix metalloproteinases was quantified by flow cytometry and ELISA, respectively.
The a-Ag2WOs4, B-AgaMoO4 and a-AgVOs microcrystals, at the minimum fungicidal
concentration (MFC: 15.62 upg/mL), promoted a small decrease in THP-1 viability
(77.3%, 69.29% and 73 .96%, respectively). In macrophages, only a-AgvVOs (MFC)
was able to decrease cell viability (70.36%). In both cells, superoxide production was
observed. Regarding cytokines, there was an increase in IL-8 production by both cells,
as well as an increase in IL-1B production by macrophages. MMP-8 was not detected
in the THP-1 supernatant in any condition evaluated, whereas MMP-9 had its
production reduced in THP-1 cells exposed to a-Ag2WO4 and B-Ag2MoOa4. Macrophage
supernatants showed a decrease in MMP-8 and -9, regardless of the microcrystals to
which cells were exposed. In study 2, a 3D co-culture model involving three cell lines
was developed and validated. In these models, the cytotoxicity of a-AgVOs, a-Ag2WO4
and B-Ag2MoOs was determined by MTT colorimetric assay, at the same
concentrations tested in study 1. The antimicrobial activity of microcrystals on C.
albicans biofilms grown on 3D models was also evaluated, simulating an infectious
process. Furthermore, the modulation of the inflammatory response was assessed by
measuring the production of pro-inflammatory cytokines, in the absence and presence
of microcrystals, in both infected and noninfected models. The 3D co-culture model
proved to be adequate to assess the biocompatibility of biomaterials as well as the
infectious processes. Among the microcrystals evaluated, a-AgVOs was cytotoxic, had
no effect against C. albicans biofilm and did not modulate the inflammatory response;
a-Ag2WO4 showed activity against C. albicans biofilm with a 1.5 logio reduction, similar
to the control with the standard drug (fluconazole). a-Ag2WO4 also induced the
production of IL-6, IL-8 and IL-1B3; B-Ag2MoO4 showed no activity against C. albicans
biofilm, despite being biocompatible and able to reduce the production of TNFa in
infected models. Based on the findings of these studies, a-Ag2WO4 appears to be a
promising material in the treatment of C. albicans infections

Keywords: Materials testing. Candida albicans. Silver. Cytokines. Matrix
metalloproteinases.
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1 INTRODUCAO

A microbiota oral € composta por bactérias e fungos que vivem em comunidade
e interagem entre si de maneira sinérgica, mutualistica ou antagobnical. Essa
microbiota oral pode ser afetada por diversos fatores, como temperatura, pH,
oscilacbes nos niveis de nutrientes e exposicdo a fatores quimicos, como
medicamentos, cremes dentais, enxaguatérios bucais, entre outros, sendo um
ambiente desafiador para os microrganismos que nele residem!. Entre os
microrganismos encontrados na cavidade oral aqueles pertencentes a Candida spp.
estdo presentes em aproximadamente 70% da populacdo saudavel, sendo Candida
albicans, um fungo comensal oportunista, a espécie de Candida mais abundante?.
Fatores que causem o desequilibrio entre os mecanismos de defesa do hospedeiro e
os fatores viruléncia de C. albicans podem resultar em colonizacdo de sitios na
cavidade oral, ocasionando lesGes como a candidose oral'.

A patogenicidade de C. albicans € influenciada por diversos fatores de
viruléncia, como a sua capacidade de mudar de forma (polimorfismo), a capacidade
de adesé@o aos tecidos, a secrecdo de enzimas hidroliticas (proeases, fosfolipases e
hemolisinas), além de sua habilidade de formar biofilmes®. C. albicans pode ser
encontrada nas formas de levedura, pseudo-hifa ou hifa (filamentar). Quando na forma
filamentar, C. albicans é responsavel pela invasédo tecidual*®’, causando infeccdes
profundas, sendo o formato de levedura importante na disseminacéo inicial e
processos infecciosos*’. O polimorfismo de C. albicans interfere no seu
reconhecimento pelas células do sistema imunologico do hospedeiro, uma vez que a
expressdo de padrbes moleculares associados a patdgenos (pathogen-associated
molecular patterns - PAMPS) varia de acordo com a morfologia de C. albicans?.
Autores demonstraram que a transi¢cao de levedura para hifa promove o escape de C.
albicans de macréfagos e neutrdéfilos e, apesar das células dendriticas serem capazes
de fagocitar ambos os tipos morfolégicos deste fungo, isto ocorre por diferentes
receptores e estimula diferentes respostas inflamatérias no hospedeiro’. Essa
habilidade de C. albicans em mudar de forma é regulada por cascatas sinalizadoras
gue sdo controladas por diferentes estimulos do meio’, como disponibilidade de
nutrientes, pH, hipdxia e diferentes niveis de CO28.

A capacidade de C. albicans em aderir as superficies do hospedeiro é um

importante fator na colonizagcdo dos tecidos. Esta adesdo é mediada por adesinas
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fungicas, como por exemplo as proteinas Als (sequéncia semelhante a aglutinina -
agglutinin-like sequence), que interagem com diferentes receptores do hospedeiro,
auxiliando na adesao da célula fungica. Apos a adesédo, enzimas hidroliticas, como
proteases e fosfolipases, auxiliam C. albicans no processo de penetracao e invasao
nas células do hospedeiro, com consequente destruicdo tecidual>. O aumento na
sintese e na atividade dessas enzimas hidroliticas favorece a patogenicidade do
fungo, causando sinais clinicos de candidiase severa®. Outro fator relacionado a
patogenicidade de C. albicans é sua capacidade de formar biofilmes sobre as
superficies em que se adere>’. Biofiimes sdo comunidades de microrganismos
altamente organizadas, aderidas as superficies bidticas ou abidticas, envoltas por uma
matriz extracelular prépria (MEC)>%0, Clinicamente, biofilmes representam fontes de
toleréncia frente aos antimicrobianos. Os mecanismos de tolerancia aos farmacos
ainda ndo estdo totalmente esclarecidos, contudo acredita-se que a penetracdo
destes farmacos no biofilme seria prejudicada pela presenca da MEC, de forma que
apenas os microrganismos da camada superficial seriam atingidos pelo tratamento®.

A terapia antifungica atual inclui o uso, local ou sistémico, de farmacos como
azois, polienos e equinocandinas?!. De forma geral, estes farmacos atuam impedindo
a sintese da membrana celular fungica, interferindo na replicacéo das células filhas, e
também na ligacdo ao ergosterol da membrana celular, causando ruptura da célula
fungicat12. Apesar de apresentarem boa performance, o uso prolongado de
antifingicos sistémicos convencionais pode acarretar danos hepaticos e renais!. E
importante pontuar que o uso prolongado e indiscriminado desta classe de farmacos
€ um dos principais fatores no aumento da resisténcia fungica, e pode resultar em
alteracbes, como o aumento na bomba de efluxo, alteracdes fenotipicas no alvo do
farmaco e recombinacdes genéticas, que minimizam o efeito do tratamento,
resultando no surgimento seletivo de células flngicas resistentes'?. Por conta disto,
terapias que inativem o0s microrganismos de maneira quimica e/ou fisica e que
possuam baixa propensdo em causar resisténcia e toxicidade sistémica tém sido
amplamente pesquisadas®22,

O Centro de Desenvolvimento de Materiais Funcionais (CDMF), um Centro de
Pesquisa, Inovacdo e Difusdo (CEPID) apoiado pela FAPESP, vem estudando
alternativas para inativagdo de microrganismos através do emprego de microcristais
contendo prata (tungstato de prata — a-Ag2WO04'82122 molibdato de prata — B-

Ag2Mo04'° vanadato de prata — a-AgVOs?°). Estes materiais tém sido idealizados
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tanto para revestimento como para incorporacdo em materiais de uso médico-
odontolégico, como superficies de titanio e de resinas acrilicas. Estudos prévios'®22-
25 demonstraram que, em culturas plancténicas de C. albicans (ATCC 90028), os
microcristais a-Ag2WO4, B-Ag2M00O4 e a-AgVOs foram capazes de inibir o crescimento
deste fungo. O mecanismo de acao quimico-tedrico destes microcristais se da a partir
da geracao de espécies reativas de oxigénio (EROs), como os radicais hidroxila (OH"),
superoxido (O2) e hidroperoxila (*O2H*)1822, Com o emprego de técnicas analiticas
de fotoluminescéncia, foi possivel constatar que a-AgVOs, a-Ag2WO4 e 3-Ag2M004
emitem espectros de luz visivel nas regides do azul e do vermelho. Estas regifes
estdo relacionadas com defeitos energéticos gerados nos microcristais e estes
defeitos sé@o responsaveis por promover distor¢des nas moléculas de agua, induzindo
a formacdo de OH* e *O2H*19-2225 As espécies reativas geradas seriam, portanto,
responsaveis pela morte dos microrganismos, através de danos causados por
estresse oxidativo em moléculas, como polissacarideos, ergosterol, lipideos e
proteinas de membrana'®?225, No entanto, apesar dos resultados promissores
obtidos em culturas planctoénicas, até o momento ndo havia dados concretos a
respeito da acao destes microcristais sobre biofilmes.

Além da capacidade antimicrobiana, a biocompatibilidade dos microcristais em
guestdo também é um parametro importante a ser avaliado. A producédo de EROs,
principal mecanismo de acdo destes microcristais, além de causar a morte dos
microrganismos, também pode comprometer as células do hospedeiro. Essas
moléculas atuam no corpo humano regulando processos biologicos e fisioldgicos,
como a proliferacdo celular e a resposta imunoldgica?®. Entretanto, altos niveis de
EROs podem causar hiperativacéo da resposta inflamatoria, aumentando os niveis de
citocinas proé-inflamatérias e causando danos teciduais?®. Estudos prévios realizados
em células em monocamada (2D) demonstram auséncia de citotoxicidade em
gueratindcitos orais (linhagem NOK-si) e fibroblastos gengivais (linhagem FGH), apos
24 horas de exposicdo a a-AgVOs, a-Ag2WOs4 e B-Ag2Mo0423-2527. Também foi
demonstrado que a-Ag2WO4 e a-AgVOs ndo foram capazes de degradar o DNA das
células?®?4, Apesar desses resultados contribuirem com informacdes relevantes,
existem limitacBes na extrapolacdo dos dados, uma vez que estudos envolvendo
células em monocamada séo limitados em relacdo a reproducdo do ambiente
complexo e dinamico dos tecidos?®. Estas limitacdes podem conduzir a resultados

falsos ou inconsistentes, uma vez que a arquitetura tecidual especifica, sinais
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mecanicos e bioquimicos, além da comunicagdo célula-célula, estdo ausentes em
culturas em monocamada?.

Com relagéo a aplicabilidade desses microcristais, o intuito €, futuramente,
realizar revestimento de componentes de titanio, como parafusos e abutments, bem
como incorporar esses compostos em materiais de uso rotineiro na clinica
odontoldgica, como resinas acrilicas, resinas compostas, cimentos resinosos, entre
outros. Dessa forma, a partir da acdo antimicrobiana desses microcristais, seria
possivel obter um melhor controle de patologias frequentes, como estomatite
protética, carie, periodontite e periimplantite. Logo, o foco principal no estudo destes
microcristais € sua aplicabilidade como biomateriais. Entende-se por biomaterial toda
substancia que, sozinha ou compondo um sistema, é utilizada para direcionar um
procedimento terapéutico ou de diagnostico®C. Sendo assim, sua utilizacdo nédo pode
resultar em efeitos adversos prejudiciais ao organismo do hospedeiro. Ou seja, €
preciso assegurar que o material em questdo cumpra a sua fungao principal e, ainda,
ndo seja toxico, antigénico, alergénico e carcinogénico®. Desta forma, apesar da
auséncia de citotoxicidade e genotoxicidade de a-AgVOs, a-Ag2WO4 e [(-Ag2MoO4
previamente demonstradas, ainda foi necessario comprovar a ndo existéncia de
resposta inflamatdria exacerbada para que esses microcristais possam ser
classificados como biomateriais promissores para futura aplicacdo clinica. Estes
aspectos sao fundamentais para prevenir a rejeicdo dos materiais pelos tecidos
adjacentes.

No que diz respeito aos aspectos da antigenicidade, de forma geral, pode-se
afirmar que o processo inflamatério € um mecanismo do organismo contra injurias,
como infeccdes microbianas, fatores fisicos e substancias quimicas3'-3 que, se bem-
sucedido, resulta nos processos de reparacao tecidual e restauracdo da funcao
biolégica®l. Esse processo pode ser considerado agudo ou cronico, e estes diferem
guanto ao tempo de duracdo, tipos de células recrutadas, bem como citocinas
produzidas e secretadas®!. Durante o processo infeccioso por C. albicans é possivel
detectar aumento na producao de interleucina (IL)-6, IL-8, IL-1p e fator de necrose
tumoral alfa (TNFa)34-36, Essas citocinas também estdo envolvidas no processo de
resposta imunoldgica aos biomateriais®’. De acordo com a literatura, pacientes com
candidose oral apresentam niveis séricos de IL-6 elevados quando comparados aos
pacientes saudaveis®. Esta citocina é produzida por macréfagos, células B, células T,

queratinécitos, fibroblastos e células endoteliais®?3°, sendo uma de suas principais
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fungGes induzir a maturacédo de células B em células secretoras de imunoglobulinas*®,
além de induzir um rapido aumento de neutrdfilos na corrente sanguinea, de forma a
tentar solucionar o processo infeccioso*!. Apesar de ser uma citocina pré-inflamatéria,
IL-6 também exerce atividades regenerativas e anti-inflamatdrias em determinadas
condicbes*?.

A IL-8 é outra citocina importante nos processos inflamatérios mediados por
infeccbes causadas por C. albicans, atuando, principalmente, no recrutamento
quimiotatico de neutrdéfilos®?. Além disso, essa interleucina também é responsavel pela
migracdo e ativagdo de mondcitos, linfécitos, basoéfilos e eosindfilos®?. A IL-8 é
secretada por monécitos, macréfagos*3, queratinécitos® e fibroblastos*44, e estimula
aproducéo de IL-1B e TNFa“8. A IL-1B desempenha um papel central como mediadora
de diversas respostas inflamatérias*® e atua no hipotdlamo como pirégeno
enddgeno?’48. Esta citocina, secretada principalmente por células do sistema imune,
como macréfagos e mondcitos, assim como queratinécitos e fibroblastos3%4°, pode ter
sua producéo induzida por TNFa, outra citocina pro-inflamatéria3®. TNFa é um potente
mediador inflamatério®? produzido por diversos tipos celulares como queratindcitos,
fibroblastos, macréfagos e mondcitos3246, Esta citocina induz a secreg¢do de
colagenase pelos fibroblastos, ativa osteoclastos e induz a reabsorcéo 6ssea, estando
relacionada a doencas como a periodontite®®. Ambas, IL-1B e TNFa, estimulam
fibroblastos gengivais a produzirem IL-6%¢, além de estimularem fibroblastos e
gueratinécitos na producao de metaloproteinases da matriz (MMPSs), que degradam
componentes da matriz extracelular tecidual3°46:5,

A correta modulacdo da resposta imunolégica, juntamente com elementos
fundamentais do processo de reparacao tecidual, contribui de forma significativa para
0 sucesso no desenvolvimento de novos biomateriais. Nesse contexto, as
metaloproteinases da matriz (MMPs) sdo um grupo de endopeptidases zinco-
dependentes® 2 que estdo envolvidas nos processos fisiolégicos de remodelacédo
tecidual, degradacéo fisioldgica de proteinas da matriz extracelular e da membrana
basal®-%3, As MMPs sdo produzidas na forma de pro-enzimas, secretadas por
mondcitos, fibroblastos, macréfagos, queratinécitos e células endoteliais®>* e, na
auséncia de inflamacao, lesdo e processos patolégicos, sua atividade e expressao
sdo mantidas em baixos niveis®®. A ativacdo de pr6-MMPs pode ocorrer de forma
intracelular, através das MMPs associadas a membrana, ou extracelular, por outras

proteases, como por exemplo, a cisteina proteinase, as proteinases de Candida spp.,
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as proteinas de algumas bactérias e espécies reativas de oxigénio®. Além disso,
MMPs ativas podem participar da ativacdo de outras MMPs em cascatas de ativacao
mutuas®.

Na fisiopatologia da cavidade oral, a MMP-8, também denominada colagenase
2, e a MMP-9, também denominada gelatinase B, tém sido relacionadas ao
desenvolvimento e progressdo da doenca periodontal, sendo as duas MMPs
predominantes no fluido crevicular gengival de sitios com periodontite, bem como no
fluido sulcular peri-implantar de sitios com periimplantite®>. A MMP-8 é sintetizada por
leucocitos polimorfonucleares durante sua maturacdo, mas também pode ser
expressa por condrécitos, fibroblastos, queratindcitos orais e células endoteliais®2. A
literatura relata que a MMP-8 é capaz de induzir a liberacdo de citocinas anti-
inflamatorias e quimiocinas, como por exemplo MCP-1 (proteina quimioatraente de
mondcitos 1 - monocyte chemoattractant protein 1) e MCP-2%, bem como atuar na
regulacdo da resposta imune e apoptose de células inflamatérias®®. A MMP-9 esta
estreitamente relacionada com a degradacéo de colageno tipo IV°! presente no tecido
conjuntivo e pode ser expressa por macrofagos, leucécitos, queratinécitos e
osteoclastos®2°°. O aumento na producdo de MMP-9 esta relacionado aos estagios
iniciais de reparacdo tecidual, mas também em doencgas inflamatorias, como a
periodontite e a peri-implantite>®.

Embora a rejeicdo de um biomaterial seja um desfecho comum na pratica
clinica, os protocolos preconizados atualmente ainda ndo incluiram testes
imunogénicos nos critérios de avaliacdo dos dados iniciais de um novo material®’.
Ensaios in vitro que avaliem a citotoxicidade, maturacao e ativacado de células do
sistema imune podem conferir indicios a respeito da resposta imune desencadeada
por novos biomateriais e devem ter como principal objetivo avaliar respostas
exacerbadas®’. Embora estes dados sozinhos ndo possam ser extrapolados para a
pratica clinica, quando devidamente empregados, sao eficientes durante o
desenvolvimento inicial (pré-clinico) dos biomateriais®’.

Apesar dos avancos no entendimento das propriedades antimicrobianas dos
microcristais a-Ag2WOs4, B-Ag2Mo0Os e a-AgVOs, nenhum resultado concreto em
biofilmes havia sido descrito até o presente trabalho. Do mesmo modo, os primeiros
estudos sobre a producdo de citocinas pro-inflamatérias e MMPs por esses
microcristais foram alcancados nesta tese e, de forma inédita, desenvolvemos e

aplicamos um modelo de co-cultivo tridimensional contendo células inflamatorias. De
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forma geral, todos os parametros aqui abordados sédo considerados essenciais para
uma futura aplicacdo destes microcristais em revestimentos ou na sua incorporagao

em materiais de uso medico-odontologico.
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2 PROPOSICAO

O objetivo deste trabalho foi avaliar a biocompatibilidade e a modulacdo da
resposta inflamatoria pelos microcristais a-Ag2WO4, B-Ag2MoOs e a-AgVOs sobre
células THP-1 e macréfagos, tanto em modelo de monocamada, como em modelo de
co-cultivo tridimensional (3D), bem como avaliar a sua atividade antifingica em

biofilme de C. albicans.

2.1 Objetivos Especificos

Avaliar a viabilidade das células inflamatérias THP-1 e macréfagos, apos
exposi¢céo aos microcristais a-Ag2WOa4, 3-Ag2Mo0O4 e a-AgVOs;

Avaliar, nas células THP-1 e macrofagos, a producdo da espécie reativa de
oxigénio, superoxido, assim como a producédo de citocinas pro-inflamatorias (IL-6, IL-
8, IL-1B e TNFa) e de metaloproteinases da matriz (MMP -8 e 9), apds exposi¢cao aos
microcristais a-Ag2WOa4, B-Agz2Mo0O4 e a-AgVOs;

Desenvolver e validar um modelo de co-cultivo tridimensional (3D) envolvendo
trés linhagens celulares (queratindcitos, fibroblastos e células inflamatérias);

Avaliar a biocompatibilidade dos microcristais a-Ag2WOas, B-Ag2Mo0Os e a-
AgVOs3 sobre os modelos de co-cultivo 3D;

Avaliar a agdo dos microcristais sobre biofilmes de C. albicans desenvolvidos
nos modelos de co-cultivo 3D;

Avaliar a producao de citocinas proé-inflamatorias (IL-6, IL-8, IL-1B e TNFa) nos
modelos de co-cultivo 3D, com e sem infeccéo por C. albicans, ap0s sua exposicao

aos microcristais a-Ag2WO4, 3-Ag2M004 e a-AgVO:s.
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3 PUBLICACOES

3.1 Publicagéo 1*

Cytotoxicity and inflammatory response of silver vanadate (a-AgVO3), silver

tungstate (a-Ag>WO,), and silver molybdate (B-Ag2Mo0O4) microcrystals

Authors: Bruna Natalia Alves da Silva Pimentel?, Paula Aboud Barbugli?, Marcelo
AssisP, Elson LongoP, Carlos Eduardo Vergani®

2580 Paulo State University (Unesp), School of Dentistry, 1680 Humaita St., 14801-
903 Araraquara, SP, Brazil

bCDMF, LIEC, Federal University of Sdo Carlos (UFSCar), P.O. Box 676, 13565-905,
Sao Carlos, SP, Brazil

*Corresponding author’s email: carlos.vergani@unesp.br

Highlights
e Silver-containing microcrystals exhibited low cytotoxicity on human monocytes
and macrophages;
e Silver-containing microcrystals increased the production of Oz
e Silver-containing microcrystals modulated the production of TNFa, IL-18, IL-6,

IL-8, MMP-8, and MMP-9 in a cell phenotype-dependent manner.

* Artigo submetido e formatado de acordo com o periddico Toxicology Letters (ANEXO A).
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Abstract

Silver vanadate (a-AgVOs), silver tungstate (a-Ag2WOas), and silver molybdate ([3-
Ag2Mo004) microcrystals have shown interesting antimicrobial activities. However, their
biocompatibility should be extensively evaluated for safe use. The present
investigation evaluated redox signaling and the production of cytokines (TNFa, IL-1(3,
IL-6, and IL-8) and matrix metalloproteinases (MMP-8 and -9). Cytotoxicity and the
inflammatory response of silver-containing microcrystals were analyzed in monocytes
and macrophages cells with the alamarBlue™ assay, flow cytometry, confocal
microscopy, and ELISA. The results showed that a-AgVOs at a minimum inhibitory
concentration (3.9 ug/mL) did not affect cell viability. The a-AgVOsz at a minimum
fungicidal concentration (15.62 pg/mL), a-Ag2WO4 (7.81 pg/mL), and B-Ag2MoOa4
(15.62 pg/mL) slightly decreased cell viability. All silver-containing microcrystals
induced the production of Oz and this effect was mitigated by Reactive Oxygen
Species (ROS) scavenger and N-acetylcysteine (NAC). Monocytes presented an
increase in IL-8 after contact with silver-containing microcrystals, while macrophages
showed an increase in IL-13 and IL-8. Monocytes did not release MMP-8 in any
condition, while the release of MMP-9 decreased in the presence of a-Ag2WO4 and -
Ag2Mo00O4. Regarding macrophages, the release of MMP-8 and -9 decreased in the
presence of all microcrystals. Overall, every pathway studied showed a promising

biocompatibility profile of a-AgVOs, a-Ag2WOa4, and B-Ag2MoOa4 microcrystals.

Keywords: silver; cytokines; matrix metalloproteinases; reactive oxygen species;

monocytes; macrophages.
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1. Introduction

Surfaces with antimicrobial properties, such as prosthetic devices, are needed
in the medical field to prevent microorganism attachment and biofilm growth and,
consequently, medical device-related infections (Afewerki et al., 2020; Florea et al.,
2020). Currently, several studies have evaluated the antimicrobial properties of
medical-related materials functionalized with nanoparticles or antibiotics to improve
their properties and prevent infections (Tran and Webster, 2013; Zhu et al., 2014;
Castro et al., 2014, 2016a, 2016b; Hogan et al., 2019; Rangel et al., 2020; Verza et
al.,, 2021). However, a limited number of studies have investigated their
biocompatibility (Rangel et al., 2020; Verza et al., 2021; Zhu et al., 2014).

Silver has been used for centuries to treat infections and the use of silver and
silver-containing particles has increased in the past few years (Politano et al., 2013).
The literature shows that silver has antimicrobial properties against a range of
microorganisms such as Staphylococcus aureus, Escherichia coli, Pseudomonas
aeruginosa, and Candida albicans (Kim et al., 2009; Panacek et al., 2009; Martinez-
Gutierrez et al., 2012; Dizaj et al., 2014; Shang et al., 2019), with the latter representing
an opportunistic fungus often found in the oral cavity (Sudbery et al., 2004; Avila et al.,
2009; Shirtliff et al., 2009; Salerno et al., 2011; Shapiro et al., 2011). C. albicans is
present in 41.3% to 44.7% of cases of denture stomatitis in complete denture wearers
(Caldeira et al., 2021) and it is the most frequent Candida spp. related to nosocomial
bloodstream infections in hospitalized patients (about 60%). This is due to the use of
broad-spectrum antibiotics, urinary catheters, and parenteral nutrition, which favor its
adhesion and proliferation (Kir and Bahceci, 2020). Recently, it has been shown that
different silver-containing microcrystals can affect C. albicans viability with minimal
inhibitory and fungicidal concentration (MIC/MFC) values ranging from 3.9 pg/mL to
62.5 pg/mL, respectively, which implies a variation in the amount of silver between
0.017 pmol/mL and 0.136 pmol/mL (Fabbro et al., 2016; Foggi et al., 2017a, 2017b;
Pimentel et al., 2020).

The cytotoxicity on mammalian cells should be evaluated when using silver as
an antimicrobial agent. Depending on the particle size and concentration, silver may
decrease cell metabolism, increase ROS production, cytokine release, and even
programmed cell death (Foldbjerg et al., 2009, 2011, Liu et al., 2010; Park et al., 2011
Martinez-Gutierrez et al., 2012; Murphy et al., 2016). Previous studies showed that
silver vanadate (a-AgVOs), silver tungstate (a-Ag2WOas), and silver molybdate ([3-
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Ag2Mo00O4) have not shown any cytotoxic effect on both normal oral keratinocytes
(NOK-si) and human gingival fibroblasts (FGH) grown in monolayer cultures (Haro
Chéavez et al., 2018; Assis et al., 2019; Pimentel et al., 2020). Also, studies showed
that a-AgVOs and a-Ag2WO4 did not promote DNA degradation (Haro Chavez et al.
2018; Pimentel et al. 2020). Despite these favorable results, it is not possible to ensure
biocompatibility for future applications in the medical field unless more specific studies
addressing oxidative stress and inflammatory and extracellular matrix pathways are
performed.

The inflammatory response is a high-complex and multi-step process during
injuries and infections (Kumar et al., 2013; Turner et al., 2014). Inflammation is part of
the immune response and aims to eliminate the offending agent and start the healing
process with tissue and function restoration (Kumar et al., 2013). The literature reports
that, although silver particles, especially nanoparticles, present unique chemical and
physical properties responsible for their antimicrobial activity, this type of material can
activate the immune response (Akter et al., 2018) and stimulate the immune system to
produce several cytokines and other inflammatory mediators (Abdulkhaleq et al., 2018;
Parks et al., 2004). Considering that a-AgVOs, a-Ag2WO4, and (3-Ag2MoO4 aim to be
incorporated into dental materials and medical appliances to prevent oral infections, it
is important to show the absence of an exacerbated inflammatory response. Moreover,
the role of matrix metalloproteinases (MMPs), which are responsible for tissue
remodeling and healing (Aradjo et al., 2011), must be understood. The inhibition of
MMPs without causing cytotoxic and genotoxic effects is desired in dental materials
research, as it improves the longevity of dental restorations (Hashimoto et al., 2016).

The present study evaluated the cytotoxicity and the ability to induce the
production of reactive oxygen species (ROS), pro-inflammatory cytokines (IL-1f3,
TNFa, IL-6, and IL-8), and MMPs (-8 and -9) by human monocytes (THP-1 cells) and
macrophages, after contact with three different silver-containing microcrystals (a-
AgVOs, a-Ag2WO4, and B-Ag2MoOy).

2. Material and Methods (APENDICE A)
2.1 Silver-containing microcrystals

The synthesis and characterization of a-AgVOs, a-Ag2WO4, and B-Ag2Mo0O4
microcrystals are fully described in previous studies (Foggi et al., 2017b; Fabbro et al.,
2016; Oliveira et al., 2017). An amount of 1.10-3 mol of AgNO3s (Cennabras, 99.98%)
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was diluted in 50 mL of distilled water. Simultaneously, 1 x 103 mol of NH4VOs3 (Aldrich,
99.99%) or 5 x 10 mol of Na2W04.2H20 (Aldrich, 99.99%) or Na2MoOa4 (Alpha Aesar,
99.98%) were diluted in 50 mL of distilled water. Temperatures of 10°C for a-AgVO3s
and 70°C for a-Ag2WO4 and B-Ag2MoO4 were used. After reaching the temperatures
required, the solutions were mixed, instantly forming a precipitate. These precipitates
were washed with distilled water to a pH of 7 and oven-dried at 60 °C for 12 hours.
After synthesis, all microcrystals were diluted in PBS at a stock concentration of 2
mg/mL. The microcrystal concentrations evaluated herein were based on previous
studies according to the minimal inhibition concentration (MIC) and minimal fungicidal
concentration (MFC) against C. albicans, as follows: 3.9 ug/mL and 15.62 ug/mL for
a-AgVOs (MIC and MFC, respectively) (Pimentel et al., 2020), 7.81 ug/mL for a-
Ag2WOs4 (Foggi et al., 2017b), and 15.62 ug/mL for B-Ag2MoO4 (Fabbro et al., 2016).
Considering the respective studies showed that a-AgaWOs4 and [(-Ag2MoOs
microcrystals had the same MIC and MFC values, only one concentration for each of

these microcrystals was evaluated.

2.2 Cell culture

The human monocytes from peripheral blood (THP-1 cell) were obtained from
the Rio de Janeiro Cell Bank (BCRJ; code 0234) and routinely cultured at 37 °C in a
5% CO2-humidified environment in Roswell Park Memorial Institute medium (RPMI-
1640; Sigma-Aldrich, St. Louis, MO, USA), supplemented with 2 mM of glutamine
(LONZA, Basel, Switzerland), 10 mM of HEPES (Sigma-Aldrich, St. Louis, MO, USA),
1 mM of sodium pyruvate (Sigma-Aldrich, St. Louis, MO, USA), 4.5 g/L of glucose
(Synth, Diadema, SP, Brazil), 1.5 g/L of sodium bicarbonate (Synth, Diadema, SP,
Brazil), 1% of antibiotic/antimycotic solution (Sigma-Aldrich, St. Louis, MO, USA), 10
% of fetal bovine serum (FBS; Gibco, Grand Island, NY, USA), and 0.09% of B-
mercaptoethanol (Gibco, Grand Island, NY, USA). The THP-1 cells were seeded and
differentiated into macrophages by adding 100 ng/mL of phorbol 12-myristate 13-
acetate (PMA; Sigma-Aldrich, St. Louis, MO, USA) (Park et al., 2007) to the cell culture
medium, which was maintained at 37 °C in a 5% CO2-humidified environment. After 48
hours, the supernatant was discarded and the cells attached were washed twice with
PBS. Subsequently, a fresh medium was added and maintained overnight. After
seeding, THP-1 cells and macrophages were allowed to reach 80% of growth before

sensitization with silver-containing microcrystals.
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2.3 Cell viability assay

Cell viability after 24 hours of sensitization with silver-containing microcrystals
was assessed with the alamarBlue™ assay. Cells at a concentration of 1 x 10%/well in
RPMI medium with 5% FBS were seeded on 12-well plates at a final volume of 3 mL
and maintained at 37°C in 5% CO:2 overnight. After 16 hours, the cells were washed
with PBS, and the cell culture medium without FBS supplementation was added with
pre-selected concentrations of silver-containing microcrystals. The plates were
maintained at 37 °C in 5% CO: for 24 hours. Subsequently, the supernatants were
collected in microtubes and stored at - 20 °C until the analysis of cytokine production.
The cells were then incubated in a cell culture medium with 10% of alamarBlue™
reagent (Invitrogen, Carlsbad, CA, USA). After 4 hours, 200 pL of each well was
transferred in quadruplicate to a black 96-well plate, and the fluorescence emission
was read (excitation: 544 nm; emission: 590 nm; Fluoroskan Ascent Il, ThermoFisher
Scientific, Waltham, MA, USA). Standard cell culture conditions were used as control
(CT) and cells incubated with 10 uL of lysis buffer solution (LB; Triton-x 100 9 %;
Sigma-Aldrich, St. Louis, MO, USA) were used as dead control. This assay was

performed in quadruplicate and on three different occasions.

2.4 Intracellular ROS (O2’) quantification

The production of superoxide (Oz’) induced by silver-containing microcrystals
on THP-1 cells and macrophages was conducted with dihydroethidium (DHE; D23107;
Invitrogen, Carlsbad, CA, USA), a probe capable of selectively detecting Oz". Cells
were seeded in a 96-well plate at a concentration of 2 x 104 cells/well in Krebs-
Henseleit buffer (pH 7.0 + 0.2). Then, 200 pL of DHE (1:1000) was added to each well
and the plates were maintained at 37 °C for 1 hour. Then, the a-AgVOs, a-Ag2WOa4,
and -Ag2Mo0Os silver-containing microcrystals were added to the corresponding wells
and the plates were maintained at 37 °C for 1 hour. The excess probe was removed
and 100 pL of Krebs-Henseleit buffer was added to each well. The fluorescence
emission was read in a fluorescence reader (FLUOstar Omega, BMG Labtech, Cary,
NC, USA; Ex.: 250-10nm; Em.: 620-10 nm). Cells under standard culture conditions
were used as negative Oz control, hydrogen peroxide (H202; [0,125 mM]; Sigma-
Aldrich, St, Louis, MO, USA) as positive Oz  control, and N-Acetyl-L-cysteine (NAC)
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[0.01 mM] (Sigma-Aldrich, St. Louis, MO, USA) as a scavenger. This assay was

performed in quadruplicate and on three different occasions.

2.5 Intracellular ROS (O2) detection by confocal laser scanning microscopy
(CLSM)

For the CLSM assay, cells were seeded in a 48-well plate at a concentration of
3 x 10* cells/well and incubated with DHE. The a-AgVOs, a-Ag2WOs4, and B-Ag2MoOs4
were added to the corresponding wells following the same protocol previously
described (section 2.4). The CLSM images were obtained with an LSM 800 microscope
(Carl Zeiss, Oberkochen, Germany) using a 561-nm laser, detection of brightfield and
fluorescence spectra up to 700 nm, and a 20x objective. Cells under standard culture
conditions were used as negative Oz control, hydrogen peroxide (H202; [0,125 mM];
Sigma-Aldrich, St. Louis, MO, USA) as positive Oz control, and NAC [0.01 mM]
(Sigma-Aldrich, St. Louis, MO, USA) as scavenger control.

2.6 Production of pro-inflammatory cytokines

The IL-1B, TNFaq, IL-6, and IL-8 cytokines produced after cell sensitization with
silver-containing microcrystals were analyzed after 24 hours of contact with a-AgVOs,
a-Ag2WO4, and B-Ag2Mo00s4, as described in section 2.3. The Human Inflammatory
Cytokine Kit (BD Biosciences, San Jose, CA, USA) was used according to the
manufacturer’s instructions. The samples were analyzed with a FACSAria cytometer
(BD Biosciences, San Jose, CA, USA), and all data obtained were evaluated with the
FCAP Array software v3 (BD Biosciences, San Jose, CA, USA).

2.7 MMPs signaling

To evaluate the production of MMP-8 and -9, cells were seeded in 25-cm? flasks
at a concentration of 5 x 10° cells/flask in RPMI culture medium containing 5% FBS
and 5% CO: at 37 °C. After 16 hours, the cells were washed with PBS, and a fresh
culture medium without FBS supplementation containing a-AgVOs, a-Ag2WO4, and [3-
Ag2Mo0O4 microcrystals was added to the correspondent treatment flask. The cells
were maintained at 37 °C in 5% CO2 for 24 hours. Negative control cells (CT) were
maintained under standard cell culture conditions, and the positive control of MMP
production was performed with cells incubated with 1 pg/mL of lipopolysaccharide

(LPS). Subsequently, the supernatants were collected in microtubes and stored at - 20
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°C until analysis. This assay was performed in duplicate on two independent
occasions. Before the ELISA assay, the amount of total protein in each sample was
measured with the Bradford protein assay (Bradford, 1976)(Sigma-Aldrich, St Louis,
MO, USA) using bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO, USA) as
the standard. Spectrophotometric measurements were performed at 595 nm (EZ Read
400 Microplate Reader; BioChrom, Cambourne, CAM, UK). The MMPs (-8 and -9)
produced were detected with the MMP-8 Human ELISA Kit (Abcam, Cambridge, CBE,
United Kingdom) and MMP-9 SimpleStep ELISA Kit (Abcam, Cambridge, CBE, United
Kingdom), according to the manufacturer’s instructions. The final data were normalized

by the amount of protein per sample. This assay was performed in triplicate.

2.8 Statistical analysis

All data obtained were analyzed for normality (Shapiro-Wilk's test) and
homoscedasticity (Levene test). The statistical analysis of cell viability and Oz
production was performed with one-way ANOVA followed by Tukey’s post hoc on the
IBM SPSS Statistics software. For cytokine and MMP production, a 95% confidence
interval (CI) was defined to compare the results between groups. A significance level

of 5% was used.

3. Results
3.1 Cell viability

The effect of silver-containing microcrystals after 24 hours of contact with THP-
1 cells and macrophages was evaluated using alamarBlue™ (Figure 1). For both cells,
a-AgVOs at MIC (3.9 pg/mL) showed cell viability statistically similar to that of the
control group (RPMI). Additionally, the a-AgVOs at MFC (15.62 pyg/mL) and a-Ag2WO4
evaluation showed a slight decrease in cell viability, representing 73.96% and 77.30%
of THP-1 cell viability and 70.36% and 90.58% of macrophage cell viability,
respectively, with a-AgVOs at MFC concentration seeming more cytotoxic than a-
Ag2WOa4. When the B-Ag2MoOa4 microcrystal was maintained in contact with THP-1
cells, the cell viability was around 69.29% but when in contact with macrophages, the
cell viability was almost the same as that of the control group (RPMI).

Figure 1



30

The analysis of cytotoxicity according to the classification proposed by Lonnroth
and Dahl (2001, 2003) and Sletten and Dahl (1999) did not show cytotoxicity when
THP-1 cells were treated with a-AgVOs at MIC, whereas a-AgVOs at MFC, a-Ag2WOs4,
and B-Ag2MoO4 seemed to be slightly cytotoxic. Regarding the macrophages, a-
AgVOs at MIC, a-Ag2WO4, and B-Ag2MoO4 were non-cytotoxic, whereas a-AgVOs
MFC presented slight cytotoxicity (Table 1).

Table 1. Classification of cytotoxicity concerning each cell line based on the percentage
of viability normalized by the control group (cell under standard conditions) of each cell
line. In parentheses is the classification by Lonnroth and Dahl (2001, 2003) and Sletten
and Dahl (1999). NC: non-cytotoxic; SC: slightly cytotoxic; MIC: minimal inhibitory

concentration; MFC: minimal fungicidal concentration.

Microcrystals

a-AgVOsMIC  CRIVD: a-AgoWOs  B-Ag2MoOs

THP-1 91.69 % (NC) 73.96% (SC) 77.30% (SC)  69.29% (SC)

Cell

102.84%
Macrophages 91.73% (NC) 70.36% (SC) 90.58% (NC)
(NC)

3.2 Intracellular Oz" quantification

The generation of Oz by the cells after treatment with silver-containing
microcrystals was evaluated with fluorescence emission using a DHE probe. The data
were normalized by the control group (cells cultured under standard conditions). The
treatment of THP-1 cells with silver-containing microcrystals increased the production
of Oz by 8-fold. However, when cells were incubated with microcrystals and the NAC
scavenger was added (+NAC), there was an expressive drop in Oz production (Figure
2A). The highest decrease was observed when THP-1 was treated with a-AgVO3s MIC
+ NAC and a-Ag2WO4 + NAC.

The production of O2" by macrophages was similar to that of cells under standard
culture conditions but with a minor increase in Oz production when the cells were
stimulated with a-AgvOs at MFC and B-Ag2MoOas. Nevertheless, similar to THP-1,
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there was an expressive decrease in Oz production in the presence of NAC when
macrophages were treated with all microcrystals (Figure 2B).

Figure 2

The CLSM images confirmed the data obtained with the fluorescence emission.
The THP-1 (Figure 3) and macrophages (Figure 4) treated with H202 showed higher
fluorescence than control (CT) (Figures 3A and B and 4A and B, respectively). The
treatment with microcrystals also presented high fluorescence, which decreased when
microcrystals were associated with NAC (Figures 3C-J and 4C-J).

Figure 3
Figure 4

3.3 Production of pro-inflammatory cytokines

The flow cytometry analysis showed that THP-1 cells produced only IL-8 at both 4
and 24 hours (Figures 5G and H, respectively). For this cell line, the contact with silver-
containing microcrystals led to an increase in IL-8 production when compared to the
control group (CT). According to the results, at both times, the order of IL-8 released
was a-Ag2WO4 > B-Ag2MoOs > a-AgVOs at MFC > a-AgVOs at MIC. The other
cytokines evaluated (IL-1B, TNFa, and IL-6) were not detected in this cell line at both
times (Figures 5A-F).
Figure 5

All cytokines were produced by macrophages cells (Figure 6). For all experimental
groups, the production of TNFa, IL-6, IL-1B, and IL-8 was lower than CT after 4 hours
of treatment with silver-containing microcrystals (Figures 6A, C, E, and G). After 24
hours of stimulus, the production of TNFa and IL-6 was lower than the CT (Figures 6B
and D, respectively). Overall, the production of IL-18 and IL-8 increased at 24 hours,
with a-AgVOs at MFC and B-Ag2MoO4 showing higher production of IL-13 and IL-8,
respectively (Figures 6F and H). The only exception was observed when macrophage
cells were stimulated with a-AgVOs at MIC for 24 hours, leading to a decrease in IL-13
production (Figure 6F).

Figure 6

3.4 Production of MMP-8 and -9
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The release of MMPs by THP-1 and macrophages after 24 hours of contact with
silver-containing microcrystals was measured by the ELISA. The data showed that
THP-1 cells could not produce MMP-8 even under standard cell culture conditions or
in the presence of LPS (Figure 7A). The release of MMP-9 was not detected when
these cells were stimulated with a-AgVOs at MFC, a-Ag2WO4, and -Ag2MoO4 (Figure
7B). The small amount of MMP-9 released after 24 hours of contact with a-AgVOs at
MIC was not statistically different from the control group.

Figure 7

When evaluating the release of MMP-8 and -9 by macrophages cells, it was noted
that all microcrystals reduced the amount of MMP-8 released. Also, MMP-8 was not
detected when these cells were maintained in contact with a-AgvOs at MFC for 24
hours (Figure 8A). The stimuli of macrophage cells with a-AgvVOs MIC, a-AgvVOs MFC,
and a-Ag2WOs resulted in a lower MMP-9 release than control cells. Only macrophage
cells stimulated with B-Ag2Mo0O4 released an amount of MMP-9 similar to the control
culture.

Figure 8

4. Discussion

The use of silver as an antimicrobial agent has been extensively studied in the last
few years. At the nanoscale, silver has shown excellent antimicrobial properties,
especially inducing the production of reactive oxygen species (ROS) (Carlson et al.,
2008; Liu et al., 2010; Park et al., 2011; Akter et al., 2018). However, the generation
of ROS could also be responsible for cytotoxic effects on mammalian cells (Carlson et
al., 2008; Foldbjerg et al., 2009, 2011; Nishanth et al., 2011). Moreover, silver
concentration has been reported as a toxic factor to be considered, relating the
concentration range between 10-100 pg/mL to toxic effects on human cells
(Chernousova and Epple, 2013). To optimize antimicrobial properties and improve
silver biocompatibility, researchers have synthesized silver-containing microcrystals
and other metal oxide, such as vanadate (VO3s), tungstate (WO4), and molybdate
(MoOa4). The a-AgVOs, a-Ag2WO4, and (B-AgaM0Os have presented antimicrobial
activity against important microorganisms such as C. albicans (Fabbro et al., 2016;
Foggi et al., 2017a, 2017b; Assis et al., 2019; Pimentel et al., 2020), methicillin-
resistant S. aureus (MRSA) (Longo et al., 2014; Oliveira et al., 2017; Assis et al. 2018;
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Foggi et al., 2020), and Escherichia coli (Foggi et al. 2020), reducing between 3 log10
(CFU/mL) and 6 log10 (CFU/mL) (Longo et al., 2014; Fabbro et al., 2016; Foggi et al.,
2017a, 2017b; Oliveira et al., 2017; Pimentel et al., 2020) without causing damages to
NOK-si and FGH, which are both human cells (Haro Chavez et al., 2018; Assis et al.,
2019; Pimentel et al., 2020). The results reported herein showed a slight decrease in
cell viability after 24 hours of contact with a-AgVOs, a-Ag2WO4, and (-Ag2MoOg4
microcrystals, which may relate partly to the silver content and its ability to produce
reactive oxygen species. According to previous theoretical studies, these silver-
containing microcrystals are formed by complex clusters connected by weak
interactions and, when in an agueous environment, these clusters can break water
molecules into hydroxyl radicals and protons (OH* and He). Simultaneously, there is
an electron transfer to oxygen molecules (O2), forming Oz, which interacts with the
proton (He) to form the radical HO2* (Oliveira et al., 2017; Fabbro et al., 2016; Foggi et
al., 2017b). In the silver-containing microcrystals used in this study, the amount of silver
was 0.0039 pg/mL for a-AgVOs MIC (Pimentel et al., 2020), 0.0157 pg/mL for a-AgVOs
MFC (Pimentel et al., 2020), 0.0153 for a-Ag2WO4 (Haro Chavez et al., 2018), and
0.0312 pg/mL for B-AgaMoOas. Such concentrations are extremely lower when
compared to those in silver nanoparticles already described (Martinez-Gutierrez et al.,
2012, 2013).

Regarding REDOX signaling, metal particles can indirectly induce ROS production
due to the presence of metal ions. This oxidative stress can be responsible for the
cytotoxicity of metal particles, considering that an increase in ROS generation can lead
to cell damage and even cell death (Hashimoto et al., 2016). In this work, silver-
containing microcrystals induced the production of superoxide (Oz2) - a specific ROS
molecule - by monocyte and macrophages cells. When these cells were incubated with
silver-containing microcrystals, there was an increase in Oz  production. However,
when the NAC ROS scavenger was put in contact with the cells together with the
microcrystals, the Oz signaling was reversed. This was already expected because
NAC is a ROS scavenger, proving for the first time the intracellular redox mechanism
of these silver-containing microcrystals (Aruoma et al., 1989; Benrahmoune et al.,
2000). According to the literature, ROS, including anion superoxide (O2*), activates
the NF-kB (nuclear factor kappa B) and MAPK (mitogen-activated protein kinase)
pathways, which are responsible for stimulating IL-1B, TNFa and IL-6 genes (Ndengele
et al., 2005; Martinez-Gutierrez et al., 2012; Murphy et al., 2016). Thus, the presence
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of ROS in the culture environment can stimulate the cells to produce pro-inflammatory
cytokines (Martinez-Gutierrez et al., 2012). This may occur by oxidative stress, which
is induced when the antioxidant ability of the cells is overcome by ROS generation
(Park et al.,, 2011). In the present study, despite the high production of O2 by
monocytes, there was no detection of IL-13, TNFa, and IL-6. However, there was an
increase in IL-8 at both times analyzed (4 and 24 hours). Furthermore, the exposure
of macrophages to silver-containing microcrystals resulted in a decreased production
of the IL-1B8, TNFa, IL-6, and IL-8 pro-inflammatory cytokines after 4 hours. Such a
decrease in production was maintained after 24 hours for TNFa and IL-6, while the
production of IL-1B8 and IL-8 increased. Previous findings reported macrophage
inflammatory responses caused by silver nanoparticles (Martinez-Gutierrez et al.,
2012; Murphy et al., 2016). This may be related to the higher amount of ROS generated
by silver nanoparticles due to their relatively large surface area (Park et al., 2011)
compared to microcrystals. Another explanation is that nanoparticles can penetrate
cell membranes and form clusters inside cell cytoplasm, inducing the inflammatory
process (Martinez-Gutierrez et al., 2012), which does not happen with microcrystals
because of their larger size. The findings hereby reported showed that even with the
high production of Oz, this was easily reversed in the presence of a ROS scavenger,
proving that Oz production by these particles could be self-limited and consequently
less capable of inducing greater inflammatory responses. Thus, the low cytotoxicity of
a-AgVOs MIC and a-Ag2WOa could be explained by the reversible REDOX signaling
by O2, which is considered an important property in both these microcrystals.
Additionally, the literature reports that, among the ROS produced by cells, the Oz
pathway is less harmful (Schieber and Chandel, 2014).

The present investigation also showed that when THP-1 and macrophages were
stimulated with silver-containing microcrystals, the production of MMP-8 and MMP-9
decreased. Considering that TNFa is a physiological inducer of MMP-9 (Heidinger et
al., 2006), the decreased amount of TNFa produced in the presence of silver-
containing microcrystals may explain the reduction in MMP-9 production by the cells.
Previous studies show that MMPs are involved in pathological and healing processes
in the oral environment and are strongly related to periodontal disease, leading to the
loss of periodontal attachment and bone destruction (Sorsa et al., 2006; Franco et al.,
2017). Among the 23 types of MMPs already identified, the up-regulation of MMP-8
and -9 has been related to periodontitis and peri-implantitis (Franco et al., 2017), and



35

other studies reported that these two MMPs were associated with disease progression
and bone loss (Ingman et al., 1996; Arakawa et al., 2012). High levels of MMP-8 and
-9 are found in periodontal tissues where the disease is established, possibly indicating
severity and progression of the pathology (Franco et al., 2017). Furthermore, MMP-8
Is related to bone loss in patients with severe peri-implantitis (Arakawa et al., 2012).
Hashimoto et al. (2016) evaluated cytotoxicity, genotoxicity, and MMP production of
gold and platinum nanoparticles on human cells, as well as the effect of these
nanoparticles on dental resin properties (Hashimoto et al., 2016). The authors showed
that gold nanoparticles inhibited MMP without causing cell damage, which is an
interesting property considering that MMP production can contribute to the failure of
dental restorations (Hashimoto et al., 2016). Thus, therapies that affect MMP-8 and
MMP-9 production by decreasing their amount could be successful in preventing peri-
implant disease. The favorable biological responses of the a-AgVOs, a-Ag2WO4, and
B-Ag2MoO4 microcrystals in the present investigation, along with studies that show
their antimicrobial properties, suggest that these microcrystals are promising

candidates to be used as a coating material for dental and medical devices.

5. Conclusion

In conclusion, a-AgVOs, a-Ag2WOa4, and 3-Ag2Mo0O4 induced low cytotoxicity to
THP-1 and macrophages cells during a long enough period to measure potential
damage. Also, these microcrystals increased the production of O2" and modulated
cytokines and MMP production in a cell phenotype-dependent way. The data
presented suggest that a-AgVOs, a-Ag2WO4, and B-Ag2MoO4 are promising silver-

containing microcrystals for future applications in the medical field.
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Figure 1. Mean values of fluorescence emission of (A) THP-1 cells and (B)
macrophages after contact with a-AgVOs, a-Ag2WO4, and B-Ag2MoO4 microcrystals
for 24 hours. RPMI: standard cell culture conditions control; LB: lysis buffer cell death
control; MIC: minimal inhibitory concentration; MFC: minimal fungicidal concentration.

Different letters represent a statistically significant difference between groups.



48

30000 THP-1
25000 | d g
£ 20000 T ]’ cd
2 E 1 bcd
G o 15000 be l | T T
o 9 1
S © 10000 ]' be l 1 5
[} UEJ 1 b T -
2 4 5000 - J'
o = 1
3 o 0 43 a [_—l a 11
) \—I‘ 1 4 1 N I 1 1 N 1 1 1
- O 4
(']
S © 5000
To ] I T
-10000 - 1 1
2000d = T 2 293 2o % 52 2 22
g Jdzg g2 I I+ 2 £+
> >t o+ S 8 3 &
< < 2 2
[=] =] t's t's
Groups
20000 . Macrophages
I cd cd
__ 10000 T [
2 E c I © c
w o
@ 2
2 ﬁ ]__I ab l_--—l ab a I_—I b
= 0 T T 1 T 1 T T T
E
g u
S E |
§ © -10000 |
S § I
=3 I [ |
-20000 - 1
Q & @ & 0 6 J &, & O
< o = = L I Q O
s0000d = T 2 292 2o 5 FE 2 22
" 5 m o <L o
o Oz g gz < £+ 2 I+
> B> >4 B 8 A &
I T £ <
(=] =] = =
Groups

Figure 2. Mean values of fluorescence intensity of THP-1 (A) and macrophages (B)
using DHE probe after contact with NAC [0.01 mM], H202 [0.125 mM], and a-AgVOs,
a-Ag2WOs4, and -Ag2MoO4 microcrystals (alone or with NAC). Error bars: standard
deviation. NAC: N-Acetyl-L-cysteine; H202: hydrogen peroxide; MIC: minimal inhibitory
concentration; MFC: minimal fungicidal concentration. Different letters represent a

statistically significant difference between groups.
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Figure 3. CLSM of THP-1
cells. (A) standard culture
conditions; (B) H202 [0.125
mM]; C and D: a-AgVOs MIC
[3.9 pg/mL] without NAC (C)
and with NAC [0.01 mM] (D);
E and F: a-AgvO: MFC
[15.62 pg/mL] without NAC
(E) and with NAC [0.01 mM]
(F); G and H: a-Ag2WOa4
[7.81 pg/mL] without NAC
(G) and with NAC [0.01 mM]
(H); 1 and J: a-Ag2MoOq
[15.62 pg/mL] without NAC
() and with NAC [0.01 mM]
(J). Red fluorescence: Oz
production.
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Figure 4. CLSM of
macrophage cells. (A)
standard culture conditions;
(B) H202[0.125 mM]; C and
D: a-AgvOs MIC [3.9
pg/mL] without NAC (C)
and with NAC [0.01 mM]
(D); Eand F: a-AgvVOs MFC
[15.62 pg/mL] without NAC
(E) and with NAC [0.01 mM]
(F); G and H: a-Ag2WOq4
[7.81 pg/mL] without NAC
(G) and with NAC [0.01
mM] (H); | and J: a-Ag-
2MoOs4  [15.62  pg/mL]
without NAC (I) and with
NAC [0.01 mM] (J). Red
fluorescence: O
production.
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Figure 5. Mean fluorescence intensity and its respective confidence interval (95% CI)
of TNFaq, IL-6, IL-1B, and IL-8 by THP-1 cells after 4 hours (A, C, E, G) and 24 hours
(B, D, F, H) of THP-1 cells after contact with a-AgVOs, a-Ag2WO4, and 3-Ag2MoO4
microcrystals. Dot: mean fluorescence intensity; Error bars: 95% CI; CT: control; MIC:

minimal inhibitory concentration; MFC: minimal fungicidal concentration; ND: non-

detected. The dotted lines indicate the upper and lower limits of the 95% CI of the CT

group. Amount of cytokine produced (pg/mL) above each 95% CI.
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Figure 6. Mean fluorescence intensity and its respective confidence interval (95% CI)
of IL-1B, TNFa, IL-6, and IL-8 by macrophages cells after 4 hours (A, C, E, G) and 24
hours (B, D, F, H) after contact with a-AgVOs, a-Ag2WO4, and [-Agz2MoO4

microcrystals. Dot: mean fluorescence intensity; Error bars: 95% CI; CT: control; MIC:

minimal inhibitory concentration; MFC: minimal fungicidal concentration. The dotted

lines indicate the upper and lower limits of the 95% CI of the CT group. Amount of

cytokine produced (pg/mL) above each 95% CI.
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Figure 7. A 95% confidence interval (mean value + standard error) of MMP-8 (A) and
-9 (B) (pg of MMP/ug of total protein) released by THP-1 cells after 24 hours of contact
with a-AgVOs, a-Ag2WOs4, and B-Ag2MoOas microcrystals. CT: standard culture
conditions; LPS: positive control; MIC: minimal inhibitory concentration; MFC: minimal
fungicidal concentration; ND: non-detected. The dotted lines indicate the upper and

lower limits of the 95% CI of the CT group.
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conditions; LPS: positive control; MIC: minimal inhibitory concentration; MFC: minimal
fungicidal concentration. The dotted lines indicate the upper and lower limits of the
95% CI of the CT group.
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Abstract

Fungal infections have become a major concern in the medical community, especially
those caused by Candida spp. Within this species, Candida albicans stands out for
being an opportunistic commensal fungus that can cause superficial and invasive
infections. Current antifungal therapy involves the local and/or systemic use of drugs
such as azoles, polyenes, and echinocandins. These antifungals are based on highly
specific target sites and the development of resistance may occur with changes in the
enzymatic pathways which serve as the drug targets. Thus, the development of new
antifungal drugs is highly recommended to prevent drug resistance. The present
investigation evaluated the antifungal activity of silver-containing microcrystals such as
silver vanadate (a-AgVOg), silver tungstate (a-Ag2WOa4), and silver molybdate (-
Ag2Mo00a4). In addition to having antimicrobial activity, such compounds should not
cause damage to underlying tissues. Thus, to better assess the biocompatibility of new
compounds, a new 3D co-culture model involving three cell lines was developed. The
validation of the model was based on fluorescent markers and confocal laser
microscopy. The biocompatibility of silver-containing microcrystals was evaluated by
MTT assay. 3D co-culture was infected with C. albicans biofilm and challenged with a-
AgVOs, a-Ag2WO4, and B-Ag2MoOa. The action of microcrystals on C. albicans biofilm
was evaluated by colony forming units (CFU/mL) and live/dead staining. In addition,
production of proinflammatory cytokines IL-6, IL-8, IL-18, and TNFa was measured by
cytometric bead array (CBA) kit using the flow cytometry. The 3D co-culture model
described here proved to be adequate to assess both the biocompatibility of the new
materials and the infectious processes. Regarding the biocompatibility of the
microcrystals, only a-AgVOs [15.62 pg/mL] showed a decrease in cell viability. The
anti-biofilm activity of a-Ag2WO4 was similar to that of the standard drug (fluconazole).
Although a-Ag2WO4 was able to induce the production of IL-6, IL-8, and IL-13, no
differences in cytokine production were observed between noninfected and infected
models treated with this microcrystal. 3-Ag2MoO4 inhibit the production of TNFa in the
infected model, however, it showed no antibiofilm activity. Based on the
biocompatibility and antifungal findings, a-Ag2WOa is a promising material for treating
C. albicans infection.
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1. INTRODUCTION

Opportunistic fungal infections have been described as important causes of
morbidity and mortality (Naglik et al., 2017). Among several opportunistic fungi, C.
albicans is considered one of the most relevant, since it is responsible for a large
number of fungal infections (Pellon et al., 2020). In patients with systemic fungal
infections, there is a predominance of C. albicans in clinical isolates (58%), with the
lungs being a frequent site of colonization (Xie et al., 2008; Pellon et al., 2020). The
presence of C. albicans associated with systemic and/or local factors, such as chronic
diseases, immunosuppression, dry mouth, and poor oral hygiene (Salerno et al.,
2011), is related to higher rates of morbidity and mortality in these patients (Sudbery
et al., 2004; Salerno et al., 2011).

The pathophysiology of C. albicans is closely influenced by several virulence
factors such as the capacity to adhere to host tissues, the secretion of hydrolytic
enzymes (proteases, phospholipases, and hemolysins), and the ability to form biofilm,
a highly organized structure that protects the microorganism from environmental
changes, including antifungal agents (Sardi et al., 2013). Currently, local and/or
systemic antifungal therapy includes the use of several drugs to treat C. albicans
infections, with echinocandins, polyenes and azoles being the most commonly used.
These drugs act by preventing the synthesis or binding to components of the cell
membrane of fungi, such as ergosterol, thus causing their death (Andriole, 2000).
Despite their relatively good performance and clinical success, the prolonged use of
these antifungals can cause kidney and liver damage (Andriole, 2000). In addition, the
indiscriminate use of these drugs may lead to increased tolerance/resistance of
microorganisms due to molecular mechanisms of protection, such as the decrease in
the permeability of the membrane to the drug (Canuto and Rodero, 2002). Thus,
identifying novel multitarget antifungal agents to overcome these limitations represents
an urgent need in the field.

New materials that physically and/or chemically inactivate microorganisms have
been widely studied, mainly because they have a low propensity to cause microbial
resistance (Panacek et al., 2009; Kim et al., 2009; Lipovsky et al., 2011; Junqueira et
al., 2012; Dovigo et al., 2013; Longo et al., 2014; Fabbro et al., 2016; Foggi et al.,
2017a; Foggi et al., 2017b; de Oliveira et al., 2017; Hamida et al., 2020). Among these

materials, the silver-containing microcrystals silver vanadate (a-AgVOs), silver
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tungstate (a-Ag2WO4) and silver molybdate (B-Ag2Mo00Oa4) have been shown to promote
growth inhibition and/or death of microorganisms such as C. albicans and methicillin-
resistant Staphylococcus aureus (MRSA) in their free (planktonic) form (Longo et al.,
2014; Fabbro et al., 2016; Foggi et al., 2017a; Foggi et al., 2017b; de Oliveira et al.,
2017; Assis et al., 2018; Assis et al.,, 2019; Pimentel et al., 2020). The proposed
mechanism of action is based on theoretical calculations where, through the
generation of free radicals such as hydroxyl (OH*), superoxide (O’2), and hydroperoxyl
(HO2*), important components of microorganisms such as polysaccharides, lipids, and
cell membrane proteins are affected, thus altering their integrity and causing
microorganism death (Longo et al., 2014; Fabbro et al., 2016; Foggi et al., 2017a;
Foggi et al., 2017b; de Oliveira et al., 2017). Despite these favorable results, little is
known about the action of these microcrystals on microbial biofilms.

An important concern regarding such new materials is their biocompatibility with
tissues, as the free radicals generated can also affect mammalian cells (Schieber and
Chandel, 2014). Although reactive oxygen species (ROS) act as molecular signals in
the regulation of physiological processes, they can lead to hyperactivation of the
inflammatory response at high levels (Schieber and Chandel, 2014). Oxidative stress
generated by ROS causes the activation of the MAPK (Mitogen-Activated Protein
Kinase) signaling pathway, which induces transcription factors such as NF-kB (Nuclear
Factor kappa B), leading to the production of pro-inflammatory cytokines (Park and
Park, 2009). Previous studies based on monolayer cell growth model have shown that,
at some concentrations, a-AgVOs, a-Ag2WO4 and (-Ag2MoO4 microcrystals were not
cytotoxic (Haro Chavez et al., 2018; Assis et al., 2019; Pimentel et al., 2020). Although
traditional monolayer cell culture models are still predominant, they may fail to
reproduce the complex and dynamic environment of in vivo tissues. As a result, there
may be false results or inconsistencies, since in such model the cells are “forced” to
adapt to a rigid and artificial surface (Brohem et al., 2010). Another important point is
regarding the type of cells in the culture, since it is known that the greater the number
of cell lines involved, the more reliable the responses obtained in in vitro assays (Zhou
et al., 2015).

In the present investigation, a three-dimensional cell co-culture model
containing fibroblasts, keratinocytes, and monocytes was developed to assess the

biocompatibility and inflammatory responses of a-AgVOs, a-Ag2WOa4, and $-Agz2MoO4
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microcrystals, as well as to evaluate the antifungal activity of the materials against C.

albicans biofilms.

2. Article types: Original Article - Biomacromolecules Systems Applied to
Medical Implants for the Release of Therapeutic Agents

3. Materials and Methods (APENDICE A)

3.1 Microcrystal’s synthesis and characterization
The synthesis of a-AgVOs, a-Ag2WO4, and B-Ag2MoOs4 microcrystals were
performed using the coprecipitation method in an aqueous medium, as published in
previous studies (Fabbro et al., 2016; Foggi et al., 2017b; Pimentel et al., 2020). First,
1 x 10 mol of the Ag+ precursor (AgNOs, Cennabras, 99.98 %) was diluted in 50 mL
of distilled water. Concomitantly, the precursors of the lattice formers were diluted in
stoichiometric amounts in 50 mL of distilled water (1 x 102 mol of NH4VO3 (Aldrich,
99.99 %), or 5 x 10* mol of Na2W0QO4.2H20 (Aldrich, 99.99 %), or Na2MoOa4 (Alpha
Aesar, 99.98 %)). Temperatures of 10°C for a-AgVOs and 70°C for a-Ag2WO4 and [3-
Ag2Mo0O4 were used. After the solutions reached the required temperatures, the lattice
former solutions were added to the Ag* solution, instantly forming the precipitates.
These precipitates were washed with distilled water to pH 7 and oven-dried at 60 °C
for 12 h. After synthesis, all three microcrystals were diluted in PBS at a stock
concentration of 2 mg/mL. The materials were characterized by X-Ray Diffraction
(XRD) using a Rigaku-DMax/2500PC (Rigaku, Tokyo, Japan) with Cu Ka radiation and
by micro-Raman spectroscopy using a Horiba Jobin-Yvon spectrophotometer coupled
to a CCD Synapse detector and using a 514 nm argon laser.
The microcrystals concentrations evaluated in the present study were based on
previous studies (Fabbro et al., 2016; Foggi et al., 2017b; Pimentel et al., 2020)
according to the minimal inhibition concentration (MIC) and minimal fungicidal

concentration (MFC) against C. albicans (Table 1).

3.2 Cell culture conditions
For the present study, three cell lines were used, FGH (Rio de Janeiro Cell Bank;
code: 0089), THP-1 (Rio de Janeiro Cell Bank; code: 0234), and NOK-si cells (kindly

provided by Professor Carlos Rossa Jr., from the Cellular and Molecular Biology
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Laboratory, Department of Periodontics, School of Dentistry, Sdo Paulo State
University - Unesp). NOK-si and FGH cells were cultured in High Glucose (4.5 g/L)
Dulbecco Eagle’s Modified Medium (DMEM; GIBCO, NY, USA) supplemented with L-
Glutamine (2 mM/L; Lonza, Basel, Switzerland); Fetal Bovine Serum (FBS; 10 % v/v;
GIBCO, NY, USA) and 1 % v/v antibiotic/antimycotic solution (penicillin G - 10.000
Mg/mL, streptomycin - 10.000 pg/mL and amphotericin B - 25 ug/mL) (Sigma-Aldrich,
MO, USA) 107. THP-1 cells were cultured in Roswell Park Memorial Institute medium
(RPMI-1640) supplemented with 2 mM glutamine, 10 mM HEPES (Sigma-Aldrich, MO,
USA), 1 mM sodium pyruvate, 4.5 g/L glucose, 1.5 g/L sodium bicarbonate, 10 % v/v
FBS and 0.09% v/v B-mercaptoethanol (Gibco, NY, EUA). All cells were incubated at
37 °C with 5 % COa.

3.3 3D cell co-culture model

For the development of the three-dimensional (3D) cell co-culture model, cells
were grown until they reached 90 % confluence. The cells were washed with sterile
phosphate-buffered saline solution (PBS, pH 7.2), detached with trypsin solution (0.05
% v/vV)IEDTA (0.53 mM/ L) (Sigma-Aldrich®, MO, USA), and centrifuged at 400 x g for
5 min. The protocol used was adapted from Haro Chavez et al. (2018) (Haro Chavez
et al., 2018). Briefly, 2.3 mL of DMEM medium, 450 pL of FBS, 1.5 mL of rat tall
collagen (First Link, Wolverhampton, United Kingdom), 200 pL of NaOH (1 M), 250 pL
of FGH cell suspension (6 x 108 cells/mL) and 100 pyL THP-1 cell suspension (1.5 x
10° cells/mL) were added to a 50 mL conical tube. The solution was carefully mixed
and plated in a 24 well plate. Next, 500 pL of the solution was added to each well and
the plate was incubated until polymerization of the collagen at 37 °C with 5 % CO..
After polymerization, 75 pL of NOK-si cell suspension (2 x 108 cells/mL) was added.

The plate was incubated for 24 h for adhesion and formation of the keratinocyte layer.

3.4 Confocal Laser Scanning Microscopy (CLSM) of the noninfected 3D co-
culture model

To characterize the 3D co-culture model, CLSM assays were performed. All
CLSM assays were performed with the LSM 800 Carl Zeiss with ZenBlue Software 2.3.
Prior to making the 3D co-culture model, THP-1 cells were stained with Cell Trace
CSFE probe (ThermoFischer Scientific, MA, USA) to confirm this cell phenotype in the
deep layers of the 3D co-cultures. So, THP-1 cells were washed twice with PBS and
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centrifuged at 400 x g for 5 min before their collection. The pellet was re-suspended
and diluted in PBS to obtain a 1.5 x 108 cells/mL THP-1 cell suspension. Next, 2 pL of
the Cell Trace CFSE loading solution was added to the cell suspension and the tube
was incubated at 37 °C. After 20 min, 20 pL of FBS was added and the cells were
centrifuged at 400 x g for 3 min. The pellet was washed twice with PBS supplemented
with 2 % v/v FBS. After the washing steps, the pellets were re-suspended in 1 mL of
DMEM media without FBS prior to use for 3D culture formation (already described 3.2).
For CLSM, 3D co-cultures were washed with PBS and fixed with paraformaldehyde (4
% v/v) for 30 min at 37 °C. Next, the plates were washed with PBS and Triton (0.1 %
v/v) was added. After 10 min of incubation, the wells were washed twice with PBS and
labeled with ActinRed™ 555 ReadyProbes™ reagent (ThermoFischer Scientific, MA,
USA) for 30 min. Then, 3D co-cultures were washed with PBS before CLSM
visualization. For the image acquisition, 488 nm and 561 nm lasers were used.

For the 3D co-cultures exposed to a-AgVOs, a-Ag2WO4 and (-Ag2MoQOas, the
media was collected and stored at -20 °C for cytokine analysis, previously to the
staining protocol. Next, 500 pL of the Hoechst 33342 and Propidium iodide (PI)
(1:1000) (Sigma-Aldrich, MO, USA) were added to each well and incubated for 10 min,
protected from light. Next, the 3D co-cultures were washed with PBS, 300 uL of
paraformaldehyde (4 % v/v) were added to each well and the plates were incubated
for 20 min at 37 °C. After 20 min, the plates were washed with PBS and 300 pL of
Triton (0.1 % v/v) were added and incubated for 10 min. Next, the wells were washed
with PBS. After washing, Alexa-488 Phalloidin™ (ThermoFischer Scientific, MA, USA)
was added (300 pL/3D co-culture model) and incubated for 30 min. Next, 3D co-
cultures were washed and finally, 500 uL of PBS was added prior to the CLSM assays.
For the image acquisition, 405 and 488 nm lasers were used in the X, Y, and Z axis.

3.5 Cytotoxic assay in noninfected 3D co-culture model

For the assessment of the a-AgVOs, a-Ag2WO4 and -Ag2MoO4 cytotoxicity, the
microcrystals were added to the 3D co-culture model and co-cultured for 24 h. The cell
viability was determined by MTT by tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, MO, USA) assay, as described by
Dias KC et al. (2017) (Dias et al., 2017). Briefly, the media was collected from the
plates, and the wells were washed with PBS. Next, 400 pL of MTT in RPMI without
phenol was added (2 mg/mL) in each well and the plate was incubated for 4 h at 37 °C
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and 5 % CO2. After solubilization of formazan crystals, the plate was measured at 562
nm in an EZ Read 400 Microplate reader (BioChrom) with assistance from the Adapt
2.0 BioChrom software. The assay was performed in triplicate on three different

occasions.

3.6 3D co-culture model infection with C. albicans biofilm

For the infection model, a C. albicans strain (ATCC 90028) was used. The yeast
was unfrozen and cultured in a Sabouraud Dextrose Agar (SDA; KASVI, PR, Brazil)
plate supplemented with chloramphenicol (0.1 g/L) and incubated for 24 h at 37 °C.
For the pre-inoculum, 5 colonies were cultured in 10 mL of Yeast Nitrogen Base (YNB;
BD Difco, CA, USA) supplemented with 100 mM glucose at 37 °C. After 16 h, the
culture was diluted 1:20 in a fresh YNB medium and incubated at 37 °C for 8 h for
inoculum formation. Next, the yeast was washed twice with PBS and centrifuged at
250 x g for 10 min at 4 °C. The pellet was resuspended in RPMI-1640 buffered with
HEPES (25 mM) and supplemented with 2 mM of L-glutamine and sodium bicarbonate
(2 g/L). Then, to obtain a C. albicans cell suspension of 3 x 104 Colony-Forming Unit
(CFU)/mL, a dilution was performed. Finally, 100 uL of the C. albicans cell suspension
was added to each well of the 24 well plate containing the 3D co-culture model. The
plates were incubated for 24 h at 37 °C with 5 % CO..

3.7 Evaluation of the antifungal effect of the silver-containing microcrystals

To evaluate the antifungal effect of the silver-containing microcrystals, CFU/mL
by plate count was performed. For this assay, the 3D co-culture models were collected
and vortex with 1 mL of PBS for 5 min. After 5 min, 100 pL were collected and diluted
1:1000 in PBS. Then, 20 pL of each diluted solution were plated in SDA plates and
incubated at 37 °C for 24 h. Next, the number of colonies was counted, and the
CFU/mL was calculated. Fluconazole (FCZ) at 120 pg/mL was used as standard drug
control. The experiment was performed in triplicate on three different occasions.

The antifungal effect of silver-containing microcrystals on 3D co-culture was also
evaluated by CLSM using LIVE/DEAD™ BacLight™ Bacterial Viability Kit (Molecular
Probes, OR, USA). Briefly, after collecting and vortexing the 3D co-culture model as
described previously, an aliquote of 100 pL of each experimental group was stained
with Pl and Syto 9 (1:1000) diluted in PBS. Then, 1 mL of the solution was added to
confocal plates and incubated for 30 min protected from light, followed by CLSM
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observation. The laser was fixed at 488 nm with 4 % power for the excitation of both
probes. For emission, 530 nm were used for Syto9 detection and 610 nm for PI
detection, both with a gain of 700 V in the X, Y, and Z axis. Fluconazole (FCZ) at 120
pHg/mL was used as standard drug control. The experiment was performed in duplicate

on two different occasions.

3.8 Confocal Laser Scanning Microscopy (CLSM) of the infected 3D co-culture
model

To characterize the 3D co-culture model, CLSM assays were performed. First,
THP-1 cells were stained with a Cell Trace CSFE probe as already described (section
3.3). After ActinRed™ staining, CalcoFluor White (CW) probe (Sigma-Aldrich, MO,
USA) was added. For this, 20 pL of CW and 20 pL of 10 % v/v KOH were added to
each well and the plate was incubated at room temperature. After 10 min, the wells
were washed with PBS prior to the CLSM assay. For the image acquisition, 405 nm
and 561 nm lasers were used.

For the infected 3D co-culturemodel challenged with to a-AgVOs, a-Ag2WO4 and
B-Ag2Mo00O4, the media were collected and stored at -20 °C for cytokine analysis,
previously to staining protocol. Next, 500 uL of Pl (1:1000) were added to each well
and incubated for 10 min, protected from light. After 10 min, the 3D co-cultures were
washed with PBS. Next, 300 pyL of paraformaldehyde (4 % v/v) were added to each
well and the cultures were incubated for 20 min at 37 °C. The plates were washed with
PBS and 300 pL of Triton (0.1 % v/v) was added and incubated for 10 min. Then, the
wells were washed with PBS. Thereafter, Alexa-488 Phalloidin™ (ThermoFischer
Scientific, MA, USA) was added and incubated for 30 min. The 3D co-cultures were
washed and finally, 500 uL of PBS was added prior to the CLSM assays. For the image

acquisition, 405 and 488 nm lasers were used in the X, Y, and Z axis.

3.9 Cytometric Bead Array (CBA)

For cytokine detection, the BD™ cytometric bead assay was used. Briefly, the
lyophilized Human Inflammatory Cytokines Standards were reconstituted with 2 mL of
Assay Diluent. Next, a serial dilution was performed until 1:256 dilution. Negative
control was prepared with only Assay Diluent. Then, a mix of capture beads were
prepared. In cytometry tubes properly named with standard curve points and samples

were added 50 pL of the mixed Capture Bead. Next, 50 pyL of the Human Inflammatory
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Cytokines Standard previously serially diluted were added to the standard curve tubes
and 50 uL of each sample were added to its respective tube. Then, 50 uL of the Human
Inflammatory Cytokines PE Detection Reagent were added to all the tubes, which were
incubated at room temperature and protected from light. After 3 h, 1 mL of Wash Buffer
was added to each tube followed by centrifugation at 200 x g for 5 min. The
supernatant was then discarded and 300 uL of Wash Buffer was added to each tube.
The samples were acquired in a BD FACSAria™ Fusion Flow Cytometer. Data were

analyzed with the FCAP Array v. 3.1 software.

3.10 Statistical Analysis

To assess the distribution and homoscedasticity of the data, the Shapiro-Wilk and
Levene tests were applied. As the data of CFU/mL did not show normal distribution,
the analysis was performed using the Kruskal-Wallis test followed by Dunn’s post-test.
The data obtained from the MTT and CBA tests presented normal distribution and
equality of variances. Thus, the one-way ANOVA test was performed, followed by
Tukey's post-test for MTT data. CBA data were evaluated by Student t-test. All data
were evaluated using the GraphPad Prism software version 5.0 (GraphPad Software,

CA, USA), where p < 0.05 was considered statistically significant.

4. RESULTS
4.1 Microcrystal’s characterization

After synthesis, all materials were structurally characterized in order to observe
their respective crystalline phases, as well as their purity. By both XRD and micro-
Raman spectroscopy (Figure 1), it was possible to identify the formation of the
monoclinic phase in a-AgVOs, characteristic of such compound, with space group
C2/c, in agreement with the Inorganic Crystal Structure Database (ICSD), card No.
50645 (de Oliveira et al., 2017). For a-Ag2WO4, the monoclinic structure with Pn2n
space group was obtained, in accordance with ICSD card No. 248969 (Assis et al.,
2018; 2019; 2020; 2021). The B-Ag2MoO4 was related to ICSD card No. 238013, with
cubic structure and Fd3m space group (Penha et al., 2020; Foggi et al., 2020). In all
cases, no additional phases were observed, indicating the high purity of the materials.

Figure 1

4.2 Characterization of the 3D co-culture model
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To characterize the 3D co-culture model, a CLSM analyses was performed. It
was observed that the noninfected 3D co-culture was formed by an epithelial layer of
70 um thickness connected to the collagen matrix layer of 130 um thickness, containing
FGH (red) and THP-1 cells (green) (Figure 2, left field, white bar 1). The 3D co-culture
model infected with C. albicans biofilm had a total thickness of 210 ym, with an
epithelial layer of 80 um colonized by the biofilm (Figure 2, right field, bar 2) and
connected to the collagen matrix layer containing inflammatory cells (green) of 130 ym
(Figure 2, right field, line 3).

Figure 2

4.3 Biocompatibility of the microcrystals in noninfected 3D co-culture model

To assess biocompatibility, the 3D co-culture models were challenged with the
microcrystals for 24 h and then analyzed by MTT and CLSM (Figure 3). The
microcrystals a-Ag2WOa, a-AgVOs (3.9 pyg/mL) and B-Ag2MoO4 showed no decrease
in cell viability as compared to control (Figure 3A). However, a significant decrease in
cell viability (p<0.0001) was observed when the 3D co-culture model was challenged
with a-AgVOs at 15.62 pg/mL (Figure 3A). Data obtained by MTT were confirmed by
CLSM (Figure 3B), where different degrees of cell death in 3D co-culture models were
detected by positive labeling with PI (Figure 3B, red panel).
Figure 3

4.4 Anti-biofilm effect of the silver-containing microcrystals

To evaluate anti-biofilm activity of microcrystals a-AgVOs, a-Ag2WO4 and -
Ag2Mo0O4, CFU/mL was performed (Figure 4A). It was not possible to observe
significant reductions in microbial load when C. albicans biofilms were challenged with
a-AgVOs (3.9 yg/mL and 15.62 pg/mL) and B-Ag2MoO4 microcrystals. On the other
hand, a-Ag2WO4 showed a significant reduction (p<0.0001) of approximately 1.5 logio,
with no significant difference to the standard treatment with FCZ. These findings were
confirmed by LIVE/DEAD staining (Figure 4B), where it was possible to detect C.
albicans cells labeled with PI (red) only for those 3D co-cultures challenged with a-
Ag2WO4 and FCZ (Figure 4B; red cells).
Figure 4
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CLSM of the 3D co-culture models confirmed the findings of CFU/mL, where a-
Ag2WO4 and FCZ showed similar anti-biofilm activity (Figure 5A). In these two groups,
positive staining for CW (Figure 5A, blue panel) were significantly lower than the
infected control, a-AgVOs (3.9 yg/mL and 15.62 pyg/mL) and B-Ag=2MoO4 groups.
Further, lower number of epithelial dead cells labeled with Pl were seen in a-Ag2WO4
and FCZ groups as compared to the other groups (Figure 5A, red panel). Similarly, a-
Ag2WO4 and FCZ were less harmful to epithelial layer as revealed by phalloidin 488
stain (Figure 5A, green panel). Figure 5B also shows better preservation of the
epithelial layer when 3D co-culture models were challenged with a-Ag2WO4 and FCZ.
In these groups, the penetration of C. albicans (blue fluorescence of CW) was
restricted to the epithelial layer (green fluorescence of phalloidin 488 in the upper layer
of the 3D culture). In contrast, in the infected control group and a-AgvVOs and -
Ag2Mo0O4 experimental groups, it was possible to notice the presence of black niches,
representing the absence of phalloidin 488 labeling, and the increased blue
fluorescence niches with CW, which is related to higher invasiveness of the C. albicans
biofilm into the epithelial layer of the 3D cultures (Figure 5B, blue, green and merge
panels).

Figure 5

4.5 Cytokine production

The cytokine production by 3D co-culture models was assessed by flow
cytometry. In noninfected 3D co-culture models challenged with microcrystals, a-
Ag2WO4 promoted a significant increase in IL-6 production compared to control
(p=0.0414; Figure 6D). A significant increase in IL-8 production was also observed
when the models were challenged with a-Ag2WO4 (p=0.0053; Figure 6N) and [3-
Ag2M00O4 (p=0.0090; Figure 60). When compared to noninfected control, no
statistically significant differences in the production of the cytokines (IL-6, IL-13, IL-8
and TNFa) were found, when the 3D co-culture models were challenged with a-AgVOs
(3.9 pg/mL and 15.62 pg/ml). In 3D co-culture models infected with C. albicans biofilm
(infected control), a significant increase in the production of IL-6 (p=0.0023; Figure 6A),
IL-1B (p=0.0036; Figure 6F) and IL-8 was observed (p=0.0006; Figure 6K) as
compared to the noninfected control. However, no significant increase in TNFa was
observed (p=0.4351; Figure 6P). In general, after the infected 3D co-culture models

were challenged with microcrystals, no significant differences in the production of the
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cytokines were observed in relation to noninfected 3D co-culture models also
challenged with microcrystals. The only exception was the inhibition of TNFa
production in infected models challenged with 3-Ag2Mo0Oa4 (p=0.0012; Figure 6T).
Figure 6

5. DISCUSSION

In the present study, a 3D cell co-culture model was developed and used to
evaluate the biocompatibility and anti-biofilm activity of silver-containing microcrystals.
Several 3D cell co-culture models are currently used to study infectious processes, cell
behavior, neoplasms, and biocompatibility (Mostefaoui et al., 2002; Klausner et al.,
2007; Moharamzadeh et al., 2008; Kinikoglu et al., 2009; Yadev et al., 2011; Pinnock
et al., 2014; Heller et al., 2016; Dias et al., 2018). These 3D co-culture models take
into account the tissue anatomy to which they refer, making possible to better simulate
a clinical situation when compared to monolayer cell cultures (Moharamzadeh et al.,
2007). The complexity of these 3D co-culture models should also be considered, since
the greater the number of cell lines involved in making these cultures, the more reliable
the responses obtained in in vitro assays. Thus, three cell lines were used in the
present work. The proposed 3D co-culture model included inflammatory cells (THP-1),
embedded in a type 1 collagen matrix containing gingival fibroblasts (FGH). On the top
surface of the polymerized matrix, it is possible to observe a layer of epithelial cells
from the oral cavity (NOK-si). We also assessed the infectious process by C. albicans
biofilms. It was observed 3D-co-culture model invasion by C. albicans cells which is in
agreement with the literature, in both in vivo assays and in vitro models (Villar et al.,
2007; Sun et al., 2010; Yang et al., 2014; Dias et al., 2018). Thus, the 3D co-culture
model described here was considered appropriate to assess the biocompatibility of the
silver-containing microcrystals, the infectious process caused by C. albicans biofilm,
and the anti-biofilm activity of a-AgVOs, a-Ag2WO4 and 3-AgzMoO4 microcrystals.

The biocompatibility of the microcrystals on the 3D co-culture model assessed by
MTT and CLSM showed that only a-AgVOs at 15.62 pg/mL was able to decrease cell
viability in the 3D co-culture model. Previous studies have already evaluated the
cytotoxicity of a-AgVOs, B-Ag2M00O4, and a-Ag2WO4 microcrystals in monolayer cell
culture, using FGH or NOK-si cell lines. In agreement to our results, these previous
quantitative and qualitative assessments demonstrated that a-Ag2WO4 did not affect

proliferation (Assis et al., 2019) and the mitochondrial enzymatic activity of FGH cells
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cultured in a monolayer or the cell viability within 3D collagen matrices (Haro Chavez
et al.,, 2018). Contrasting results from the present investigation have also been
reported. Cytotoxic and genotoxic outcomes revealed that a-AgVOs at 15.62 pg/mL
did not affect NOK-si cell morphology, proliferation, or DNA integrity (Pimentel et al.,
2020). Also, B-Ag2M0o0O4 was found to be cytotoxic to FGH cells (Haro Chavez et al.,
2018), as opposed to what was observed in the present work. These previous findings
are resulted from a single cell line and 2D culture model. Although they bring us
important information, in a quickly and less costly way, they fail in reproduce the cell
complex micro-environment (Brohem et al., 2010). When cells grow in 3D models, they
have different proliferative capacity, metabolic functions and responses to harmfull
agents then when they grow in 2D, due to cell-cell signaling (Brohem et al., 2010).
Also, the use of more than one cell line enables a more reliable analysis of the cellular
response, since in cellular co-culture it is possible to more accurately simulate the
cellular environment, especially when evaluating complex signals, such as the
inflammatory responses (Zhou et al., 2015). This emphasizes the importance of more
complex culture models, such as 3D co-culture models, when assessing the
biocompatibility of biomaterials (Klausner et al., 2007).

The anti-biofilm activity was observed only in those infected 3D co-culture
models challenged with a-Ag2WOs4, which was similar to standard control (FCZ).
Previous studies have already shown that such microcrystals have activity against C.
albicans cells in their free form (planktonic), but not on biofilm (Fabbro et al., 2016;
Foggi et al., 2017a; Foggi et al., 2017b; Assis et al., 2019; Pimentel et al., 2020). The
clinical importance of biofilms is widely known, especially in the oral cavity. The
literature has shown that, during infectious processes, microorganisms are not found
in their planktonic form, but rather form multicellular aggregates in host tissues (Soll,
2008). When organized in biofilms, the microorganisms are more tolerant to
antimicrobial agents, so that the concentration of drugs needed to eliminate the
microorganism is greater when compared to that needed to eliminate its planktonic
form (Silva et al., 2017). Thus, it is essential to evaluate the anti-biofilm properties
when assessing new therapeutic strategies. In some studies, showing the activity of
silver nanoparticles against C. albicans biofilms (Martinez-Gutierrez et al., 2013;
Monteiro et al., 2014; Lara et al., 2015), the concentrations needed to decrease the
viability of C. albicans by at least 1 Logio varied from 0.49 pg/mL (Lara et al., 2015) up

to 1000 pg/mL (Martinez-Gutierrez et al., 2013). In contrast, the amount of silver in a-
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Ag2WOq4 at 7.81 pg/mL concentration is extremely lower (0.015 pg/mL; 0.033 pmol/ml)
when compared to those silver nanoparticle solutions (Haro Chavez et al., 2018) and
still was able to reduce C. albicans by 1.5 logao. It is well known that silver could be
toxic, not only to microorganisms but also to mammalian cells, causing DNA damage
and even cell death. The range of concentration reported to be toxic to mammalian
cells is between 10-100 pg/mL (Chernousova and Epple, 2013), far higher than those
used in the present study. Also, silver size influences its toxicity, so that, at the same
silver concentration, smaller silver particles are more toxic than larger ones for they
can easily being taken up by cells and interact with nuclei acids and cell membranes
(Chernousova and Epple, 2013). Previous studies have shown that a-AgVOs, a-
Ag2WO4 and B-Ag2MoO4 are capable of producing reactive oxygen species (ROS)
from the interaction between semiconductors (V, W and Mo) with water and oxygen
present in the medium (Fabbro et al., 2016; Foggi et al., 2017a; Foggi et al., 2017b; de
Oliveira et al., 2017; Assis et al., 2019). This has been shown to be the principal
mechanism involved in their antimicrobial activity. Through photoluminescence
analysis, it has been observed that a-AgVOs, a-Ag2WOa4 and (-Ag2MoO4 emit spectra
in the blue and red regions, which are related to energy defects generated by
microcrystals. These defects are responsible for promoting distortions in the molecules
of microcrystals, generating OH* and *O2H* and, consequently, causing the death of
microorganisms by oxidative stress (Fabbro et al., 2016; Foggi et al., 2017a; Foggi et
al., 2017b; de Oliveira et al., 2017; Assis et al., 2019).

Morphological analyzes of the 3D co-culture models also demonstrate that a-
Ag2WOa4 had anti-biofilm activity similar to FCZ. Furthermore, it was observed that
these two groups were capable of better preserv the epithelial cell layer and contain
the infection in the epithelial layer. On the other hand, infected 3D co-culture models
challenged with a-AgVOs and (-Ag2Mo0O4, as well as the control, showed the absence
of the epithelial layer and a thicker biofilm of C. albicans (CW) reaching the collagen
matrix layer. The destruction of epithelial cells observed in those groups is typical of
invasion of C. albicans biofilms. Dias et al., (2018) (Dias et al., 2018) demonstrated
that C. albicans biofilm was able to cause great alterations in an in vitro tissue model.
It was observed that C. albicans hyphae is responsible for tissue invasion and
destruction, even serving as bridge to other microorganisms that are unable to
penetrate host tissue, such as Staphylococcus aureus (Dias et al., 2018). The cell

damage was also proven by lactate dehydrogenase (LDH) level, which was
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expressively increased in tissue models when C. albicans was present in biofilms (Dias
et al., 2018). This capacity of C. albicans to attach and penetrate host tissue is related
to hydrolytic enzymes, such as proteases and phospholipases, that are secreted by
this microbial biofilms (Ingham et al., 2012; Zago et al., 2015). In the host, these
enzymes play an important role in inflammatory and pathological responses during
infection (Villar and Zhao, 2010).

Regarding cytokine production, a-Ag2WO4 promoted an increase in IL-6 and IL-
8 production by noninfected 3D co-culture models. The increased levels were were not
different from those observed in infected 3D co-culture models though. As expected,
C. albicans biofilm also increased the production of IL-6, IL-18 and IL-8. C. albicans is
known to modulate the cellular inflammatory response and stimulate the production of
IL-6, IL-1B and IL-8 (Dongari-Bagtzoglou and Kashleva, 2003; Gow and Hube, 2012;
Qin et al., 2016; Richardson et al., 2019). The increase in these cytokines is important
for fungal infection control, as IL-6 is responsible for the recruitment of neutrophils
(Cheng et al., 2012); IL-1B is related to IL-17 production, important for defense against
C. albicans (Cheng et al., 2012); and IL-8 may act by increasing the anticandidal
activity (Szolnoky et al., 2001) and proliferation of keratinocytes, essential for
maintaining epithelial integrity and barrier function (Rennekampff et al., 2000). Despite
demonstrated benefits, some silver-based materials can cause immunotoxicity if used
at higher dosages with high amounts of silver ions. Such materials should be used
within a therapeutic window that allows minimizing biofilm growth without leading to

adverse inflammatory consequences and/or cytotoxicity.

CONCLUSION

Taking into account the observed cell responses and antifungal behavior of the
microcrystals tested in the present work, a-Ag2WO4 seems to be a more promising
biomaterial when compared to the others, having the ability to modulate the
inflammatory response and minimize the infectious process via antifungal activity.
Also, the results obtained in the present work showed, for the first time, a 3D co-culture
model involving three cell lines with an inflammatory component that allow to better
comprehend the action of biomaterials on human infected tissue. This model was
considered a reliable tool for the biocompatibility assessment of a-AgVOs, a-Ag2WO4
and B-Ag2MoOs4, as well as in the investigation of the antifungal activity of these

microcrystals against C. albicans biofilms.
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Table 1. Microcrystals and their respective minimal inhibition concentration (MIC) and
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Figure 1. Characterization of a-AgVOs, a-Ag2WO4 and 3-Ag2MoO4 microcrystals. (A)
XRD pattern. (B) micro-Raman spectroscopy.
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Figure 2. Confocal fluorescence microscopy of the infected and noninfected 3D co-
culture models, collagen matrix stained with ActinRed 555 (red; cytoskeleton); CSFE
(green; inflammatory cells); and CalcoFluor White (purple; Candida albicans). (A)
Upper view of the noninfected 3D co-culture model, blue arrow; FGH cells, white arrow;
THP-1 cells and yellow arrow; NOK-si cells. (B) Upper view of the infected 3D co-
culture model, blue arrow; FGH cells, white arrow; THP-1 cells and yellow arrow; NOK-
si cells, blue arrow over the CalcoFluor White staining; C. albicans. (C) Side view of
the noninfected 3D co-culture model; demonstrating the formation of a monolayer of
keratinocyte and the presence of the inflammatory cells within the 3D co-culture model.
(D) Side view of the infected 3D co-culture model, demonstrating a formation of C.

albicans biofilm adhered to the keratinocyte monolayer.
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Figure 3. Viability assay and Confocal imaging of the noninfected 3D co-culture
exposed to the compounds. (A) Viability assay measured with MTT assay, a statistical
difference was observed in a-AgVOs (15.62 pg/mL) and the positive control; ***p<
0.0001. (B) Confocal imaging of the noninfected 3D co-culture; Hoechst staining for
nuclei; Propidium lodate (PI) staining for death cells; Phalloidin 488 staining for

cytoskeleton; and merge of the microscopy images of all the probes.
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Figure 4. Antifungal effects of the microcrystals against C. albicans-infected 3D co-
culture models. (A) Logarithmic CFU/mL counts of C. albicans after the exposition to
the microcrystals in the infected 3D co-cultured model. Statistical difference observed
in FCZ and a-AgWOa4. ***p< 0.0001. (B) LIVE/DEAD confocal imaging of C. albicans
cells exposed to the microcrystals; Syto9 staining for the live C. albicans cells;
Propidium lodate (PI) for the C. albicans dead cells; and the merge of the images.



85

A a-AgVO, a-AgVO, )
Control (3.9 pug/mL]  [15.62pg/mL]  B-Ag:MoO, a-Ag, WO, FCZ

Phalloidin 488 Pl CW

Merge

=

L L

Control

a-AgVO, [3.9 pg/mL) 2y | a-AgVO; [15.62 pg/mL]

Méﬁ”m m!o,m'wv

B-Ag:MoO, 50 pm

Figure 5. Confocal microscopy of the infected 3D co-culture models. CalcoFluor White
staining for C. albicans (blue); Propidium lodate (Pl) staining for death cells (red);
Phalloidin 488 staining for cytoskeleton (green), and the merge of the images. (A)
Upper view of the confocal microscopy of the infected 3D co-culture models exposed
to the microcrystals. (B) Side view of the confocal microscopy of the infected 3D co-

culture models exposed to the microcrystals.
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Figure 6. Comparisons in the cytokine (IL-6; IL-1B; IL-8; and TNFa) production
between the infected and noninfected 3D co-culture models exposed to the
microcrystals: * denotes statistical difference between each experimental group and its

respective control. Connecting bars denote no significant difference between groups.
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4 DISCUSSAO

Materiais que apresentem propriedades antimicrobianas tém sido o foco de
estudos na odontologia, com vistas a combater os microrganismos causadores de
doencas orais que, devido ao uso indiscriminado de antimicrobianos, tém apresentado
tolerancial/resisténcia aos farmacos disponiveis. Estudos envolvendo a prata tém se
destacado pelo fato deste metal apresentar atividade antimicrobiana e baixa
propensdo a promover resisténcia nos microrganismos31457-63 Entretanto, efeitos
citotdéxicos podem ser observados a depender da concentracéo de prata utilizada, com
uma faixa entre 10-100 pg/mL sendo considerada téxica®. Com o objetivo de reduzir
a concentracdo de prata nos compostos para a minima necessaria a fim de manter
suas propriedades antimicrobianas, bem como melhorar sua biocompatibilidade com
as células do hospedeiro, a prata tem sido associada a diversos outros metais, como
tungsténio, molibdénio e vanadio. O mecanismo de acéo da prata e destes compostos
estd relacionado a geracdo de EROs, responsaveis pela inativacdo dos
microrganismos'8. Embora estudos prévios tenham demonstrado que a-Ag>WOsa, B-
Ag2MoOs e a-AgVOs ndo apresentam citotoxicidade sobre células do tipo
queratinécitos orais e fibroblastos gengivais?®-2>27, bem como acdo antimicrobiana
sobre suspensfes de Candida albicans, Staphylococcus aureus resistente a meticilina
e Escherichia coli, ainda existem lacunas com relac&o a biocompatibilidade e atividade
antimicrobiana sobre biofilmes.

Além da concentragéo utilizada, a toxicidade da prata também esta relacionada
ao tamanho e forma das particulas utilizadas, sendo estas caracteristicas
determinantes na sua capacidade de induzir a geracdo de EROs®. A prata também
pode induzir aumento na expressao de citocinas pro-inflamatérias e ativar células
inflamatorias, como macrofagos, o que resulta em aumento de producédo de EROs. O
excesso de ERO produzida pode ultrapassar a capacidade antioxidante das células e
resultar em estresse oxidativo, gerando efeitos patofisioldgicos, como genotoxicidade,
apoptose, necrose, inflamacao, entre outros®®. Neste trabalho, foi possivel demonstrar
qgue, apods 24 horas de exposicdo aos microcristais, as células THP-1 e macrofagos
apresentaram pequena reducdo em sua viabilidade. Também foi comprovada a
producdo de Oz a partir de analise quantitativa da emissdo de fluorescéncia e por
meio de microscopia de fluorescéncia confocal. Apesar de neste trabalho termos

avaliado apenas a producédo da ERO Oz, estudos prévios relatam que os microcristais
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agui avaliados também sdo capazes de gerar outras EROs, como o radical hidroxila e
hidroperoxilal®-2225, Essas EROs presentes no meio de cultura sdo capazes de ativar
vias de sinalizacao relacionadas a producéo de citocinas pro-inflamatorias, como a
cascata da proteina quinase ativada por mitdgeno (mitogen-activated protein kinase -
MAPK) e o fator nuclear kB (nuclear factor kB - NF-kB)®>-¢6,

Os efeitos inflamatorios dos microcristais foram analisados através de ensaio
de citometria de fluxo e ELISA para deteccdo de citocinas pro-inflamatoérias e
metaloproteinases de matriz, respectivamente, e observou-se que, para todos 0s
microcristais, apenas a producéo de IL-8 por THP-1 foi detectada nos dois tempos de
exposicao analisados (4 e 24 horas). Para macréfagos, apos 4 horas de exposicao,
todos os microcristais apresentaram producéao de IL-6, IL-18, TNFa e IL-8 menor que
0 grupo controle, e este padrdao foi mantido para IL-6 e TNFa apos 24 horas de
exposicdo. Ja para IL-18, foi observado um aumento em sua produgédo com relagao
ao grupo controle, exceto quando as células foram expostas a a-AgVOs (3,9 ug/mL).
Apesar da diminuicdo de IL-8 ap0s 24 horas de exposi¢ao, sua producdo continuou
superior ao grupo controle. Murphy et al.5” (2016) relataram aumento significativo nas
citocinas IL-6, IL-1 e TNFa, apos exposicdo das células THP-1 a nanoparticulas de
prata, o que nao foi observado no presente estudo. Em outro estudo, Martinez-
Gutierrez et al.’’ (2012) avaliaram o efeito de nanoparticulas de prata sobre
macrofagos e observaram aumento na producéo das citocinas pro-inflamatorias IL-6
e TNFa, quando as células foram expostas a concentragdes maiores que 10 pg/mL.
Apesar de no presente trabalho ter sido observado aumento na producéo de IL-6 e
TNFa apos 24 horas de exposi¢ao aos microcristais, comparada a exposi¢cédo de 4
horas, essa producdo ficou bem aquém do controle. Uma possivel explicacdo esta
relacionada a diferenca no tamanho das particulas, uma vez que, comparadas aos
microcristais, as nanoparticulas possuem maior area de superficie em relacdo ao seu
volume, sendo, portanto, mais reativas®®. Além disso, nanoparticulas séo capazes de
penetrar a membrana celular e interagir com as organelas do citoplasma, ativando as
vias moleculares relacionadas ao processo inflamatério®’.

Outro aspecto importante avaliado neste estudo diz respeito a producéo de
MMP-8 e -9. Essas metaloproteinases de matriz estdo associadas a processos
patolégicos, como a periodontite e a peri-implantite, atuando na progressao da doenca
e perda 6ssea®>%°. A exposicdo de THP-1 e macréfagos aos microcristais resultou em

diminuicao e, até mesmo, nao deteccao destas MMPs. A literatura relata que TNFa é
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um indutor de MMP-97°, sendo assim, a menor producdo desta citocina na presenca
dos microcristais pode explicar a reducéo na producdo de MMP-9 pelas células. Com
relacdo as MMP-8 e -9, foi possivel observar que, quando detectadas, os valores
observados sempre se mostraram inferiores ou equivalentes aos do grupo controle.
Os achados deste primeiro estudo mostraram que 0s microcristais avaliados
apresentaram respostas biolégicas favoraveis, de forma que, juntamente com
resultados de estudos prévios?32>27, é possivel sugerir que estes microcristais sdo
promissores candidatos para serem utilizados tanto em revestimentos como na
incorporagéo aos materiais de uso meédico-odontoldgico.

Uma vez comprovada a ndo citotoxicidade dos microcristais, bem como a
producéo de Oz e padréo de resposta inflamatoria frente as células inflamatérias THP-
1 e macroéfagos, as andlises subsequentes foram direcionadas para compreensao da
acédo de a-Ag2WO0O4, 3-Ag2M00O4 e a-AgVOs sobre um modelo de co-cultivo 3D, bem
como sobre biofilmes de C. albicans. Embora analises da biocompatibilidade dos
microcristais sobre células orais humanas ja tenham sido relatadas na literatura, por
terem sido conduzidas sobre células em monocamada aderidas a placas de cultura,
apresentam limitacdes na extrapolacao dos dados, uma vez que o ambiente complexo
e dindmico dos tecidos in vivo ndo foi reproduzido. Essa limitacdo nos dados pbéde ser
evidenciada a partir dos resultados obtidos com o estudo 2, onde observou-se que 0
microcristal a-AgVOs (15,62 pg/mL), que ndo havia sido considerado citotoxico para
células do tipo NOK-si em monocamada??, interferiu na viabilidade do modelo de co-
cultivo 3D. Ao contrario, B-Ag2MoO4 n&o apresentou citotoxicidade sobre o modelo
3D, diferentemente dos achados iniciais sobre células do tipo FGH, em condi¢des de
cultivo semelhante?’. Para os demais microcristais, a viabilidade celular dos modelos
foi semelhante ao grupo controle. Os achados de viabilidade aqui relatados reforgcam
a importancia de, sempre que possivel, trabalhar com modelos de cultivo de célula
mais proximos das condi¢cfes naturais, ou seja, um modelo 3D com mais de uma
linhagem celular.

Apesar de apresentarem atividade antifungica contra C. albicans
comprovada'®?-2325  ainda n&o havia na literatura relatos acerca da agdo de a-
Ag2WO4, B-Ag2M00O4 e a-AgVOs sobre biofilme desta espécie de fungo. Biofilmes
microbianos apresentam enorme importancia clinica, principalmente na cavidade oral.
Durante processos infecciosos, 0s microrganismos podem ser encontrados

organizados na forma de biofilme, muitas vezes colonizando os tecidos do
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hospedeiro’™. A atividade antimicrobiana de nanoparticulas de prata sobre biofilmes
de C. albicans foi avaliada em estudos prévios®®69.63  Foi observada diminuicdo de
pelo menos 1 logio na viabilidade de C. albicans, quando nanoparticulas de prata em
concentragdo entre 0,49 pg/mL® e 1000 ug/mL%® foram utilizadas. O presente estudo
demonstrou que apenas a-Ag2WO4 foi capaz de reduzir em 1,5 logio 0 biofilme de C.
albicans formado sobre o modelo 3D, tendo esse resultado sido semelhante ao
farmaco padréo (fluconazol). Esse achado € interessante, visto que a concentracao
aqui utilizada é a inibitéria/fungicida minima??, com uma concentracdo de prata
extremamente baixa (0,015 pg/mL; 0,033 pmol/mL?4).

A partir dos aspectos morfolégicos dos modelos de co-cultivo 3D infectados por
C. albicans, também foi possivel observar que a-Ag2WO4 e fluconazol apresentaram
atividade antifingica semelhante sobre os biofilmes. Em ambos os grupos, foi possivel
verificar que a camada epitelial foi preservada, o que impediu a penetracdo de C.
albicans. Por outro lado, nos modelos de co-cultivo 3D infectados com C. albicans e
tratados com a-AgVOs e 3-Ag2M0o04, bem como no modelo sem tratamento (controle),
foi possivel observar maior penetracédo das células fungicas e destruicdo da camada
epitelial. Essa destruicdo € tipica da invasao tecidual de C. albicans, tendo sido
previamente demonstrada em outros estudos’?.

Outro aspecto importante na avaliagdo de novos biomateriais diz respeito ao
seu efeito inflamatorio, especialmente quando o uso esta direcionado para combater
infeccdbes microbianas. Isto porque, durante processos infecciosos, ocorre a
modulacao de citocinas pro-inflamatdérias como mecanismo de defesa do organismo.
No caso de infec¢des por C. albicans, tem sido relatado que a modulacao da resposta
inflamatéria resulta em aumento na producéo de IL-6, IL-1B e IL-873-76, Nos modelos
nao infectados do presente estudo, foi observado um aumento na producéo de IL-6,
apos exposicao a a-Ag2WOs4, bem como aumento na producdo de IL-8, apos
exposicado a a-Ag2WO4 e B-Ag2MoOa4. Esses niveis aumentados foram semelhantes
agueles observados nos modelos infectados por C. albicans. O aumento dessas
citocinas é importante no controle da infeccédo fungica, uma vez que elas atuam
recrutando células do sistema imunolégico e modulando a producdo de outras
citocinas, além de estimularem a proliferacdo celular relativa a manutencdo da
integridade da barreira epitelial’’="°,

O presente estudo fornece informacdes valiosas acerca da acdo dos

microcristais sobre células inflamat6rias, sobre o modelo de co-cultivo 3D



91

hY

desenvolvido e em relacdo a atividade contra biofilme de C. albicans. Entre os
microcristais aqui avaliados e, levando em consideragdo os estudos previos, a-
Ag2WO4 parece ser o material mais promissor. Assim sendo, estudos futuros que
avaliem a incorporagdo bem como o revestimento de materiais de uso médico-

odontoldgico com esse microcristal devem ser considerados.
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5 CONCLUSAO

Diante dos objetivos propostos e resultados obtidos, foi possivel concluir que:

a-AgVOs, a-Ag2WO4 e B-Ag2MoO4 foram considerados levementes citotoxicos

ou nao citotoéxicos para as células THP-1 e macréfagos;

Foi observada resposta oxidativa as células THP-1 e macréfagos expostas aos

microcristais;

Nas células THP-1 e macréfagos, foi observado aumento na producéo de IL-8,
independentemente dos microcristais avaliados. Além disso, macréfagos
apresentaram aumento na producdo de IL-1B3, exceto quando expostos a a-AgVOs
[3,9 pg/mL];

THP-1 apresentou reducédo na producdao de MMP-9 quando exposto a a-
AgoWO4 e B-Ag2MoOas. A producdo de MMP-8 por THP-1 ndo foi detectada em
nenhuma situacao avaliada. Foi observada diminuicdo nos niveis de MMP-8 e -9 em
macrofagos expostos aos microcristais;

O modelo de co-cultivo 3D proposto se mostrou promissor para avaliagdo da
biocompatibilidade dos microcristais e dos processos infecciosos por biofilme de C.
albicans;

Dentre todos os microcristais testados, apenas a-AgVOs (15,62 pg/mL)
apresentou citotoxicidade sobre o modelo de co-cultivo 3D;

Apenas a-Ag2WOs apresentou atividade contra biofiime de C. albicans
semelhante ao controle com farmaco padréo;

a-Ag2WOs4 induziu a producdo de IL-6 e IL-8 em niveis semelhantes aos
observados nos modelos de co-cultivo 3D infectados e ndo infectados, tratados com
este microcristal. Resultado semelhante foi observado para 3-Ag2MoOa4, com relagéo
a citocina IL-8;

A exposicao dos modelos de co-cultivo 3D ao microcristal a-AgVOs (3,9 ug/mL
e 15,62 pug/mL) néo interferiu na producao das citocinas estudadas;

Foi observada diminuicdo na producdo de TNFa por B-Ag2MoO4, tanto em
relacdo ao grupo controle como aos modelos de co-cultivo 3D infectados por C.

albicans.
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APENDICE A — Metodologia
1 Obtencé&o dos microcristais

Esse projeto esta inserido no Centro de Pesquisa para o Desenvolvimento de
Materiais Funcionais (CDMF), um dos CEPIDs apoiados pela FAPESP (numero do
processo: 13/07296-2), sob a coordenacdo do Prof. Dr. Elson Longo (Instituto de
Quimica, UFSCar, Sao Carlos, SP). Dessa forma, a sintese e a caracterizacdo dos
microcristais contendo prata foram realizadas pelo CDMF, no qual o Prof. Dr. Carlos
Eduardo Vergani é pesquisador principal (area da Saude)

Os microcristais contendo prata foram sintetizados pelo método de co-
precipitacdo conforme descrito por Foggi et al.! (2017; sintese com agua; a-Ag2WOa4),
Fabbro et al.? (2016; sintese com agua; B-Ag2Mo0a) e Oliveira et al.® (2017; a-AgVO3).
Os precursores utilizados para essas sinteses foram: nitrato de prata (AgNOz, 99,98
% de pureza, Cennabras), tungstato de sodio (Na2WO22H20, 99,99 % de pureza,
Sigma-Aldrich), molibdato de sédio (NazMoOa, 99,98 % de pureza, Sigma-Aldrich) e
monovanadato de aménio (NH4VO3s, 99,99 % de pureza, Sigma-Aldrich). Inicialmente,
1x10° mol de AgNOs foi diluido em 50 mL de agua destilada (solugdo 01).
Simultaneamente, 5x104 mol de Na2WO22H20 ou 5x10* mol de NazMoOa4 ou 1x103
mol de NH4VO3 foram diluidos em quantidades estequiométricas em 50 mL de agua
destilada (solucdo 02) e aquecidos até as temperaturas de 10 °C (para AgVOsz) e 70
°C (para Ag2WO4 e Ag2M00Q4) fossem atingidas. Entéo a solu¢do 02 foi adicionada a
solucédo 01, formando instantaneamente os precipitados. Estes precipitados foram
lavados com agua destilada até atingirem o pH 7, e entdo foram secos em estufa de
secagem a 60 °C por 12 horas. Apds a sintese, os microcristais foram diluidos em
solucdo salina fosfatada (PBS; pH 7,0) na concentracao inicial de 2 mg/mL. Os
materiais foram caracterizados através de difracdo de raios-x e espectroscopia micro-
Raman. Para o primeiro foi utilizado um difratdmetro D/Max-2500PC (Rigaku)
conformando uma radiagao Cu Ka (A = 1,5406 A) no intervalo de 26 entre 70° e 10°, o
gue determinou as propriedades fundamentais dos materiais no estado cristalino.
Informacgdes quimicas e estruturais dos compostos foram determinadas a partir de um
espectrofotometro (Horiba Jobin-Yvon) acoplado a um detector CCD Synapse

utilizando laser de argbnio com comprimento de onda de excitagao de 514 nm.
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2 Células e condicdes de cultivo

Para a realizacédo deste trabalho foram utilizadas quatro linhagens celulares:
NOK-si (queratindcitos orais normais espontaneamente imortalizados; célula
gentilmente cedida pelo Prof. Dr. Carlos Rossa Junior, do Departamento de
Periodontia da Faculdade de Odontologia de Araraquara — Unesp#), FGH (fibroblastos
gengivais humanos; proveniente do Banco de Células do Rio de Janeiro - BCRJ;
cbdigo: 0089), THP-1 (mondcitos derivados do sangue periférico humano; BCRJ,
cbédigo: 0234) e THP-1 estimulada com PMA (12-mistato 13-acetato de forbol;
macrofagos).

Para cada experimento, as células NOK-si e FGH foram descongeladas e
cultivadas em meio de Eagle modificado por Dulbecco (DMEM; GIBCO, Grand Island,
NY, EUA) de alta glicose (4,5 g/L), suplementado com 2,0 mmol.L! de glutamina
(Lonza, Basileia, Suica), 10% de soro de bovino fetal (SFB; GIBCO, Grand Island, NY,
EUA), 1% de antibiético/antimicético (penicilina G - 10.000 ug.mL™, estreptomicina -
10.000 pg.mL*t e anfotericina B - 25 ug.mL™?) (Sigma-Aldrich, St. Louis, MO, EUA) em
estufa com 5% de COz, a 37 °C, em atmosfera imida (Modelo Forma Series Il Water
Jacket CO: incubator; ThermoScientific, Waltham, MA, EUA). A linhagem THP-1 foi
cultivada em meio Roswell Park Memorial Institute (RPMI-1640) contendo 2mM de
glutamina, 10 mM de HEPES, 1 mM de piruvato de sédio, 4,5 g/L de glicose, 1,5 g/L
de bicarbonato de sédio, 10% de SFB e 0,09% de B-mercaptoetanol (Gibco, Grand
Island, NY, EUA). Para obtencdo dos macrofagos, as ceélulas THP-1 foram
estimuladas com 100 ng/mL de PMA (Sigma-Aldrich, St. Louis, MO, EUA) por 48
horas, conforme descrito por Park et al. (2007)°. O crescimento celular foi monitorado
diariamente com o auxilio de um microscopio de campo claro invertido (Optiphase,
Van Nuys, CA, EUA).

As células foram cultivadas até atingirem 90% de confluéncia. Em seguida,
as células foram lavadas com tampéo PBS (pH 7,2), desprendidas da placa com
solucdo de tripsina (0,005%)/EDTA (0,53 mmol.Lt) (Sigma-Aldrich, St. Louis, MO,
EUA), submetidas a centrifugacao a 400 x g por 5 minutos (NOK-si e FGH) e 200 x g
por 10 minutos (THP-1) (Modelo 80-2B 15 mL; Centerbio, EUA) e ressuspendidas em
seus respectivos meios. Previamente aos experimentos, as células foram contadas

com o auxilio de um contador automatico de células (Countess Il FL, Life
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Technologies, Carlsbad, CA, EUA) e plaqueadas de acordo com o numero de células
estabelecido para cada protocolo experimental. Para todos os experimentos foram

utilizadas células entre a 32 e a 122 passagem.

3 Ensaio de viabilidade celular das células em monocamada

Para andlise da viabilidade celular foi utilizado o ensaio de alamarBlue™
(alamarBlue™ Cell Viability Reagent, Invitrogen, Thermo Fischer Scientific, Waltham,
MA, EUA). Este método € baseado na reagdo da resazurina, um corante ndo
fluorescente azul arroxeado, solivel em agua, estavel em meio de cultura, ndo toxico,
gue pela acéo da atividade metabdlica das mitocondrias de células viaveis, é reduzido
em resorufina, substancia rosa e altamente fluorescente. Esse ensaio foi realizado
para analisar a viabilidade de células THP-1 e macrofagos quando em contato com os
microcristais de a-Ag2WOa4, B-Ag2M0o04 e a-AgVOs.

Para tanto, células a partir da 32 passagem, em meio contendo 5% de SFB,
foram plagueadas em placas de 12 pocos em volume final de 3 mL/poco, na
concentracdo de 1 x 10° células/poco e incubadas em estufa a 37 °C, com 5% COx,
em atmosfera imida por um periodo overnight. Para obtencdo dos macroéfagos, as
células THP-1 previamente plaqueadas foram estimuladas com 3 pL de PMA/poco
(200 ng/mL) e incubadas em estufa a 37 °C, com 5% CO2, em atmosfera umida. Apos
48 horas, o meio de cultura contendo PMA foi removido e as células, agora aderentes,
foram lavadas com PBS. Entdo, foi adicionado meio RPMI-1640 fresco completo
contendo 5% de SFB em cada poco, e as placas foram mantidas em estufa a 37 °C,
5% CO2, em atmosfera umida por um periodo overnight.

Apbs 16 horas de incubacgdo, os macréfagos aderidos no fundo da placa foram
lavados com PBS e 1 mL de meio de cultura RPMI fresco sem SFB, contendo os
microcristais (Tabela Al), foi adicionado aos devidos pocos. As células THP-1, por
serem cultivadas em suspenséo, foram recolhidas em tubo tipo falcon de 15 mL e
centrifugadas a 200 x g, por 5 minutos, em temperatura ambiente. O sobrenadante
foi descartado e o pellet de cada tubo foi ressuspenso em 1 mL de meio RPMI fresco
sem SFB, contendo os microcristais (Tabela Al). As suspensdes celulares foram
devolvidas aos respectivos pocos na placa de cultura. As placas foram mantidas em

estufa (37 °C, 5% COz, atmosfera umida) por 24 horas.
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Tabela Al - Microcristais e suas respectivas concentragdes inibitoria (CIM)/fungicida minimas

(CFM)
Microcristal Concentracéo (ug/mL)
3,9 (CIM)*
a-AgVOs
15,62 (CFM)*
a-Ag2WO4 7,81 (CIM/CFM)!
B-Ag2Mo00O4 15,62 (CIM/CFM)*

Fonte: Elaborado de acordo com t Foggi CC et al.t, 2017; ¥ Fabbro MT et al.2, 2016; *Pimentel
BNAS et al.t, 2020.

Apoés 4 e 24 horas de contato das células com os microcristais, aliquotas de
100 pL do sobrenadante foram recolhidas em microtubos devidamente identificados e
estas foram mantidas em freezer - 20 °C para posterior quantificacéo das citocinas.
Apbs o recolhimento das aliquotas de 24 horas, as células THP-1 foram centrifugadas
(400 x g, 5 minutos) e ressuspendidas em meio RPMI fresco sem SFB. As suspensdes
celulares foram devolvidas aos seus respectivos pocos, e entdo, 100 pL de solucéo
de alamarBlue™ foram adicionados em cada poco e as placas foram incubadas por
mais 4 horas. Ja para os macrofagos, apés recolher as aliquotas de 100 pL, o restante
do sobrenadante foi descartado e 1 mL de meio fresco sem SFB contendo 100 L de
solucdo de alamarBlue™ foi adicionado em cada poco. As placas foram mantidas em
estufa a 37 °C, 5% de CO2, em atmosfera imida por mais 4 horas. Decorrido esse
tempo, 4 aliquotas de 200 pL de cada poco foram transferidas para uma placa de 96
pocos (Corning, COSTAR, ref. 3916) e foi realizada a leitura de emissao de
fluorescéncia do reagente em leitor de fluorescéncia (excitacdo 544 nm; emisséo 590
nm; Fluoroskan Ascente Il, Thermo Fisher Scientific, Waltham, MA, EUA). Como
controle vivo foram utilizadas células em condi¢des padréo de cultivo e como controle
de morte foram utilizadas células incubadas com 10 pL de solugédo tampéo de lise
(Triton X-100 a 9%). Ainda, foi avaliada a viabilidade das células estimuladas com
lipopolissacarideo de Escherichia coli (LPS; 1 pg/mL; controle de producdo das
MMPs), uma vez que o LPS foi utilizado como controle para detecgdo de MMPs. Para
cada condigcédo experimental foi realizado um branco correspondente na auséncia de

células. Este ensaio foi realizado em quadruplicata e em trés ocasides distintas. Os



103

resultados obtidos foram normalizados em funcdo dos controles vivos para que
pudessem ser classificados com relacao a citotoxicidade apresentada de acordo com
Lonnroth e Dahl” 8, 2003, 2001 e Sletten e Dahl®, 1999 (Tabela A2).

Tabela A2 - Classificag&o da citotoxicidade dos tratamentos com relacéo ao controle negativo

Classificacao % de viabilidade
Nao-citotdxico > 90 %
Levemente citotoxico 60 - 90 %
Moderadamente citotoxico 30 - 60 %
Severamente citotdxico <30 %

Fonte: Elaborado de acordo com Lonnroth e Dahl” 8, 2003, 2001; Sletten e Dahl®, 1999.

4 Quantificacdo de superoxido (O2’) intracelular

A producéo de Oz induzida pelos microcristais nas células THP-1 e macrofago
foi identificada a partir do uso do reagente dihydroethidium (DHE; D23107; Invitrogen,
Carlsbad, CA, EUA), uma sonda capaz de identificar seletivamente O2". Neste ensaio,
as células foram plagueadas na concentragdo de 2 x 10* células/poco em placas de
96 pocos contendo solugédo tampédo Krebs-Henseleit (pH 7,0 + 0,2). Em seguida, 200
uL de DHE (1:1000) foram adicionados em cada poco e as placas foram mantidas em
estufa a 37 °C, 5% de CO2, em atmosfera umida por 1 hora. Apds este periodo, 0s
microcristais a-AgVOs, a-AgaWOs4 e [(-Ag2MoOs foram adicionados nos pogos
correspondentes e as placas foram incubadas em estufa a 37°C, 5% de CO2, em
atmosfera Umida por mais 1 hora. O excesso da sonda foi removido e 100 pL da
solugcdo tampao Krebs-Henseleit foi adicionado em cada poco. A emissdo de
fluorescéncia foi detectada com o auxilio de um leitor de fluorescéncia (Fluostar
Omega, BMG Labtech, Cary, NC, EUA; Ex.: 250-10 nm; Em.: 620-10 nm). Células em
condicdo-padrdo de cultivo foram utilizadas como controle negativo de producdo de
superoxido e o peroxido de hidrogénio (H202 [0,125 mM]; Sigma-Aldrich, San Luis, Ml,
EUA) foi utilizado como controle positivo de producdo. A N-Acetil-L-cisteina (NAC;
[0,01 mM]; Sigma-Aldrich, San Luis, MI, EUA) foi utilizada como scavenger a fim de
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verificar a especificidade do mecanismo de agédo. Esse ensaio foi realizado em
guadruplicata e em trés diferentes ocasides.

O O2 produzido pelas células expostas aos microcristais também foi
identificado por microscopia de fluorescéncia confocal. Para tanto, as células foram
plagueadas na concentracdo de 3 x 10* células/poco em placa de 48 pocgos contendo
a solucao tampéao Krebs-Henseleit, em volume final de 500 pL. Em seguida, 5 pL da
sonda DHE foram adicionados em cada poco e as células foram incubadas por 1 hora
em estufa a 37 °C, 5% de CO2, em atmosfera Umida. Decorrido esse periodo, as
células foram expostas aos microcristais a-AgVOs, a-Ag2WO4 e -Ag2MoO4 por mais
1 hora em estufa a 37 °C, 5% de CO2, em atmosfera umida. O excesso da sonda foi
removido, foram adicionados 500 pL de solucdo tampéo Krebs-Henseleit em cada
poco, e as células foram visualizadas em microscépio de fluorescéncia confocal. As
imagens foram obtidas em Microscopio LSM 800 (Carl Zeiss, Oberkochen, Alemanha)
utilizando o laser de 561 nm (deteccéo de 561 nm até 700 nm) e em campo claro, com
auxilio de objetiva de 20x. Células em condicdo-padrdao de cultivo foram utilizadas
como controle negativo de producéo de superoxido e o peréxido de hidrogénio (H20:2
[0,125 mM]; Sigma-Aldrich, San Luis, MI, EUA) foi utilizado como controle positivo de
producdo. A N-Acetil-L-cisteina (NAC; [0,01 mM]; Sigma-Aldrich, San Luis, MI, EUA)

foi utilizada como scavenger a fim de verificar a especificidade do mecanismo de acéo.

5 Anédlise da producdao de citocinas inflamatdrias por citometria de fluxo

A quantificacdo das citocinas produzidas pelas células, tanto em monocamada
guanto nos modelos de co-cultivo 3D, quando em contato com 0s microcristais, foram
analisadas em citdmetro de fluxo (FACS Aria lll, BD Biosciences, San Jose, CA, EUA).
A andlise de citocinas presentes no meio (sobrenadante) foi realizada com o auxilio
do Kit CBA (Cytometric Bead Array System). O CBA € uma técnica desenvolvida pela
BD Biosciences para a deteccdo de citocinas atraves de beads acopladas a
fluorocromos. Neste ensaio foi utilizado o Kit BD™ CBA Human Inflammatory Cytokine
(BD Biosciences, San Jose, CA, EUA) de acordo com as instru¢gdes do fabricante.
Brevemente, as citocinas inflamatérias humanas, referentes ao padréao liofilizado do
kit, foram reconstituidas em 2 mL de Assay diluent (tubo denominado “top standard”).
Em seguida, foi realizada diluicdo seriada transferindo-se 300 uL do tubo “top

standard” para um tubo denominado 1:2 contendo 300 pL de Assay diluent, e assim
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por diante, até a diluicdo 1:256 (pontos da curva-padréo). Um tubo contendo apenas
300 pL de Assay diluent foi utilizado como controle negativo do experimento (0 pg/mL).
Entdo, em tubo denominado “Mixed capture beads” foram adicionados 10 yL/amostra
de cada bead de captura presente no Kit. Em seguida, 50 pL de cada ponto da curva-
padrao foram adicionados aos seus respectivos tubos de citometria, bem como 50 pL
de cada amostra. Entdo, 50 pL do reagente de deteccdo, phycoerythrin (PE), foi
adicionado em cada tubo de citometria e estes foram mantidos protegidos da luz e em
temperatura ambiente por 3 horas. Decorrido esse periodo, 1 mL de Wash Buffer foi
adicionado em cada tubo e entdo os tubos foram centrifugados (200 x g, por 5
minutos), os sobrenadantes foram descartados e os pellets ressuspensos em 300 pL
de Wash Buffer. As amostras foram adquiridas no citbmetro de fluxo FACSAria™
Fusion e os dados foram analisados utilizando o software FACP Array v. 3.1. Para
este ensaio, foi realizado um pool com os sobrenadantes previamente recolhidos (item
3).

6 Protocolo de estimulo para analise da produgdo de MMP-8 e -9 através do
ensaio de imunoabsorgdo enzimética (Enzyme-Linked Immunosorbent Assay
- ELISA)

Para avaliacdo da producéo de MMP-8 e -9 pelas células THP-1 e macroéfago,
células a partir da 32 passagem, em meio contendo 5% de SFB, foram plaqueadas em
garrafas de 25 cm? na concentracdo de 5 x 10° células/garrafa e incubadas em estufa
a 37 °C, contendo 5% CO2, em atmosfera umida por um periodo overnight. Para
obtencdo dos macréfagos, as células THP-1 plaqueadas em garrafas de 25 cm? (5 x
10° células/garrafa) em volume de 5 mL de meio de cultura foram estimuladas com
PMA (5 pL/garrafa) e incubadas em estufa a 37 °C, 5% CO2, em atmosfera umida.
Apés 48 horas, o meio de cultura contendo PMA foi removido, e as células, agora
aderentes, foram lavadas com PBS. Meio RPMI-1640 fresco completo, contendo 5%
de SFB, foi adicionado em cada garrafa e as células foram mantidas em estufa a 37
°C, 5% CO2, em atmosfera imida por um periodo overnight.

Apés 16 horas de incubacdo, os macrofagos aderidos em garrafas foram
lavados com PBS e 5 mL de meio RPMI-1640 completo fresco sem SFB, contendo 0s
microcristais (Tabela Al), foram adicionados em cada garrafa. As células THP-1 foram
recolhidas em tubo tipo falcon de 15 mL, os pocos foram lavados com PBS e o PBS

recolhido nos respectivos tubos tipo falcon. Os tubos foram centrifugados a 200 x g,
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por 10 minutos, em temperatura ambiente. Entdo, o sobrenadante foi descartado, o
pellet de cada tubo foi ressuspenso em 5 mL de meio RPMI fresco sem SFB, contendo
0s microcristais (Tabela Al), e as suspensdes celulares foram devolvidas as
respectivas garrafas de 25 cm?. As garrafas foram mantidas em estufa (37 °C, 5%
CO2, atmosfera umida) por 24 horas.

Decorrido esse periodo, 5 aliquotas de 800 pL do sobrenadante de cada garrafa
foram congeladas em freezer a — 20 °C em microtubos de 1,5 mL devidamente
identificados. As amostras foram mantidas congeladas até 0 momento das analises.
Como controle positivo, foram utilizadas células estimuladas com 1 pg/mL de LPS'©

11 Este ensaio foi realizado em duplicata e em duas ocasifes distintas.

7 Quantificacdo das proteinas dos sobrenadantes por Bradford

Previamente aos ensaios de ELISA a quantidade total de proteinas em cada
amostra foi dosada atraves do ensaio de Bradford, conforme técnica classica descrita
por Bradford*? (1976). Para tanto, uma aliquota de cada amostra foi descongelada em
bancada até atingir a temperatura ambiente. Em microtubos de 1,5 mL estéreis foram
confeccionados os pontos da curva-padrao, diluindo-se soroalbumina bovina (Bovine
serum albumine - BSA; Sigma-Aldrich, St. Louis, MO, EUA) em agua MiliQ estéril, de
2,5 ug/mL a 20 pg/mL. Em seguida, os pontos da curva-padrdo e as amostras foram
aliquotados (500 pL) em placas de 24 pocos e incubados com o reagente de Bradford
(500 pL; Sigma-Aldrich, San Louis MO, EUA) por 5 minutos em temperatura ambiente.
Decorrido esse tempo, aliquotas de 200 pL de cada poco foram transferidas para
placas de 96 pocos (pontos da curva em duplicata e amostras em triplicata) e foi
realizada a leitura da densidade 6ptica em leitor de ELISA (595 nm; EZ Read 400
Microplate Reader, BioChrom, Cambourne, CAM, Reino Unido). Os dados obtidos
foram analisados no Microsoft Excel onde, a partir da curva-padrao obtida, foi possivel
montar uma equacao para calcular a quantidade de proteina em cada amostra. Este

ensaio foi realizado numa Unica ocasiao em triplicata.
8 Ensaios de ELISA para detec¢cdo de MMP-8 e -9 em sobrenadantes de células
apo6s estimulo com microcristais contendo prata

Para a analise da producdo de MMP-8 e -9 pelas células, apos estimulo com

0s microcristais contendo prata, foram utilizados os Kits de ELISA da Abcam (MMP-8
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Human ELISA Kit; Human MMP-9 SimpleStep ELISA Kit; Abcam, Cambridge, CBE,
Reino Unido). Para tanto, foi feito um pool de cada grupo, as amostras foram
processadas de acordo com as instru¢des do fabricante e a leitura da densidade Optica
foi realizada no aparelho FLUOstar Omega (450 nm; BMG Labtech, Offenburg, BW,
Alemanha). Os dados obtidos foram analisados no Microsoft Excel onde, a partir da
curva-padrao obtida, foi possivel montar uma equacéo para calcular a quantidade de
MMP em cada amostra. O dado final foi normalizado a partir da quantidade de

proteina/amostra. Este ensaio foi realizado numa Unica ocasido em triplicata.

9 Modelo de co-cultivo 3D

Para confeccdo do modelo de co-cultivo tridimensional (3D) foi realizado o
protocolo descrito por Haro Chavez!® 14, 2017, 2018 modificado. Brevemente: em tubo
tipo falcon de 50 mL foram adicionados 2,3 mL de meio DMEM, 450 uL de SFB, 1,5
mL de colageno de cauda de rato (First Link, Wolverhampton, WMD, Reino Unido),
200 pL de NaOH (1 M), 250 pL de suspenséo celular de FGH a 6 x 10° células/mL e
100 pL de suspenséo celular de THP-1 a 1,5 x 10° células/mL. Esta solucdo foi
cuidadosamente homogeneizada com o auxilio de uma pipeta (para evitar a
incorporacdo de bolhas) e aliquotas de 500 pL foram distribuidas em placa de 24
pocos, a qual foi mantida em estufa a 37 °C, com 5 % de CO2 e em atmosfera umida
até a polimerizagcdo do coladgeno. Em seguida, 75 pL de células NOK-si na
concentracdo de 2 x 108 células/mL foram pipetadas cuidadosamente em cada poco.
A placa foi incubada por 24 horas em estufa a 37 °C, com 5% de CO2, em atmosfera

Uumida para adeséo dos queratinocitos a matriz de colageno.

10 Microscopia de fluorescéncia confocal dos modelos de co-cultivo 3D néo
infectados

A microscopia de fluorescéncia confocal foi utilizada para caracterizar os
modelos de co-cultivo 3D desenvolvidos. Para tanto, previamente a confec¢cao dos
modelos de co-cultivo 3D, as células THP-1 foram marcadas com Cell Trace CSFE
Cell Proliferation (ThermoFisher Scientific, Waltham, MA, EUA) para tornar possivel
sua identificagdo no modelo. As células THP-1 foram lavadas duas vezes com 10 mL
de PBS (centrifugacdo a 400 x g por 5 minutos) e ressuspendidas em PBS. A
concentracdo celular foi ajustada para 1,5 x 10° células/mL e, entdo, foram



108

adicionados 2 pL de CSFE em cada microtubo, e estes foram incubados por 20
minutos em estufa a 37 °C, com 5% de CO2, em atmosfera umida. Decorrido esse
tempo, foram adicionados 20 puL de SFB em cada microtubo, e as amostras foram
centrifugadas (400 x g, 3 minutos, 24 °C) e lavadas duas vezes com 1 mL de PBS
contendo 2 % de SFB. Finalmente, as células foram ressuspendidas em 1 mL de meio
DMEM sem SFB, e entdo utilizadas para confeccdo dos modelos de co-cultivo 3D
conforme descrito anteriormente (item 9). Para a microscopia de fluorescéncia
confocal, os modelos de co-cultivo 3D foram lavados com PBS e fixados com
paraformoldeido (4% v/v) por 30 minutos em estufa a 37 °C, com 5% de CO2, em
atmosfera imida. Em seguida foi realizada permeabilizacdo dos modelos 3D com uma
solucdo de triton X-100 a 0,1 % (surfactante) por 10 minutos, em temperatura
ambiente, seguida por duas lavagens com PBS e posterior marca¢cdo com Faloidina
(ActinRed™ 555 ReadyProbes™ reagent - ThermoFisher Scientific, Waltham, MA,
EUA) por 30 minutos em estufa a 37 °C, com 5% de CO2, em atmosfera Umida, para
marcacdo do citoesqueleto. Os modelos foram lavados com PBS para remocéo do
excesso do marcador. Para aquisicdo das imagens foi utilizado o Microscopio LSM
800 com os lasers de 488 nm e 561 nm.

Para os modelos de co-cultivo 3D expostos aos microcristais a-AgVOs, a-
Ag2WO4 e B-Ag2M0o04, previamente a marcacao, aliquotas de 100 pL do sobrenadante
foram armazenadas em microtubos devidamente identificados e estes foram mantidos
em freezer - 20 °C para posterior quantificacdo das citocinas. Em seguida, 500 pL de
Hoechst 33342 e lodeto de Propideo (1:1000; Sigam-Aldrich, San Louis, MO, EUA)
foram adicionados a cada modelo de co-cultivo 3D e estes foram incubados por 10
minutos, em temperatura ambiente e protegidos da luz. Decorrido esse tempo, 0s
modelos de co-cultivo 3D foram lavados com PBS e fixados com 300 pL de
paraformoldeido (4% v/v) em estufa a 37 °C, com 5% de CO2, em atmosfera umida.
Apbs 20 minutos, os modelos foram lavados com PBS, permeabilizados com triton X-
100 a 0,1% por 10 minutos em temperatura ambiente, e novamente lavados com PBS.
Apoés a lavagem foi realizada a marcacdo com 300 pL de Faloidina (Alexa-488
Phalloidin, ThermoFischer Scientific, MA, EUA) e os modelos foram incubados por 30
minutos em estufa a 37 °C, com 5% de CO2, em atmosfera umida. Finalmente, os
modelos foram lavados com PBS e analisados no microscopio de fluorescéncia
confocal (LSM 800). Para aquisi¢do das imagens foram utilizados os lasers 405 e 488

(emisséo até 530 nm e acima de 575 nm) nos eixos X, Y e Z.



109

11 Ensaio de citotoxicidade nos modelos de co-cultivo 3D nao infectados

Para avaliar a citotoxicidade de a-AgVOs, a-Ag2WO4 e 3-Ag2Mo0Oy4, foi realizada
a exposicdo dos modelos de co-cultivo 3D aos microcristais nas concentracdes de
interesse (Tabela Al) por 24 horas. A viabilidade celular foi determinada através do
ensaio de MTT por tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT; Sigma-Aldrich, San Louis, MO, EUA), conforme
descrito anteriormente por Dias et al.!®> (2017). Brevemente, o meio de cultura foi
removido dos pocos e os modelos de co-cultivo 3D foram lavados com PBS. Em
seguida, 400 pyL de MTT diluido em RPMI sem vermelho de fenol (2 mg/mL) foram
adicionados em cada poco contendo os modelos de co-cultivo, e as placas foram
incubadas em estufa a 37 °C, com 5% de CO2, em atmosfera imida. Apos 4 horas, os
modelos foram transferidos para tubos do tipo falcon de 15 mL contendo 2 mL de
alcool isopropilico e foram vortexados por 1 minuto para que houvesse a solubilizacdo
dos cristais de formazan. Entéo, aliquotas de 200 pL foram transferidas para uma
placa de 96 pocos e foi realizada a leitura da absorbancia em 562 nm no leitor de
placa EZ Read 400 Microplate reader (BioChrom) com o auxilio do software Adapt 2.0

(BioChrom). Esse ensaio foi realizado em triplicata e em trés ocasifes diferentes.

12 Microrganismo, condi¢des de cultivo e infecgdo do modelo de co-cultivo 3D

Para realizar a infeccdo do modelo de co-cultura 3D, a cepa padréo de Candida
albicans (American Type Culture Collection - ATCC 90028) foi utilizada. Para tanto, o
microrganismo, que se encontrava congelado em freezer — 80 °C, foi reativado em
placa de petri contendo Sabouraud Dextrose Agar (SDA; Kasvi; S&o José dos Pinhais,
PR, Brasil) e mantido em estufa estatica a 37 °C para que houvesse o crescimento de
colénias. Para formacdo do pré-inoculo, 5 colénias foram transferidas para um tubo
tipo falcon contendo 10 mL de meio de cultura Yeast Nitrogen Base (YNB; BD Difco,
San Jose, CA, EUA) suplementado com 100 mM de glicose. O conteudo foi
homogeneizado com auxilio de um vértex de bancada e o tubo foi mantido em estufa
estatica a 37 °C. Apés 16 horas, o pré-inoculo foi diluido na propor¢éo 1:20 em meio
YNB fresco e entdo incubado por mais 8 horas em estufa a 37 °C para que atingisse

a fase mid-log de crescimento do microrganismo, formado assim o inoculo de C.
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albicans. Apés o crescimento, as células de C. albicans foram lavadas duas vezes
com 10 mL de PBS por centrifugacdo a 4000 rpm (4 °C, 10 minutos) e ressuspensas
em meio RPMI-1640 tamponado com HEPES (25 mM), 2 mM de L-glutamina e
bicarbonato de sddio (2 g/L)6. A suspenséo celular de C. albicans (2-5 x 108 UFC/mL)
foi diluida seriadamente até uma concentracdo de aproximadamente 3 x 10* UFC/mL,
e entdo 100 pL desta suspenséao foram cuidadosamente inoculados no topo de cada
modelo de co-cultivo 3D e estes foram mantidos em estufa a 37 °C por um periodo 24

horas.

13 Avaliacao da atividade antifungica dos microcristais

Para avaliar a atividade antifingica dos microcristais de a-AgVOs, a-Ag2WO4 e
B-Ag2Mo0O4, sobre biofilmes de C. albicans formados sobre os modelos de co-cultivo
3D, foi realizado o plaqueamento e contagem de col6nias viaveis (UFC/mL), bem
como microscopia de fluorescéncia confocal. Para tanto, apos infeccéo e desafio com
0S microcristais, os modelos de co-cultivo 3D foram recolhidos, transferidos para tubos
do tipo falcon de 15 mL contendo 1 mL de PBS e vortexados por 5 minutos. Entao,
foram coletados 100 pL e realizada a diluicdo seriada seguida por plagueamento em
placas de petri contendo meio SDA. As placas foram mantidas em estufa a 37 °C por
24 horas e, entédo, foi realizada a contagem de colbnias. O farmaco fluconazol a 120
png/mL (Sigma-Aldrich, San Louis, MO, EUA) foi utilizado como controle padrao de
tratamento. Esse experimento foi realizado em triplicata e em cinco ocasides distintas.

O efeito antifungico dos microcristais sobre o biofilme de C. albicans cultivado
nos modelos de co-cultivo 3D também foi avaliado por microscopia de fluorescéncia
confocal utilizando o marcador LIVE/DEAD™ BacLight™ Bacterial Viability Kit
(Molecular Probes, OR, EUA). Brevemente, apés coletar e vortexar os modelos de co-
cultivo 3D conforme descrito anteriormente, uma aliquota de cada grupo experimental
foi marcada com iodeto de propideo e Syto9 (1:1000) diluidos em PBS. Entdo, 1 mL
de cada amostra foi transferido para uma placa de confocal e esta foi incubada por 30
minutos em temperatura ambiente e protegida da luz. As amostras foram, entao,
centrifugadas (1610 x g, 10 minutos) e os pellets ressuspensos em PBS. Em seguida,
foram obtidas as imagens no Microscopio LSM 800 utilizando o laser 488 nm. O

farmaco fluconazol a 120 pg/mL (Sigma-Aldrich, San Louis, MO, EUA) foi utilizado
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como controle padrédo. Esse experimento foi realizado em duplicata e em duas

ocasides distintas.

14 Microscopia de fluorescéncia confocal dos modelos de co-cultivo 3D
infectados

Para a analise dos modelos de co-cultivo 3D infectados por C. albicans foi
realizada microscopia de fluorescéncia confocal. Para tanto, previamente a confeccéo
dos modelos, as células THP-1 foram marcadas com CSFE conforme descrito
anteriormente (item 9). Apds a marcacdo com Faloidina (ActinRed™), 20 uL de
CalcoFluor White (CW; Sigma-Aldrich, San Louis, MO, EUA) e 20 pyL de KOH (10 %
v/v) foram adicionados em cada poc¢o contendo os modelos de co-cultivo 3D
infectados por C. albicans. Apos 10 minutos, os modelos foram lavados com PBS e
em seguida foram analisados em microscépio de fluorescéncia confocal (LSM 800).
Para a aquisicao das imagens foram utilizados os lasers 405 nm, 488 nm e 561 nm.

Para andlise dos modelos infectados e expostos aos microcristais a-AgVQOs, a-
Ag2WOs e B-Ag2M004, apos 24 horas de contato, 500 pL de iodeto de propideo
(1:2000) foram adicionados em cada poco contendo os modelos. Apds 10 minutos, 0s
modelos foram lavados com PBS, fixados com paraformoldeido (4 % v/v) e mantidos
em estufa a 37 °C, com 5% de CO2, em atmosfera umida por 20 minutos. Entéo, foi
realizada uma lavagem com PBS, 300 uL de Triton X-100 a 0,1% foram adicionados
e 0s modelos foram incubados em estufa a 37 °C por 10 minutos. Os modelos foram
novamente lavados com PBS e, entdo, marcados com Faloidina (Alexa-488
Phalloidin™ ThermoFischer Scientific, MA, EUA). Apds 30 minutos, os modelos foram
finalmente lavados com PBS e levados para analise em microscépio de fluorescéncia
confocal (LSM 800). Para a aquisicao das imagens foram utilizados os lasers de 405

nm e 488 nm nos eixos X, Y e Z.

15 Anéalise estatistica

Os resultados obtidos a partir dos ensaios de viabilidade celular
(alamarBlue™ e MTT), producdo de superéxido e atividade antifingica foram
submetidos a andlise de normalidade (Teste de Shapiro-Wilk) e homocedasticidade
(Teste de Levene). Como foram considerados normais e homocedasticos, 0s

resultados de viabilidade celular e de producdo de superoxido foram submetidos ao
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teste estatistico de andlise de variancia a um fator (ANOVA one way) seguidos do pés-
teste de Tukey. Ja os resultados obtidos a partir do ensaio de atividade antifungica
foram considerados ndo normais e, portanto, foram submetidos ao teste de Kruskal-
Wallis seguido do pos-teste de Dunn. Para andlise dos resultados de producgédo de
citocinas proé-inflamatérias, os dados obtidos foram inicialmente analisados no
software FCAP Array (BD Biosciences, San Jose, CA, EUA). Posteriormente, os
valores de intensidade de fluorescéncia meédia das citocinas pro-inflamatorias
produzidas pelas células em monocamada e os valores de absorbancia das MMPs
foram analisados a partir da inferéncia estatistica com intervalo de confianga de 95 %
(IC95). Ja para os dados obtidos a partir dos sobrenadantes dos modelos de co-cultivo
3D com o ensaio de CBA, foi realizado teste T de Student. Para a andlise estatistica
dos dados foram utilizados os softwares estatisticos SPSS (IBM) e GraphPad Prism
5.0 (GraphPad Software, CA, EUA). Foi adotado um nivel de significancia de 5 %.
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