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IMPACTO POTENCIAL DESTA PESQUISA
Este trabalho investigou as propriedades antimicrobianas de um novo material inorganico,
portanto, os potenciais da pesquisa sdo tanto técnicos quanto sociais. Quanto ao potencial
técnico, estdo como principais o estabelecimento de padrdes de comparacdo para futuros
estudos com esse material e materiais semelhantes e a inovagéo da utilizagdo desse material
com a finalidade de utiliz&-lo como agente antimicrobiano. Quanto ao potencial social, esta
principalmente o potencial para a salude publica, tento em vista a acdo antimicrobiana

comprovada e a ndo-toxicidade do material.

POTENCIAL IMPACT OF THIS RESEARCH
This work investigated the antimicrobial properties of a new inorganic material; therefore, the
research's potential is both technical and social. Regarding its technical potential, the main
aspects include establishing comparison standards for future studies with this material and
similar materials, as well as innovating its use as an antimicrobial agent. As for social potential,
the main aspect is its impact on public health, given the proven antimicrobial action and the

material's non-toxicity.
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RESUMO
O aumento de casos de infecgdes por microrganismos multirresistentes é um problema cada vez
mais presente. As opcdes atuais de tratamento sdo limitadas, pela resisténcia intrinseca e
adquirida, além dos efeitos colaterais, portanto novas opc¢des se mostram atrativas. Opcoes de
agentes antimicrobianos emergentes sdo 0s materiais inorganicos, como nanoparticulas,
especialmente quanto combinados a ions metalicos. Um material ainda ndo estudado neste
contexto é o Octahedral-Pentahedral-Tetrahedral framework (OPT), sendo promissor pela sua
capacidade de ser composto por metais antimicrobianos e por conseguir armazenar ions
metalicos. Os objetivos deste trabalho foram analisar, quantificar, e comparar a agédo
antimicrobiana de um OPT silicato de bismuto (denominado no trabalho OPTBI) e um OPT
silicato de bismuto com ions de cobre (denominado no trabalho de OPTCu) contra Candida
albicans, Candida parapsilosis, Klebsiella pneumoniae, Pseudomonas aeruginosa e
Staphylococcus aureus. Além disso, foi comparada a susceptibilidade antimicrobiana de cepas
referéncia ATCC e isolados clinicos e avaliada a toxicidade dos OPTs em modelo vivo de
Galleria mellonella. Os métodos empregados foram a microdiluicdo para determinar a
concentracdo inibitéria minima (CIM), a cinética de morte utilizando 2x a CIM obtida, e injecédo
desta concentragdo em G. mellonella. Quanto aos resultados, 0 OPTBI possui agdo contra as
leveduras, porém sua acdo é limitada contra bactérias. Em contrapartida, o0 OPTCu inibe
leveduras e bactérias. No experimento de microdiluigdo, a CIM variou de 2000 a 500 pg/ml
para leveduras com OPTBI, de 1000 a 250 pg/ml para leveduras com OPTCu; de >4000 a 2000
pg/ml para bactérias com OPTBI, e de >4000 a 250 pg/ml para bactérias com OPTCu. No
experimento de cinética de morte, a redugdo do namero de unidades formadoras de coldnia de
bactérias foi superior a 50% apds 2 horas de exposicao, e superior a 80% apds 24 horas de
exposicao para todos os microrganismos. No experimento com o modelo vivo, nenhuma morte
foi provocada pelos OPTs em larvas de G. mellonella nas concentracfes especificas testadas,
logo, tais concentracbes nao foram tdxicas. Estes resultados ndo sé comprovam a acdo
antimicrobiana dos OPTs, como também abrem as portas para novos estudos usando estes
materiais como alternativas terapéuticas. Mais estudos sdo necessarios, levando em
consideracdo interagcbes com medicamentos e as interacdes fisico-quimicas do material com os

microrganismos.

Palavras-chave: antibacterianos; antifingicos; Galleria mellonella; octahedral-pentahedral-

tetrahedral framework; silicato de bismuto.



ABSTRACT
The increasing rate of infections caused by multi-resistant microorganisms is a growing
concern. Current treatment options are limited by intrinsic and acquired resistance, as well as
side effects, so new options are appealing. Emerging antimicrobial agent options are inorganic
materials such as nanoparticles, especially when combined with metal ions. A material that has
not yet been studied in this context is the Octahedral-Pentahedral-Tetrahedral framework
(OPT), which is promising for its ability to be composed of antimicrobial metals and for being
able to carry metal ions. The objectives of this study were to analyze, quantify and compare the
antimicrobial action of an OPT bismuth silicate (referred to as OPTBI in this study) and an OPT
bismuth silicate with copper ions (referred to as OPTCu in this study) against Candida albicans,
Candida parapsilosis, Klebsiella pneumoniae, Pseudomonas aeruginosa e Staphylococcus
aureus. In addition, the antimicrobial susceptibility of ATCC reference strains and clinical
isolates was compared and the toxicity of OPTs was evaluated in a live model of Galleria
mellonella. The methods used were microdilution assay, to determine the minimum inhibitory
concentration (MIC), time-kill assay, using 2x the MIC obtained, and injection of this
concentration into G. mellonella. As for the results, OPTBi was shown to be effective against
yeasts, but its effectiveness against bacteria is limited. In contrast, OPTCu inhibits both yeasts
and bacteria. In the microdilution assay, the MIC ranged from 2000 to 500 pg/ml for yeasts
with OPTBI, from 1000 to 250 pg/ml for yeasts with OPTCu; from >4000 to 2000 ug/ml for
bacteria with OPTBI, and from >4000 to 250 pug/ml for bacteria with OPTCu. In the time-kill
assay, the reduction in the number of bacterial colony-forming units was greater than 50% after
2 hours of exposure, and greater than 80% after 24 hours of exposure for all microorganisms.
In the live model experiment, no deaths were caused by the OPTs in G. mellonella larvae at the
specific concentrations tested, so these concentrations were not toxic. These results not only
prove the antimicrobial action of OPTs, but also open the door to new studies using these
materials as therapeutic alternatives. More studies are needed, considering interactions with

drugs and the physicochemical interactions of the material with microorganisms.

Key-words: antibacterial; antifungal; bismuth silicate; Galleria mellonella; octahedral-

pentahedral-tetrahedral framework.
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1. INTRODUCAO

Doencas bacterianas e fangicas afetam dezenas de milhGes de pessoas anualmente no
mundo todo, com milhdes dessas infeccbes levando a morte, como registrado por Instituicoes
como a Organizagdo Mundial da Saude (OMS) e diversos pesquisadores independentes
(DENNING, 2024; IKUTA et al., 2022; OMS, 2022, 2024). E estimado que cerca de 13,7
milhGes de mortes tenham sido causadas por infec¢des bacterianas globalmente em 2019, com
30,9% dessas mortes causadas por apenas cinco espécies de bactérias: Escherichia coli,
Klebsiella pneumoniae, Pseudomonas aeruginosa, Staphylococcus aureus e Streptococcus
pneumoniae (IKUTA, et al., 2022.). Enquanto isso, cerca de 2,5 milhdes de mortes podem ser
diretamente atribuidas a infec¢des fungicas, com as infec¢es mais prevalentes a aspergilose e
a candidiase (DENNING, 2024).

A opcdo atualmente difundida para o tratamento de infecgbes causadas por
microrganismos € o uso de farmacos antibioticos. Para fungos do género Candida, por exemplo,
0s primeiros tratamentos com antifungicos introduzidos na década de 50 dependiam da classe
dos polienos, como anfotericina B, que atua extraindo ergosterol da membrana celular fungica,
rompendo-a e causando morte celular. Visto que a anfotericina B é tdxica dependendo da dose
utilizada, tende a ser desfavorecida atualmente, com os tratamentos mais usados sendo os azdis,
como fluconazol, e as equinocandinas; com o primeiro bloqueando a via de sintese do ergosterol
e a segunda bloqgueando (1,3)-p-D-Glucano Sintase, responsavel pela sintese de (1,3)-p-D-
Glucano, responsavel pela manutencdo da integridade da parede celular (LEE et al., 2021). As
possibilidades sdo mais amplas para o tratamento de infeccGes bacterianas, sendo 0s mais
comuns 0s compostos que impedem a sintese da parede celular pela inibi¢do da polimerizagdo
de peptidoglicano, como as familias dos betalactdmicos e dos antibioticos glicopeptidicos; ou
gue rompem a membrana celular, como as familias dos lipopeptideos ciclicos e das polimixinas.
Além desses, ha outros tipos de antibacterianos disponiveis, como os que inibem sintese de
acidos nucleicos, os que inibem a sintese proteica e os que interferem em outras vias
metabolicas (BARAN et al., 2023).

Apesar da disponibilidade de antibidticos, seu uso indiscriminado pode resultar em uma
pressdo seletiva darwiniana e transmissdo horizontal de genes que conferem resisténcia,
levando a prevaléncia de cepas de microrganismos multirresistentes (HOLMES et al., 2016;
MANCUSO et al., 2021).

Desde muito tempo, as bactérias Enterococcus faecium, S. aureus, Klebsiela

pneumoniae, Acinetobacter baumanni, P. aeruginosa e Enterobater sp., compondo o grupo
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chamado ESKAPE, representam paradigmas de patogénese, transmissao e resisténcia (RICE,
2008). De modo geral, a resisténcia se deve a capacidade de inativar farmacos, modificar o sitio
de ligacdo, bombear farmacos para o espaco extracelular, ou sua permanéncia em estruturas
complexas como biofilmes, dificultando o controle e eliminacdo desses microrganismos
(DENISSEN et al., 2022; MANCUSO et al., 2021; OLIVEIRA et al., 2020; SANTAJIT,
INDRAWATTANA, 2016). O arsenal de mecanismos de resisténcia observado nos fungos do
género Candida € similar, sendo os principais: inativacdo de farmaco, modificacéo de estruturas
alvos de acdo e bomba de efluxo (DANESHNIA et al., 2023; LEE et al., 2021; PRISTOV,
GHANNOUM, 2019). Por conta disso, a OMS coloca estes microrganismos em listas de
observagéo, classificando-os como de importancia critica (OMS, 2022, 2024).

Com o aumento de casos de microrganismos patogénicos resistentes, novos compostos
terapéuticos se mostram cada vez mais necessarios (BARAN et al., 2023; HOLMES et al.,
2016; MANCUSO et al., 2021; TANG et al., 2023; UDDIN et al., 2021). O uso de materiais
inorganicos como agentes antimicrobianos tem ganhado destaque como uma alternativa,
especialmente no uso de particulas associadas a metais como o cobre (HAVRYLIUK et al.,
2024, KHAIRY et al., 2024) e prata (CORIOLANO et al., 2021; GOTTARDO et al., 2019).
Particulas em tamanho nanométrico podem ser associadas a esses metais e, por conta de seu
tamanho, circulam no sistema de seres vivos por mais tempo, oferecem maior contato entre a
particula e o patégeno — com maior absorcao — e sdo mais biodisponiveis (CORIOLANO et al.,
2021). Nanoparticulas podem ser sintetizadas a partir de metais, gerando nanoparticulas de
bismuto (BiNPs) (VAZQUEZ-MUNOZ et al., 2020a; VAZQUEZ-MUNOZ et al., 2020b),
cobre (CuNPs) (HAVRYLIUK et al., 2024) ou de prata (AgNPs) (CORIOLANO et al., 2021,
LARA et al., 2021; VAZQUEZ-MUNOZ et al., 2020c), por exemplo, todas com acéo
antimicrobiana.

As AgNPs, por exemplo, podem ser sintetizadas por diversos métodos — sintese quimica,
fotoablaséo ou evaporacgdo-condensacdo — e suas propriedades antimicrobianas séo resultado
de sua penetracdo pela parede e membrana celular, destruindo organelas, desnaturando
proteinas e causando a producdo de espécies reativas de oxigénio e estresse oxidativo
(CORIOLANO et al., 2021).

Além das nanoparticulas contendo apenas metais, tais materiais podem estar associados
a moléculas orgéanicas ou ndo. O bismuto pode ser utilizado como terapéutico antimicrobiano
na forma de Bi>Oz ou associado a antibioticos betalactamicos, especialmente no tratamento de
Heliobacter pylori e Escherichia coli, devido a inativagdo de enzimas que clivam esse

antibiotico (WANG et al., 2018). BiNPs tém sido estudadas pois podem desnaturar proteinas,
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inibem enzimas e alterar a permeabilidade de membranas em sinergia com antibi6ticos
(VAZQUEZ-MUNOZ et al., 2020a; WANG et al., 2018).

Neste sentido, o cobre também apresenta propriedades antimicrobianas, estando em
ligas metalicas em superficies de latdo ou bronze (SALAH et al., 2021), atuando em sinergia
com farmacos como o dissulfiram (SHANHOLTZER et al., 2022), ou com outros ions
metalicos como ferro ou zinco (GIACHINO, WALDRON, 2020). O cobre em si é um metal
essencial com potencial de causar estresse oxidativo em células patogénicas, controlando
infeccdes (LADOMERSKY, PETRIS, 2015). Para melhor acéo, os ions podem ser carreados
por outros materiais inorgénicos na forma de nanoparticulas com 6xido de cobre, por exemplo.
CuNPs, assim como BiNPs, possuem grande area superficial e pequeno volume, tornando-as
altamente reativas e antimicrobianas (GARCIA-MARIN et al., 2022; HAVRYLIUK et al.,
2024, KHAIRY et al., 2024; MA et al., 2022).

Outros exemplos de materiais inorganicos séo as zeolitas, silicatos de aluminio porosos
conhecidas como peneiras moleculares. Possuem geometria tetraédrica de 6xido de silicio e
oxido de aluminio, ligados entre si por oxigénio, formando uma estrutura cristalina. As zedlitas
podem abrigar ions metalicos em suas cavidades ou em sua superficie por meio de troca i6nica
(BRECK, 1974), conferindo a elas potencial em diversas areas de estudo. Com isso, tornaram-
se materiais em destaque atualmente, pois podem ser usados como agentes antimicrobianos
com a adicdo de ions metalicos. A capacidade de carrear grandes quantidades de ions é a
caracteristica mais relevante ao se tratar das propriedades antimicrobianas das zedlitas (AZIZI-
LALABADI et al.; 2019; CHEN et al., 2018; DAOU et al., 2020; DEMIRCI et al., 2014;
MALIC et al., 2019; YAO et al., 2018). As zedlitas sem troca ibnica ndo apresentam inibicdo
do crescimento microbiano, enquanto as que carregam ions apresentam altos niveis de inibicdo
(DAOU et al., 2020). Em ordem decrescente de eficacia na inibicdo do crescimento microbiano,
estdo os ions de prata (DAOU et al., 2020; DEMIRCI et al., 2014), cobre (CHEN et al., 2018;
DEMIRCI et al., 2014; YAO et al., 2018), zinco (CHEN et al., 2018; DEMIRCI et al., 2014;
YAO etal., 2018) e ferro (CHEN et al., 2018).

Outros materiais inorganicos ainda pouco estudados quanto ao seu efeito antimicrobiano
sdo os Octahedral-Pentahedral-Tetrahedral frameworks (OPT), silicatos porosos de geometria
mista de octaedros, pentaedros e/ou tetraedros. Essa geometria mista se deve a geometria
tetraedrica do silicio na forma de SiO4 junto a geometria octaédrica ou pentaédrica dos metais
adicionados a sua estrutura, como o titdnio na forma de TiOs — formando um silicato de titanio
— ou o estanho na forma de SnOg — formando um silicato de estanho. A sintese de um OPT é

feita a partir das reacdes de compostos quimicos contendo esses metais, submetendo-os a
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condigdes hidrotermais (ROCHA, LIN, 2005). A estrutura cristalina resultante de um OPT pode
ser melhor visualizada por representacdes gréficas, exemplificada na Figura 1. Apoés a sintese,
assim como em zeolitas, a adi¢do de ions metalicos pode ser feita aos poros ou a superficie dos
OPTs por meio de troca i6nica (ROCHA, ANDERSON, 2000; ROCHA, LIN, 2005),
conferindo-os propriedades antimicrobianas.

Figura 1. Representacdo de um silicato de titanio

Fonte: Jodo Rocha e Zhi Lin, 2005.
Legenda: Octaedros de TiOs (em preto) ligados a tetraedros de SiO4 (em cinza).

Tendo em vista as limitacBes dos tratamentos tradicionais com antibiéticos, como a
resisténcia intrinseca e a adquirida (HOLMES et al., 2016; MANCUSO et al., 2021; UDDIN
et al., 2021) e os efeitos colaterais indesejados (CUNHA, 2001), a busca por novas op¢oes de
controle antimicrobiano se faz necesséaria. Contudo, 0 uso de materiais inorganicos para essa
finalidade ainda esta nos seus estagios iniciais de exploracdo, mas com o interesse crescente.
Assim, devido ao ineditismo em pesquisas que utilizam OPTs como agentes antimicrobianos e
a necessidade de novas abordagens para microrganismos patogénicos, 0 presente estudo
investigou as propriedades antimicrobianas de dois OPTs — ambos silicatos de bismuto
inicialmente idénticos, com um deles sendo adicionados ions de cobre — contra 0s
microrganismos Candida albicans, Candida parapsilosis, Klebsiella pneumoniae,
Pseudomonas aeruginosa e Staphylococcus aureus. Com isso, este trabalho podera ser usado
como base para outros estudos sobre a acdo de OPTs e materiais similares contra

microrganismos patogénicos humanos.
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2. OBJETIVOS

2.1. OBJETIVO GERAL
e Analisar, quantificar, e comparar a acdo antimicrobiana de um silicato de bismuto
(denominado no trabalho de OPTBI) e um silicato de bismuto com ions de cobre
(denominado no trabalho de OPTCu).

2.2. OBJETIVOS ESPECIFICOS
e Determinar a concentracdo inibitéria minima (CIM) dos OPTs contra bactérias e fungos
leveduriformes;
e Avaliar a cinética de morte das bactérias e fungos ap6s exposicdo aos OPTs em tempos
pré-determinados;
e Comparar a susceptibilidade antimicrobiana de cepas referéncia ATCC e isolados
clinicos aos OPTSs;

e Avaliar a toxicidade dos OPTs em modelo vivo de Galleria mellonella.
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3. MANUSCRITO: OCTAHEDRAL-PENTAHEDRAL-TETRAHEDRAL
FRAMEWORKS (OPT): ANTIMICROBIAL PROPERTIES AGAINST YEAST AND
BACTERIA

Periddico no qual o manuscrito sera publicado: Antimicrobial Agents and Chemotherapy

Arthur Lima Barbosa, Erick Paiva Cancella, José Geraldo Nery, Marcia Regina von Zeska

Kress, Margarete Teresa Gottardo de Almeida

Running Head: OPT antimicrobial properties

Abstract

The increasing rate of infections caused by multi-resistant microorganisms is a growing
concern. Current treatment options are limited by intrinsic and acquired resistance, as well as
side effects, therefore new options are needed. A material that has not yet been studied as an
antimicrobial agent is the Octahedral-Pentahedral-Tetrahedral framework (OPT). The
objectives achieved were to analyze, quantify and compare the antimicrobial action and toxicity
of an OPT bismuth silicate (called “OPTBIi” here) and an OPT bismuth silicate with copper ions
(called “OPTCu” here) against Candida albicans, Candida parapsilosis, Klebsiella
pneumoniae, Pseudomonas aeruginosa e Staphylococcus aureus. The methods used were a
microdilution assay; a time-kill assay, and injection of the OPT solution into Galleria
mellonella. OPTBi was shown to be effective against yeasts, but its effectiveness against
bacteria is limited. In contrast, OPTCu is effective against both. The minimum inhibitory
concentration, from the microdilution assay, ranged from 2000 to 500 pg/ml with OPTBI and
from 1000 to 250 pg/ml with OPTCu for yeasts; from >4000 to 2000 pg/ml with OPTBI and
from >4000 to 250 pg/ml with OPTCu for bacteria. In the time-kill assay, the number of
bacterial colonies were reduced by more than 50% after 2 hours of exposure, and more than
80% after 24 hours of exposure for all microorganisms in relation to control. In the live model
experiment, the concentrations tested were not toxic, since no G. mellonella deaths were caused
by the OPTs. These results open the door to new studies using these materials as therapeutic

alternatives.

Key-words: Antibacterial agents, Antifungal agents, Bismuth silicate, Galleria mellonella,

Octahedral-Pentahedral-Tetrahedral framework.
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Bacterial and fungal diseases affect tens of millions of people worldwide every year,
with millions of these infections leading to death, as recorded by institutions such as the World
Health Organization (WHO) and various independent researchers. (1-4). It is estimated that
around 13.7 million deaths were caused by bacterial infections globally in 2019, with 30.9%
being caused by just five bacterial species: Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa, Staphylococcus aureus e Streptococcus pneumoniae (1).
Meanwhile, around 2.5 million deaths can be directly attributed to fungal infections, with the
most prevalent infections being aspergillosis and candidiasis (2). The currently widespread
option for treating infections caused by microorganisms is the use of antibiotic drugs (5, 6).

Despite the availability of antibiotics, their indiscriminate use can result in Darwinian
selective pressure and horizontal transmission of genes that confer resistance, leading to the
prevalence of strains of multidrug-resistant microorganisms. (7, 8). With the increase in cases
of resistant pathogenic microorganisms (6-10), the limitations of traditional antibiotic
treatments, such as intrinsic and acquired resistance (7—9) and undesirable side effects (11),
new antimicrobial control options are needed. The use of inorganic materials as antimicrobial
agents has gained prominence as an alternative, especially in the use of nanoparticles associated
with metals such as copper (12, 13) and silver (14, 15).

Octahedral-Pentahedral-Tetrahedral frameworks (OPT) are innovative materials that
have yet to be studied in the context of antimicrobial agents. They are porous silicates with a
mixed geometry of octahedrons, pentahedrons and/or tetrahedrons. This mixed geometry is due
to the tetrahedral geometry of the silicon in the form of SiOa4 together with the octahedral or
pentahedral geometry of the metals added to its structure, such as titanium in the form of TiOg
— forming a titanium silicate — or tin in the form of SnOs — forming a tin silicate (16). After
synthesis, metal ions can be added to the OPT structure (16, 17), giving them antimicrobial
properties.

Due to the novelty in research using OPTs as antimicrobial agents and the need for new
approaches to pathogenic microorganisms, the present study investigated the antimicrobial
properties of two OPTs — both bismuth silicates, one of them with copper ions, called OPTBI
and OPTCu respectively — against fungi and bacteria of relevance as human pathogens. The
pathogens used were Candida albicans, Candida parapsilosis, Klebsiella pneumoniae,
Pseudomonas aeruginosa, e Staphylococcus aureus. The objectives were to analyze, quantify
and compare the antimicrobial action of OPTs; determine the minimum inhibitory
concentration (MIC); kill kinetics with quantification of the number of colony-forming units

(CFU); and the toxicity of the OPTs in a live model, Galleria mellonella.
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RESULTS

Minimum inhibitory concentration (MIC). The antimicrobial activity assay using the
microdilution method demonstrated that the MIC of both products against the yeasts and
bacteria tested ranged from 4000 pg/ml to 250 pg/ml. In the antimicrobial effectiveness
analysis, OPTCu proved to be more effective than OPTBI, requiring a lower concentration to
inhibit microbial growth.

Comparing the inhibitory action of the OPTs against the yeast species, C. parapsilosis
was more sensitive to lower concentrations of OPT compared to C. albicans. Regarding the
difference between the ATCC strains and clinical isolates, CaATCC was less sensitive to
OPTCu than CaC1 and CaCz2, an effect not observed in the other microorganisms. Conversely,
CpATCC was more sensitive to OPTBI than CpC1 and CpC2, as expected.

Among the bacterial species, the phenotypic susceptibility response varied, with diverse
MIC values. In this regard, K. pneumoniae was less sensitive than P. aeruginosa and S. aureus,
as its growth was not inhibited even at the maximum tested concentration of 4000 pg/ml.
Additionally, clinical isolates of all bacterial species were not inhibited by the maximum tested
concentration of OPTBi. Among the three bacterial species, considering both ATCC strains and
clinical isolates, the Gram-positive S. aureus was the most sensitive. Observing all MIC values,
it is evident that the values for both of the clinical isolates of each microorganism were identical
to each other and, in turn, greater than or equal to those of the ATCC strain — except for C.

albicans with OPTCu, in which the opposite is true. The results are presented in Table 1.

MIC (ug/ml)
Species Strain/Isolate Designation
OPTBI OPTCu
ATCC strain CaATCC 2000 1000
C. albicans Clinical isolate 1 CaC1 2000 500
Clinical isolate 2 CaC2 2000 500
ATCC strain CpATCC 500 250
C. parapsilosis  Clinical isolate 1 CpC1 1000 250
Clinical isolate 1 CpC2 1000 250
ATCC strain KpATCC >4000 >4000
K. pneumoniae  Clinical isolate 1 KpC1l >4000 >4000

Clinical isolate 2 KpC2 >4000 >4000
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ATCC strain PaATCC 1000 250
P. aeruginosa Clinical isolate 1 PaCl >4000 4000
Clinical isolate 2 PaC2 >4000 4000
ATCC strain SaATCC 2000 500
S. aureus Clinical isolate 1 SaC1 >4000 500
Clinical isolate 2 SaC2 >4000 500

Table 1. Table of minimum inhibitory concentration: MIC for each microorganism, sorted by
OPT, strain and isolate. The MIC shown is the result of the geometric mean of the triplicate.
The maximum tested concentration was 4000 pg/ml, therefore when no inhibition was observed
it was considered as >4000 pg/ml. Source: Author, 2024.

Time-kill assay. The quantitative analysis of colony-forming unit (CFU/ml) counts,
conducted in triplicate assays using a concentration of 2x the MIC, was expressed as the mean
of the triplicate results for each microorganism. All tested strains and isolates, including
bacteria and yeasts, exhibited a lower CFU count in solutions containing the OPTs compared
to the control solution, with statistically significant differences according to the Chi-Squared
statistic (y? > 6.635, p < 0.01).

After 24 hours of contact with the OPTs, the yeasts exhibited a reduction in CFU/mI
compared to the control. The reduction percentages ranged from 99.71% to 100.00% with
OPTBI and from 84.32% to 100.00% with OPTCu. Overall, ATCC strains and clinical isolates
showed similar sensitivity to both OPTs. However, CpATCC demonstrated lower sensitivity to
OPTCu, being the only strain with a CFU count higher than its initial inoculum count after 24
hours. Figures 2 and 3 illustrate the time-Kkill curves, considering the inoculum at time 0.

In contrast, the bacteria tested exhibited a reduction in CFU/ml dependent on the
sampling time. Considering the minimum and maximum reduction percentages and the
designations of the microorganisms, after 2 hours, the reduction percentage ranged from
52.63% for PaC2 to 82.12% for KpC1 with OPTBI, and from 59.48% for PaAaATCC to 99.71%
for KpC1 with OPTCu. After 6 hours, the reduction percentage ranged from 87.07% for PaC1
to 97.00% for KpC1 with OPTBI, and from 80.23% for PaATCC to 99.97% for KpC1 with
OPTCu. At the final time point of 24 hours, the reduction percentage ranged from 90.17% for
PaATCC to 99.77% for PaC2 and SaC2 with OPTBI, and from 80.40% for PaATCC to
100.00% for KpATCC, KpCl and SaC2 with OPTCu. It is evident that P. aeruginosa,

especially PaATCC, showed lower sensitivity to the OPTs, whereas K. pneumoniae
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demonstrated higher sensitivity. Overall, considering all three times and both products, OPTCu
was more effective against bacteria than OPTBI. Interestingly, it was observed that the CFU/mL
count of PAATCC and SaATCC increased after 6 to 24 hours with OPTBI, with an analogous
increase observed for SAATCC and SaC1 with OPTCu during the same time period.

The graphs, illustrating CFU counts in the time-kill assay of bacteria, are presented in
Figures 4, 5, and 6, considering the inoculum at time 0. The control groups are represented by
red lines, and the experimental groups are represented by blue lines, both separated by strain
and clinical isolate. The scale used was powers of 10.

Overall, considering all microorganisms, the ATCC strains were less sensitive to the
OPTs compared to the clinical isolates. It is evident that the CFU count for the ATCC strains

tended to be higher than that of the clinical isolates.

C. albicans + OPTBi C. albicans + OPTCu
1083 10%

CFU/ml

4 CaATCC control
i CaC1 control
- CaC2 control
4 CaATCC OPT
B CaC1OPT

=& CaCz OPT

Time (h) Time (h)

Figure 2. Time-Kkill assay of C. albicans.
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Figure 5. Time-kill assay of P. aeruginosa.
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The CFU count of the time-kill assay of both yeast and bacteria can be found at the
appendix, as tables 2 and 3. The former uses the mean of the CFU counts in the triplicate, as
well as the standard deviation; while the latter sums the counts of the triplicate. The figures 8,
9, 10, 11 and 12 are the graphical representations of table 3.

Toxicity in G. mellonella. No larval mortality was observed in the experimental groups, only
the group injected with 99.9% ethanol exhibited mortality (100% mortality on the first day), as

expected based on the experimental model by Ignasiak e Maxwell (18). The results are shown
in Figure 7.

7 7 77 7z Naive
100 ) & =
_._ Distilled water
80 _y Ethanol 99,9%
—% DMSO 5%
£60- A~ OPTBi 4 mg/ml
g
2 .
c & OPTBiCu 1 mg/ml
N 40—
20—
0 T T T T
0 1 2 3 4 5

Days
Figure 7. In vivo experiment with Galleria mellonella larvae. Source: Ribeirdo Preto School of
Pharmaceutical Sciences, 2023.
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DISCUSSION

The application of inorganic materials as antimicrobial agents is still in its infancy, and
they hold great potential as alternatives in the treatment of multidrug-resistant microorganisms.
(12-15, 19-21). An efficient way to enhance the antimicrobial properties of a material is to
synthesize it using materials with inherent antimicrobial qualities or by adding metal ions to its
composition (22-27). The two OPTs used in this study aimed to explore the antimicrobial
potential of the ions: initially identical, they are synthesized with bismuth, with copper ions
being added to one of them later. According to the literature, both bismuth — an integral part of
the material’s structure — and copper — the later addition — possess antimicrobial properties (12,
13, 20, 21), a fact proven in this study.

The microdilution assay conducted quantified the susceptibility of the various strains
used in the study. The yeasts tested were inhibited by both OPTBi and OPTCu, with a lower
MIC observed for the latter. Supporting the obtained results, studies have shown that bismuth
nanoparticles can be used as antimicrobial agents against C. albicans (28-30), as well as copper
nanoparticles (21, 31). In contrast, few bacteria were inhibited by OPTBI. The Gram-negative
K. pneumoniae was not inhibited by neither of the OPTs, while the Gram-negative P.
aeruginosa was only inhibited by the maximum tested concentration of OPTCu. According to
scientific literature, Gram-negative bacteria tend to be more resistant to copper ions (32, 33),
mainly due to the presence of Cu*-ATPase, a copper ion transport pump (33), a mechanism not
investigated by this study. The Gram-positive bacterium S. aureus was sensitive to OPTCu, as
predicted by the literature: excess copper ions lead to alterations in its cell envelope and in
carbon metabolism (34), and inhibit the function of certain enzymes (35). The susceptibility of
S. aureus to copper was, therefore, expected and confirmed in both the microdilution assay and
the time-kill assay.

In general, the behavior of the bacteria in the time-kill assay was similar to that observed
in the microdilution assay and MIC determination. However, the PaATCC exhibited an
unexpected response, as its growth was inhibited by both OPTs in the microdilution assay, while
it showed a higher colony count than the clinical strains in the time-kill assay and CFU count.
Furthermore, the CFU count increased between the 6- and 24-hour time samples. However, it
is important to consider that the time-Kkill assay was performed with concentrations 2x the MIC.
If the MICs between the clinical strains and the ATCC strain were originally different, the
subsequent assays were performed with different doses of the OPTs. The concentration of

OPTCu in the solution intended for the ATCC strain was much lower than the concentration
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used for the clinical strains, thus it is not possible to definitively attribute the increased colony
count to a resistance mechanism or the lower concentration of the product.

Another unexpected behavior observed during the CFU count was the higher CFU count
of CpATCC when exposed to OPTCu, a behavior not seen in the clinical isolates and not
demonstrated in the microdilution assay and MIC determination. Since all strains of this species
were subjected to the same concentration of OPTCu, they can be compared in this way;
however, the reason for this discrepancy could not be identified. The literature on C.
parapsilosis regarding copper-based nanomaterials is scarce, with most studies focusing on the
response of Candida albicans and Candida auris (36, 37), Therefore, a more in-depth
investigation with a larger sample size is necessary.

Finally, for the time-kill experiments, it is possible to observe that the CFU count of two
strains increased between the 6- and 24-hour time samples: PaATCC and SaATCC. The reason
for this increase was not investigated but could be due to the lower concentration of OPTs
compared to the clinical isolates, a bacteriostatic effect of the OPTs instead of a bactericidal
effect, or the prevalence of a mutant resistant to the OPTSs. For all results, both for microdilution
and time-kill assays, biological events may modify specific targets of antimicrobial action,
considering the diversity of environments the ATCC reference strains and clinical isolates
originated from.

The toxicity assay in the G. mellonella in vivo model demonstrated that no mortality
occurred in larvae injected with solutions of 4000 pug/ml of OPTBI or 1000 pg/ml of OPTCu.
Thus, it can be stated that these tested concentrations were not toxic to G. mellonella larvae.
The review by Junqueira et al. shows that G. mellonella larvae have been regularly used as an
in vivo model for toxicity experiments in recent years, particularly in pioneering studies (38).
These larvae have an immune system similar to that of mammals, making them suitable for
initial testing of compounds intended for use in humans (18).

The results of this study confirm the antimicrobial activity of the tested OPTs against
both clinical and ATCC microorganisms. However, the mechanism of action of these
compounds on microorganisms is still not well understood, as in, do they act by interfering with
metabolism, destroying cellular components, or through another pathway? Therefore, further
experiments on the physicochemical interactions of these materials with microorganisms and

possible synergies with commercial drugs are still needed.
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MATERIALS AND METHODS

The microorganisms. Five ATCC reference microorganism species were used:
Candida albicans ATCC 90028, Candida parapsilosis ATCC 22019, Klebsiella pneumoniae
ATCC 700603, Pseudomonas aeruginosa ATCC 1025, and Staphylococcus aureus ATCC
25923. In addition to the ATCC strains, two clinical isolates of each species were also used,
originating from skin and appendages — yeasts — and from internal infections — bacteria. All
strains and clinical isolates received a designation, matching its species and origin, such as
CaATCC (Candida albicans, ATCC strain) or KpC1 (Klebsiella pneumoniae, clinical isolate
number 1). All of the strains and clinical isolates belong to the collection of the Microbiology
Laboratory of the S&o José do Rio Preto Medical School - FAMERP, S&o Paulo, Brazil. They
have all been registered with the National System for the Management of Genetic Heritage and
Associated Traditional Knowledge (SisGen), under protocol A2D9FCA4.

The inoculum. The inoculum was adjusted to a final concentration at the start of each
experiment of 5 x 10? to 2.5 x 10°* CFU/ml for yeasts and 5 x 10* to 1 x 10° CFU/ml for bacteria,
following the procedures established by the Clinical and Laboratory Standards Institute (CLSI)
M27-A3 (39) and M07-A9 (40).

The OPTs. Two OPTs were used, designated OPTBi and OPTCu in this study. They
were obtained as and remained as solid powder until the time of the experiments. In the tests,
16.0 mg of each was added to 0.2 ml of DMSO and 0.8 ml of RPMI 1640 medium for each
milliliter of solution to be used. The concentration of OPTs was adjusted according to the needs
of the experiments by adding RPMI.

Microdilution assay and MIC determination. MICs were determined in triplicate
following procedures CLSI M27-A3 (39) e M07-A9 (40), adapted for the concentrations tested,
and ran in triplicate. The maximum concentration of each OPT tested was 4000 pg/ml and the
minimum concentration was 15.6 pug/ml. After 24 hours of incubation at 35°C, 20 pl of 2,3,5-
Triphenyltetrazolium Chloride (TTC) solution at a concentration of 20 pg/ml diluted in RPMI
was added to each well to visually determine the results. Then, a geometric mean calculation
was applied to determine the MIC.

Time-kill assay and CFU count. The time-kill assay followed the protocol described
by Klepser et al. (41), adaptated for the predetermined times chosen, and ran in triplicate. The
concentration of the solutions tested was 2x the MIC obtained in the microdilution test for each
microorganism. A sample of 10 pl was taken after 24 hours of incubation for yeasts, and after
2, 6, and 24 hours of incubation for bacteria, with the samples being inoculated with a Drigalski

loop onto culture medium plates. The single period of 24 hours for yeasts was chosen due to
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the longer time required for their growth. The culture medium plates inoculated were incubated
at 35°C for 24 hours. The CFU count was carried out after this period, using the program ImageJ
1.54¢g (42). The growth inhibition rate and the significance of the test using the Chi-squared ()?)
statistic were calculated by comparing the average count of the triplicate with the average count
of the control group. For the purposes of these statistical operations and due to the limitations
of the counting method, the control groups of each strain and clinical isolate had a limit of 10°
CFU/ml. Graphs with CFU counts were generated using the GraphPad Prism 9.3.0 for Windows
(San Diego, California, USA).

Toxicity in Galleria mellonella. The toxicity experiment followed the protocol
described by Ignasiak and Maxwell (18), adapted for the substances tested. Galleria mellonella
larvae at the sixth stage of development were used, each weighing between 200 and 250 mg,
separated into six groups of five individuals. Groups 1, 2 and 3 were called “control”, with
group 1 not being subjected to any substance (naive group) and the other two being injected
with 5 pl of distilled water and 5 pul of 99.9% ethanol, respectively. Groups 4, 5 and 6 were
called “experimental” and were injected with 5 pul of 5% DMSO, 5 ul of OPTBI solution at a
concentration of 4000 pug/ml and 5 pl of OPTCu solution at a concentration of 1000 pg/ml,
respectively. The larvae from each group were placed in 60 mm diameter Petri dishes and kept
at 37°C deprived of food and observed every 24 hours for five days, with prepupae being
removed daily to delay metamorphosis. Survival was analyzed using the Kaplan-Meier
estimate, with significance determined by the Mantel-Cox test. The data was analyzed using
GraphPad Prism 9.3.0 for Windows (San Diego, California, USA).
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4. CONCLUSAO

Ambos os OPTs sdo promissores como agentes antimicrobianos, visto que ambos
apresentam acdo contra as leveduras e bactérias escolhidas, tanto para o ensaio de microdiluicdo
quanto para o ensaio de cinética de morte. Iniciando pela microdiluicdo, o0 OPTCu inibe o
crescimento microbiano numa concentragdo menor do que o OPTBi — exceto contra K.
pneumoniae, que ndo é inibida por nenhum os OPTs na concentracdo maxima testada. Outros
ensaios metodoldgicos em concentracfes maiores podem exibir comportamento fenotipico
diferente, com atividade antimicrobiana factivel para controle desta espécie. Além disso, as
cepas ATCC necessitam de uma concentracdo de OPTs igual ou menor do que as clinicas para
terem seu crescimento inibido — exceto contra C. albicans, para qual o oposto € verdadeiro.
Eventos bioldgicos podem modificar alvos especificos de agdo antimicrobiana, considerando-
se a diversidade de ambientes que os isolados clinicos tém como origem.

Os dados obtidos nos ensaios de microdilui¢do e de cinética de morte demonstram a
diferenca de concentracdo de OPTs utilizada. Generalizando os resultados e considerando o
Qui-Quadrado (y* >6,635, p<0.01) aplicado sobre a contagem de UFC, € possivel afirmar que
had menor crescimento de UFC quando sdo submetidas ao OPTCu do que quando s&o
submetidas ao OPTBI. Ainda assim, ambos os produtos demonstraram grande reducdo do
crescimento de colbnias, com a porcentagem de reducdo de colbnias superior a 80% apos 24
horas para todos 0os microrganismos, com reducdo de 100% sendo comum.

Por fim, tento em vista o resultado do ensaio de toxicidade em modelo vivo de G.
mellonella, é possivel afirmar que ha 0% de mortes de larvas injetadas com OPTBi ou OPTCu
nas concentragdes testadas, portanto as concentracfes injetadas ndo sdo toxicas as lavras. Este
comportamento permite inferir que os OPTs poderdo fazer parte de alternativas terapéuticas
futuras.

Ainda assim, o futuro dos OPTs como agentes antimicrobianos comerciais € possivel,
porém ha a necessidade de mais experimentos analisando outros aspectos de sua agéo,
especialmente sua interacdo fisico-quimica com as células patogénicas alvo e com as células

animais do hospedeiro.



37

5. PERSPECTIVAS FUTURAS
Este trabalho realizou experimentos seguindo protocolos e foi limitado pelo material
disponivel e, principalmente, pelo tempo. Com maior disponibilidade de material e mais tempo,
0s experimentos realizados poderiam ser mais aprofundados, por exemplo:
e Mais espécies microbianas poderiam ter sido escolhidas, como os fungos filamentosos
do género Tricophyton e Trichosporum ou as bactérias Streptococcus pneumoniae e
Escherichia coli.
e No ensaio de cinética de morte, mais concentragdes poderiam ter sido testadas além das
pedidas por protocolo. Por exemplo, CaATCC foi testada com solugéo de 4000 pg/ml
de OPTCu, visto que sua CIM foi de 1000 pg/ml, porém as concentragdes 500, 1000,
2000 e 4000 pg/ml poderiam ter sido testadas em conjunto para oferecer melhores
parametros de comparacao.
Por estes motivos, e com o objetivo de aprofundar os estudos e gerar mais dados a
respeito do novo OPT e suas propriedades, este trabalho terd continuagdo no programa de

doutorado. Como perspectivas para o futuro, é esperado realizar:

5.1. COMPARACAO ENTRE OPT E ANTIBIOTICOS

Apenas a agdo antimicrobiana dos OPTs foi analisada neste trabalho, portanto uma
comparagdo com antibidticos comerciais sera de interesse. O método a ser utilizado sera o de
microdiluicdo, baseando-se nos protocolos do CLSI utilizados nos experimentos deste trabalho.
Os objetivos de tais testes serdo de detectar sinergias, efeitos antagoénicos ou aditivos dos OPTs
em conjunto com farmacos comerciais; comparar as concentracdes inibitoérias minimas dos
OPTs e dos farmacos; e tracar um perfil de resisténcia e susceptibilidade das cepas e isolados

clinicos utilizados.

5.2. EFEITO DO OPT EM NIVEL CELULAR E MOLECULAR

Uma série de experimentos serdo realizados para analisar os efeitos dos OPTs em nivel
celular e molecular. Em primeiro lugar, a analise em nivel celular sera feita por meio de crio-
microscopia eletronica, uma técnica que permite a analise de celulas, seus componentes e
proteinas numa maneira mais precisa do que a microscopia eletrénica de transmissédo. Crio-
microscopia eletronica funciona pela transmissdo de um feixe de elétrons através de uma
amostra congelada por criogenia, permitindo o imageamento de estruturas e proteinas numa
resolucdo quase atdbmica (LYUMKIS, 2019). Com essa técnica, sera possivel analisar o efeito

dos OPTs sobre organelas, material genético, e a estrutura de membrana ou parede das células
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(rompendo-a, distorcendo-a, ou mudando sua permeabilidade, por exemplo). Assim, os OPTs
poderédo ser modificados para serem mais eficientes nos seus alvos de acdo, ou a metodologia
de sua utilizacdo podera ser alterada para tirar melhor proveito de suas qualidades fisico-
quimicas.

Em segundo lugar, a anélise em nivel molecular focara no metabolismo das células,
procurando quantificar a absorcéo de certos compostos e correlacionar ao local de acdo dos
OPTs. Por exemplo, a quantificacdo da absorcdo de ergosterol e sorbitol por leveduras permite
inferir o local de acdo dos OPTs — a membrana celular ou a parede celular, respectivamente —
como descrito no protocolo de Castro e colaboradores (CASTRO et al., 2015). Em conjunto
com a crio-microscopia eletrdnica, que mostrard se os compostos absorvidos foram ou néo
metabolizados, essas duas técnicas permitirdo descrever ndo so o efeito morfologico da acéo

dos OPTs, mas também as alteracdes metabolicas decorrentes de tal acéo.

5.3. EFEITO DOS OPTS NA ADERENCIA, FORMACAO E DESTRUICAO DE
BIOFILMES

Neste trabalho, apenas células planctdnicas foram utilizadas, contudo tais células podem
formar estruturas mais complexas ao se aderirem a superficies. Biofilmes sdo estruturas
formadas por microrganismos envoltos por uma matriz polimérica, atuando como uma barreira
entre o micro-habitat interno e o externo. Dessa maneira, a atuacdo de agentes antimicrobianos
fica dificultada (DAVIES, 2003; SHARMA et al. 2019; VENKATESAN et al. 2015). Tento
em vista o isolamento que os biofilmes propiciam, o efeito dos OPTs sobre essas estruturas sera
investigado, focando no seu efeito sobre a aderéncia de células na superficie, seu efeito em
biofilmes em formacdo, e seu efeito em biofilmes maduros. Para tal, serd utilizado o
equipamento parallel-plate fluid flow chamber, que simula a acédo de fluido contendo células
planctdnicas aderindo-se a uma superficie monitorada em tempo real, quantificando a aderéncia

quando submetidas aos OPTs comparada ao controle.
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APENDICE A - TABELAS E GRAFICOS EXTRAS

Tabela 2. Ensaio de Cinética de Morte: contagem de UFC/ml, média
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UFC/ml controle

Espécie Cepa/isolado Designagdo Média 2 horas DP Média 6 horas DP Média 24 horas DP
Cepa ATCC CaATCC N&o testado N&o testado 71233 49825,33
C. albicans Isolado clinico 1 CaC1l N3do testado N3o testado 57767 51566,11
Isolado clinico 2 CaC2 N3o testado N3o testado 38100 53672,43
Cepa ATCC CpATCC N&o testado N3o testado 33800 57332,28
C. parapsilosis Isolado clinico 1 CpC1 N3o testado N3o testado 85000 25980,76
Isolado clinico 2 CpC2 N3o testado N3o testado 33733 57390,79
Cepa ATCC KpATCC 53333 40722,64 100000 0 100000 0
K. pneumoniae Isolado clinico 1 KpC1l 45333 7505,55 100000 0 100000 0
Isolado clinico 2 KpC2 28333 2886,75 100000 0 100000 0
Cepa ATCC PaATCC 38333 10858,33 100000 0 100000 0
P. aeruginosa Isolado clinico 1 PaCl 100000 0 100000 0 100000 0
Isolado clinico 2 PaC2 55667 6806,86 100000 0 100000 0
Cepa ATCC SaATCC 42300 14918,78 37833 6757,47 83000 29444,86
S. aureus Isolado clinico 1 SaC1 33367 3496,19 33500 4968,90 100000 0
Isolado clinico 2 SaC2 34267 4050,10 31600 7571,66 100000 0
L. 5 . UFC/ml quando exposta a OPTBi
Espécie (SRR EEIEED Designagéo Média 2 horas DP Red.  Média 6 horas DP Red. Média 24 horas DP Red.
Cepa ATCC CaATCC N&o testado N&o testado 0 0 100%
C. albicans Isolado clinico 1 CaCl N&o testado Nao testado 167 288,68  99,71%
Isolado clinico 2 CaC2 N&o testado Nao testado 0 0 100%
Cepa ATCC CpATCC Né&o testado Nao testado 0 0 100%
C. parapsilosis Isolado clinico 1 CpCl N&o testado N&o testado 33 57,74 99,96%
Isolado clinico 2 CpC2 N3o testado Nao testado 67 57,74 99,80%
Cepa ATCC KpATCC 10133 1401,19  81,00% 6367 2608,32  93,63% 1300 435,89 98,70%
K. pneumoniae Isolado clinico 1 KpC1 4933 4366,16  89,12% 3000 624,50 97,00% 200 346,41 99,80%
Isolado clinico 2 KpC2 7567 6401,04  73,29% 3867 2888,48  96,13% 367 404,15  99,63%
Cepa ATCC PaATCC 7267 1150,36 81,04% 5800 1014,89 94,20% 9833 3808,32 90,17%
P. aeruginosa Isolado clinico 1 PaC1 28300 7450,50 71,70% 12933 8674,29 87,07% 2967 4539,09 97,03%
Isolado clinico 2 PaC2 26367 2212,09  82,63% 10000 4853,86  90,00% 233 321,46 99,77%
Cepa ATCC SaATCC 5767 378,59 86,37% 2133 1201,39  94,36% 7667 6559,22  90,76%
S. aureus Isolado clinico 1 SaCl 4067 2369,25 87,81% 3400 3278,72 89,85% 600 600,00 99,40%
Isolado clinico 2 SaC2 4200 2861,82  87,74% 3367 3666,52  89,34% 233 208,17 99,77%
L. . . UFC/ml quando exposta a OPTCu
Especie Cepa/isolado  Designagdo —0 o oras bp Red. Média6horas __ DP Red. Mcdia2dhoras __ DP Red.
Cepa ATCC CaATCC N&o testado Nao testado 67 115,47 99,91%
C. albicans Isolado clinico 1 CaCl N&o testado Nao testado 0 0 100%
Isolado clinico 2 CaC2 N&o testado Nao testado 0 0 100%
Cepa ATCC CpATCC N&o testado N&o testado 5300 6605,30  84,32%
C. parapsilosis Isolado clinico 1 CpC1 N&o testado Nao testado 0 0 100%
Isolado clinico 2 CpC2 N3o testado N&o testado 67 57,74 99,80%
Cepa ATCC KpATCC 11567 2193,93 78,31% 4767 3197,39 95,23% 0 0 100%
K. pneumoniae Isolado clinico 1 KpC1 133 57,74 99,71% 33 57,74 99,97% 0 0 100%
Isolado clinico 2 KpC2 9833 5050,08  65,29% 2900 1126,94  97,10% 233 230,94 99,77%
Cepa ATCC PaATCC 15533 1069,27  59,48% 19767 12079,05 80,23% 19600 3218,70  80,40%
P. aeruginosa Isolado clinico 1 PaCl 28333 8611,81 71,67% 3400 3019,93  96,60% 167 288,68 99,83%
Isolado clinico 2 PaC2 15300 2749,55  72,52% 1833 1457,17  98,17% 133 115,47 99,87%
Cepa ATCC SaATCC 2867 2400,69  93,22% 33 57,74 99,91% 67 57,74 99,92%
S. aureus Isolado clinico 1 SaCl 10400 2882,71  68,83% 133 115,47 99,60% 133 152,75 99,87%
Isolado clinico 2 SaC2 3700 70,71 89,20% 133 115,47 99,58% 0 0 100%

Legenda: DP = Desvio Padrdo; Red. = Porcentagem de reducdo em relagdo ao controle.

Fonte: Autor (2025)



Tabela 3. Ensaio de Cinética de Morte: contagem de UFC/ml, somatoria
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UFC/ml controle

UFC/ml quando exposta a OPTBi

UFC/ml quando exposta a OPTCu

Especie Cepa/Isolado Designagdo Soma 2 horas  Soma 6 horas  Soma 24 horas Soma 2 horas Red. Soma 6 horas Red. Soma24 horas  Red. Soma 2 horas Red. Soma 6 horas Red. Soma24 horas  Red.
Cepa ATCC CaATCC N&o testado N&o testado 213700 Nao testado N&o testado 0 100% Né&o testado N&o testado 200 99,91%
C. albicans Isolado clinico 1 CaCl N3o testado N3o testado 173300 N&o testado N&o testado 500 99,71% N&o testado N&o testado 0 100%
Isolado clinico 2 CaC2 N3o testado N&o testado 114300 N3o testado N3o testado 0 100% N&o testado N3o testado 0 100%
Cepa ATCC CpATCC N3o testado N&o testado 101400 Nao testado N&o testado 0 100% Ndo testado N3o testado 15900 84,32%
C. parapsilosis Isolado clinico 1 CpC1 Nao testado N&o testado 255000 N&o testado N&o testado 100 99,96% N&o testado N&o testado 0 100%
Isolado clinico 2 CpC2 N3o testado Ndo testado 101200 N3o testado N3o testado 200 99,80% Ndo testado N3o testado 200 99,80%
Cepa ATCC KpATCC 160000 300000 300000 30400 81,00% 19100 93,63% 3900 98,70% 34700 78,31% 14300 95,23% 0 100%
K. pneumoniae Isolado clinico 1 KpC1 136000 300000 300000 14800 89,12% 9000 97,00% 600 99,80% 400 99,71% 100 99,97% 0 100%
Isolado clinico 2 KpC2 85000 300000 300000 22700 73,29% 11600 96,13% 1100 99,63% 29500 65,29% 8700 97,10% 700 100%
Cepa ATCC PaATCC 115000 300000 300000 21800 81,04% 17400 94,20% 29500 90,17% 46600 59,48% 59300 80,23% 58800 80,40%
P. aeruginosa Isolado clinico 1 PaCl 300000 300000 300000 84900 71,70% 38800 87,07% 8900 97,03% 85000 71,67% 10200 96,60% 500 99,83%
Isolado clinico 2 PaC2 167000 300000 300000 45900 72,51% 30000 90,00% 700 99,77% 45900 72,51% 5500 98,17% 400 99,87%
Cepa ATCC SaATCC 126900 113500 249000 12200 90,39% 6400 94,36% 23000 90,76% 6800 94,64% 100 99,91% 200 99,92%
S. aureus Isolado clinico 1 SaCl 100100 100500 300000 12600 87,41% 10200 89,85% 1800 99,40% 31200 68,83% 400 99,60% 400 99,87%
Isolado clinico 2 SaC2 102800 94800 300000 11100 89,20% 10100 89,35% 700 99,77% 11100 89,20% 400 99,58% 0 100%

Fonte: Autor (2025).
Legenda: Red. = Porcentagem de reducdo em relagdo ao controle.



Figura 8. Gréfico de Cinética de Morte para Candida albicans usando somatoria

C. albicans + OPTBi C. albicans + OPTCu
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Fonte: Autor (2025).

Figura 9. Gréfico de Cinética de Morte para Candida parapsilosis usando somatéria

C. parapsilosis + OPTBI C. parapsilosis + OPTCu
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Fonte: Autor (2025).
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Figura 10. Gréfico de Cinética de Morte para Klebsiella pneumoniae usando somatoria

K. pneumoniae + OPTBI K. pnreumoniae + OPTCu
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Fonte: Autor (2025).

Figura 11. Gréfico de Cinética de Morte para Pseudomonas aeruginosa usando
somatoria

P. aeruginosa + OPTBI P. aeruginosa + OPTCu
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Fonte: Autor (2025).
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Figura 12. Gréfico de Cinética de Morte para Staphylococcus aureus usando somatoéria

S. aureus + OPTBI S. aureus + OPTCu
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Fonte: Autor (2025).



