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RESUMO

O aumento da resisténcia bacteriana as classes de antimicrobianos tem sido
preocupante. Novas alternativas de tratamento vem sendo alvo de pesquisas, entre
elas a inativacao fotodinamica, técnica mediada por luz em comprimento de onda
adequado, fotossensibilizador (FS) e oxigénio molecular, que combinados levam a
um estresse oxidativo e morte das células-alvo. Infec¢gdes cutdneas de grande
relevancia clinica podem ser ocasionadas por agentes infecciosos multirresistentes
como Staphylococcus aureus resistente a meticilina (MRSA). Neste trabalho, zinco-
porfirinas (ZnP) foram caracterizadas e incorporadas em géis poliméricos para
serem utilizadas na inativacao fotodindmica de cepas de S. aureus resistentes.
Foram utilizadas como FS, ZnPEtil e ZnPHexil, e como matriz polimérica testadas
hidroxietilcelulose (HEC), carbopol e alginato, além de utilizar o propilenoglicol e
ureia como agentes umectantes para as formulagdes tépicas. Apesar da geragao
de espécies reativas de oxigénio (EROs) ter sido semelhante para ZnPEtil (79,9%)
e ZnPHexil (78,2%) os resultados iniciais de inativagdo fotodindmica para S. aureus
isolada da mastite bubalina, nas concentragdes de 1 e 5 umol L' e no tempo de
irradiacdo de 1min, demonstraram que a ZnPHexil foi mais efetiva nos testes in
vitro, sendo a selecionada para o estudo. O gel de HEC1% (m/v) demonstrou maior
compatibilidade com o FS, através da avaliacdo dos espectros de absorcéo,
emissdo e caracteristicas organolépticas. A adigdo de agentes umectantes nos
hidrogéis apresentou aumento da espalhabilidade, e o hidrogel com ureia
apresentou maior produgado de EROs (58,5%), quando comparado a formulagao
com propilenoglicol (48,7%). A irradiagdo no comprimento de onda de 410 nm
(47,61 mW/cm?) apresentou resultados mais promissores que em 450 nm (48,7
mW/cm?) para um menor tempo de irradiagéo (1min), por isso foi 0 adotado para o
estudo. Porém, na avaliagao dos graficos pode ser observado que ambos podem
ser aplicados quando utilizado maior tempo (a partir de 2min). Mediante os ensaios
com cepas de S. aureus ATCC e S. aureus resistente isolada da mastite, foi
observado que a menor concentragdo e o menor tempo testado (1 ymol L-"/1min)
foram suficientes para inativar os microrganismos estudados, mas também foi
verificada uma possivel toxicidade no escuro do FS em solugdo na concentracio
de 5 ymol L'. Quando testados os hidrogéis com e sem ureia em cepas de S.
aureus ATCC e MRSA, a efetividade do FS também foi observada na menor
concentragdo (1 umol L") que demonstrou total inativagdo em todas formulagdes e
tempo de irradiagao testado (3min), inclusive na cepa multirresistente. O gel sem
FS nao apresentou inativacdo, e na cepa MRSA nao foi observada toxicidade no
escuro em nenhuma amostra avaliada. Os hidrogéis desenvolvidos com a
incorporagao de ZnPHexil apresentaram-se como uma alternativa promissora para
o tratamento fotodinamico de infec¢des causadas por bactérias multirresistentes.
As amostras com e sem ureia destacaram-se por apresentarem total efetividade
em menor tempo de tratamento e utilizando baixas concentracdes de FS.

Palavras-chave: Metaloporfirinas; Hidrogéis; Infecgbes cuténeas; Terapia
fotodinamica.



ABSTRACT

The increase in bacterial resistance to antimicrobial classes has been a cause for
concern. New treatment alternatives have been the subject of research, including
photodynamic inactivation, a technique mediated by light at an appropriate wavelength,
photosensitizer (PS) and molecular oxygen, which combined lead to oxidative stress
and death of the target cells. Skin infections of great clinical relevance can be caused
by multi-resistant infectious agents such as methicillin-resistant Staphylococcus
aureus (MRSA). In this study, zincoporphyrins (ZnP) were characterized and
incorporated into polymer gels to be used in the photodynamic inactivation of resistant
S. aureus strains. ZnPEtil and ZnPHexil were used as FS, and hydroxyethylcellulose
(HEC), carbopol and alginate were tested as the polymeric matrix, in addition to using
propylene glycol and urea as wetting agents for the topical formulations. Although the
generation of reactive oxygen species (ROS) was similar for ZnPEtil (79.9%) and
ZnPHexil (78.2%), the initial photodynamic inactivation results for S. aureus isolated
from buffalo mastitis, at concentrations of 1 and 5 pmol L-1 and an irradiation time of
1min, showed that ZnPHexil was more effective in the in vitro tests and was selected
for the study. The HEC1% (w/v) gel showed greater compatibility with the FS, through
the evaluation of absorption and emission spectra and organoleptic characteristics.
The addition of wetting agents to the hydrogels showed an increase in spreadability,
and the hydrogel with urea showed greater production of ROS (58.5%) when compared
to the formulation with propylene glycol (48.7%). Irradiation at a wavelength of 410 nm
(47.61 mW/cm?) showed more promising results than at 450 nm (48.7 mW/cm?) for a
shorter irradiation time (1min), which is why it was adopted for the study. However, an
evaluation of the graphs shows that both can be applied when a longer time is used
(from 2 minutes). Through the tests with strains of S. aureus ATCC and resistant S.
aureus isolated from mastitis, it was observed that the lowest concentration and the
shortest time tested (1 umol L-1/1min) were sufficient to inactivate the microorganisms
studied, but a possible toxicity in the dark of the FS in solution at a concentration of 5
pmol L-1 was also verified. When hydrogels with and without urea were tested on
strains of S. aureus ATCC and MRSA, the effectiveness of FS was also observed at
the lowest concentration (1 pmol L-1), which showed total inactivation in all
formulations and irradiation time tested (3min), including the multi-resistant strain. The
gel without FS showed no inactivation, and in the MRSA strain no toxicity was observed
in the dark in any of the samples evaluated. The hydrogels developed with the
incorporation of ZnPHexil were shown to be a promising alternative for the
photodynamic treatment of infections caused by multidrug-resistant bacteria. The
samples with and without urea stood out for their total effectiveness in a shorter
treatment time and using low concentrations of PS.

Keywords: Metalloporphyrins; Hydrogels; Skin infections; Photodynamic therapy.
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1 INTRODUGAO

A resisténcia a antimicrobianos € considerada um dos maiores problemas de
saude publica mundial e tem sido observada em todas as opg¢bes farmacoldgicas
disponiveis em uso clinico. Os fatores associados a disseminagao de cepas
resistentes de microrganismos tém sido relatados como mutagdes génicas adaptativas
ao ambiente, o uso indiscriminado de antibidticos e o surgimento de infecgbes
cruzadas em varias partes do mundo. Sabe-se que infeccbes causadas por
microrganismos resistentes estdo associadas a maior morbidade, alto custo de
tratamento e maior risco de mortalidade (Alos et al., 2015; Amos-Tautua; Songca;
Oluwafemi, 2019; Darby et al., 2023).

Estima-se a ocorréncia de 700 mil mortes anualmente ocasionadas por
infeccbes com cepas resistentes aos antimicrobianos disponiveis no mercado.
Segundo a Organizagdo Mundial da Saude, caso novas estratégias ndo sejam
tomadas esse numero devera aumentar a 10 milhdes de mortes por ano em 2050,
ultrapassando as principais causas de mortalidade atuais, como doencas
cardiovasculares e cancer (Morrison; Zembower, 2020).

As infecgbes cutdneas representam um espectro clinico de disturbios
dermatoldgicos que variam em gravidade e etiologia. Um dos principais agentes
infecciosos que podem desencadear tais condi¢gdes € Staphylococcus aureus (S.
aureus), uma bactéria gram-positiva que tem sido amplamente reconhecida por sua
capacidade de causar desde lesdes superficiais até doengas mais invasivas. Quando
as infecgdes topicas estao associadas a bactérias multirresistentes o tratamento por
muitas vezes torna-se mais complexo por nao ocorrer resposta clinica a uma gama
de antimicrobianos (Silva et al., 2016; Falcone ; Tiseo, 2023).

Desta forma, surge a necessidade pelo desenvolvimento de métodos
alternativos aos farmacos para a erradicagdo de microrganismos multirresistentes,
entre eles tem se destacado a inativagédo fotodinadmica antimicrobiana ou em inglés
antimicrobial photodynamic inactivation (aPDI). O principio basico da aPDI envolve um
fotossensibilizador (FS), que é ativado através do uso de uma fonte de luz em um
comprimento de onda ressonante com a banda de absor¢cdo do FS. Através da
ativagdo do FS sdo geradas espécies reativas de oxigénio (EROs), como oxigénio

singlete e superoxido, que induzem o microrganismo alvo a morte. Como critérios
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para segurancga da técnica, os efeitos da aPDI devem ser limitados aos locais de
aplicagao e irradiacdo do FS com inativagcado relativamente rapida, sem causar
citotoxicidade aos tecidos sadios adjacentes ao tratamento (Castro et al., 2016; Souza
T.H.S et al., 2021a).

Dentre os FS explorados, as porfirinas tém sido alvo de diversos estudos com
aplicagao em microrganismos devido a baixa toxicidade no escuro, alta eficiéncia para
geracgao de EROs intracelular e versatilidade estrutural permitindo a modulagao de sua
anfifilicidade e carater idnico, facilitando a biodisponibilidade e interagdes com
estruturas celulares. Desta forma, o uso de porfirinas em baixas concentracées e com
parametros de irradiagdo adequados na aPDIl podem contribuir para melhores
resultados em infecgbes resistentes do que os apresentados pelos tratamentos
padrées apenas com farmacos na grande maioria das lesdes de pele (Fontana et al.,
2015; AL-Mutairi et al., 2018). Porém, para maior eficacia clinica da aPDI em infecgdes
cutdneas pode ser aplicada a incorporagcao dos FS em formulagdes farmacéuticas
adequadas (Apostolidou et al., 2024).

Boas formulacgbes topicas para aPDI devem possuir facil administragao, ser
atdéxica, nao causar dor ou irritacao local, além de maior adesao a pele possibilitando
maior tempo de permanéncia do que o FS na sua forma de solugdo. O
desenvolvimento de hidrogéis poliméricos antimicrobianos tem se mostrado como
boas alternativas para a incorporagao dos FS (Leung et al., 2020) principalmente por
sua facilidade de obtencdo e transparéncia. Desta forma, o presente estudo tem o
objetivo de preparar e caracterizar géis poliméricos com incorporagdo de zinco-

porfirinas (ZnPs), para aplicagao na aPDI de cepas de S. aureus multirresistentes.
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2 OBJETIVOS
2.1 Objetivo geral

Desenvolver hidrogéis com incorporagao de zinco-porfirinas hidrofilicas e
avaliar as condi¢cdes necessarias para aplicacdo na inativagao fotodinamica de

cepas multirresistentes de Staphylococcus aureus.

2.2 Objetivos especificos

o Caracterizar opticamente os FSs: ZnPEtil e ZnPHexil;

s Selecionar a ZnP com efeitos fotodindmicos mais efetivos;

o Selecionar componentes (polimero e agentes de umectagédo) e desenvolver
hidrogéis para aplicagao tépica com incorporagao da ZnP selecionada;

o Caracterizar fisico-quimicamente os FSs estudados e o0s hidrogéis
desenvolvidos: aspectos organolépticos, pH, espalhabilidade, centrifugacéo,
espectroscopia de absorgao e emissao;

o Avaliar e comparar a eficiéncia de produgao de espécies reativas de oxigénio

dos FSs estudados e hidrogéis desenvolvidos;

o Avaliar e determinar parametros metodologicos para maior eficiéncia de
inativagao fotodindmica da ZnP em solugéo, testada em cepa de Staphylococcus

aureus de origem clinica, para posterior ensaios com os hidrogéis desenvolvidos;

o Avaliar a eficiéncia da inativagao fotodindmica com os parametros anteriormente
determinados para os ensaios com os hidrogéis desenvolvidos e selecionados
para testes em cepa de Staphylococcus aureus resistente a meticilina.
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3 REFERENCIAL TEORICO
3.1 Resisténcia bacteriana a antimicrobianos
3.1.1 Problema de saude publica

As infecgdes causadas por bactérias resistentes aos antimicrobianos vém se
tornando cada vez mais frequentes. Estas infecgdes estdo associadas a uma maior
morbidade, mortalidade e custos. Estima-se que até 2050, a resisténcia
antimicrobiana causara 10 milhdes de mortes por ano em todo o mundo. Em 2019, a
OMS declarou a resisténcia antimicrobiana como uma das dez principais ameacas
globais a saude publica que a humanidade enfrenta, ultrapassando as principais
causas de mortalidade atuais, como doencas cardiovasculares e cancer. No mesmo
ano, um relatério das Nacdes Unidas declarou que foram observados dados
alarmantes de resisténcia em paises de todos os niveis sociais, o que dificulta o
tratamento basico de doengas comuns e torna mais arriscado a realizagdo de
procedimentos meédicos convencionais (Morrison; Zembower, 2020; Bassetti et al.,
2022).

As bactérias patogénicas em um processo infeccioso, possuem a capacidade
de agredir o organismo e os sistemas naturais de defesa através da transmissao,
invasao e aderéncia de células e tecidos do hospedeiro produzindo a doenca. Para
contornar esse processo sao utilizados os medicamentos antimicrobianos (Cavalcanti,
2012; Simoes Silva; Oliveira, 2013; Memar et al., 2018).

Considera-se resisténcia antimicrobiana, a sobrevivéncia de cepas bacterianas
ao tratamento com antibiéticos, independentemente de suas caracteristicas quimicas,
em concentragdes que deveriam ser letais. Essa resisténcia tem se tornado cada vez
mais preocupante, visto os casos em que o tratamento convencional ndo tem mais se
demonstrado efetivo. A rapida multiplicagdo dos microrganismos patogénicos
resistentes permite que eles sobrevivam mesmo na presenca de antibidticos em
pequenas concentragdes (Paoli, 2005; Cavalcanti, 2012; Hatlen; Miller, 2021).

A maioria dos antibi6ticos conhecidos é produzida por microrganismos e muitos
organismos no ambiente, incluindo plantas e animais, que produzem naturalmente
substancias antimicrobianas. A exposicdo aos antimicrobianos seleciona as
bactérias resistentes e conduz a propagacao da resisténcia antimicrobiana.

Varios fatores contribuem para esta selecdo: a utilizacdo e o abuso de

antibidticos, isso inclui o0 uso desnecessario de antibidticos para tratar infeccdes virais,
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0 uso de antibidticos de espectro largo em vez de antibiéticos mais especificos, e o
uso prolongado de antibidticos sem supervisdo médica. Outro fator diz respeito a
determinada classe de medicamentos prescritos como € o caso daqueles
medicamentos que causam depressao no sistema imunologico e doengas crbnicas
que podem suscitar imunossupressdo e isso facilita o aumento de bactérias
patogénicas resistentes. Além do uso indiscriminado em humanos, essa resisténcia
também sofre impactos do uso incorreto de antibioticos na agricultura, na pecuaria e
na industria (Taraszkiewicz et al., 2013; Barbosa, 2015; Memar et al., 2018; Christaki
et al., 2020).

3.1.2 Mecanismos de resisténcia

A resisténcia aos antibidticos exibida pelas bactérias pode ser intrinseca,
adquirida ou adaptativa. A intrinseca € definida como a resisténcia exibida devido as
propriedades inerentes da bactéria. Exemplos de resisténcia intrinseca incluem a
resisténcia aos glicopeptideos exibida pelas bactérias gram-negativas devido a
impermeabilidade da membrana externa presente no envelope celular desse tipo de
bactérias (Lee, 2019).

A resisténcia adquirida é definida como a resisténcia expressa quando uma
bactéria previamente sensivel adquire um mecanismo de resisténcia através de uma
mutacdo ou da aquisicdo de novo material genético de uma fonte exdgena,
denominada como transferéncia horizontal de genes. Esse processo pode ocorrer

através de trés mecanismos principais (Holmes et al., 2016; Munita ; Arias, 2016):

o Transformacdo: € uma forma de recombinagdo genética em que
fragmentos de DNA livres de uma bactéria morta entram numa bactéria
receptora e sdo incorporados no seu cromossoma. Apenas algumas
bactérias sdo naturalmente transformaveis;

o Transdugdo: envolve a transferéncia de material genético entre uma
bactéria doadora e uma bactéria receptora por um bacteriofago e;

o Conjugacéo: principal mecanismo de transferéncia horizontal de genes.
Envolve a transferéncia de material genético de uma célula bacteriana
para outra por contato fisico direto entre as células. Forma-se uma pilula

sexual entre as duas células bacterianas através do qual um plasmideo é
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transferido da célula doadora para a célula receptora. Multiplos genes de
resisténcia estdo frequentemente presentes num unico plasmideo,
permitindo a transferéncia de resisténcia a diversos farmacos num unico

evento de conjugagao.

E por fim, a adaptativa é definida como a resisténcia que resulta de modulagdes
na expressao génica como resposta a mudangas ambientais. Em vez de ser causada
por alteracbes genéticas, que geralmente produzem fendtipos irreversiveis, a
resisténcia adaptativa é possivelmente o resultado de alteragbes epigenéticas, como
estresse, estado de crescimento do MO, pH, concentracbes de ions, condi¢des
nutricionais, niveis subinibitorios de antibidticos. E diferente da intrinseca e adquirida,
a resisténcia adaptativa é transitéria. Ela permite que as bactérias respondam mais
rapidamente ao antibiético, geralmente revertendo para o estado original assim que
o sinal indutor é removido (Fernandez; Breidenstein; Hancock, 2011; Lee, 2019;
Salimiyan et al., 2018).

O fenbmeno da resisténcia adaptativa pode ser responsavel pelas diferencas
observadas quando se compara a eficacia in vitro e in vivo de um antibiotico e poderia
estar envolvido no insucesso clinico dos tratamentos convencionais. Além disso, o
aumento da resisténcia em resposta a estimulos ambientais pode nao reverter
completamente apds a remogao do estimulo, levando a um aumento gradual da
concentragdo minima inibitéria (CIM) ao longo do tempo. Por ultimo, foi proposto que
a capacidade das populagdes bacterianas de proliferar na presenca de niveis
subinibitorios de antibidticos através da resisténcia adaptativa pode eventualmente
permitir o desenvolvimento de mecanismos de resisténcia mais eficazes e
permanentes (Fernandez; Breidenstein; Hancock, 2011; Salimiyan et al., 2018; Salam
et al., 2023).

3.1.3 Historico do uso de antibidticos e resisténcia

O primeiro antibidtico utilizado com sucesso terapéutico foi a penicilina,
descoberta por Alexander Fleming em 1928, para controlar infecgbes bacterianas
em soldados durante a Segunda Guerra Mundial. Porém, em 1940, antes dessa
utilizagao ja tinham sido descritas as primeiras cepas de Staphylococcus resistentes

a penicilina. Para controlar as primeiras penicilinases, a meticilina foi introduzida em
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1959 e, um ano depois, em 1960, foi registrada uma cepa de Staphylococcus
resistente a meticilina (MRSA) (Sengupta; Chattopadhyay; Grossart, 2013).

A vancomicina foi introduzida no mercado em 1958, para o tratamento de
MRSA. Porém, em 1979, também foram notificados estafilococos coagulase-
negativos resistentes a vancomicina e, dez anos mais tarde, foi descrita a resisténcia
a Enterococcus (Courvalin, 2006), seguindo-se, em 1997, para o relato de cepas de
S. aureus menos susceptiveis no Japao (Fowler, 2005). Outro exemplo histérico € a
tetraciclina, que foi introduzida em 1950, seguida de cepas de Shigella resistentes a
tetraciclina em 1959. Para além disso, a levofoxacina foi introduzida na pratica clinica
em 1996 e, no mesmo ano, foi notificado um pneumococo resistente (Sengupta;
Chattopadhyay; Grossart, 2013; Salam et al., 2023).

Entre 1960 e 1980, registrou-se uma produgdo aparentemente adequada de
novos antimicrobianos pela industria farmacéutica. No entanto, apés a década de
1980, a taxa de descoberta de novas classes de antibidticos diminuiu drasticamente
(Parmar, 2023). Em consequéncia do aumento da resisténcia antimicrobiana e da
escassez de novos antimicrobianos, infecgcbes bacterianas devidas a agentes
patogénicos multirresistentes ou extensivamente resistentes a medicamentos se
tornaram uma grande preocupagao na pratica clinica em todo o mundo, incluindo as

infeccbes cutdneas de maior severidade (Falcone; Tiseo, 2023).

3.1.4 Infecgbes cutaneas ocasionadas por Staphylococcus aureus resistentes a
meticilina

O género Staphylococcus compreende 52 espécies e 28 subespécies, porém o
S. aureus é a bactéria de maior importancia clinica. A maioria das infec¢des de pele e
tecidos moles tem como principal patégeno o S. aureus que € uma bactéria gram-
positiva reconhecida como um microrganismo comensal comum da pele. Se apresenta
na forma esférica e possui apenas 1 um de didmetro, aproximadamente. Ela se
distingue de outras espécies de Staphylococcus devido a sua positividade para
provas bioquimicas de coagulase, fermentacdo de manitol e testes de
desoxirribonuclease e a sua pigmentacdo em amarelo ouro (Bréton-Martinez et al.,
2024). A presenca de fatores de viruléncia, toxinas e condigbes ambientais (por
exemplo, feridas cirurgicas) sao fatores significativos de progressdo para as mais
variadas infec¢des. Desta forma, infecgdes cutdaneas acometidas por S.aureus podem
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ocasionar desde uma foliculite leve autolimitada até infeccbes invasivas como
bacteremia, abscessos, celulite e que podem se agravar para pneumonia,
osteomielite, meningite, endocardite e até evoluir para uma sepse (Hatlen; Miller,
2021). Atualmente S. aureus pode ser classificada, de acordo com sua sensibilidade
aos B-lactamicos, em: sensivel a meticilina (MSSA) e resistente a meticilina (MRSA).

A resisténcia se torna preocupante pois a classe -lactamica inclui grande parte
dos antimicrobianos mais utilizados na pratica clinica, como as penicilinas, a
amoxicilina, a oxacilina, a meticilina, dentre outras (Hamilton; Macgowan, 2019).
Nascimento ; Carstensen (2021), evidenciaram que o Brasil ocupa um dos piores
indices de prevaléncia de MRSA no mundo, sendo mais de 50% dos S. aureus
isolados categorizados como MRSA. Nesse contexto, o tratamento farmacologico se

torna um grande desafio.

3.1.4.1 Tratamento farmacolégico

A escolha do agente antimicrobiano para o tratamento é desafiadora e tem
gerado altos custos aos servigos hospitalares pelo surgimento cada vez mais
frequente de cepas de S. aureus MRSA. As infecgdes por MRSA que antes eram
restritas ao ambiente hospitalar, nas ultimas décadas tem se mostrado cada vez mais
presentes também na comunidade, podendo causar infecgbes nao sé em individuos
com comorbidades, mas também em individuos saudaveis. O tratamento destas
infeccbes cutaneas é realizado com formulagao topica e dependendo da gravidade
com associagao a antibioticoterapia oral ou endovenosa. Como opg¢ao topica é
preconizado o uso da mupirocina pomada a 2%, classificada como bactericida, seu
mecanismo de acao consiste em uma competicado do aminoacido isoleucina pelo sitio
ativo da bactéria. Consequentemente, ndo ha incorporagcdo deste aminoacido a
cadeia polipeptidica do MO, inibindo assim a sintese proteica da bactéria. Porém, pelo
seu uso continuo, também ja é possivel observar resisténcia a esse medicamento,
devido a alteragdes no sitio ativo do alvo (Falcone et al., 2020).

A associacdo com farmacos orais pode ser uma opg¢ao sendo 0s mais prescritos
a tetraciclina e rifampicina, combinados, assim como a clindamicina, a linezolida e o
sulfametoxazol-trimetoprima. Como farmacos endovenosos s&o indicados
principalmente a vancomicina e teicoplanina, glicopeptideos que agem inibindo a

sintese da parede celular bacteriana. Diante da baixa perspectiva de novos
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antimicrobianos chegarem ao mercado nos proximos anos e da escassez de
possibilidades terapéuticas topicas para infecgdes cutdneas por S. aureus MRSA
atualmente (De Queiroz et al., 2012; Queiroz et al., 2021), surge a necessidade da
investigacdo de novas terapias e desenvolvimento de novas formulag¢des topicas que

possam atuar de forma exclusiva ou como adjuvantes.

3.2 Inativagao Fotodinamica Antimicrobiana
3.2.1 Breve histérico

Existem relatos da terapia através da luz ou da helioterapia ter sido utilizada ao
longo da histéria desde as antigas civilizagdes, porém o conceito da terapia
fotodinamica (TFD) s6 teve seu primeiro registro em 1900 na Alemanha, quando um
estudante de medicina, Oscar Raab sob a orientacédo do professor Hermann Von
Tappeiner, descobriu acidentalmente que paramécios (Paramecium scaudatam) em
contato com o corante acridina, podiam ser mortos quando expostos a luz, o que
nao acontecia quando ambos estavam no escuro. Posteriormente, foi descoberto que
para acontecer a inativagdo na presenca da luz era necessaria ainda mais um
componente no processo, 0 oxigénio molecular, a partir disso o termo “acao
fotodinamica” foi estabelecido (Abrahamse ; Hamblin, 2016).

Apos essas descobertas a TFD foi testada inicialmente como terapia para o
cancer e outras doencgas de pele. Porém, sé apos os resultados do primeiro ensaio
clinico em grande escala coordenado por Dougherty é que foi introduzido no mercado
em 1993 o Photofrin®, uma formulagédo contendo derivados diméricos e oligoméricos
de hematoporfirina, que foi o primeiro FS aprovado pela Food and Drug Adminstration
(FDA) e indicado para o tratamento de cancer de pulm&o, do trato digestivo e urinario
(Figura 1) (Santos, 2016).

Com o avancgo dos estudos a aplicacdo da TFD foi expandida em diversas
areas, como a dermatologia, oftalmologia, odontologia, cardiologia, cosméticos,
purificacdo do sangue, desinfec¢cdo da agua e na inativagdo de microrganismos. No
tratamento de processos infecciosos essa aplicagdo tem sido amplamente
investigada, principalmente como alternativa para os casos de resisténcia dos
microrganismos ao tratamento com antibioticos convencionais. Essa modalidade é
conhecida como inativagéo fotodindmica antimicrobiana/aPDI (do inglés “antimicrobial

photodynamic inactivaction”) (Ezzeddine et al., 2013; Abrahamse; Hamblin, 2016).
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Figura 1: Estrutura quimica do fotossensibilizador Photofrin®.
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Fonte: Santos, 2016.

O tratamento antimicrobiano aplicando aPDI tem sido bem explorado na
odontologia, em diversas infecgbes orais utilizando o FS na forma de solugao. Porém,
torna-se interessante mais pesquisas com a incorporagao desses FS em formas
farmacéuticas topicas e aplicacdo em outras tipos de infecgdes cutaneas. Para o
sucesso dessa terapia o FS escolhido precisa ser seletivo para o alvo de aplicacéao,
ainda se faz necessario a escolha do comprimento de onda apropriado da luz
empregada e essa associacao resulta em reagdes que podem modificar biomoléculas
e estruturas celulares a ponto de causar morte celular através da geracdo de EROs
(Kharkwal et al., 2011a; Garcez et al., 2012; Taraszkiewicz et al., 2013; Casu; Fanuli;
Vigano, 2018;). Assim, compreender o mecanismo de acdo da técnica torna-se

imprescindivel para sua aplicagao correta.

3.2.2 Mecanismo de agao

A aPDI é estritamente dependente da interagcdo de trés componentes: um FS
apropriado, uma fonte de luz com comprimento de onda ressonante com a banda de
absor¢cdo do FS e oxigénio molecular que por mecanismos de Oxido-reducdo e
formacao de EROs podem induzir a inativagdo de microrganismos. Essa técnica tem
sido amplamente estudada como alternativa aos tratamentos convencionais de
infeccdes, especialmente quando ha resisténcia aos antimicrobianos (Souza et al.,
2021b).

A técnica envolve duas etapas: inicialmente, o FS administrado € acumulado

na célula/tecido alvo ou préximo dela; e em seguida, o sistema é irradiado por uma
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fonte de luz adequada para o FS escolhido e que na presenga de oxigénio produz
EROs. O FS que esta no seu estado fundamental (SFS), apds a absorgdo de fétons
passa para seu estado excitado (SFS*) que é instavel e de curta duragédo. Porém neste
estado, o SFS* pode voltar ao seu estado fundamental através da emissdo de
fluorescéncia, pode produzir a formacdao de EROs ou ainda através da inversao do
spin do elétron excitado, conhecido como cruzamento intersistema, pode gerar o
estado excitado tripleto do FS (TFS*) que é menos energético, mas tem um tempo de
vida mais longo (Viana, 2015; Fong et al., 2017).

O "FS* pode reagir com o oxigénio molecular de duas formas para gerar
espécies reativas, chamadas de reagao do Tipo | (via formagao de radicais) e reagao

do Tipo Il (via formagao de oxigénio tripleto) como demonstrado na Figura 2.

Figura 2: Mecanismo de acg&o envolvido na inativagdo fotodindmica antimicrobiana para gerar
espécies reativas de oxigénio. SFS fotossensibilizador no estado fundamental, SFS*
fotossensibilizador no estado excitado, TFS* fotossensibilizador no estado excitado ftripleto, 'Oz

oxigénio no estado singleto, 302/02 oxigénio no estado tripleto.
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Fonte: adaptado de Agostinis et al. (2011) ; Souza T.H.S et al. (2021a).
Na reacdo do Tipo | tanto o TFS* pode interagir com estruturas
endomembranosas (mitocondrias, lisossomo, ribossomo e outras) da célula
possibilitando a transferéncia de elétrons (Baptista et al, 2017). Na reacéo do Tipo Il

o "FS* transfere energia para o oxigénio molecular no estado fundamental (302/0z),
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denominado tripleto, levando-o a um estado excitado favorecendo a conversao de um
spin formando oxigénio singleto ('O2), que é uma espécie reativa de oxigénio
altamente citotoxica e desencadeia danos celulares responsaveis pela morte celular
(Charara et al., 2017).

As reagodes do Tipo | e do Tipo Il podem ocorrer simultaneamente e gerar a
formacao de EROs tais como, Oz~ (superéxido), H202 (perdxido de hidrogénio), OH-
(radical hidroxila) e '02. Em geral, independentemente do tipo de EROs formado por
eles serem gerados intracelularmente e ter instabilidade, possuem a capacidade de
danificar varios componentes biolégicos, como proteinas, lipidios e acidos nucleicos,
em uma ampla gama de microrganismos independentemente de sua estrutura ou
resisténcia a antimicrobianos, provavelmente resultando em defeitos funcionais e

culminando na morte dos microrganismos (Baptista et al, 2017).

3.2.3 Fontes de luz e parametros de aplicacao

A literatura apresenta trés classes principais de fontes de luz para aPDI/ TFD:
Laser (Light Amplification by Stimulated Emission of Radiation), LED (Light Emitting
Diode) e Lampadas de halogénio. A otimiza¢ao do tratamento com as diferentes fontes
de luz esta relacionada com os parametros: poténcia média, faixa de comprimentos
de onda, irradiancia, irradiagao continua ou pulsada, tempo de irradiacao/tratamento
e tempo de pré-irradiagao (Nagata, 2012; Sorbellini, Rucco ; Rinaldi, 2018).

O conhecimento sobre a dosimetria da luz no tratamento fotodinamico com a
definicdo de parametros fisicos, € relevante para uma aplicagdo bem sucedida da
aPDI. E importante conhecer a poténcia média da fonte de luz utilizada para calcular
a irradiancia a administrar. A taxa de fluéncia ou irradidncia se refere na relacéo
proporcional entre a poténcia de saida da luz por area, expressa geralmente em
mW/cm? (Souza, T.H.S et al., 2021a). O controle da irradiancia é também importante
para evitar danos térmicos em tratamentos in vitro e in vivo. A exposi¢ao radiante ou
dose (luz) sédo definicbes também aplicadas e se referem a quantidade de energia
aplicada a amostra por area (J/cm2). A energia é calculada utilizando a poténcia média
(W) x tempo de irradiagdo (segundos) (Issa; Manuela-Azulay, 2010; Santos, 2016).

Uma fonte de luz deve ser monocromatica, com comprimento de onda na regiao
da luz visivel, entre 400 a 800 nm. A incidéncia da luz no alvo terapéutico depende do

comprimento de onda a ser utilizado e esse fator depende do FS escolhido para
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administragcdo. Desta forma, torna-se importante considerar o tipo de pele e a
profundidade da area lesionada, pois podem ocorrer fendmenos opticos de reflexao,
absorcdo e espalhamento da luz que podem interferir na transmissao da luz para
tecidos mais profundos (Araujo, 2021). A relagédo escolha do comprimento de onda da
fonte de luz versus capacidade de penetragcao na pele, pode ser observada na Figura
3.

Figura 3: Relagdo do comprimento de onda da fonte de luz com sua capacidade de penetragédo na

pele.
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Como demonstrado, apds estabelecido os parametros de aplicacao, outro fator
muito importante para a eficacia da terapia fotodinamica é a escolha adequada do FS.
Nesse sentido, é importante considerar, além do alvo terapéutico, as caracteristicas
fisico-quimicas do FS, tais como; carga elétrica, anfifilicidade e eficiéncia na geracéo
de EROs (Braga, 2017; Araujo, 2021) .

3.2.4 Fotossensibilizadores

A qualidade de um FS para aPDI/TFD depende de varios fatores, entre eles a
auséncia da toxicidade no escuro, ter seletividade, uso em comprimento de onda
clinicamente util e uma eliminacao relativamente rapida dos tecidos normais para
minimizar os efeitos secundarios da fototoxicidade. Além disso, é desejavel que tenha
pureza controlavel, facil e reprodutivel obtencdo e que sua preparacédo permita facil
reconstituicdo, boa solubilidade e estabilidade em solugdo aquosa a pH fisioldgico
para que além de um armazenamento adequado, promova boa circulagédo e acumulo

seletivo nas células (Oliveira et al., 2015; Abrahamse ; Hamblin, 2016).
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A natureza do FS também é determinante para a sua seletividade e eficacia no
tratamento, caracteristicas como distribuicdo de carga e lipofilia da molécula estao
entre os parametros mais importantes para controlar a captacdo celular e a
distribuicdo do FS dentro da célula. De forma geral, FSs catidbnicos como as zinco-
porfirinas interagem melhor com as membranas bioldgicas, por essas serem
anidnicas. Os FS também devem possuir alto rendimento quantico do estado tripleto
apos sua irradiagéo, para interagir com o oxigénio molecular e outros substratos em
tempo adequado e gerar EROs em quantidade suficiente (Ezzeddine et al., 2013;
Moghnie et al., 2017; Al-Mutairi, R. et al., 2018).

Outro fator a ser observado é a fotodegradacao ou fotobranqueamento do FS,
que esta relacionado com mudancas irreversiveis nas propriedades dos cromoforos
apos a irradiagao. Tais alteragdes sdo geradas no substrato devido a fotorreagbes do
FS com EROs que podem inviabilizar a absor¢ao de luz pelo FS e impedir a geragéo
de mais espécies reativas. Por isso, 0 armazenamento correto e escolha do FS mais
adequado s&o essenciais para a efetividade da técnica (Giansante, 2014). Existem
varios compostos que vém sendo testados e utilizados na aPDI/TFD. Dentre eles,
podem ser citados porfirinas, ftalocianinas, clorinas, texafirinas, fenotiazinas (como o
azul de metileno), fulerenos, entre outros. No entanto, as porfirinas sdo uma das
classes mais amplamente utilizadas na terapia fotodindmica, com destaque nesse
estudo para as metaloporfirinas conjugadas com Zn?*, que demonstram diversas
vantagens na sua aplicagao (Giansante, 2014; Mete et al, 2021; Souza T.H.S et al,,
2021a).

3.2.4.1 Porfirinas e metaloporfirinas

3.2.4.1.1 Caracteristicas fotofisicas e fotoquimicas

Porfirinas s&o compostos macrociclicos, aromaticos, altamente conjugados e
muitos de seus derivados metalicos estao presentes em varias proteinas com funcdes
biolégicas, como: hemoglobina e mioglobina, porém elas também podem ser obtidas
de forma sintética. Diversas porfirinas naturais e sintéticas tém sido utilizadas como
potentes FSs em doengas tépicas acometidas por microrganismos, como candidiase,
acne vulgar e herpes labial Nos processos fotodinamicos porfirinas apresentam
caracteristicas e vantagens interessantes como baixa toxicidade no escuro in vitro

e/ou in vivo, alta eficiéncia para geragao de EROs intracelular e rendimentos quéanticos
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altos (@) para geracédo de 'O2 e versatilidade estrutural permitindo sua modulagéo
quimica, facilitando desta forma sua biodisponibilidade e interacdo com estruturas
celulares (Souza T.H.S et al., 2021a).

A base estrutural das porfirinas € constituida por anéis tetrapirrélicos ligados
entre si por quatro grupos CH (metino), formando os compostos de base livre. (Figura
4), que podem ser classificados como de primeira, segunda e terceira geragao que
nao apresentam boa atividade catalitica em oxidagdo de substratos organicos
(Friedermann, 2005; Viana, 2015).

Figura 4: Estrutura do anel porfirinico base livre. *Carbonos nas posi¢cdes 5,10,15 e 20 sao
denominados “carbonos em posi¢des meso”. Os atomos das posi¢des 2,3,7,8,12,13,17 e 18 sao
conhecidos como carbonos nas posigdes B-pirrolicas.

1
12 10 8

Fonte: adaptado de Viana (2015).

Porém, os quatro atomos de nitrogénio centrais sdo adequados para quelar
elementos quimicos, geralmente metais, resultando em metaloporfirinas. No caso das
zinco-porfirinas, a complexagdo com Zn (ll) tém potencial para apresentar
caracteristicas melhoradas, sendo FSs mais eficazes do que seus analogos de base
livre. Estas mudancas estruturais do macrociclo aumentam a estabilidade quimica do
porfirina e além disso, podem ser projetadas para modular seu carater lipofilico ou
ibnico, aumentar a interacdo com membranas celulares e consequentemente sua
seletividade, conduzir um rendimento quantico de oxigénio singleto mais elevado e
facilitar a eliminacédo pelo organismo no pdés-tratamento fotodindmico, minimizando
assim os efeitos adversos (Castro et al., 2016; Souza T.H.S et al., 2021).

As propriedades espectroscépicas das porfirinas sao caracteristicas com
bandas bem definidas de absorg¢ao eletrénica. A banda mais intensa é conhecida
como banda Soret, geralmente localizada em torno de 420 nm. As outras bandas

menores, em torno de 500 e 800 nm, conhecidas como bandas Q (Skwor et al., 2016).
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No caso das metaloporfirinas, representadas aqui pelas zinco-porfirinas, pode ser
observado na Figura 5 que ocorre um deslocamento da banda Soret e o espectro

demonstra a substituicdo das bandas Q, por bandas denominadas a e f3.

Figura 5: Estruturas quimicas e espectros de absorgao eletrénica de (A) porfirina de base livre e (B)
porfirina complexada ao ion Zn (ll).
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Fonte: adaptado de. Souza T.H.S. et al. (2021a)

As propriedades fotofisicas, bem como a absorc¢ao e distribuicao celular podem
ser afetadas pela alteragdo de carga, tamanho, forma, versatilidade estrutural e
orientagdo espacial do FS. A presenca de cargas nas porfirinas ndo s6 proporciona
melhor solubilidade em agua, como também podem ampliar seu espectro de acgao
(Souza T.H.S et al., 2021a).

Nas células cancerosas, enquanto a ZnPEtil tende a se acumular
preferencialmente nos lisossomos e/ou distribuido no citoplasma, a ZnPHexil devido
a sua maior lipofilicidade teve melhor interagdo com as células cancerigenas,
especialmente com organelas essenciais como as mitocéndrias. Quando avaliada a
acao fotodinamica nas células bacterianas, a maior efetividade da ZnPHexil pode ser
justificada pela maior absor¢do do FS quando comparada as suas analogas mais
hidrofilicas, sua absor¢ao intracelular chega a ser 8 vezes maior que quando utilizada
a ZnPMetil. O que sugere que a maior lipofilicidade esta relacionada com a maior
efetividade da inativagdo fotodindmica (Thomas et al., 2015; Souza T.H.S et al,
2021a). Na Figura 6 pode ser observado as porfirinas complexadas com Zn (ll) e seus

analogos.
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Figura 6: Fotossensibilizadores a base de Zn(ll) - porfirina com seus acrénimos correspondentes.
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Fonte: Souza T.H.S. et al. (2021a)

3.2.4.1.2 Aplicagéo de zinco-porfirinas na inativagéo fotodindmica

Embora ainda nao totalmente elucidado, o mecanismo de interagdo do FS com
barreiras celulares externas e absorcao parece ocorrer através de uma combinagao
de atracdo eletrostatica e interagdes hidrofébicas. Em alguns casos, como em
bactérias, existem fatores adicionais. FSs anidnicos sao conhecidos por ter atividade
contra bactérias gram-positivas, mas ndo contra gram-negativas. A explicagdo para
esses fendmenos esta associada a diferengca de composicdo da superficie celular
entre os dois tipos de bactérias. Bactérias gram-positivas tém superficies celulares
compostas por espessas camadas de peptidoglicano com a presenca de acidos
lipoteicdicos e teicdicos dispostos ao longo dessas camadas (Fig. 7A), tornando
porosidade que facilita a internalizacdo de FS na célula. Por sua vez, a membrana
externa de bactérias gram-negativas contém lipopolissacarideos (LPS) e acido sialico
(Fig. 7B), resultando em uma superficie de carater mais aniénico do que em bactérias
Gram-positivas e, consequentemente, de repulséo eletrostatica significativa para FSs
anibnicos (Ezzedine et al., 2013; Souza T.H.S et al., 2021a).

Merchat et al. (1996) observaram em um estudo comparativo que porfirinas
catidnicas inibiram o crescimento de bactérias gram-positivas e gram-negativas. Por
outro lado, porfirinas aniénicas inibiram apenas bactérias gram-positivas. Em geral, a
superficie das células é carregada negativamente, o que implicaria em uma maior

absorcao celular de FSs catibnicos.
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Figura 7: Representagdo das diferentes composi¢cdes das bactérias: (a) gram-positiva (b)
gram-negativa.
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Fonte: adaptado Souza T.H.S et al. (2021a).

Uma caracterizagdo mais completa da fotofisica e fotoquimica de ZnPs é
certamente necessaria para desenvolver FSs aprimorados para aPDIl e maior
entendimento sobre os aspectos mecanicistas do FS e suas agdes em sistemas
bioldgicos. As vias do tipo | com ZnPs como FSs séo fotoquimicamente complexas e
muito trabalho ainda é necessario para desvendar completamente as nuances que
correspondem a reacgdes de transferéncia de elétrons em uma base molecular. E
importante notar também que a eficiéncia bioldgica do FS depende n&o apenas na
capacidade do ZnP de fotogerar 'O2 ou outros tipos de EROs, mas também na
captacao celular efetiva, distribuicdo subcelular e interacdo com os sistemas
bioldgicos, o que pode ser alcangado através da modulagao da lipofilicidade e da carga

idbnica da porfirina (Bristown et al., 2006; Ezzedine et al., 2013).

3.2.4.1.3 Citotoxicidade da ZnPHexil

No ensaio de Souza T.H.S et al. (2021a), o teste de citotoxicidade com células
de mamiferos foi realizado com macréfagos derivados de medula 6ssea (BMDMs), a
ZnPHexil foi aplicada nas concentragdes de 0,65 e 1,25 ymol L' através do método
MTT. A irradiacéo foi de 3,4 J/cm?. Os resultados do ensaio podem ser observados na

Figura 8.
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Figura 8: Teste de citotoxicidade da ZnPHexil através da viabilidade de macréfagos pelo ensaio MTT.
Controle: células ndo tratadas; Luz: 3,4 J/cm?; ZnPHexil:1,25 pmol L' no escuro; PDI: Luz+ ZnPHexil
0,65 pmol L-'; PDI: Luz+ ZnPHexil 1,25 ymol L-'. (n=3; *P<0.05)
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Fonte: Souza T.H.S et al. (2021a).

Mediante os resultados (Figura 8), pode ser observado que as amostras
irradiadas apenas com luz apresentaram uma resposta aumentada em comparacao
com o controle. Ja é conhecido que a irradiagcdo com luz azul pode exercer efeitos
reguladores sobre a atividade mitocondrial, a proliferacao e a diferenciagéo de certos
tipos de células de mamiferos. Com bactérias a luz azul pode aumentar, mas também
inibir ou ndo variar o crescimento dependendo do tipo de bactérias e dos fatores
fotodindmicos aplicados (Peganha, Ferreira ; Diniz, 2018). No estudo, quando as
amostras com o FS foram tratadas fotodinamicamente nas concentragdes de 0,65 e
1,25 umol L' apresentaram viabilidade superior a 80%, o que estatisticamente nio se
demonstrou relevante para indicativo de citotoxicidade. O que pode justificar a
ZnPHexil ter atividade fotodindmica em microrganismos e nao ter em células de
mamiferos € o fato de que os MO apresentam maior sensibilidade ao estresse
oxidativo. As células de mamiferos possuem sistemas antioxidantes mais eficientes e

uma composic¢ao celular de maior complexidade (Sebastian et al., 2020).
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No mesmo estudo de Souza, foi testada a concentragcdo de 5 umol L', os dados
nao foram expostos no grafico pelo autor, mas foi apresentado que ocorreu menor
viabilidade celular (60%) nessa concentragdo. E importante evidenciar que no estudo
de Souza nao foi observada citotoxicidade no escuro para ZnPHexil na concentracao
de 1,25 ymol L-'. No ensaio realizado por Thomas et al. (2015) através do método MTT
com testes de inativacado para E.coli foi observado que a ZnPHexil na concentracao
de 1 ymol L' s6 apresentou atividade na presenca de luz. Porém na concentragéo de
5 umol L' foi observada significativa toxicidade no escuro com viabilidade celular
reduzida (75,46 + 8,9%). No estudo de Alenezi et al. (2017) com cepa de E.coli
também n&o ocorreu toxicidade no escuro na concentragdo de 1 pmol L' e na
concentragdo de 5 ymol L' ndo apresentou relevancia em sua toxicidade (> 80%).
Diante da necessidade de se explorar a atividade fotodinamica, de acordo com as
variagdes de concentragdes do FS e com segurancga citotoxica, o presente estudo
preconizou comparar os resultados de inativagdo das solugbes e hidrogéis de
ZnPHexil em duas concentragdes, 1 e 5 umol L', justamente para avaliar a eficiéncia
da atividade fotodinamica em cepas de S. aureus resistentes com diferentes

concentracdes do FS.

3.3 Aplicagao topica de fotossensibilizadores

A aplicagdo dos FS em aPDI para uso tépico em sua grande maioria, vem sendo
feita através de preparacdes em solucdes. Sabe-se que a via de administracdo pode
interferir de maneira direta na duracio e extensao da acao terapéutica, por conta da
distribuicdo do farmaco no organismo. Administrar o FS diretamente no local de agéo
desejado aumenta a probabilidade de eficacia fotodinamica e redugdo da dose
necessaria para obtencao do efeito, além de atenuar a toxicidade do ativo. A
economia no uso de zinco-porfirinas € um fator relevante, visto que sua sintese possui
um custo maior quando comparada a outros FS. Entdo, a escolha da via de
administracdo mais adequada é essencial para favorecer a biodisponibilidade do ativo
e a eficacia da aPDI (Santos, 2016).

A utilizacdo de formas farmacéuticas semissodlidas para incorporacédo do FS e
aplicacdo tdpica, se apresenta como uma alternativa de melhoria, pois pelo fato da
formulagcdo apresentar maior viscosidade o ativo permanece por mais tempo em

contato com a mucosa cutanea infeccionada, o que pode favorecer maior ligagao do
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FS a parede celular bacteriana e dessa forma melhorar os efeitos fotodinamicos do
sistema. Entre as formas farmacéuticas semissélidas mais empregadas na formulagao
de produtos farmacéuticos se encontram pomadas, cremes, pastas e hidrogéis
(Florence; Naorem, 2014; Junqueira et al., 2016).

Os hidrogéis sdo compostos por uma parte dispersa, outra dispersante e por
agentes gelificantes apropriados. Sdo amplamente utilizados para veicular ativos,
porém ainda existem poucos estudos com seu uso na veiculagcédo de FSs para aPDI.
Os hidrogeéis apresentam uma boa adsorg&o, mucoadesividade e s&o biocompativeis.
A formacdo do gel e aumento de viscosidade ocorrem por essas formulagdes
possuirem na sua composicdo polimeros hidrofilicos tridimensionais, que sao
compostos por unidades de repeticdo denominadas mondémeros, ligadas entre si
através de ligagdes covalentes. Estes polimeros possuem uma grande capacidade de
absorver grandes quantidades de agua e aumentar seus espacgos intersticiais por
intumescimento (Peterle, 2017; Liang Hui et al., 2017).

Os polimeros podem ser de origem sintética e natural e sdo utilizados desde a
confecgdo de materiais a produgdo de matrizes farmacéuticas. Diferentemente das
moléculas pequenas, onde o interesse esta principalmente associado as suas
propriedades quimicas, as macromoléculas sdo importantes, especialmente por suas
propriedades fisicas (Kamaly et al., 2010). No presente estudo sao utilizados dois
polimeros sintéticos carbopol 940® e a hidroxietilcelulose (HEC), além do alginato de
sédio, de origem natural. Na figura 9 esta demonstrada a estrutura molecular dos
polimeros selecionados para o estudo.

A Figura 9(A) corresponde a um polimero composto de acido acrilico de alta
massa molecular, comercialmente conhecido como Carbopol 940® e muito utilizado
em formulagdes cosméticas. Uma de suas caracteristicas é a formacao de hidrogéis
de carater catibnico, alta viscosidade e estabilidade térmica em baixas
concentragdes. Sua transparéncia é atingida com pH préximo de 7 (Yamane, 2016;
Monteiro, Tavares, Vasconcelos, 2020).

A Figura 9(B) mostra a estrutura molecular da hidroxietilcelulose (HEC®)
formada por grupos hidroxietila que advém de uma reacéao entre a celulose e 6xido de
etileno. E um polimero n&o idnico, de baixa toxicidade, biocompativel e razoavelmente
soluvel em agua. Possui boa transparéncia e boa viscosidade sendo muito aplicado
em produtos farmacéuticos, principalmente em cosméticos (Yamane, 2016; Monteiro,

Tavares, Vasconcelos, 2020).
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Na Figura 9(C) pode ser observada a estrutura molecular do alginato,
substancia existente na capsula celular de algumas bactérias e na parede celular de
algas marinhas marrons. Caracteriza-se como um polimero natural, biocompativel e
com baixa toxicidade. Possui capacidade de formar matrizes inertes e
biodegradabilidade sob fungdes fisioldgicas e por isso tem sido muito empregado na

area biomédica (Cacuro; Waldman, 2018).

Figura 9: Estrutura molecular dos polimeros: (A) carbopol 940®; (B) hidroxietilcelulose e (C) alginato.
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Fonte: (A) https://openi.nim.nih.gov; (B)
https://xn--portugus-q1a.michemcel.com/productos/hechidroxietilcelulose; (C)
https://www.researchgate.net/figure/Figura-2-Estrutura-do-alginato-de-
sodio_fig1_328351811.

Além disso, podem ser usados excipientes na formulacdo de hidrogéis
poliméricos para melhorar aspectos como permeacao, penetragcao e absorcdo dos
ativos na pele, de acordo com a necessidade do alvo terapéutico. No presente estudo
foram utilizados propilenoglicol e ureia como agentes de umectagao. O propilenoglicol
€ um composto organico de alcool diol usado em varios tipos de produtos da industria
dermatoldgica. E um fluido viscoso, incolor, inodoro e miscivel em &gua que ajuda
outros ingredientes a serem absorvidos pela pele. Enquanto que a ureia € uma
substancia quimica organica que pode ser produzida naturalmente no corpo humano
ou sintetizada, possui diversas aplicagdes em formulagdes tdpicas e dependendo de
sua concentracdo na formulacdo pode ser aplicada como agente hidratante,

queratolitico ou agente umectante (Prestes et al., 2009).
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Gonzalez-Delgado et al. (2016) testou gel de carbopol com nanoparticulas de
PLGA com incorporagao da porfirina ZnPMetil e observou que apesar de obter uma
formulagao estavel, foi necessario 4h30min para liberacdo da porfirina dos sistemas
desenvolvidos. Na revisdo de Gnanasekar ef al. (2023) s&o relatados materiais
poliméricos que foram projetados para aplicagdo em aPDI, onde géis de quitosana
acoplados a ciclodextrina com incorporagédo de rosa de bengala e nanoparticulas de
sulfeto de cobre utilizando PVA apresentaram boa efetividade fotodinamica. Neste
sentido os hidrogéis propostos no presente trabalho, apesar de serem formulagdes
mais simples, possuem vantagens por possuirem preservagao da transparéncia,
porosidade através da escolha adequada do polimero e boa estabilidade durante
armazenamento.

Além disso, apresentam facil obtencdo, baixo custo quando comparados a
outras formas farmacéuticas (Dehne; Hecht; Bausch, 2017), sendo desta forma uma
formulacédo com grande potencial para facilitar a aplicagéo da aPDI no Sistema Unico
de Saude (SUS), que teve a incorporagao da terapia fotodinamica em suas opg¢des de
tratamentos disponiveis em setembro de 2023, através da Comissdo Nacional de
Incorporacgao de Tecnologias no SUS (Conitec) para o tratamento de pacientes com
cancer de pele do tipo basocelular superficial e nodular, através do uso do cloridrato
de aminolevulinato de metila (metil-ALA) sob a forma de creme a 16% (Brasil, 2023).

Estudos desenvolvidos pelo grupo (Araujo, 2021) em que foram testados géis
de hidroxietilcelulose (0,5%), com azul de metileno (50 umol L-'), onde ocorreu total
inativagao de S. aureus e Pseudomonas aeruginosa associados a mastite nos tempos
de 6 e 3 minutos, respectivamente. Santos, (2016) realizou o desenvolvimento e
caracterizagdo Ooptica de géis de carbopol com incorporacdo de ZnPEtil onde foi
observado aumento de 6% na produc¢ao de EROs com a incorporagao do FS na matriz
polimérica, porém nao foram realizados testes in vitro de inativacdo para maior

avaliacao.
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4 MATERIAL E METODOS
4.1 Tipo de estudo

A pesquisa desenvolvida tem carater experimental, qualitativo e quantitativo.
Inicialmente foi selecionado a ZnP e os paréametros fotodinamicos com maior
efetividade para a aplicagcdo desejada em solugdo com aplicagdo em cepas
multirresistentes de Staphylococcus aureus isolada da mastite bubalina e em seguida
foram desenvolvidos os hidrogéis com incorporagéo do ZnPHexil e associagao com
agentes de umectacgédo para a escolha das formulagées com melhores perfis para os

testes in vitro com cepas multirresistentes de S. aureus MRSA.

4.2 Locais do estudo

Os experimentos foram realizados nos laboratorios: LINSC (Laboratério de
Interfaces, Nanomateriais e Sistemas Coloidais) e no LAM (Laboratério de Analises
Microbiolégicas) do Departamento de Ciéncias Farmacéuticas da UFPE, na UFPEDA
(Departamento de Antibidticos), no LOB (Laboratério de Optica Biomédica) da
Universidade Federal de Pernambuco e no LABTECBI (Laboratério de Tecnologia de

Bioativos) da Universidade Federal Rural de Pernambuco.

4.3 Materiais utilizados

Os materiais e compostos utilizados nos experimentos e preparo dos hidrogeis
estdo descritos na Tabela 1. Nas solugdes e formulagdes quando necessario foi

utilizado agua destilada e tampéao fosfato pH 7,2.

Tabela 1: Compostos e materiais utilizados no presente estudo.

Composto/ Material Marca
Carbopol 940® Codossal Quimica
Alginato de sédio Dindmica quimica contemporanea LTDA
Hidroxietil celulose - HEC® Codossal Quimica
Trietanolamina Codossal Quimica
N,n-dimetil-4-nitrosoanilina - RNO Sigma-Aldrich
L- histidina Sigma-Aldrich

Mueller hinton - MH HIMEDIA
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Brain heart infusion broth - BHI HIMEDIA
Agar HIMEDIA
Propilenoglicol NEON
Ureia Dinadmica quimica contemporanea LTDA

Fonte: propria autora.

4.4 Etapas do estudo

4.4 1 Sintese dos fotossensibilizadores

Duas zinco-porfirinas foram utilizadas como fotossensibilizadoras nos testes
iniciais da pesquisa: ZnTE-2-PyP** (ZnPEtil) e ZnTnHex-2-PyP** (ZnPHexil) (BENOV
et al., 2015). Ambas foram sintetizadas e purificadas através da colaboragédo com o
Prof. Dr. Julio Santos Rebougas, do departamento de Quimica da Universidade
Federal da Paraiba (UFPB). Porém, apos testes iniciais apenas a ZnPHexil fez parte
da continuidade do estudo por ter demonstrado melhores resultados para a aplicagao
desejada.

Para a sintese da ZnPEtil realizou-se etilagdo da Zn-tetrakis(2-piridil) porfirina
(ZnT-2-PyP) (Rebougas, Carvalho e Idemori, 2002) usando uma adaptacdo de
procedimentos da literatura (Tovmasyan et al., 2013). O ZnT-2-PyP e o etiltosilato
foram dissolvidos em N, N-dimetilformamida (DMF) e aquecido por 110° sob agitacao
magnética por 24 horas. A reagao de etilagdo foi monitorada por cromatografia de
camada delgada (CCD) e espectroscopia de absorgéo eletronica e de emissdo como
reportado por porfirinas analogas (Rebougas, Spasojevic e Batinic, 2008). O produto
final foi purificado conforme descrito por Ezzeddine et al. (2013). A caracterizagao
espectroscopica foi realizada a partir de dados reportados no estudo de Benov et al.
(2002).

Para a obtencdo da ZnPHexil, inicialmente sua respectiva precursora HzT-
2-PyP  foi preparada através da condensacédo de pirrol e de 2-
piridinacarboxaldeido em acido acético (solvente/catalisador) a 100 °C, utilizando uma
adaptacdo do método de Adler et al. (1964) e purificada segundo um procedimento
descrito por Hambright et al. (1985). A H2T-2-PyP foi alquilada com n-HexOTs
(Batinic-Haberle et al., 2002). Em seguida, a porfirina tetracatibnica resultante

H2TnHex-2-PyPCls foi submetida a metalagcdo Zn (AcO)2.2H20 em meio aquoso
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basico pH ~ 12, de acordo com adaptagédo da literatura (Benov et al., 2002). O
rendimento global foi de 85 %. A ZnPHexil apresentou caracteristicas cromatograficas

e espectrais idénticas aquelas descritas na literatura (Ezzeddine et al., 2013).

4.4.2 Desenvolvimento dos hidrogéis

Para o preparo dos hidrogéis, foram utilizados trés polimeros que tiveram a
ZnPHexil incorporada: carbopol® 940 (CBP), hidroxietilcelulose (HEC) e alginato de
sédio (ALG), para que entre eles fosse selecionado o que mais se adequasse na
interacao com a porfirina e com a técnica aPDI. O preparo da formulacéo foi baseado
na metodologia descrita por Melo, Domingues ; Lima (2018), com adaptagdes. Os
componentes das formulagcdes para escolha do polimero estdo apresentados na
Tabela 2.

Tabela 2: Componentes dos hidrogéis desenvolvidos com incorporacdo da ZnPHexil testada no
estudo.

Hidrogel Composigao

Carbopol ® 940 Polimero 0,5%
Trietanolamina gs

PBS gsp 100%

Hidroxietilcelulose Polimero1%
PBS gsp 100%
Alginato de sddio Polimero3%

PBS qgsp 100%

Fonte: bases poliméricas adaptadas de Melo, Domingues; Lima (2018).

Inicialmente os polimeros foram pesados conforme a concentragdo desejada
(CBP 0,5%; HEC 1%; ALG 3%) e veiculados na solugédo do FS, que foi preparada
através da solubilizagdo em tampao fosfato salino (PBS), ou ainda para as amostras
placebo apenas veiculadas em PBS, na finalizagdo as amostras foram agitadas em
agitador magnético por 30 min até o aumento da viscosidade e a formagdo de um
sistema gelificado com homogeneidade e sem bolhas de ar ou material disperso. Para
corregao de pH, no caso do gel de carbopol, a trietanolamina foi utilizada até alcangar
pH 6,5.

A concentragéo final do FS nos hidrogéis produzidos foi de 15 pmol L' para os
testes que utilizam de diluigdo, sendo a concentragao para analise final e dos testes
in vitro de 5 ymol L-'. As formulagdes foram envasadas em recipiente de prolipropileno,

protegido de luz e armazenadas a temperatura ambiente (T= 25°C). As amostras
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foram preparadas no dia anterior das analises para garantia de estabilidade. Apos
analises organolépticas e espectroscopicas iniciais, o hidrogel de HEC foi selecionado,
e adicionado na formulagao base excipientes para melhoria da forma farmacéutica.
Foram utilizados o propilenoglicol (5%) e a ureia (10%) em concentragdes indicadas
como agentes umectantes, para assim ser selecionada a formulagéo que apresentou
melhor perfil para os testes in vitro. Foram produzidas 8 formulagdes, denominadas
de G1 a G8, sendo que cada lote de bancada apresentou 50 g de hidrogel com a
variagao de composicao descrita na Tabela 3.

Tabela 3: Componentes dos hidrogéis desenvolvidos com hidroxietilcelulose e incorporagdo da
ZnPHexil com adi¢do de agentes umectantes.

Hidrogel Composigao
G1 Hidroxietilcelulose1%
PBS gsp 100%
G2 Hidroxietilcelulose 1%

ZnPHexil 106 mol L™
PBS gsp 100%
G3 Hidroxietilcelulose1%
Propilenoglicol 5%
PBS gsp 100%
G4 Hidroxietilcelulose1%
ZnPHexil 10 mol L™
Propilenoglicol 5%
PBS gsp 100%
G5 Hidroxietilcelulose1%
Ureia 10%
PBS gsp 100%
G6 Hidroxietilcelulose1%
ZnPHexil 106 mol L™
Ureia 10%
PBS gsp 100%
G7 Hidroxietilcelulose1%
Propilenoglicol 5%
Ureia 10%
PBS gsp 100%
G8 Hidroxietilcelulose1%
ZnPHexil 10 mol L™
Propilenoglicol 5%
Ureia 10%
PBS gsp 100%

Fonte: propria autora.
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4.4.3 Caracterizagao fisico-quimica dos hidrogéis
4.4.3.1 Determinagé&o de pH e espalhabilidade

Para a caracterizagao fisico-quimica foram verificados o pH e a espalhabilidade
das amostras. O pH foi estimado através do uso de fitas com imersao nas amostras e
a espalhabilidade através de adaptagdes feitas por Araujo (2021) em método proposto
por Knorst (1991). Neste experimento o sistema semissodlido € aplicado em placas de
vidro e é observado a deformacao da area em fungcdo da massa adicionada sobre ele,
até que nao se observe mais deformagao. A Figura 10 mostra o dispositivo utilizado

para tal medida experimental.

Figura 10: Método experimental de estimativa de espalhabilidade de um sistema semissalido:
(a) suporte de madeira com aluminio forrado com papel milimetrado; (b) placa de vidro.

Fonte: Baseado em Knorst (1991) ; Araujo (2021).

Utilizando-se os dados de deformagdo esquematizados na Figura 10,
a espalhabilidade pode ser estimada através da Equagao 1.

Ei = (d’°xm)/4 (1)

onde

Ei = espalhabilidade da amostra para peso i
(mm?) d = didmetro médio (mm)

m=3,14

4.4.3.2 Teste de centrifugagdo

Para avaliagdo da estabilidade coloidal do gel foi realizado o teste de
centrifugagao (Centrifuga CENCE-TD3) com 10 g dos 8 tipos de hidrogéis
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desenvolvidos no estudo, G1 a G8, foram testadas tanto as amostras com ZnPHexil e
agentes umectantes quanto as formulagdes sem agente FS (placebo). As amostras
foram submetidas a uma rotagdo de 3000 rpm por 30 min acondicionadas em tubos
Falcon 15 mL (ANVISA, 2004). Os resultados macroscopicos foram analisados
através de observagao visual para confirmagao de estabilidade das formulacdes
propostas ou deteccao de possiveis instabilidades, como separacdo de fase ou

sedimentacgao.

4.4.4 Caracterizagdo Optica das zinco-porfirinas e hidrogéis desenvolvidos

Amostras das zincoporforinas em solugao e apds selecao da utilizada no estudo
incorporada nos géis poliméricos desenvolvidos (5 pmol L') foram caracterizadas
opticamente através dos espectros de emissdo e excitacdo realizados em
espectrofluorimetro da marca PerkinEImer modelo LS55, e dos espectros de absorgao
eletrénica no UV-Vis realizados em espectrofotdmetro modelo Evolution 600 UV-vis,
fabricante Thermo scientific, utilizando o Software — visionpro. As solugdes e
formulagdes contendo ZnP foram excitadas no comprimento de onda de 427 nm,
enquanto que as analises de absorcao foram realizadas na faixa de comprimento de
onda de 350 a 700 nm (Ezzeddine et al., 2013).

4.4.5 Deteccéo indireta de EROs por método RNO/ L-histidina

Para avaliagcdo da producdo de espécies reativas de oxigénio pelas ZnPs
estudadas e formulag¢des desenvolvidas, realizou-se a determinacéo indireta de ROS.
Para este ensaio foi utilizado como reagentes N, N-dimetil-4-nitrosoanilina (RNO) e L-
histidina (Toffoli, 2008), ambos da Sigma Aldrich®. Para a realizagcado dessa técnica
em uma cubeta foi inserido 1 mL de cada um dos componentes na seguinte ordem:
Solugéo ou gel com ZnP (15 ymol L), L-histidina (45 ymol L"), RNO (39 umol L),
apos serem diluidas e homogeneizadas, os componentes passam a apresentar as
seguintes concentragdes no volume total, 5; 15 e 13 ymol L', respectivamente. As
amostras em solugdo e na formulagédo de gel contendo ZnP foram irradiadas através
de LED azul (Blackbox Smart, acoplado com LEDbox 4 = 410 nm e Light Chamber,
BioLambda®) com irradiancia de 47,61 mW/cm?2,

Para comparativo na Etapa 2 do estudo os hidrogéis desenvolvidos também

foram irradiados utilizando o LEDbox com emissdo em comprimento de onda A = 450
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nm e com poténcia de 48,7 mW/cm? para avaliacdo se ambos poderiam ser utilizados
nas etapas do estudo sem grandes modificagdes nos resultados, como demonstrado
na Figura 11. Porém apos verificar diferengas significativas nos testes na geragéo
de EROs, o LEDbox com emissédo em A = 410 nm foi selecionado como o mais
apropriado para todas as avaliagdes subsequentes. Os espectros de absorgcéo foram
verificados na faixa de 350 a 700 nm. Foram realizadas 8 medidas nos tempos de
irradiacéo adotados para exposi¢ao das amostras (0, 5, 10, 15, 30, 60, 120 e 180 s),

totalizando 3 min.

Figura 11: Parametros de aplicagdo dos LEDbox azuis (A = 410 nm/ A = 450 nm) utilizados no estudo
comparativo de geragao indireta de espécies reativas de oxigénio pelo método RNO. *Leitura da
absorbancia do RNO a A = 460 nm. Tempos de irradiagéo: 0, 5, 10, 15, 30, 60, 120 e 180 s.

Estudo Comparativo

Irradiacdo: Irradiacao:
47,61 mW/cm? (99%) 48,7 mW/cm? (99%)
LEDbox = 410 nm LEDbox = 450 nm

Fonte: prépria autora.

Foi verificada a absor¢cdo em comprimentos de onda diferentes para o RNO,
visto que a absorbancia da ZnP também é proxima a essa faixa, foram verificadas em
440, 450 e 460 nm para evitar interagdes entre a ZnP e o RNO e desta forma o
comprimento de onda de 460 nm foi selecionado para avaliagao por ser uma regiao
de menor sobreposigao. Para as leituras iniciais de ZnP e hidrogéis foi utilizado um
espectrofotbmetro modelo Evolution 600 UV-vis (Thermo scientific - Software —
visionpro) e para os testes com hidrogéis de HEC1% e o comparativo de
comprimentos de onda de emissao do LEDbox foi utilizado o Spectrostar Nano (BMG,
Labtech).
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4.4.6 Desenvolvimento de método de inativagao fotodindmica de Staphylococcus
aureus utilizando zinco-porfirinas como fotossensibilizador formuladas ou ndo em
hidrogéis

4.4.6.1 Teste inicial por leitura de microplaca com resazurina para escolha da zinco-
porfirina do estudo

Um teste inicial microbiologico foi realizado com a cepa resistente de
Staphylococcus aureus isolada de um caso de mastite bubalina (Medeiros et al., 2011)
cedida pelo laboratorio LABTECBI da UFRPE. No ensaio foram testadas a ZnPEtil e
ZnPHexil, para avaliagdo de eficiéncia e escolha da melhor candidata para
continuidade do estudo. Para determinacao da eficiéncia da inativagao fotodinadmica
foi utilizada a leitura de microplaca através da resazurina, com adaptag¢des do estudo
de Cabral Filho et al. (2018). A reativagédo ocorreu em meio caldo nutriente utilizando
estufa bacterioldgica a 37 °C por 24 h, com preparo de uma suspensao direta em
solugédo de caldo TSB (Tryptic Soy Broth) ajustada para concentragao final de 108
UFC/mL utilizando espectrofotometro com comprimento de onda em 595 nm, de
acordo com a CLSI (2016). O indculo foi diluido a uma concentragédo de 10° UFC/mL,
utilizando PBS. A ZnPEtil e ZnPHexil foram testadas nas concentragdes de 1 e 5 umol
L', com irradiacao de 1 min ou sem irradiagcdo. Todas as amostras foram testadas em
triplicata. As placas foram divididas em Placa 1 (sem irradiagdo ou controle) e Placa 2
(irradiacdo de 1 min), com as amostras distribuidas como demonstrado na Figura 12:

MO (10 L) + MC (90 uL) + FS 2 pmol L' ou 10 umol L™ (100 uL)

MO (10 pL) + MC (190 pL)

MC (190 yL) *MO = microrganismo ; MC = meio de cultura ; FS = fotossensibilizador
Figura 12: Distribuicdo das amostras na placa de 96 pogos para inativacdo fotodindmica de

Staphylococcus aureus isolado da mastite, para escolha entre ZnPEtil e ZnPHexil como
fotossensibilizador do estudo.

Legenda:

= _ . .
)3IDDIIDIIINIID ZnPEtil 2 ymol L' @
@978 17°970e) ) ZnPEil 10 ymol L' @
@9 0@ 108)) i
N'Q'G 1".' 'S ) _,'e' ) ) ZnPHexil 2 pmol L1 ©
BhEEREREBEREEEE
DB DDDDNDD D ZnPHexil10umol L' @
IIIIIDIIIIND mo @
EAIIAIIIIIADAIEEYD

-{g ‘_},.' MC &

Fonte: propria autora.
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Apods a distribuicdo das amostras o tempo de pré-irradiacao foi de 10 minutos,
em shaker (50 rpm). Na sequéncia a placa 2 foi irradiada com LED azul (Blackbox
Smart, acoplado com LEDbox A =410 nm e Light Chamber, BioLambda®) por 1min e
com irradidncia de 47,61 mW/cm?, essa sequéncia foi utilizada em todos os ensaios
posteriores, € por fim ambas foram incubadas em estufa (37°C) por 24h. Apds a
incubagao foi adicionado resazurina (0,01%) nas amostras e feita leitura antes e apos

45 min para calculo da viabilidade celular relativa (%) seguindo a Equacgéo 2:

Viabilidade celular relativa (%) = (4562 nm=4600 nm) de amostras irradiadas x 100 Eq. 2

(4562 nm—-A4600 nm) de amostras controle

Fonte: adaptado de Cabral Filho (2018).

4.4.6.2 Determinagdo de método com amostras em solugdo para avaliacdo do
estudo: leitura de microplaca por espectrofotometria versus contagem de unidades
formadoras de colbnias

Ap0s o teste citado anteriormente a ZnPHexil foi selecionada e a partir disso,
os resultados da leitura de microplaca por espectrofotometria (leitor Elisa) foram
comparados a contagem de unidades formadoras de colénia (UFC), para maior
confiabilidade na avaliacdo da inativagao fotodindmica das formulagdes propostas. Os
testes foram realizados com as mesmas concentragdes da ZnPHexil (1 e 5 ymol L)
utilizadas anteriormente, porém apenas com as amostras em solugdes e com ajustes
na metodologia para melhor reprodutibilidade. As alteracbes realizadas foram o
volume das amostras, agora de MO (180 pL) + FS (20 uL). A irradiagdo das amostras
foi realizada em 1 e 3 min e a leitura de microplaca por espectrofotometria foi feita
(apdés 3h dos tratamentos) para comparativo com a contagem do numero de UFC
(apbs 20h dos tratamentos). A contagem de UFC foi realizada a partir de uma segunda
diluigdo, para uma concentragédo final de 10* UFC/mL, e entdo, 100 L foi adicionado
a uma placa de petri contendo agar Mueller Hinton, sendo plagueada utilizando uma
alca em L estéril. As placas foram colocadas em incubagao (37°C) durante 24h. Os
testes foram realizados novamente com S. aureus resistente isolada da mastite,
porém também com a cepa S. Aureus ATCC (20PE). A sequéncia experimental com

as descritas modificagbes esta representada na Figura 13.
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Figura 13: Sequéncia do experimento de inativagédo fotodindmica de Staphylococcus aureus isolado
de mastite e ATCC, para comparativo da reprodutibilidade da leitura de microplaca por
espectrofotometria versus contagem de unidades formadoras de colbnia.

Irradiacio: 47.61 mW/cm? {99%)
410 nm
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Fonte: prépria autora.

Apds o método mais eficiente de inativagao fotodindmica ter sido definido, os
testes foram realizados com as solugbes e hidrogéis desenvolvidos no estudo e
utilizando cepa de origem clinica S. aureus com fenoétipo de resisténcia MRSA

comprovado, oriundo de infeccdo humana.

4.4.6.3 Inativagdo fotodindmica de Staphylococcus aureus MRSA utilizando

hidrogéis com ZnPHexil como fotossensibilizador

Para finalizagdo dos ensaios as formulagbes de hidrogéis com ZnPHexil
incorporadas, que foram selecionadas no estudo fisico-quimico e 6ptico com melhores
perfis para inativagdo fotodindmica foram testadas com as cepas isoladas de
humanos S. aureus ATCC 29213 e a S. aureus resistente a meticilina (MRSAOQ1),
ambas cedidas pelo HC/UFPE. Para o ensaio novas alteracbdes foram realizadas: o
volume das amostras, agora de MO (100 yL) + FS (100 pL), para que fosse utilizada
menor quantidade de ZnPHexil nas formulagdes dos hidrogéis utilizados no teste. O

tempo de irradiagao selecionada foi de 3 min, para que houvesse maior tempo de agao
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na rede polimérica e a avaliagao da inativagao foi realizada apenas por contagem do
numero de UFC (apds 20h dos tratamentos) que foi selecionado como o método com
maior confiabilidade para o estudo.

A contagem de UFC nesta etapa foi realizada para uma concentragéo final de
103 UFC/mL, e entdo, 100 pL foi adicionado a uma placa de petri contendo agar
Mueller Hinton, sendo plaqueada utilizando uma alca em L estéril. As placas foram
colocadas em incubagédo (37°C) durante 24h. A sequéncia experimental com as
descritas modificagdes esta representada abaixo na Figura 14.

Figura 14: Sequéncia do experimento de inativagao fotodinamica de Staphylococcus aureus resistente
a meticilina e ATCC, utilizando solu¢des e hidrogéis com ZnPHexil como fotossensibilizador e
contagem de unidades formadoras de colbnia para avaliagdo dos resultados.
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Fonte: propria autora.

4.4.6.4 Analise estatistica

A analise dos resultados de viabilidade celular dos testes de inativacao
fotodinamica foram realizados utilizando GraphPad Prism 10.2. Os dados obtidos em
UFC.mL" foram expressos em Log10 usando o método proposto por Jeff et al. (1997).
Todos os ensaios foram conduzidos em triplicata. Os dados foram analisados
estatisticamente através de analise de variancia (ANOVA one way) com valor de p

menor que 0,05.
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5 RESULTADOS E DISCUSSAO
5.1Selecao da zinco-porfirina do estudo
5.1.1 Caracterizagao fisico-quimica

Inicialmente foi realizada uma comparacdo fotodinamica entre as zinco-
porfirinas, a ZnPEtil ja testada pelo grupo para inativagéo de S. aureus ATCC (Viana
et al, 2015; Santos, 2016) e a ZnPHexil que foi recentemente utilizada para
erradicagao de Leishmania amazonensis na forma promastigota (Souza T.H.S et al,,
2021b) e de Candida albicans (Souza et al., 2022), porém ainda nao havia sido testada
para as cepas S. aureus resistentes utilizadas no presente estudo. Na Figura 15 estéao
apresentados os espectros de absorgao optica e a estrutura quimica base da ZnP com
a demonstragcdo da diferenca entre seus analogos testados, sendo ZnPEtil (a) e
ZnPHexil (b).

Figura 15: Espectros de absorgéo e diferenga da estrutura quimica das ZnPs utilizadas no estudo. (a)
radical ZnPEtil; (b) radical ZnPHexil. *M=Zn; Ar= radical
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Fonte: espectros do estudo com estruturas quimicas de Thomas et al. (2015).
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Como pode ser observado, o perfil espectral de absorbancia das duas ZnPs
sdo muito semelhantes, como ja era esperado, pela estrutura molecular de ambas. No
entanto, ja se foi estabelecido em estudos anteriores que a ZnPHexil tem maior
lipofilicidade que a ZnPEtil, o que se espera que levara a relativas mudangas na
interacdo destes ativos com meio celular (Thomas et al., 2015). Opticamente elas
diferem discretamente com relagdo ao maximo de absor¢cdo do comprimento de onda
da banda Soret, sendo de 425,5 nm para a ZnPEtil e 427 nm para a ZnPHexil. Também
ja foi apresentado na literatura que ambas apresentam boa solubilidade em agua e
estabilidade quando conservadas a temperatura de 4°C e protegidas da luz (Souza
T.H.S et al., 2021a).

5.1.2 Deteccéo indireta de espécies reativas de oxigénio por método RNO

Uma das formas de avaliar a eficacia de um fotossensibilizador na inativacéo
fotodindmica é a medida da geragao de oxigénio singleto, superéxido e outras
espécies reativas de oxigénio (EROs). Os graficos da Figura 16, apresentam
alteracbes espectrais ocasionadas pela formacdo de EROs apds a irradiacdo das
amostras de zinco-porfirinas, detectadas indiretamente através da degradacao de
RNO utilizando para isso a L-histidina, de acordo com o método descrito na Secao
444,

Figura 16: Redugéo da absorbancia do RNO em fungéo da geragéo de espécies reativas de oxigénio
por a) ZnPEtil e b) ZnPHexil com irradiagdo LEDbox azul (A = 410 nm/ 47,61mW/cm?). n=3
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Fonte: dados do estudo.

Como pode ser observado, as zinco-porfirinas avaliadas apresentaram
producao de EROs muito semelhantes, 79,9% para ZnPEtil e 78,2% para ZnPHexil, o
que pode ser confirmado com mais detalhes através dos dados expostos na Tabela
4.

Tabela 4: Comparacgao da leitura do espectro de absor¢ao do método indireto RNO para quantificar as
espécies reativas de oxigénio das zinco-porfirinas investigadas no estudo.

ZnP  Comprimento Absorbancia Absorbancia Degradacao
de onda (nm) (0s) (30s) RNO
Etil 460 0,453 0,091 79,9%
Hexil 460 0,435 0,095 78,2%

Fonte: dados do estudo.

O mecanismo de degradagao do RNO envolve a redugao da absorbancia deste
composto em 440 nm, neste caso como ocorre sobreposicdo de banda com as

amostras de ZnP, foi adotado o comprimento de onda de 460 nm para avaliagao da
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presenca de EROs, especialmente de oxigénio singleto (Kraljic; Mohsni, 1986).
Importante salientar que essa analise foi complementar para selecao da ZnP a ser
utilizada nas préximas etapas do estudo, pois é conhecido que o teste com MO in vitro
€ primordial para avaliar a efetividade da inativacdo por envolver outros mecanismos
de interagao entre o MO e o0 FS (Souza T.H.S et al., 2021a).

5.1.3 Inativagao fotodindmica de Staphylococcus aureus de origem veterinaria

A comparacao da efetividade fotodindmica das ZnPs para inativagcao de S.
aureus isolada de um caso de mastite bubalina (método descrito na Segao 4.4.6) pode
ser observada na Figura 17 através da viabilidade celular (%) apos a exposi¢ao a luz
(LEDbox azul 1 =410 nm) por um periodo de 1 min, com concentragbes de 1 e 5 umol
L.

Figura 17: Teste de viabilidade bacteriana da Staphylococcus aureus isolada de um caso de mastite

bubalina irradiada por 1 min em contato com amostras dos fotossensibilizadores ZnPEtil e ZnPHexil
com concentragdes de 1 e 5 umol L.
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Fonte: dados do estudo.

Os resultados encontrados demonstraram que quando utilizada a ZnPEtil como
FS ndo foi observada efetividade fotodindmica significativa para inativagdo da S.
aureus isolada da mastite, pois observou-se pouca diferenga na viabilidade mesmo
em duas concentragdes, 91,8% (1 umol L") e 90,5% (5 umol L'). Porém, quando
avaliados os resultados para ZnPHexil nas mesmas concentragdes, mesmo sendo um
método preliminar foi constatado resultados promissores, 59,5% (1 umol L') e 18,3%

(5 umol L") de viabilidade bacteriana.
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Os dados aqui apresentados corroboram o estudo de Thomas et al. (2015) que
testaram ambas ZnPs para inativagcdo de Escherichia coli (E.coli) e sugeriram que,
apesar da producdo de EROs ser semelhante entre elas, a maior lipofilicidade
influenciou na efetividade fotodindmica quando observado os testes in vitro com MO.
De fato, espera-se que a lipofilicidade do FS melhore sua absorgcao e promova um
acumulo mais efetivo no invélucro celular que seu analogo mais hidrofilico,
propiciando maior efetividade na inativacdo. Uma das estratégias para melhorar a
efetividade fotodindmica de compostos mais hidrofilicos € aumentar a concentracao
de utilizagdo, como ja demonstrado por estudos promissores do grupo com a ZnPEtil
(10 umol L"), voltados para aplicagédo contra Leishmania amazonensis (Viana et al,
2015 ; Andrade et al, 2018). Porém, como neste estudo o foco € um protocolo
fotodinamico mais efetivo para aplicacdo em bactérias com utilizacdo de ZnP com
menores concentragoes, e pelo fato da ZnPHexil ainda ser pouco estudada e mesmo
demonstrando grande eficacia ndo ter demonstrado toxicidade em células de
mamiferos em concentragdes previamente testadas (Segéo 3.2.4.1.3) ela foi a ZnP
selecionada para as préximas etapas do estudo.

5.2 Caracterizagao dos hidrogéis desenvolvidos
5.2.1 Caracterizagao dos hidrogéis desenvolvidos na Etapa 1

5.2.1.1 Analise organoléptica

Os hidrogéis produzidos na primeira fase do estudo para escolha do polimero,
apresentaram no momento do preparo transparéncia, uniformidade e odor
caracteristico dos componentes utilizados. Com relacdo a coloracdo, todas as
amostras apresentaram tonalidade entre o rosa e o amarelo.

A formulacdo com GelCBP apresentou uma maior dificuldade de escoamento
e uma coloragcao entre o rosa e amarelo identificada como salm&o, a amostra com
GelALG um amarelo mais intenso e a amostra com GelHEC uma maior fluidez
relacionada ao escoamento e a coloragao sendo um amarelo mais claro. Além disso,
a GELCBP apresentou uma leve separagao de fase apos ficar 3 dias em repouso. As
caracteristicas macroscoépicas relacionadas a coloragao e flouorescéncia podem ser

observadas na Tabela 5.
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Tabela 5: Caracteristicas macroscopicas do ativo e dos hidrogéis produzidos na etapa 1 do estudo
para escolha do polimero para melhor veiculagao da ZnPHexil.

Formulagao Coloragao Fluorescéncia
ZnPHexil solugao Rosa Conforme
GelCBPZnPHexil Salméao Conforme
GelALGZnPHexil Amarelo intenso Supressao
GelHECZnPHexil Amarelo claro Conforme

Fonte: dados do estudo.

A ficha técnica do polimero relata incompatibilidades com substancias
catibnicas e na presenca de zinco, o que pode explicar o comportamento final da
formulacdo. Também foi avaliada a fluorescéncia das amostras e fica nitida a
supressao da amostra que contém alginato (Figura 18). Nesse contexto, a formulagao

com HEC foi a que apresentou maior conformidade pela analise organoléptica.

Figura 18: Hidrogéis desenvolvidos na fase 1 do estudo para determinacdo do polimero a ser
escolhido para incorporacao da ZnPHexil. (A) GelCBP+ZnPHexil; (B) GelALG+ZnPHexil E (C)
GelHEC+ZnPHexil.

Fonte: propria autora.
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5.2.1.2 Caracterizagéo Optica das formulagbées

Foram realizados os espectros de emissdao e absorcdo das amostras de

hidrogéis produzidos que podem ser observados na Figura 19.

Figura 19: Espectros de emissdo (a) e absorgéo (b) dos hidrogéis produzidos na fase 1 do estudo
para escolha do polimero. Concentragdo final da ZnPHexil (5 pymol L-') Exc: 427 nm.
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Por meio dos espectros pode ser observado que as amostras com alginato e
carbopol apresentaram espalhamento (evidenciado pelo aumento na linha de base do
espectro) que pode ser gerado pela leitura do arranjo da rede polimérica, além de
deslocamento espectral, ~5 nm e ~6 nm respectivamente da espécie ZnP, comparado
ao espectro em solucao. Este deslocamento também pode se referir a interagao mais
efetiva com a rede polimérica, alterando a configuragao eletrobnica das moléculas das
porfirinas. Em contraste, o gel formulado com HEC1% mostrou-se mais semelhante
aos resultados da ZnPHexil em solugdo (deslocamento do maximo ~1 nm), bem como
com menor espalhamento de luz, podendo ser relacionado a menor interacdo da
porfirina com a malha polimérica (dados na Tabela 6).

Mediante a analise dos espectros de emissao, pode ser observada similaridade
do perfil espectral da ZnPHexil no gel[HEC com o da solu¢do de ZnPHexil, embora
observou-se reducao na intensidade de emissao, para a mesma concentracdo. A
reducao da intensidade pode estar associada a alguns fatores relacionados a
supressdo da emissao pela propria matriz polimérica, ou seja, dificuldade de
transferéncia da radiagdo pela matriz, tornando menos eficiente o processo de
excitacdo. Baseado no conjunto de dados Opticos observados para as formulagdes
contendo ZnPHexil, o polimero HEC na concentragdo de 1% (m/v) foi selecionado
para ser a matriz das formulacbes a serem testadas no presente estudo. Este
comportamento também é respaldado pelo fato do polimero ser bem empregado na
industria farmacéutica por aumentar a viscosidade dos produtos sem alterar as

caracteristicas dos ativos (Monteiro, Tavares, Vasconcelos, 2020).

Tabela 6: Dados espectrais referentes a analise dos graficos de absor¢do e emissao da Figura 19.
Concentragdo da ZnPHexil em solugdo e formulagdes: 15 pmol L

Formulagao AMAX (ABS) (nm) AMAX (EMIS) (nm)
ZnPHexil solugao 431 606
GelCBPZnPHexil 437 607
GelALGZnPHexil 436 608
GelHECZnPHexil 432 605

Fonte: dados do estudo.

5.2.2 Caracterizagao dos hidrogéis desenvolvidos na Etapa 2

5.2.2.1 Analise organoléptica
Apds selecao do HEC (1%) como polimero dos hidrogéis, na segunda etapa

dos testes foram observados a agédo dos excipientes propilenoglicol (5%) e ureia (10%)
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como agentes de umectacdo para melhora da formulagdo. Todas as formulagdes
apresentaram-se aparentemente estaveis e com coloragdo amarelada, as
formulagbes com presenga de propilenoglicol apresentaram-se aparentemente mais
fluidas. Na visualizagdo da fluorescéncia as amostras apresentaram tonalidade com
intensidade proporcional a concentragdo de ZnPHexil nas amostras (1 e 5 umol L),

conforme demonstrado na Figura 20.

Figura 20: Hidrogéis de HEC 1% m/v desenvolvidos na fase 2 do estudo com e sem ZnPHexil em
diferentes concentracdes para visualizacdo da fluorescéncia. (A) G1: HEC1% (B)
G2:HEC1%+ZnpHexil 1 umol L' (C) G2:HEC1%+ZnpHexil 5 umol L.

Fonte: propria autora.

5.2.2.2 Caracterizagéo fisico-quimica

5.2.2.2.1 Determinacao de pH e espalhabilidade

Os resultados de pH das formulagdes, como demonstrado na Tabela 7,
apresentaram-se na faixa de 5 - 6,5, sendo considerados adequados para aplicagao
cutanea, pelo fato de que o pH normal da pele esta entre 4,6 — 5,8 (Lopes et al., 2018).
Pode ser observado que nas amostras com adi¢ao de propilenoglicol ocorreu redugao
do pH, enquanto que nas amostras com adi¢c&do da ureia ocorreu permanéncia do valor
demonstrado quando comparado a solugdo da ZnPHexil (6,5). Um pH mais proximo
do apresentado pelo FS pode ser preferivel por ser compativel e auxiliar na

permanéncia da solubilidade e estabilidade do ativo (Yamane, 2016).
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Tabela 7: Potencial hidrogenidénico da ZnPHexil em solugdo e hidrogéis desenvolvidos com
hidroxietilcelulose 1%, com e sem ZnPHexil, com e sem os agentes de umectacdo. *propilenoglicol
5% e ureia 10%.

Formulagcao ZnPHexil G1 G2 G3 G4 G5 G6 G7 G8
solugao
pH 6,5 6 6 5 5 6 6,5 5 6

Fonte: dados do estudo.

A capacidade que uma formulacdo tem de se espalhar, quando é submetida a
uma determinada forga, € determinada pelo teste de espalhabilidade, onde se busca
reproduzir as condicoes de esforco necessarias para aplicagcdo na pele. A
determinacdo da espalhabilidade esta relacionada com a viscosidade e com a eficacia
de aplicagao no local de absorgdo ou agéo, ou seja, uma maior espalhabilidade &
desejavel para favorecer a distribuicdo e absor¢ao do ativo pela pele (Corréa et al.,
2005). Os valores médios da espalhabilidade (Ei) de todas formulagcbes estao

apresentados na Tabela 8.

Tabela 8: Espalhabilidade dos hidrogéis desenvolvidos com hidroxietilcelulose 1%, com e sem
ZnPHexil, com e sem os agentes umectantes. * propilenoglicol 5% e ureia 10%.

Formulagao G1 G2 G3 G4 G5 G6 G7 G8

Ei (Y) médio 15919 12.799 11.297 17.625 18.908 16.028 24.788 14.470
(mm?)

Fonte: dados do estudo.

Para exemplificar a determinacdo dos resultados, foram demonstrados na
Tabela 9 os resultados de duas formulagées: HEC 1% base (G1) e HEC1%

base+ZnPHexil (G2), da primeira até a aplicagao da ultima placa sobre os hidrogéis.

Tabela 9: Determinagcdo da espalhabilidade do gel HEC 1% m/v com e sem a incorporagdo de
ZnPHexil (15mol L"). G1:HEC1%; G2:HEC1%+ZnPHexil.

Numero Massa Massa total Area Ei (Y) Area Ei (Y)
da placa da adicionada média médio média médio
placa (9) (mm?) (mm?) (mm?2) (mm?2)
(9) (d?) G1 G1 (d?) G2 G2
1 200 0 3.370 2.645,60 3.900 3.061,50
2 207,9 207,9 5777 4.534,95 5.380,95 4.224
3 198,8 406,7 8.319,87 6.531,10 6.166,96 4.841
4 208,2 614,9 10.475,52 8.223,28 8.043,40 6.314
5 209,4 824,3 12.789,35 10.039,64 10.678,12 8.382,32




62

6 208,5
7 210

8 208,9
9 2091
10 208,6

1032,8
1242,8
1451,7
1660,8
1869,4

14.468 11.357,44
16.164,57 12.689,20
17.189 13.493
18.316 14.378

20.279,66 15.919,53

10.936,98
11.246,60
12.396,60
13.718,26
16.304,74

8.585,53
8.828,58
9.731,33
10.768,84
12.799,22

Fonte: dados do estudo.

A Figura 21 demonstra por meio dos graficos A/B/C a capacidade de extensao

das formulagdes desenvolvidas com e sem ZnPHexil (15 umol L") e com ou sem os

agentes de umectacéao, propilenoglicol (5%) e ureia (10%).

Figura 21: Determinagéo da espalhabilidade do gel HEC 1% m/v com e sem a incorporagao de ZnPHexil

em solugdo (15 Pmol L") e agentes umectantes. Os dados representam a média das analises (n=3).
*G1:HEC1%;G2:HEC1%+ZnpHexil;G3:HEC1%+propilenoglicol5%;G4:HEC1%+ZnPHexil+propilenolicol
5%;G5:HEC1%+ureia10%;G6:HEC1%+ZnPHexil+ureia10%;G7:HEC1%+propilenoglicol5%+ureia10;

G8:HEC1%+ZnPHexil+propilenoglicol5%+ureia10%.
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Os graficos expostos na Figura 21 demonstram que ao adicionar ZnPHexil na
formulacdo base ocorreu redugcdo da espalhabilidade nas amostras sem agente
umectante (G1 = 15.919/G2 = 12.799 mm?), com ureia (A) (G5 = 18.908/G6 = 16.027
mm?) e com propilenoglico/ureia (C) (G7 = 24.788/G8 = 14.470 mm?). Apenas nas
formulagées com propilenoglicol (A) é observado um perfil inverso (G3= 11.297/G4 =
17.624 mm?). Sugere-se que a ZnPHexil possa interagir fisico-quimicamente com as
cadeias poliméricas da hidroxi etil celulose do gel, ocasionando essa menor
espalhabilidade. Porém, ao avaliar as formulagées com incorporagao de ZnPHexil com
e sem agente umectante pode ser visualizado que em todas as formulagées com o FS
(G4/G6/G8), a presengca do agente umectante foi favoravel para o aumento da
espalhabilidade. Em concordéncia com o observado, Vargas (2013); Da Silva Patias
(2016) citam que agentes de permeacdo, como ureia e propilenoglicol, tém
propriedades de aumentar a espalhabilidade de formulacbes tdpicas, sendo essa
caracteristica adequada para facilitar a aplicacao e a distribuicdo do produto sobre a
pele. Por manter a estabilidade do pH e aumento da espalhabilidade a formulagao

com ureia (G6) foi identificada como a mais adequada nessa avaliagéo.

5.2.2.2.2 Teste de centrifugacao

O teste de centrifugacao deve ser realizado em formulagdes semissolidas antes
da avaliagao preliminar da estabilidade, pois provoca estresse nas amostras atraves
da forga da gravidade. Aumentando a mobilidade das particulas presentes nas
formulagcdes e antecipando possiveis sinais de instabilidade, entre eles estio:
separagao de fases, precipitacdo, sedimentacao de particulas, coalescéncia, entre
outros. Através da avaliacdo visual das amostras, ndao houve alteracdo nas
propriedades coloidais das formulagées de HEC 1% m/v tanto com ZnPHexil e agentes
de umectagao, quanto nas formulacdes placebo. Desta forma, o presente teste
demonstrou estabilidade das formulagbes, nao indicando a necessidade de
reformulagédo (MELO; DOMINGUES; LIMA, 2018).

5.2.2.3 Caracterizagéo Optica das formulagcbées

Os espectros de absorgdo e emissdo das solugbes de ZnPHexil (5 umol L) e
dos hidrogéis desenvolvidos com HEC 1% m/v estado apresentados na Figura 22. O

espectro de absorgdo da ZnP (a) € caracteristico com uma banda Soret como ja



64

demonstrado anteriormente em aproximadamente 430 nm e bandas Q, entre 560 e
590 nm. O espectro de emissao apresenta maximos em 596 e 657 nm, semelhante
aos seus analogos (Thomas et al., 2015). No mesmo grafico, podem ser observados
os espectros dos hidrogéis desenvolvidos com HEC 1% m/v e com incorporagéo da
ZnPHexil (5 umol L") nas diferentes composigdes com ou sem agentes de umectagao
(G2/G4/G6/G8). Através dos espectros de emissao (b), pode ser observado que
nao houve variagao espectral significativa nas amostras, porém ocorreu variagdes na
intensidade da emissdo. Uma maior supressdo da emissdo foi observada nos
hidrogéis que continham propilenoglicol (G4:623 e G8:438), do que no que continha
apenas ureia (G6:585) que teve maior similaridade ao gel base sem adjuvantes
(G2:623) e a ZnPHexil em solugéo.

Figura 22: Caracterizagao 6ptica da ZnPHexil em solugdo (5 umol L") e dos hidrogéis desenvolvidos do
gel HEC 1% m/v com e sem a incorporagdo de ZnPHexil e agentes de umectagédo. Espectros de
absorcdo Ooptica (a) e de emissdo (b). *Exc: 427 nm. G2: HEC1%+ZnPHexil; G4:
HEC1%+ZnPHexil+propilenoglicol5%;G6:HEC1%+ZnPHexil+ureia10%;G8:HEC1%+ZnPHexil+propile
noglicol5%+ureia10%.
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Fonte: dados do estudo.

Segundo a equagao de Stern Volmer (ITO, 1994), pode-se sugerir que o
processo de supressao observado nos hidrogéis quando comparado a ZnPHexil
isolada, seja originaria da associagao matriz polimérica-porfirina que pelo fato do FS
estar incorporado na malha polimérica dificulta a movimentagdo das moléculas e
consequentemente reduz sua fluorescéncia por perdas ndo radiativas. Para
confirmacdo da hipotese e diferencas de supressao apresentadas pelas amostras
analisadas, estudos mais aprofundados como medidas de tempo de decaimento e
espectroscopia de Raman seriam necessarios (Dias Junior; Novo 2014). Os dados
obtidos por meio dos espectros estdo apresentados na Tabela 10.

Tabela 10: Dados espectrais referentes a analise de absorbancia e emissao da ZnPHexil solucao e

hidrogéis desenvolvidos com HEC 1% m/v. *concentragdo da ZnPHexil em solugéo e formulagdes: 5
mol L.

Formulagao AMAX (ABS) AMAX (EMIS) MAX (EMIS)
(nm) (nm) intensidade
ZnPHexil 430 656,5 860
solugao
G2 430 656,5 623
G4 430 656,5 453
G6 430 657 585
G8 430 657 438

Fonte: dados do estudo.
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Na Tabela 10 estdo expostos o comprimento maximo de absorcéo e de emissao
eletrdnica, e a intensidade maxima identificada das formulacdes avaliadas. Mediante
os dados pode ser observada maior semelhanga do perfil da ZnPHexil em solucéo,
com as formulagdes G2 (ZnPHexil) e G6 (ZnPHexil+ureia).

5.2.2.4 Detecgdo indireta de EROs por método RNO / L-histidina

As propriedades Opticas estado relacionadas a capacidade de producao de
EROs de fotossensibilizadores. A determinagcdo da produgcdo de EROs pela
ZnPHexil em meio aquoso esta demonstrada na Figura 16. Observa-se, por este
método, que a formagao de radicais livres para ZnPHexil pode ser estimada através
da reducgao do espectro de absorc¢ao caracteristico do RNO com maximo em A = 460
nm. Na presente analise foram testadas as formulagdes nas mesmas condi¢cdes de
concentragdes e tempos de irradiagao (0, 5, 10, 15, 30, 60, 120 e 180 s), porém com
comprimento de onda de emissao e poténcia do LEDbox azul diferentes, em A = 410
nm (47,61 mW/cm?) e A = 450 nm (48,7 mW/cm?), para posterior comparativo dos
resultados. Além disso, o intuito foi avaliar se as diferentes composi¢cées dos géis

impactam na geragcédo de EROs. Os resultados podem ser observados na Figura 23.

Figura 23: Comparativo da variagdo da intensidade de absorgdo de RNO em A = 460 nm em funcéao
do tempo de irradiagdo, usando LEDbox com emissdo em A = 410 nm e A = 450 nm e os géis
desenvolvidos com ZnPHexil (5 umol L1).
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Fonte: dados do estudo.

Existe uma proporcionalidade entre a degradacdo do RNO e a geracao de
EROs e isto na aPDI esta relacionado com o tempo de irradiacdo incidido nas
amostras, assim como, com a absorbancia detectada. Quanto maior for o tempo de
irradiagcao, maior sera a degradacao de RNO e se espera que consequentemente mais
eficiente sera a geragcao de EROs indicando menor valor da absorbancia (Araujo,
2021).

Quando observado a geragcdo de EROs com irradiagao de 30s (Tabela 11), a
ZnPHexil apresentou 66,8% de producao de EROs quando a emissao do LED foi de
A =410 nm (poténcia de 47.61 mW/cm?), resultado divergente do apresentado por
Santos, 2016 que obteve apenas 36% de geragao de EROs com a ZnPEtil como FS,
a analoga da ZnPHexil testada no inicio do presente estudo, que apresentaram
geracao de EROs bem préximas na etapa inicial do estudo (5.1.2). Porém, a diferenca
empregada no estudo foi a emissédo da fonte irradiadora, que foi realizada através de
um fotopolimerizador emitindo em 450 + 10 nm (poténcia nominal 900 mW/cm?).
Divergéncia também observada nos resultados aqui relatados, através do comparativo
das diferentes fontes de emissao, que pode ser detectada uma reducao de 40,5% na
producdo de EROs da solucdo de ZnPHexil quando utilizado A = 450 nm com

irradiacao de até 30s.
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Tabela 11: Comparagéo da leitura do espectro de absor¢cdo do método indireto RNO com irradiagao
de 30s para quantificar as espécies reativas de oxigénio da solucao e dos géis investigados no estudo
com emissao em 410 e 450nm.

Formulagao Degradagao Degradacgao Diferenca %
RNO% RNO%
(410 nm) (450 nm)
ZnPHexil 66,8 26,3 40,5
solugao
G2 63,8 15,2 48,6
G4 48,7 19,6 29,1
G6 59,5 22,8 36,7
G8 51,5 14,3 37,2

Fonte: dados do estudo.

Porém, avaliando-se os resultados dos graficos (Figura 23), pode ser
observado que a emissdo do LEDbox azul em A = 410 nm apresenta melhor perfil de
geracdo de EROs até o tempo de irradiagdo de 60 s, a partir de 120 s os dois
dispositivos apresentam resultados na geracdo de EROs bem semelhantes, sendo
ambos apropriados precisando ajustar apenas o tempo de irradiagao a ser utilizado.
O resultado pode ser justificado pelo fato de que variagdes na poténcia média
empregada estdo diretamente relacionadas ao tempo de irradiagcdo (lssa;
Manuela-Azulay, 2010; Santos, 2016).

Diantes dos resultados expostos como a proposta do estudo é ter maior
efetividade com menor tempo aplicado na inativacédo fotodindmica, a emissao com
LEDbox azul em A = 410 nm foi a adotada para os testes in vitro de inativagédo com
S. aureus. Além disso, as formulagdes com ureia (G5 e G6) foram selecionadas para
os ensaios de inativacao por apresentarem maior produgao de EROs, perfil dptico e
um bom perfil de espalhabilidade. As formulagdes sem agente umectante (G1 e G2)
também foram incluidas no teste para comparativo e avaliacdo de possiveis

interagdes na presenga do agente umectante.

5.3 Inativagao fotodindmica de Staphylococcus aureus utilizando ZnPHexil como

fotossensibilizador

5.3.1 Inativagdo fotodinamica de Staphylococcus aureus isolada da mastite
bubalina utilizando ZnPHexil como fotossensibilizador
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A leitura de MO por microplaca (630 nm) quando comparada a contagem de
UFC/mL nao foi considerado um método reprodutivel com os parametros aqui
definidos para determinagdo da inativagao fotodindmica, o que tornou a contagem
de UFC o método adotado para a continuidade dos testes com a ZnPHexil.

Através dos resultados com os testes da ZnPHexil em solucao, foi observada
uma reducao significativa da viabilidade bacteriana para ambos os MO na auséncia
da irradiagédo quando utilizado 5 ymol L' do FS, como demonstrado na Figura 24.
Figura 24: Avaliagao da viabilidade celular sem aplicagdo da irradiagao para analise da toxicidade no

escuro da ZnPHexil nas concentragdes de 1 e 5 umol L. (a) S. aureus ATCC (b) S. aureus mastite
(n=3; *P<0.05)
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Fonte: dados do estudo.

Para S. aureus ATCC uma reducgao de 5 logs foi observada, enquanto que
para S. aureus isolado da mastite uma redugao de 6 logs. Como citado anteriormente
(topico 5.1.4) a toxicidade no escuro nessa concentracao diverge em diferentes
estudos, provavelmente pela variabilidade dos parametros e cepas utilizadas.
Thomas et al. (2015) com cepas de E. coli cita significativa toxicidade no escuro
nessa concentragdo enquanto que Alenezi et al. (2017) ndo observa o mesmo perfil
em seu estudo com o mesmo MO. Porém, quando avaliada a ZnPHexil na menor
concentragdo (1 pmol L") ndo foi observado significativa toxicidade no escuro

(menos de 1 log) no presente estudo, resultado que corrobora estudos com outros
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tipos de cepas testadas (Ezzedine et al., 2013; Alenezi et al., 2017), que
demonstraram o mesmo perfil para o FS na menor concentragdao. Porém, se torna
relevante destacar que apesar da toxicidade no escuro apresentada quando testadas
maiores concentragcdes de ZnPs em cepas bacterianas, o mesmo resultado nao é
demonstrado em células de mamiferos, o que torna as metaloporfirinas uma
alternativa eficaz e promissora aos antibiéticos ou associados a eles nos casos de
resisténcia (Apostolidou et al., 2024).

Os dados dos experimentos com irradiacdo por LEDbox azul com A =410 nm
de 1 e 3 min estdo expostos na Figura 25, sendo (a) S. aureus ATCC e (b) S. aureus
isolado da mastite. Quando irradiadas as amostras de S. aureus isolada da mastite
apresentaram total inativagdo mesmo com menor tempo de irradiagéo (1 min) e menor
concentragdo de FS (1 ymol.L-"), enquanto que para S. aureus ATCC ocorreu total
inativagdo na concentragdo de 5 umol. L' no menor tempo de irradiacdo, e na dose
de 1 pymol L' é possivel observar a viabilidade de apenas 0,5 log do MO.
Kossakowska-Zwierucho et al. (2020) utilizando ZnPMetil para inativar cepas de S.
aureus conjugou o FS com o farnesol, um adjuvante bactericida, e obteve redugao

inferior ao do presente estudo (5 log) mesmo em uma concentragéo de 20 umol L.

Figura 25: Avaliagao da viabilidade bacteriana da inativagdo da S. aureus ATCC (a) e S. aureus isolado
da mastite (b) com irradiacdo de 1 e 3 minutos, utilizando o LED azul A=410 nm (47.61 mW/cm?) e a
ZnPHexil em concentragdes de 1 e 5 umol L-' como fotossensibilizador. (n=3; *P<0.05)
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Fonte: dados do estudo.

A alta efetividade da ZnPHexil mesmo em menores concentragées quando
comparada a seus analogos pode ser justificada pelo seu carater anfifilico e catiénico
que consegue se ligar e aderir a bicamada lipidica de forma mais eficaz facilitando
seu acumulo no interior dos MO, principalmente em bactérias gram-positivas
que possuem maior porosidade na superficie celular (Alves et al., 2014). Apos a
iluminagdo o FS gera EROs, incluindo oxigénio singleto, e iniciam as reagcbes em
cadeia de peroxidagao lipidica que causam danos na membrana microbiana e
ampliam assim através da internalizagao o efeito fotodindmico (Thomas et al, 2015).

A cepa isolada da mastite utilizada neste estudo foi positiva para beta
lactamase e negativa para a producdo de coagulase. Também foi observada a
resisténcia frente a diversos antibioticos, como ampicillina (85%), penicillina (93%),
sulfonamidas (89%), novobiocina (89%), lincomicina (76%), kanamicina (79%),
streptomicina (63%), eritromicina (61%) e oxacillina (81%) (Medeiros et al, 2013;
Rodrigues et al., 2021). O que demonstra atraveés dos resultados a grande efetividade
fotodinamica da ZnPHexil para bactérias multirresistentes quando comparada a outros
FSs. Os resultados até aqui obtidos demonstram que a ZnPHexil em baixa
concentracdo e em pouco tempo de irradiagdo, pode ser amplamente estudada e

incorporada em formulagdes.
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5.3.2 Inativagdo fotodindmica de Staphylococcus aureus MRSA utilizando
hidrogéis com ZnPHexil como fotossensibilizador

ApOs selecionadas as formulagbes de hidrogéis com melhor perfil para os
testes in vitro, hidrogéis de ZnPHexil com e sem ureia, a efetividade da inativagao
fotodinamica de S.aureus ATCC e MRSAO1 foram testadas. Como nesta etapa da
analise foram avaliadas amostras em solugdes e hidrogéis, foi preconizado o tempo
de irradiagao de 3 minutos pelo fato de existir uma matriz polimérica para o contato
entre o FS e as células bacterianas. No experimento sem irradiagao (Figura 26) ao
avaliar as amostras em solucao foi observado que quando utilizada a concentragao
de 5 ymol L' do FS ocorreu total inativagdo de ambos MO, resultado que corrobora
a toxicidade no escuro nessa mesma concentragao ja apresentada quando testada
S.aureus isolada da mastite no topico anterior. E quando avaliada a ZnPHexil em
solugédo na concentragdo de 1 umol L' o perfil permaneceu sem significativa

toxicidade no escuro em ambas as cepas (redugéo de 1 log).

Figura 26: Avaliagao da viabilidade celular quando testada ZnPHexil em solugéo e incorporada em
hidrogéis de HEC1% m/v com e sem ureia , nas concentragdes de 1 e 5 ymol L' sem aplicagdo da

irradiagdo. (a) S. aureus ATCC29213 (b) S. aureus MRSAO01 (n=3; *P<0.05).
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Fonte: dados do estudo.

A aplicacdo de FS incorporados em formulacdes semissodlidas pode ser mais
vantajosa que o utilizando diretamente em solugéao, pelo fato de uma melhor ligagéao
do FS a parede celular das bactérias e por favorecer a sua penetracdo na membrana
bacteriana (Rahimi; Fayyaz; Rassa, 2016). Nos hidrogéis, uma variedade de fatores
como o tamanho da malha, a concentracédo do FS incorporado, o tamanho e a massa
molecular sdo importantes para determinar a taxa de liberacdo do ativo. Além disso,
sdo vantagens dos sistemas em forma de gel prolongar o tempo de permanéncia do
FS no local da aplicagdo, o que permite um maior contato da formulagcdo com a
barreira biologica e uma melhor espalhabilidade do produto no local de agéo (Smart
et al., 2003). Ao avaliar as amostras testadas na presenca da irradiagéo (3 min) foi
observado total inativagdo das cepas tanto quando a ZnPHexil em solugdes quanto
em hidrogéis (Figura 27). O que demonstra que a incorporagdo do FS na matriz
polimérica e a presengca do agente umectante ureia, mantiveram a efetividade
fotodinamica da ZnPHexil. Também pode ser observada uma interacao diferente com
a cepa MRSA, pois na concentracdo de 5 umol L' ndo foi observada a toxicidade no
escuro presente na cepa ATCC deste ensaio e nas cepas de S. aureus do ensaio

anterior.
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Figura 27: Avaliagéo da viabilidade bacteriana da inativagao da S. aureus ATCC29213 (a) e S. aureus
MRSAO01 (b) com irradiagdo de 3 min, utilizando o LED azul 2 =410 nm (47.61 mW/cm?) e a ZnPHexil
em solugdo nas concentragdes de 1 e 5 umol L' e incorporada em hidrogéis de HEC1% m/v com e
sem ureia. (n=3; *P<0.05)
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No presente estudo, ao avaliar as amostras testadas na presenca da irradiacao
(3 min) foi observado total inativagao das cepas tanto quando a ZnPHexil em solugdes
quanto em hidrogéis (Figura 27). O que demonstra que a incorporagéo do FS na matriz
polimérica e a presengca do agente umectante ureia, mantiveram a efetividade
fotodindmica da ZnPHexil. Também pode ser observada uma interagao diferente com
a cepa MRSA, pois na concentracdo de 5 umol L' ndo foi observada a toxicidade no
escuro presente na cepa ATCC deste ensaio e nas cepas de S. aureus do ensaio
anterior. Al-Muitari et al. (2018) destacou em seu estudo que algumas cepas de S.
aureus podem apresentar perfil diferenciado para aPDI. Apostolidou et al. (2024)
testou a incorporagdo de porfirinas (H2-T(MePy)P(l14); Zn-T(MePy)P(14); Zn-
T(MePy)P(Cl4)) em hidrogéis peptidicos (dipeptideo Fmoc- Phe- Phe) frente a cepas
de S. aureus em que teve seu melhor resultado com a Zn-T(MePy)P(14) que
apresentou 35% de viabilidade celular com 60 min de irradiagdo (LED 10 mW/cm?, 36
J/cm?). A base polimérica quando testada sem o FS também demonstrou inativagao
(50%), inclusive no escuro. No presente estudo (Figura 25 e 26), pode ser observado
gque a base polimérica tanto com e sem ureia ou com e sem irradiagao nao apresentou
atividade, o que indica que o efeito fotodindmico observado é totalmente da interacao
da formulacdo+ZnPHexil com as cepas.

Hanakova et al. (2014) demonstrou que ZnPMetil foi eficaz em cepas de S.
aureus ATCC quando complexado a 3-ciclodextrina em concentragdes de 3,125 a 100
pgmol L-1 porém utilizando 45 min de pré-irradiagédo e 56 min de irradiagao (LED = 414
nm, 150 J/cm?). Shabangu et al. (2020a) testou trés porfirinas neutras de Zn (ll)
(ZnT-4-PyP; ZnT-2-ThP; ZnM4HPTri-2-ThP) combinadas com nanoparticulas de prata
(AgNPs) contra MRSA e a total inativacdo da cepa foi alcangada com 60 min de
irradiagéo (LED, A = 595 nm, 40 J/cm?).

Em outro estudo, Shabangu et al. (2020b) testou o conjugado de AgNPS com
mono-carboxi-porfirinas  (ZNnMBATriPFPP; ZnMBATriPP; ZnMBATri-2-ThP) em
concentragao de 0,36 pg/mL, porém utilizando pré irradiagédo de 30 min e o melhor
resultado obteve reducéo de 6 logs para o sistema ZnMBATTi-2-ThP-AgNPs, porém
com 75 min de irradiagdo (LED, A = 595 nm, 40 J/cm?). Desta forma, pode ser
destacado que as formulagdes testadas no presente estudo obtiveram total inativacao
com apenas 3 min de irradiagdo, tempo muito inferior quando comparado aos
estudos da literatura, o que se torna uma grande vantagem na adesao pelo menor

tempo do tratamento e exposicao do paciente. Além disso, o objetivo foi alcangado
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com a menor concentragdo testada nos ensaios (1 umol L-'), uma vez que infecgbes
cutaneas com S.aureus MRSA sao frequentes no ambiente hospitalar e atualmente na
comunidade e que se tem dificuldade nas alternativas terapéuticas, as formulag¢des
com incorporacao de ZnPHexil desenvolvidas e testadas se tornam uma alternativa a
ser mais explorada para compor outra op¢ao de tratamento tépico, além da mupirocina
pomada 2%, e em associagdo com outros agentes antimicrobianos orais ou
intravenosos (Li ; Mooney, 2016; Apostolidou et al., 2024).
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6 CONSIDERAGOES FINAIS

- A metaloporfirina ZnPHexil € mais efetiva em menor concentragdo que a ZnPEtil
como fotossensibilizadora in vitro, mesmo com a producido de espécies reativas de
oxigénio sendo semelhantes para ambos sistemas;

- Foram observados melhores resultados até 2 min para a fotoativagdo com 410 nm
(47,61 mW/cm?) quando comparadas a irradiagdo em 450 nm (48,7 mW/cm?) para
ZnPHexil no estudo para geragdo de EROs, mas ambas podem ser aplicadas desde
que seja feito ajuste no tempo de irradiagao;

- O polimero HEC se mostrou mais compativel com ZnPHexil que os polimeros ALG
e CBP;

- Adicao dos excipientes, propilenoglicol e ureia aumentaram a espalhabilidade dos
geéis de HEC, sendo a amostra com ureia a que demonstrou a maior produgédo de
EROs e o pH mais préximo da solugao;

- O método de leitura de microplaca nao foi reprodutivel, sendo a contagem de UFC
0 mais adequado para quantificar a aniquilacao celular;

- As amostras tanto em solugédo quanto incorporadas em hidrogéis demonstraram
total inativagao fotodinamica, sendo que no caso dos hidrogéis nao ocorreu toxicidade
no escuro na cepa MRSA na maior concentragao testada;

- As formulagdes com ZnPHexil e com o agente umectante ureia, se mostraram
adequadas e totalmente efetivas para aplicagao em infecgcdes de S.aureus resistentes
na concentragéo de 1 umol L' e no tempo de 3 minutos.

Como perspectivas:

- Desenvolver e validar metodologia analitica para quantificagdo das zinco-
porfirinas;

- Realizar testes com menores concentragdes de hidrogéis/ZnPHexil e no tempo de
1 minuto;

- Finalizar os testes de estabilidade preliminares dos hidrogéis: viscosidade e tempo
de armazenamento;

- Realizar testes de citotoxicidade, permeacao cutanea e sensibilidade térmica a
partir das formulagdes selecionadas no estudo.
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1. Introduction

The development of the first natural and synthetic antimicrobisls
Emproved considerably the humen, quality of life, due to the possibility of
effective control of several infertions diseases. Nevertheless, some fac:
indiscriminate use af svajlable dnsgs, and climote varisbility, created
evolutionary conditions for the arising of resistant popalations of mi-
croorganisms that were previoushy sensitive [ 1- 7). Amtimicrobial resés-
tance i5 & global threat that & costinually ncreasing, culménating in
multidmg-resistant (MDR) microorganisms. According to the Centers
for Disesse Control and Prevention (CIC), spproximately 2.8 million
antibiotic-resistant infections occur per year oaly in the USA, and more
than 35,000 people di= as a resalt [41]. Thess sumbers are unknown in

other jurisdictions, but are likely to be substantinlly higher in African
amd Asian countries [4,5].

Besides the emergence of MDE microorganisms, the indiscrinvinste
use of antiblotics can lead to side effects, inciuding mephrotoxicity and
deleterions effects an gut microbiota in bumans [¢]. Although antibi-
oitics have been proven to be lifesaving medicines, it is worth noting that
this class of antimicrobials is not harmiess to the host. The ideal treat-
ment should imactivate the maximum number of pathogemic microor-
ganisms to eliminate or limit the growth of the sarvivieg pathogens,
seeking not to camse side effects on the host"s Hasue [7].

Antimicrobial photodynamic inactivation {2FDI) appears o5 a
promising alternative as it can offer fast and localized inactivation of the
pathogenic microorgonisms, without affecting the adjacent healtiny

* Comresponding authos ar Depasmaments de Blofses « Radioblologla, Cenrre de BSotiénclas, Universidade Poderal 42 Pemambeca, SOEP0-900, Recife, PE, Beazil.

* Coprespanding authes ar: Do
-l et oo boun sl

Ca ufphbe (J5 Rebosces), sl

2071100454

Bmtp/ il ) O VR 6, | i nimariey.

i Quindes, Univessidadi Faderal da Parafba, S205T-0040, Joko Pessoa, PR, Beazl

it 00 B

Tt (A Pomdes].

Rereived 2 June 2027; Received in eevised form 2 Septessber 2021; Accepoed 10 September 2021

Avallable online 1] Sepasmber 2021
1389-5557,C) 2021 Elsevier BV, Mlrights ressrved.



T.H.S. Souza et al.

tissues, which often contributes to better cosmetic results than standard
treatments in the vast majority of skin lesions [8]. The aPDI basic
principle involves a photosensitizer (PS), which is activated through the
use of a light source at a wavelength resonant with the PS absorption
band. Activated PS generates reactive oxygen species (ROS), such as
singlet oxygen, superoxide, and its progeny, which induce the target
microorganism to death [9-11]. aPDI effects are limited to the PS
accumulation and irradiation sites. Given the high reactivity of ROS
toward the cell components, ROS may impair multiple intracellular
targets, which reduces the probability of the cell developing resistance
mechanisms [9-13]. Thus, aPDI is a topical therapy that should be able
to kill multiple classes of microbial cells applying relatively low PS
concentrations and low light fluences [14-16].

In search of safer treatments to the host, aPDI takes advantage of a
proper combination of (i) a local treatment, (ii) an effective (intra)
extracellular antioXidant system in the healthy mammalian cells (as
opposed to impaired or sensitive antioXidant systems in microorganisms
or non-normal host cells), and (iii) the PS intracellular location.

For minimizing cytotoXicity to mammalian cells, it is important to
choose the appropriate PS. The PS should be nontoxic in the dark and
show reasonable selectivity by microbial cells when compared to host
mammalian cells [14]. Over the years, several classes of new PSs have
been studied. Many of PSs utilized for aPDI studies have the macrocyclic
tetrapyrrole nucleus, such as porphyrins, phthalocyanines, chlorins, and
bacteriochlorins. Other PSs include texaphyrins, phenothiazines
(methylene blue class), nanoparticles, fullerenes, among others. How-
ever, porphyrins are one of the most widely used [17-21].

Porphyrins have interesting features and advantages for aPDI, such
as (i) low in vitro or in vivo dark toxicity, (ii) high-efficiency for intra-
cellular ROS generation and especially high quantum yields (®) for 1o,
generation, and (iii) structural versatility allowing the modulation of
their amphiphilicity and ionic characters, facilitating the bioavailability
and interactions with cellular structures [22-24]. Metalloporphyrin
complexes with Zn(II) have the potential to show improved character-
istics, being PSs even more effective than its free base analogues. The
metal complexation increases the porphyrin chemical stability and may
enhance their interaction with cell membranes. Besides, complexes with
Zn(II) have higher ®'0;, since diamagnetic metals promote intersystem
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crossing and have a long triplet lifetime. Another advantage of
employing Zn(II) porphyrins (ZnPs) in aPDI is that Zn(II) is a natural
component of human physiology [24—-26].

Therefore, the present review aims to provide a comprehensive
report on aPDI-related studies mediated by different ZnPs as PSs, pub-
lished in the literature in the last ten years (2010-2021), offering a
background to future research directions.

1. Photodynamic fundamentals

aPDI therapy is strictly dependent on the close interaction of three
components: (i) an appropriate PS, (ii) oXygen, and (iii) a light source
resonating with the PS absorbance. This technology involves two steps:
first, the administered PS is accumulated in or near the target cell/tissue;
and in a second moment, the system is illuminated by a light source
suitable for the chosen PS [27].

Fig. 1 illustrates the reactions involved in aPDI. The process is based,
initially, on the activation of the PS ground singlet state (SPS) by a light
source. After absorption of photons, electrons are promoted to a higher
energy level, resulting in a PS excited singlet state (SPS*) that has a short
lifetime. When electrons return to the original state, Sps* loses energy in
the form of fluorescence (°PS* — SPS fluorescence). Electrons (e7),
however, can also perform intersystem crossing through spin change,
moving to a PS excited triplet state (TPS*). TPS* is less energetic than
SPS*, however, it has a longer lifetime (microseconds range), in contrast
with the nanosecond order associated with SPS*. Thus, the return of
these molecules to SPS involves loss of energy by a process named as
phosphorescence ("PS * — SPS 4 phosphorescence). This longer lifetime
allows TPS* to eventually react with nearby molecular oxygen or sur-
rounding molecules by two photochemical pathways, known as Type I
and Type Il pathways [11,27].

The Type [ reaction pathway involves charge transfer between Tps*
and surrounding molecules. If TPS* receives electrons from surrounding
molecules, for example from NADH, the reduced form of PS (PS™) can
donate an electron to 302, (called here as 02), generating the ROS su-
peroxide anion radical (0,7) and restoring PS [28]. Alternatively, Tps*
may transfers electrons to Oz, generating directly Oz~ along with PS™
that may be regenerated by oxidizing a nearby biomolecule [17,28-30].

Type ll o
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Fig. 1. General mechanism involved in aPDI to generate reactive oxygen species-mediated upon light absorption. PS — photosensitizer, Phosph. — phosphorescence.
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Once formed, 02~ may suffer dismutation catalyzed by superoxide
dismutase (SOD) giving rise to hydrogen peroxide (H202) and Oz. H20z,
in turn, may be transformed into H20 and O: by the catalase enzyme or
scavenged by the peroxidase systems. If accumulated H:0: is subjected
to homolytic breakdown via the Fenton reaction, the hydroxyl radical
(HO) is generated, which reacts at high diffusion rates with any cellular
component, such as membrane lipids and proteins, without any defense
mechanism [31,32]. In addition to the Fenton reaction, HO can be
generated from the interaction of reduced PS (PS™) with H202 [30]. If
the catalytic antioxidant systems of the photosensitized cell are either
impaired or unable to cope with the concentration of superoxide or
hydrogen peroxide, any of these ROS species or their progenies may lead
to cell damage and/or death [10].

On the other hand, in the Type II reaction pathway, TpS* transfers
energy directly to triplet state molecular oXygen to form singlet oxygen
(102), an excited oxygen form. 102 is a powerful oxidant capable of
damaging almost all types of biomolecules. Due to *02 short lifespan of
approximately 10-320 nanoseconds, their reactivity is controlled by
diffusion and is limited to approXimately the distance of 10-55 nm from
its generation site. Thus, the action of 10, is restricted to the site of PS
accumulation within the cell. Both Type I and Type II reactions can
occur simultaneously, and the distribution between these processes
depends, for example, (i) on the type of PS used and (ii) on the con-

centrations of substrate (biomolecules) and molecular oxygen [9,11,31].
In general, regardless of the type of ROS formed, intracellularly
generated ROS in target cells are extremely unstable. They are capable,
however, of damaging several biological components, such as proteins,
lipids, and nucleic acids, in a wide range of microorganisms regardless of
their structure or resistance to drugs, likely resulting in functional de-
fects and eventually culminating in the death of the microorganisms [27,
33]. Another factor responsible for improving the efficacy of photody-
namic treatment is the appropriate choice of the light source with
respect to the PS photophysical requirements.

1.1. Light sources and application parameters

The literature presents three main classes of light sources for aPDI/
PDT: laser (Light Amplification by Stimulated Emission of Radiation), LED
(Light Emitting Diodes), and halogen lamps [34]. The optimization of the
treatment with the different light sources is related to the application
parameters, such as; (i) average power, (ii) wavelength range, (iii)
irradiance, (iv) continuous or pulsed irradiation, and (v) time of irra-
diation/treatment [35].

The knowledge about light dosimetry of photodynamic treatment
with the definition of physical parameters is relevant for a successful
application of aPDL It is important to know the average power of the
light source used to calculate the irradiance to be administered. Fluence
rate or irradiance refers to the ratio between the light output power per
area, expressed usually as mW/cm? The control of irradiance is also
important to avoid thermal damage in in vitro and in vivo treatments [35—
39].

Radiant exposure or dose (light) are definitions also applied and refer
to the amount of energy applied to the sample per area (J/cm?). The
energy is calculated using the average power (in Wattsk time of irra-
diation (in seconds). Frequently, light dose or dose are terms more often
used in clinical studies than in in vitro studies [37-39].

Once the application parameters have been established, another
factor responsible for the efficacy of photodynamic treatment is the
appropriate choice of PS. In this regard, it is important to consider the PS
physicochemical characteristics, such as; charge, amphiphilicity, and
ROS generation efficiency.

1.2. Porphyrins as photosensitizers

Porphyrins and their derivatives have been the most widely studied
PSs. They are a tetrapyrrolic macrocycle connected by four methine
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(TCH-) groups [23]. The four central nitrogen atoms are appropriate
to chelate a chemical element, usually a metal, resulting in a metal-
loporphyrin. Porphyrins can be obtained naturally, but have an enor-
mous structural diversity compatible with synthetic designs [40,41].

The spectroscopic properties of porphyrins are very characteristic,
with well-defined bands of intense electronic absorption in the visible
region (vis), due to the high @ conjugation of the ring [42,43]. The most
intense band (molar absorptivity of ~10° L mol™! cm_l) is known as the
Soret band, usually located around 420 nm. The other smaller bands,
between 500 and 800 nm, are known as Q bands, represented in Roman
numerals in order of increasing energy (Fig. 2A). The total number of
bands and their relative intensity ratio are influenced by factors such as
the chemical nature of the substitution groups, solvent, pH, concentra-
tion, and interaction between porphyrins in solution (aggregation). In
the case of metalloporphyrins, its formation from the corresponding free-
base ligand is followed by an increase in the local symmetry of the
porphyrin ring from Dzn to Dan, leading to a decrease in the number of
electronic transitions and, thus, a reduction in the number of bands.
Whereas metallation is usually accompanied by some shift in the Soret
band, the most characteristic spectral feature is the disappearance of the
Q bands, which are generally replaced with two bands, named a and f,
as in ZnPs (Fig. 2B). The overall electronic spectrum profile reflects
characteristics of the central metal cation: size, location in the periodic
table, coordination number, and oXidation state [42,43].

Porphyrin photophysical properties, such as a long lifetime of triplet
state (TPS*) and high quantum yield in ROS generation, make them
suitable PS for photodynamic processes [23,40,41]. Macrocycle struc-
tural changes can be designed in order to: (i) modulate the lipophilic or
ionic character of porphyrin [11,17,18], (ii) bring greater uptake
selectivity to the target tissue [11,23], and (iii) facilitate the excretion
from organism in photodynamic post-treatment, minimizing side effects
[11,17,47-55,18,23,39-41,44-46]. The first porphyrin-based PS
approved for clinical use in the 90s was Photofrin, a semi-synthetic
polymer derived from the natural-origin compound hematoporphyrin.
Photofrin is used in countries as USA, Japan, Canada, and Russia for PDT
treatment of bronchial, esophageal cancer, squamous cell carcinoma of
the head and neck, intrathoracic and intraperitoneal tumors [45-50].
Nevertheless, this PS has some limitations, such as high molecular
weight, high anionic character, and low photostability. Synthetic por-
phyrins derived from meso-tetraphenylporphyrins have emerged as a
second generation of PSs to correct some of the limitations of Photofrin
and other first-generation analogues. Their properties usually optimized
by the introduction of electron withdrawing groups close to porphyrin
macrocycle [40,41], facilitating intersystem crossing [11,17,18],
increasing triplet state time and ROS production [11,17,47-55,18,23, 39—
41,44-46]. Some of these porphyrin-based compounds include
neutral, anionic, and cationic molecules [44,45,57,46,50-56]. Natural
and synthetic porphyrins have been used as potent PSs in topical dis-
eases, such as hypertrophic actinic keratosis, candidiasis, acne vulgaris,
and cold sores [58-60].

The influence of charge, size, shape, accessibility, and spatial
orientation of the PS affects photophysical properties as well as the
uptake and cell distribution [11,18,40]. The presence of charges in
porphyrins not only provides better solubility in water but can also
broaden their action spectrum [11,17,18,40]. In general, the surface of
cells is negatively charged, which would imply in a higher cell uptake of
cationic PSs [11,18,40]. Although not yet fully understood, the mech-
anism of interaction of PS with external cellular barriers and uptake
seems to occur through a combination of electrostatic attraction and
hydrophobic interactions [61].

In some cases, such as in bacteria, there are additional factors.
Anionic PSs are known to have activity against Gram-positive bacteria
but not against Gram-negative bacteria [49]. The explanation for these
phenomena is associated with the difference on cell surface composi-
tions between the two types of bacteria. Gram-positive bacteria have cell
surfaces composed by thick layers of peptidoglycan with the presence of
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Fig. 2. Chemical structures and electronic absorption spectra of (A) a representative free-base porphyrin and (B) a representative metalloporphyrin, chelation with

Zn(11).

lipoteichoic and teichoic acids arranged throughout these layers
(Fig. 3A), rendering porosity that facilitates PS internalization in the
cell. In its turn, the outer membrane of Gram-negative cells contains
lipopolysaccharides (LPS) and sialic acid (Fig. 3B), resulting in an sur-
face of more anionic character than that on Gram-positive bacteria
membrane, and consequently of significant electrostatic repulsion to
anionic PSs [11,48,49]. Merchat et al. [62] observed in a comparative
study that the cationic porphyrins meso-tetrakis(N-methylpyr- idinium-4-
yl)porphyrin (HzTM—4—PyP4+) and meso-tetrakis(N,N,N-tri-
methylanilinium-4-yl)porphyrin (H,TTriMAP**) inhibited the growth
of both Gram-positive and Gram-negative bacteria. Conversely, the
anionic porphyrin meso-tetrakis(4-sulfonatophenyl)porphyrin
(H2TPPS;*) inhibited only Gram-positive bacteria. Of note, some pro-
tozoa genera, such as Leishmania, Colpoda, and Acanthamoeba, have LPS
in their membrane composition, a feature that resembles Gram-negative
bacteria. Remarkably, Colpoda inflata cysts and Leishmania major pro-
mastigotes were also sensitive to tetracationic porphyrins [63—65].
Allied to charges, lipophilicity control improves interaction and
uptake of PSs. Using HzTM—4-—PyP‘H (Fig. 4) and its meta isomer H2TM-3-
PyP‘Pr (Fig. 4) as models, Engelmann et al. [66] investigated how lip-
ophilicity modulation through substitution of methyl-pyridinium groups
by phenyl groups affects their interaction with liposomes, mitochondria,
and photodynamic efficiency in erythrocytes. It was observed that lip-
ophilicity alone was not sufficiently crucial. The cis-dicationic porphy-
rins HzDiPhDiM-X-PyPZ+ (X = 3, 4; Fig. 4) showed the best interaction
with the simulated mitochondrial membrane, which was ascribed to a
combination of hydrophobic interactions by two N-methylpyr-
idinium-X-yl groups and hydrophilic ones by the two phenyl groups
[66]. Despite that, the degree of lipophilicity alone is not a guarantee of
high uptake. Ricchelli et al. [67] observed, in fibrosarcoma cells
(HT-1080 cells), that the uptake increases with the size of the alkyl chain
in HzTR-4-PyP‘H (R = CHs, n-CeHi3, n-C14H29). However, the porphyrin
representative with R = n-Cz2Hss presented a decrease in the uptake in
relation to that with R = n-Ci4Hzo; aggregation in solution and size of
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alkyl chains (or volume of the resulting compound) may be an important
factor for these results [67].

The cell uptake distribution of the porphyrins affects not only the
efficacy to kill target cells, but also influence the type of cell death [68].
When porphyrins accumulate in lysosomes, important apoptosis initia-
tors as lysosomal cathepsins may be damaged, which predisposes cells to
necrosis [67,69]. When damage takes place in the endoplasmic reticu-
lum, SERCA (sarco/endoplasmic reticulum ca* _ATPase) is damaged,
Ca®* dynamic is affected, and apoptosis is hindered. Golgi apparatus
also leads to necrosis [70]. In the plasma membrane, minor damage
induces apoptosis, but extensive damage leads to loss of membrane
integrity and, consequently, necrosis. If PS is preferentially accumulated
in the mitochondria, photodynamic processes may induce apoptosis
depending on the level of oxidative stress, irradiation time, and light
intensity [71,72].

Merchat et al. [73] evaluated the effect of free-base porphyrin
increased lipophilicity on aPDI of Gram-positive and Gram-negative
bacteria. Cationic N-methylpyridinium-4-yl groups of HzTM—4—PyP4+
were substituted by one or two phenyl groups, reducing the total charge
of the resulting compounds to 43 or ;2. These PSs were more effective
than HzTM-4-PyP4+ in both Gram-positive and Gram-negative bacteria.
Alves et al. [74] also observed a better activity of a tricationic porphyrin
containing a meso-pentafluorophenyl group and three N-methylpyr-
idinium-4-yl moieties (HzPFPhTriM-4-PyP3+; Fig. 4) when compared to
H,TM-4-PyP**.

Maisch’s group [75] developed a trans-A:Ba-type meso-porphyr- in-
based PSs very potent against sensitive Staphylococcus
methicillin-resistant S. aureus (MRSA), and E. coli. The design of these
porphyrins consisted in two positive charges from meta or para (3-N,N,
N-trimethylammoniumpropoxy)phenyl  groups (XF70 and XF73,
respectively; Fig. 4). The propyl chains render conformational flexibility
to the positively charged moieties and facilitate hydrophobic in-
teractions with the bacterial cell wall components.
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Fig. 3. lllustration of different cell surface structures and composition of bacteria. (A) Gram-positive bacteria have a thick layer of peptidoglycan external to its

plasma membrane, while (B) Gram-negative bacteria have an outer lipidic membrane involving their thin layer of peptidoglycan. This outer membrane is covered by
lipopolysaccharides, which enhances the negative charge of the cell wall of Gram-negative bacteria.
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1.3. Zn(ll) porphyrins as photosensitizers

The chelation of a diamagnetic element such as Zn(Il) by the
porphyrin core, to yield ZnPs, generally results in the improvement of
spectroscopic and photophysical properties, as well as the stability of
porphyrin derivatives [57,76,77]. Some of the most recent studies point
to Zn(Il), PA(II) and In(IIl) porphyrins as efficient ROS generators and
better PSs against bacteria compared to their respective free-base ana-
logues [76,78].

The methylation of the pyridyl moieties and Zn(II) insertion into the
ortho, meta and para isomers of meso-tetrakis(N-pyridyl)porphyrins
resulted in water-soluble Zn(II) N-methylpyridylporphyrins (ZnTM-2-
PyP**, ZnTM-3-PyP*", and ZnTM-4-PyP*"; Fig. 4) ofimproved lifetime
of triplet excited state (TPS*) [77]. Marydasan et al. [57] prepared two
meso-tetraphenylporphyrin derivatives conjugated with (2,2-dipicoly-
lamino)methyl moieties as model systems and observed that porphyrin
metallation with Zn(II) resulted in a significant enhancement of TPS*
lifetime and ®10,. Inserting Zn(1I) in the macrocycle core as well as in

the four peripheral dipicolylamino moieties resulted in a water soluble
ZnP with slightly more enhanced TPS* lifetime and ®'0; [57].

Pavanietal. [25] compared the free-base porphyrins H2TR-4-Py
(R = CHs or n-CgHi7) with the corresponding Zn(II) complexes with
respect to membrane binding to negatively-charged vesicles of 1,2-dio-
leoyl-sn-glycero-3-phosphocholine (DOPC) and phosphatidylglycerol
(PG) (PG:DOPC ratio of 30:70 w/w), mitochondrial uptake, and
photooxidation of human cervical adenocarcinoma cells (HeLa cells).
The lipophilic free-base HzTOct-4-PyP4+ had the better mitochondrial
uptake, but this was not a determining factor for the better photooxi-
dation of HeLa cells. ZnTOct-4-PyP4+ had the higher global uptake,
plasmatic/mitochondrial membrane binding and ZnTOct-4-PyP4+ was
the more lethal compound against HeLa cells. Cell death mediated by
ZnTOct-4-PyP*™ had apoptosis features, whereas H,TOct-4-PyP** led
mainly to necrosis [60].

In cationic water-soluble 2-N-alkylpyridylporphyrins, Zn(II) metal-
lation is often accompanied by improved lipophilicity [79,80]. Ezzed-
dine et al. [24] made a systematic study with ortho, meta and para Zn(11)

P4+
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meso-tetrakis(N-alkylpyridinium-X-yl)porphyrins (X 2, 3 or 4) against
human colon adenocarcinoma cells. The aliphatic alkyl chains ranged
from 1 to 6 carbons and showed an increasing trend between uptake and
alkyl side-chain length [24]. The ortho hydrophilic analogue ZnTM-2-
PyP‘H has cytoplasmic distribution and strong lysosomal up- take. The
meta isomer ZnTM-3-PyP4+ was found in the nucleus and cytoplasm. The
accumulation of the para analogue ZnTM-4-PyP4Jr is predominantly

nuclear [24]. Ethyl analogues ZnTE—X—PyP‘H X 2 3o0r =
4) were found preferentially in the lysosome/cytosol, whereas the more

lipophilic, hexyl analogues, ZnTnHeX-X-PyP4+ (X2, 3 or 4), were
located predominantly in mitochondria in this order of accumulation
ortho< meta <para [24].

Benov [30] presented in his review spatial projections of these
porphyrin structures explaining the 3D behavior of ZnP hexyl isomers.
ZnTnHeX—Z—PyP‘H, as it occurs with its more hydrophilic shorter
side-chain analogues, is a mixture of four atropisomers and each has a
specific spatial arrangement. This may result in different uptake for each
atropisomer, depending on whether access to positive charges is hin-
dered by the alkyl chains or not. ZnTnHex-3-PyP4+ does not show
atropisomerism, but the access to positive charges is hampered by alkyl
chains. ZnTnHex-4-PyP4Jr is flatter and more flexible, with positive
charges and alkyl chains rapidly accessible, resulting in higher cell up-
take [24,30,79]. It is also noteworthy that the Zn(II) porphyrins with
longer alkyl chains are of remarkable chemical stability against acid
solvolysis in aqueous solutions, which is a relevant feature to guide
storage and handling protocols, formulation strategies, and PS admin-
istration routes [81].

As mentioned before, both Type [ and Type Il mechanisms may occur
simultaneously in aPDI, and this is not different for Zn(II) porphyrin-
based PSs. The relative contributions of each process depend, among
others, on the type of PS used, its concentrations and subcellular dis-
tribution/location, the surrounding biomolecules, levels of 02 dissolved
in the medium, tissue dielectric constant, and pH [9,11,31]. The most
direct way to assess the competition between these pathways is to
measure the quantum yields of singlet oxygen (®'02) and the produc-
tion of superoxide ion independently of each other. For a comprehensive
review on the design of porphyrin-based PSs and their photoinduced
reactions with molecular oxygen, the reader is referred to an account by
Arnaut [82].

In general, there have been very few studies dedicated to unambig-
uously assign the relative contributions of Type I or Type Il pathways in
the Zn(Il) porphyrin-based aPDI processes described in the following
Sections. Nonetheless, Zn(II) porphyrin-based PSs are often classified
according to the ®'0; formation and/or electron paramagnetic reso-
nance (EPR) Oz~ spin trapping experiments. For example, Zoltan et al.
[83] reported that ZnTPPS:*” and ZnTEtOAc-4-PyP** porphyrins (see
aPDI results in Section 3) resulted in low ®10; values and were classified
as Type I PS with greater efficiency to produce free radicals. On the other
hand, Pavani et al. [84] reported that ZnTM—4-—PyP4Jr is characterized as
a Type II PS, due to the high 010, values.

Up to now, there seem to be no clear-cut structural features to pro-
vide a single classification of ZnPs in general as Type I or Type II PSs. It is
known, however, that the ability to induce the production of ROS is
correlated with longer mean lifetimes of the triplet state, characteristic
of porphyrin complexes with diamagnetic metals, e.g, Zn(II) [26].
Kalyanasundaram [77] reported that the triplet state lifetimes for the
metal-free N-methylpyridylporphyrins are in the range of 1.16, 0.39,
and 0.17 ms for the ortho, meta, and para isomers respectively, and the
incorporation of Zn(II) in the tetrapyrrole ring enhances the triplet state
lifetimes of the ortho isomer (ZnTM-2-PyP*", Fig. 4) to 1.4 ms and to 2.0
ms for both meta and para isomers (ZnTM—S—PyP‘Pr and ZnTM—4-—PyP4+,
respectively, Fig. 4). When the metal complex porphyrin shows a high
o0, in respect to the fluorescence quantum yield (®r), it may indicate
that there is an increase in the efficiency of intersystem crossing [83]. It
is often expected that in the Type II pathway the singlet—triplet energy
gaps (AEs_r) of the PS should be higher than 0.98 eV, which is the energy
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required to produce the cytotoXic agent (102) in Type II photoreactions
[85].

Type I pathways with ZnPs as PSs are photochemically complex and
much work is still needed to fully unravel the nuances of the corre-
sponding electron-transfer reactions on a molecular basis. In principle,
the Type I reactions leading to oxygen-based radicals or biomolecule-
based radicals may involve the oXidation or the reduction of the ZnP
to yield ZnP * or ZnP ", respectively. Accordingly, the feasibility of such
reactions depends on the redox potentials of ZnP relative to Oz and
surrounding biomolecules. The one-electron electrochemical processes
of typical aPDI water-soluble ZnPs, such as ZnTM—él»—PyP‘H and
ZnTPPSs*", are porphyrin ring-centered, yielding ZnP n-cation or -
anion radicals [86,87]. Concerning neutral ZnPs, such as ZnTPP, the
anionic ZnPs are easier to oxidize, whereas the cationic ZnPs are more
difficult to oxidize, which is consistent with the overall ionic charge of
the compounds [88]. The reduction potential of the ZnP */ZnP and
ZnP/ZnP~ couples (overall ionic charge of the ZnP representation is
omitted) for ZnTM-4-PyP4Jr are +1.18 Vand —0.85 V vs. the normal
hydrogen electrode (NHE), respectively; the corresponding potentials
for ZnTPPS4* are 10.87 Vand -1.16 V vs. NHE, respectively [86,88].
Considering the singlet and triplet excited state energies of
ZnTM—él-—PyP‘H (1.98 eV and 1.63 eV, respectively) and those of
ZnTPPS:* (2.05 eV and 1.61 eV, respectively) along with the ground
state redox properties, Kalyanasundaram and Neumann-Spallart [86]
estimated the excited-state redox properties of these typical
water-soluble ZnPs. Thus, the one-electron reduction potentials of
ZnTM—4-—PyP4+ for the photoredoX ZnP */ZnP* and ZnP*/ZnP~ couples
were —0.45 V and 4+0.78 V, respectively, and the corresponding values
for these couples on ZnTPPS;*~ were —0.75 and 1.0.45 V, respectively.
Latimer-type diagrams summarizing these ground-state and
excited-state redoX processes are presented in Fig. 5. The ZnP*/ZnP~
values for these ZnPs, particularly the anionic ones, imply that (i) they
do not have enough driving force to abstract an electron from most
biological targets (whose one-electron pseudoreduction potentials usu-
ally range from 0.5 to 2.1 V), and (ii) they are, thus, unlikely photo-
chemical oxidants [28]. It is worth noting, however, that based on the
excited reduction couple ZnP*/ ZnP~ for ZnTM-4-PyP4+, the possibility
of this cationic ZnPs acting as photochemical oxidant of efficient bio-
logical reductants, such as ascorbate polyunsaturated fats (PUFAs) and a-
tocopherol, cannot be fully ruled out at this point. The excited-state
reduction couple ZnP */ZnP* of both cationic and anionic ZnPs makes
them suitable sensitizers for the photoreduction of Oz to yield Oz~ and
the corresponding ZnP m-cation; the high ground-state reduction po-
tential of ZnP* (+0.87 — +1.18 V) implies that this species may abstract
an electron from most biological targets, leading to organic-based rad-
ical-chain reactions along with those related to Oz~ and its progeny. It is
particularly worth noting a general lack of studies investigating the fate
of ZnPs after (photo)oxidation. Despite the favorable thermodynamics
for the photoproduction of Oz~ by PS oxidation, Baptista et al. [28] have
pointed out that it is unlikely that this accounts for the most prevalent
interaction between the PS and O.. Intersystem crossing of the PS to the
triplet excited state followed by energy transfer to Oz to form 102 (Type
II pathway) is usually much more probable [28]; on this regard, the Zn
(1) 4-N-alkylpyridylporphyrins have been generally coined as Type II
photosensitizers [84].

Although there has been plenty of studies on the biological appli-
cations of ZnPs as aPDI and PDT PSs, the literature on the ZnP photo-
physical properties and photochemical mechanisms is still limited and
nowhere near the volume of data available on the free-metal porphyrins.
A more complete characterization of the photophysics and photo-
chemistry of ZnPs is surely needed to design improved PSs for aPDI and
shed some light on the mechanistic aspects of ZnP-based photosensitizer
actions in biological systems.

It is also worth noting that the PS biological efficiency depends not
only on the ZnP ability to photogenerate 10, or other types of ROS but
also on the effective cell uptake, subcellular distribution, and overall
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interaction with the biological systems, which can be achieved by
modulating the lipophilicity and the porphyrin ionic charge [9,83,89].
These aspects will be further explored in the next Sections. Table 1
presents a compilation of the photophysical and photochemical char-
acteristics of the ZnPs used in the different antimicrobial studies pre-
sented in the following Sections of this review. The reader is encouraged
to check the original reference for full details on the
experiments/measurements.

2. Zn(II) porphyrin-mediated aPDI of bacteria
2.1. Zn(Il) porphyrins in solution

Bacterial resistance to antibiotics has become a pressing issue in
medicine and has been mobilizing major efforts by researchers and
funding agencies worldwide [118-120]. In general, Gram-negative
strains are more prone to develop resistance to antibacterial treat-
ments than Gram-positive bacteria [121]. Gram-positive bacteria are
surrounded by a thick layer of peptidoglycan, while Gram-negative
strains present extra protection in the form of a LPS envelop surround-
ing their thin peptidoglycan cell wall, as previously illustrated in Fig. 3
[122]. A standard representative model of Gram-negative bacteria is
E. coli, while S. aureus is often exploited as a Gram-positive model.
Among the technologies proposed to overcome the antibiotic resistance,
aPDI represents a promising approach [121]. In this Section, studies
applying antibacterial aPDI mediated by ZnP (and a few non-Zn(II)
metallo derivatives) are described. Light source parameters, and incu-
bation and irradiation times were included in Table 2, when informed in
the original article. Table 2 also presents a compilation of the main re-
sults regarding aPDI mediated by Zn(II) porphyrins reported in this
review.

Thomas and coworkers [7] tested a set of ZnPs of tailored charge and
lipophilicity as PSs for aPDI of antibiotic-sensitive and resistant strains
of E. coli. The PS compounds included one anionic ZnP, Zn(Il) meso-te-
trakis(4-carboXxyphenyl)porphyrin (ZnTCPP4_) [also known as Zn(II)
meso-tetrakis(4-benzoic acid)porphyrin (ZnTBAP*)] and five structur-
ally related cationic ZnPs of the Zn(II) meso-tetrakis(N-alkylpyr- idinium-
2-yl)porphyrin class, in which N-alkyl moieties were: methyl
(ZnTM-2-PyP*"), ethyl (ZnTE-2-PyP*"), n-butyl (ZnTnBu-2-PyP*"),
n-hexyl (ZnTnHeX—Z—PyP‘H), and n-octyl (ZnTnOct—Z—PyP‘H). Bacterial
cells were preincubated with porphyrins for 30 min and subsequently
irradiated (incandescent lamp, 35 mW/cm?, 42 ]/cm?) for 20 min. After
this, MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay was employed to assess cell viability. At 0.5 pmol/L, the two
ZnPs with longer alkyl meso-substituents decreased cell viability to less

+0.78 V

+0.45V
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Fig. 5. Latimer-type diagrams depicting the ground-state and
excited-state redoX processes of representative cationic (ZnTM-
4-PyP*") and anionic (ZnTPPS ) water-soluble Zn(II) por-
phyrins often used as photosensitizers in aPDI. The cationic
(4+) and anionic (4-) charges associated with the porphyrin
ring substituents were omitted for clarity. All potential values
are vs. NHE (normal hydrogen electrode). Singlet state energies
are 1.98 eV and 2.05 eV for ZnTM-4-PyP*" and ZnTPPS,*,
respectively. Diagram designed based on data reported by
Neumann-Spallart and Kalyanasundaram [86,88].

—— [ZnTPPS,

than 40%, with the amphiphilic ZnTnHex-Z-PyP4+ PS showing slightly
higher efficiency than that of the more lipophilic ZnTnOct—Z—PyP‘H.
With a less lipophilic compound, such as ZnTnBu—Z—PyP‘H, comparable
results were achieved at a 10-fold higher PS concentration of 5 pmol/L.
At this concentration, bacterial viability with ZnTnHex—Z—PyPZH
ZnTnOct-Z-PyP‘Pr as PSs was completely abolished. The hydrophilic
cationic ZnPs, ZnTM—Z—PyP‘H and ZnTE—Z—PyP‘H, and the anionic ZnP,
ZnTBAP*, all failed to promote a significant decrease in bacterial
viability. The study observed a tendency of higher aPDI efficiency for
cationic ZnPs with longer lipophilic alkyl chains. All tested antibiotic-
resistant E. coli strains were susceptible to aPDI mediated by
ZnTnHeX-Z-PyP4+ and ZnTnOct-Z-PyP4+ at 1 umol/L. At 5 umol/L, both
ZnTnHex—Z—PyPZH and ZnTnOct—Z—PyP‘H decreased the number of bac-
teria colonies by more than 6 logio, while ZnTE-Z-PyPA‘Jr and ZnTnBu-2-
PyPA‘Jr reduced it by 2 logio and 3 logio, respectively. There

was no noteworthy decrease in cell viability for controls in the dark.

In a subsequent work [94], the aforementioned group reported
another study in which they employed cationic ZnTM—Z—PyP‘H and
ZnTnHex-2-PyP*" for aPDI of E. coli. ZnPs were added to a suspension of
bacterial cells to a final concentration of 5 umol/L and then irradiated
(white fluorescent light tubes, 2.7 mW/cm?, 19.44 J/cm?) for 2 h. While
ZnTM—Z—PyP‘Pr was unable to promote a significant decrease of colony
numbers, ZnTnHeX-Z-PyPA‘Jr reduced the cell number by 3 logi, and
MTT metabolism by approXimately 60%. In the same study, the sub-
cellular targets of ZnTM-Z-PyP4+ and ZnTnHex-Z-PyP‘Pr aPDI were
investigated. According to the authors, no DNA fragmentation was
detected after aPDI with porphyrins, even when DNA was extracted from
unimpaired cells and directly exposed to ZnPs under illumination. On
the other hand, plasma membrane and anchored proteins were oxidized,
and leakage of intracellular metabolites and ATP were observed at the
early stages of ZnTnHeX—Z—PyP‘H aPDI (Fig. 6A). The activity of cytosolic
enzymes, such as glucose-6-phosphate dehydrogenase (G6PD),
glyceraldehyde-3-phosphatase dehydrogenase (GAPDH), and isocitrate
dehydrogenase (IDH), was significantly decreased and the bacterial cells
were overall unable to recover from oxidative stress.

Rahimi and co-workers [123] synthesized and tested the PS effect of
neutral meso-tetrakis(4-nitrophenyl)porphyrin (H2T4NPP) and its Zn(II)
porphyrin derivative (ZnT4NPP) for aPDI of Pseudomonas aeruginosa and
Bacillus subtilis. The PS was loaded into the center of an agar plate seeded
with bacteria. The plate was incubated for 20 min in the dark, followed
by irradiation (100 W tungsten lamp, »=350-800 nm) for 30 min. The
authors first evaluated the formation of inhibition zones on the plates
treated with different porphyrin concentrations (3—60 pg/mL), consid-
ering the strain as sensitive for inhibition zones larger than 10 mm.
P. aeruginosa was inhibited by the PS effect of both compounds, whereas

and
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Table 2 (continued)

Cell survival

parameters

Light

Photosensitizer

Ref.

Irradiance (mW/cmZ) Radiant exposure []/cmz) Decreased by

PIT Ligth source A (nm) IR time

[ZnP]

ZnP

Microorganisms

[101]
[101]
[101]
[96]

100%
100%
100%

270
270
270
NI

50
50
50
150

90 min
90 min

White light

NI

NI

0.054 pmol/L
0.11 umol/L
0.026 pmol/L
10 pmol/L

ZnTM-4-PyP**
ZnTM-4-PyP*+

M. abscessus subsp. abscessus

White light

M. abscessus subsp. massiliense

90 min
9 min

White light
460 + 20

NI

ZnTM-4-PyP*+
ZnTE-2-PyP*"

M. smegmatis

3 logio

10 min

C. albicans

~75% #
~65% #
~20% #
~15% #
99.99%

ZnTM-2-PyP*+

[95]

NI

78

60 min

90 min

ZnTnBu-2-PyP**

S. cerevisiae

Fungi

White light

10 pmol/L

Pypt

ZnTnOct-2-PyP**

ZnTnHex-2-

NI

65

60 min

NA 400-700

5 umol/L

ZnM4APTriM-4-PyP>*-NFC
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[26]
[93]

24 h NI 80

420-450

24 h
NI

ZnT4EtPP

gotes

50% Promasti

1.2 pmol/L
2.2 pmol/L

50% Promasti

80

NI

24 h

420—450
420-450

ZnTBAP*

L. panamensis

gotes

gotes [2€]

50% Promast

80

NI

24h

24 h

11.6 pmol/L

ZnT4EtPP

90% Promasti

90

300

5 min

455 + 20

10 min

ZnTE-2-PyP*" 10 pmol/L

L. braziliensis

Parasites

gotes

~40% Amasti

3.4
80

19.1
NI

3 min
24 h

410 + 10

5 min
NI

ZnTnHex-2-PyP**
ZnTBAP*

> 99% Promastigotes
50% Promastigotes

1.25 pmol/L
7.1 pmol/L

420—450

[81]

> 99% Promastigotes
~64% Amastigotes

3.4

19.1

3 min

5 min 410 + 10

ZnTnHex-2-PyP*t 1.25 pmol/L

L. amazonensis

Abbreviations - AR: antibiotic-resistant; IR: irradiation; NA: not applied; NE: treatment showed no noteworthy effect; NI: notinformed; PIT: preincubation time; (*): Calculated by the authors of this review; (#): Estimated

by the authors of this review based on the original reference.
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some colonies of B. subtilis were able to grow near the porphyrin site in
all samples. Experiments of colony-forming unit (CFU) were conducted
with ZnT4NPP concentrations of 10, 30, and 60 pg/mL (considering a
molar weight of ~858 g/mol, we estimate these concentrations as about
12, 35, and 70 pmol/L, respectively). At the highest concentration,
ZnT4NPP and H.T4NPP decreased the colonies of Gram-negative

P. aeruginosa by 1 logio and 2 logio, respectively, while both porphy-
rins decreased Gram-positive B. subtilis colonies by 0.7 logio
approximately.

Guterres et al. [101] evaluated the activity of different porphyrins in
the aPDI of bacteria of the genus Mycobacterium. The tetracationic
porphyrin HzTM-4-PyP4+ and its metalloporphyrin derivatives con-
taining central ions Zn(II), Cu(II), Ni(II), Mn(III), and Fe(III) were tested
in the inactivation of Mycolicibacterium fortuitum, Mycobacteroides
abscessus subsp. abscessus, Mycobacteroides abscessus subsp. massiliense,
and Mycolicibacterium smegmatis. Porphyrins were exposed to white light
(. = 370-800 nm; 50 mW/cm? and light dose of 270 ]/cm?) for 90 min
in three periods, with 24 h intervals between each plate, totaling 72 h of
incubation at 30 °C. ZnP had the greatest efficiency in reducing the
viability of bacteria, followed by the free-base porphyrin. ZnTM—él-—PyP‘H
showed the greatest activity compared to all porphyrins tested as total
inactivation of M. abscessus and M. massiliense growth needed irradiation
using only a concentration corresponding to the minimum inhibitory
concentration (MIC) determined for this Zn(II)-porphyrin, while H;TM-4-
PyPA‘Jr required more than one irradiation cycle for complete
inactivation using its MIC. M. smegmatis required three irradiation cycles
for inactivation for both Zn(Il)- and free-base porphyrins. The other
metalloporphyrins showed low efficiency in mycobacterial photo-
inactivation. According to the authors, this result can be attributed to
the low capacity of ROS generation by these derivatives. The test to
detect the possible ROS involved in the antimycobacterial activity of
HzTM-4-PyP4+ and ZnTM-4-PyP4Jr indicated singlet oXygen as the main
ROS present, which was responsible to the antimicrobial effect of these
porphyrins.

Skwor and colleagues [78] investigated the PS efficiency of H;TM-
4»—13szH and its Cu(II), Pd(II), and Zn(II) derivatives for aPDI of
E. coli and MRSA strains. Whereas the authors [78] claim to have studied
also the Fe(II) analogue, it is likely that the iron compound isolated and,
thus, investigated had been the Fe(Ill) complex, FeTM—4-—PyP5+, given
that the Fe(Il) oxidation state in the claimed FeTM—4—PyP4Jr complex is
air-unstable, being the compound readily oxidized by O: to yield the Fe
(III) counterpart, FeTM—4—PyP5+, during synthesis and handling under
aerobic conditions [124,125]. Cells were preincubated with porphyrins
(3, 10, and 30 umol/L) for 5 min and irradiated for 44 s (LED, . _ 405
nm, 2.5 ]/cmz). Initially, the bacterial growth was estimated through
absorbance readings of cell suspensions at 570 nm, 7 h after aPDI. Only
Zn(11), Pd(II), and free-base porphyrins displayed PS antibacterial ac-
tivity for MRSA. ZnTM-4-PyP*" mediated aPDI resulted in over 90%
decrease in absorbance at 10 pumol/L and was further efficient at 30
pmol/L. Experiments with CFU counting showed expressive results at a
concentration of 10 pmol/L, in which HzTM—4—PyP4+, ZnTM—4—PyP4+,
and PdTM—él»—PyP‘H decreased CFU/mL by 2.4 logio, 2.6 logio, and 5.9
log1o, respectively. Singlet oXygen production corroborated the anti-
bacterial results, with values for HzTM-éL-PyP4+ and ZnTM-4-PyP4Jr
being similar and 10, production being greater with PdTM-4-PyP4+. For
E. coli, the authors only reported PdTM-4-PyP4+ mediated aPDI. It is
worth mentioning, however, that Pd(II) may induce, in certain cases, a
higher photocytotoxicity to mammalian cells. Malina et al. [126]
exploring metalloporphyrins for photodynamic treatment showed that
the ZnTPPSs*~ exhibited the highest ICso for a non-tumor cell line
(mouse fibroblast cell lines), followed by MgTPPSs*~ and finally
PATPPS:*". These results corroborate with Guney et al. [127] utilizing
the Chinese hamster ovary cell line.

Galstyan et al. [103] investigated the action of a novel m-extended
meso-tetraphenylporphyrin containing B-pyrrole-fused naph-
thalenediamide units to yield the free base (H.ND4TPP) and its
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Fig. 6. (A) Scheme of the effect of ZnTnHex-2-PyP** mediated aPDI of E. coli on cellular components. Following aPDI, a series of assays detected (i) decreased
enzymatic activity of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), glucose-6-phosphate dehydrogenase (G6PD), and isocitrate dehydrogenase (IDH); (ii)
leakage of ATP to the supernatant, due to membrane disruption, and (iii) oxidative damage of membrane-anchored proteins. Illustration based on results described by
Awad et al. [94]. From a different study: (B) Bactericidal efficiency of ortho (2) and meta (3) ZnTnHex-2(3)-PyP** and ZnTnOct-2(3)-PyP*". Cell suspensions were
incubated with 1 pmol/L of ZnP for 5 min and irradiated at 19.8 ] /cm?, for 5 min. Adapted from Alenezi et al. [98], Photodiagnosis and Photodynamic Therapy, ©

(2017), with permission from Elsevier.

complexes with Zn(II) (ZnND4TPP) and Pd(II) (PAND4+TPP) as PSs on
Gram-positive bacteria (S. aureus and B. subtilis). For the aPDI assays,
bacterial cells (~10% CFU/mL) were preincubated 15 min with PS (10
pmol/L) and irradiated (xenon lamp, A — 515 nm, 5 mW/cmZ) for 30, 60
and 90 min (9, 18 and 27 ]/cmz, respectively). Under identical condi-
tions, the viability of both strains showed significant dependence on the
porphyrin derivative used. PAND4+TPP was found to be the most potent
against both tested bacteria. No colony was found on the agar plate
when S. aureus was irradiated for 60 min. For B. subtilis the bactericidal
effect (>3 logio steps reduction) and disinfecting effect (>5 logio steps
reduction) could be achieved after 60 min and 90 min irradiation,
respectively. H_2ND4+TPP reduced 3.15 logio for S. aureus and 4.47 logio
for B. subtilis when irradiated for 90 min. ZnND4TPP under identical
irradiation conditions resulted in a reduction of less than 3 logio
approXximately, for both bacterial strain. The authors attribute the best
result of PAND4TPP to the higher ROS quantum yields and the higher
lipophilic character, which could contribute to a better cellular PS up-
take and efficient damage to the bacterial cell. However, other charac-
teristics also govern the binding and uptake of PS in bacterial cells, such
as charge, asymmetry, lipophilicity, targeting unit, and the aPDI effi-
ciency of MetalND4+TPP-based PS can be tuned by metal coordination. It
is worth noting that photophysical properties of m-extended porphyrin
may be highly susceptible to n-stacking aggregation, which affects also
bioavailability and overall PS efficiency [103].

Korchenova et al. [116] investigated free-base porphyrins and ZnPs
derived from N-substituted 3- and 4-N-pyridylporphyrins. Meso-tetrakis
[N-(2-hydroxyethyl)pyridinium-4-yl]porphyrin (H:THOE-4-PyP), its Zn
(I) complex (ZnTHOE-4-PyP**) and the N-n-butyl analogues
ZnTnBu-4-PyP4+ and ZnTnBu-3-PyP4Jr were synthesized. The antibac-
terial activities of these compounds were evaluated in
methicillin-sensitive strains of S. aureus (MSSA), MRSA, E. coli, and
S. simulans with porphyrin concentrations between 0.01 and 0.1 pg/mL.
The light source used for irradiation was an LED {A 405,15 nm, 47
mW/cm?), with an incubation time of 15 min and exposure times of 5,
10, 15, and 30 min. The study showed no significant differences between
controls and compounds in the dark at concentrations of 0.001, 0.01,
and 0.1%. In this study, the authors reported a reduction in the viability
of bacterial strains only with light source irradiation. It was observed a
reduction of up to 49% in the number of CFU for MSSA (30 min irra-
diation), and a similar effect was observed for MRSA. For E. coli, a 40%
of CFU reduction was achieved with exposure time of 30 min. For
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S. simulans, a significant reduction of CFU of 33% was observed with 5
min of irradiation; the bacterial growth was almost totally suppressed
with exposure time of 15 min. Concerning aPDI, the reduction in the
number of bacteria in all cases was dose-dependent. The greatest bac-
terial suppression for all porphyrins was observed at porphyrin con-
centration of 0.1% and exposure time of 30 min, being the best results
found: MSSA (99.6%), MRSA (99.7%), E. coli (98.9%), and S. simulans
(100%) of bacterial inactivation. In summary, the authors concluded
that ZnTnBu—3—F‘yP‘H led to the greatest reduction of both
gram-negative and gram-positive bacteria, followed by ZnTHOE-4-

PyP4+. They ascribed this more effective reduction to the higher olo,
of ZnPs compared with the free-base porphyrin, but they

did not rule out that ZnP-cell binding efficiency may play an
importantrole.

Alenezi et al. [98] used E. coli as Gram-negative bacteria model to
investigate and compare the uptake and PS efficiency of cationic ortho (X
— 2) and meta (X = 3) isomers of Zn(Il) meso-tetrakis(N-alkylpyr-
idinium-X-yl) porphyrins, with alkyl being n-hexyl (ZnTnHex—Z—PyP‘H
and ZnTnHeX—S—PyP‘H) or n-octyl (ZnTnOct—Z—PyPZH and ZnTnOct-3-
PyP‘H) peripheric groups. Uptake assays revealed the high- est cell
internalization or surface binding for ZnTnOct-3-PyP4Jr and the lowest
for ZnTnHex—Z—PyP‘H. Cells were preincubated for 5 min with 1 pmol/L
of PS and irradiated (incandescent lamp, 66 mW/cmz, 19.8 ]/cmz] for 5
min to assess the ZnPs bactericidal activity. All compounds
studied showed expressive PS efficiency, with the meta isomers being the
most active. For example, ZnTnHex-2-PyP decreased the number of
colonies by 3 logio (Fig. 6B), whereas ZnTnOct—Z—PyP‘H and
ZnTnOct-3-PyP*" were similarly effective showing reduction of CFU by
4 logio. Among the compounds, ZnTnHex-3-PyP4Jr was the most effi-
cient PS, resulting in a decrease of 6 logio in cell viability. The authors
showed that meta isomers tend to have a higher uptake by E. coli and
better performance as PSs. Regarding the lipophilicity, the improved
uptake found for the more lipophilic analogue ZnTnOct-3-PyP4+ had a
limited influence on the final bactericidal activity, as the amphiphilic
ZnTnHex—B—PyP‘Pr had the best PS antibacterial activity. Singlet oxygen
measurements showed similar results for all porphyrins, which empha-
sizes the importance of cellular internalization for efficient bactericidal
performance.

In a posterior study, Al-Mutairi et al. [99], investigated if aPDI with
sublethal conditions using cationic ZnTnHex—Z—PyP‘Pr could induce
bacterial resistance. The following parameters were considered
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sublethal: 1 pmol/L of ZnP, 30 min of preincubation, and 20 min of
irradiation (overhead projector OHP-3100p with an incandescent 300 W
bulb, 2 = 400 nm, 37 mW/cmZ). When previously submitted to 10 cycles
of sublethal aPDI and regrowth, antibiotic-sensitive E. coli still showed
the same susceptibility to aPDI as their untreated counterparts (not
submitted to previous cycles of sublethal aPDI). MTT assays showed that
both groups had their metabolism reduced to less than 20%, and CFU
counts decreased by approXimately 3 logio. Similar results were found
when antibiotic-resistant E. coli and S. aureus underwent aPDI after 10
cycles of sublethal treatment (3 logio and 4 logio, respectively). In a
different set of experiments, antibiotic-sensitive E. coli was cultivated for
48 h, while continuously exposed to low concentrations of ZnTnHex-2-
PyP** (1-2 pmol/L) and low light intensity (0.5 mW/cm?,

86.4 ]/cmz) and even after 10 cycles of sublethal aPDI it remained as
susceptible to aPDI as the untreated cell group. According to the authors,
no resistance to aPDI was found after either continuous exposure to low
levels of PS and light dose, repeated cycles of sublethal treatment, or the
combination of the two.

Gongalves et al. [104] explored the cationic free-base and Zn(II)
porphyrins derived from the meso-tetra(4-pyridyl)porphyrin modified
with peripheral Ru(Il)-bipyridyl complexes, HzTRu(bipy)2-4-PyP4+ and
ZnTRu(bipy)-4-PyP**, for aPDI of Salmonella enterica serovar Typhi-
murium. Bacterial cells were preincubated with 25 pmol/L of HzP or ZnP
for 2 h and irradiated (halogen lamp, A-400—900 nm, 200 mW/cmZ)
for 0, 15, 30, 60 and 90 min. For 15 min irradiation time (180 ]/cmz),
HzTRu(bipy)z—él-—PyP‘Pr decreased cell counts by ~75% and ZnTRu
(bipy)z-4—PyP4+ almost completely abolished cell viability. Until 30 min
of irradiation (360 ]/cmz) both porphyrins were efficient in eliminating
this bacterial (> 99.99%). Singlet oXygen generation studies revealed a
much higher ®!0. value for ZnTRu(bipy)z-4-PyP*"than that of its
free-base (0.36 and 0.02, respectively).

In 2015, the same group [83] compared the PS performance of the
anionic porphyrins meso-tetraphenylporphyrin tetrasulfonate (HzTPPS44_
) and meso-tetranaphthylporphyrin tetrasulfonate
(H2TN PS44_] and the cationic tetrapiridyl ethylacetate porphyrin
(HzTEtOAc—4—PyP4+) and their respective Zn(Il) porphyrin for aPDI of
E. coli. Among the free-base porphyrins, HzTEtOAC—4—PyP4+ presented
the highest ®'0; of ~0.768, while all three ZnPs had very discrete @10,
the highest one being that of 0.142 for ZnTPPS:*". Nevertheless, two
ZnPs, ZnTPPS,* and ZnTEtOAc-4-PyP4+, assessed by a chem-
iluminescence assay, promoted the highest generation of Hz202, 330
20 % 10~ *and 62 4+ 1y 10~*M, respectively. Antibacterial assays were
performed using an E. coli model (Gram-negative) with 30 min of irra-
diation (photoreactor LuzChem LZC 4 V, A=320-400 nm, 3.3 mW/cm?)

and cell viability was estimated through ATP quantification. aPDI
mediated by TPPSs* (250 pmol/L) resulted in the lowest cell viability

(< 15%), whereas the corresponding Zn(II) complex, ZnTPPSs*, was a
slightly less efficient as a PS. At the same concentration, ZnTPPS:*~ and
ZnTEtOAc-4-PyP*" reduced the cell viability to approximately 33% and
37%, respectively. The high production of Type I ROS by ZnTPPSs*~ and
ZnTEtOAc-4-PyP4Jr corroborate these antibacterial results. The authors
suggested that planar molecules should be able to interact better with
microbial cells as opposed to molecules with high structural deforma-
tion, due to steric hindrance. According to their study, ZnTPPS+* shows
high production of ROS and may adopt a planar structure, while
ZnTEtOAc-4-PyP4Jr overcomes its structural deformation with high ROS
production. In that sense, they correlate the antimicrobial efficiency of
these PSs with both ROS production and structural deformity.

Zoltan et al. [83] also explain that although many aPDI studies have
established that negatively charged porphyrins have limited interaction
with and negligible activity against Gram-negative bacteria, such as
E. coli [128], in most protocols bacterial washes are performed before
irradiation, thereby eliminating the PS not attached to the bacteria.
Given thatin large-scale applications, such as in wastewater treatment,
these pre-washings are not regularly performed. Thus, their study
showed that negatively charged porphyrin compounds may be useful for
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efficient ROS production and bacterial photoinactivation under waste-
water treatment operating conditions [83].

2.2. Zn(Il) porphyrin-containing formulations and materials for aPDI of
bacteria

In most aPDI studies, PSs are applied as homogeneous solutions or
suspensions [129]. Whereas direct uses of ZnP-based PSs in aPDI were
described in the previous topic, this Section will focus on alternatives
strategies for PS formulation or encapsulation in different delivery sys-
tems, such as nanocarriers, hydrogels, polymeric supports or films [90,
106,130,131]. Delivery systems are alternative ways to improve the
binding of PS to the cell wall of bacteria and favor its penetration into
the cells, which may thus improve photodynamic effects [132].

Hanakova et al. [90] showed that cationic HzTM-4-PyP4+ was more
effective for aPDI when compared to anionic ZnTPPS44_, both com-
pounds were complexed with hp-p-cyclodextrin (CD) in various pro-
portions. After 45 min of preincubation, the microplates were irradiated
for 56 min by a light source (LED, A = 414 nm, 150 ]/cmz) at 37 'C. The
absorbance of the samples was measured at 630 nm hourly for a total of
24 h to evaluate the cell survival. For S. aureus, all samples with H2TM-4-
PyPZH from 3.125 to 100 pumol/L, with or without hp-B-cyclodextrin
(H,TM-4-PyP**:CD molar ratio of 1:4 and 1:1) were effective. For
ZnTPPS44_, inactivation was observed only at a concen- tration of 100
pmol/L of ZnP and with a ZnTPPS;*:CD molar ratio of 1:4. On E. coli,
less effectiveness was observed for ZnTPPS:*", no
experimental condition was sufficiently efficient, with or without CD.
While HzTM—4—PyP4+ was effective only at a concentration of 100
pmol/L (with a HzTM-4-PyP4+:CD molar ratio of 2:1).

Shabangu et al. [112] tested three neutral Zn(II) porphyrins combined
with silver nanoparticles (AgNPs) against MRSA to produce a combined
photodynamic effect. The ZnPs tested were: Zn(II) meso-tetrakis(4-pyr-
idyD)porphyrin (ZnT-4-PyP), Zn(II) meso-tetrakis(2-thienyl)porphyrin
(ZnT-2-ThP), and Zn(Il) 5-(4-hydroxyphenyl)-10,15,20-tris(2-thienyl)
porphyrin (ZnM4HPTri-2-ThP) conjugated with AgNPs via self-assembly.
The best results were achieved with ZnM4HPTri-2-ThP/AgNP conjugate
with 60 min irradiation (LED, » — 595 nm - 40 ]/cm?), leading to 0%
bacterial viability in CFU. The results indicated an enhancement of the
photodynamic effect when AgNPs were used since the susceptibility of
S. aureus was greater when conjugates were employed than with the Zn(II)
porphyrins alone. The authors reported that meso-thienyl substituents
offered better photo-physicochemical properties, which resulted in
greater photoinactivation capacity.

In another study, Shabangu et al. [111] evaluated the activity of
different ZnPs and their conjugates with AgNPs against S. aureus. The

ZnPs used were: As3B-type mono-carboxy-porphyrins, (5-(4-carbox-
yphenyl)10,15,20-tris(pentafluorophenyl)porphyrinato Zn(II) (ZnMBA-
TriPFPP), 5-(4-carboxyphenyl)10,15,20-triphenylporphyrinato  Zn(II)
(ZnMBATriPP), and 5-(4-carboxyphenyl)10,15,20-tris(2-thienyl)por-
phyrinato Zn(II) (ZnMBATri-2-ThP). The complexes were conjugated
with AgNPs through amide bonds (AgNPs-amide) and self-assembly only
to ZnMBATri-2-ThP (AgNPs-SA). S. aureus was treated with all ZnPs and
their conjugates as PS (with concentrations of 0.36 ug/mL), pre-
incubated for 30 min, and then irradiated (LED, 2= 595 nm, 40 ]/cmz)
for 15, 30, 45, 60, and 75 min. aPDI activity was found to increase with
increasing time of irradiation. Non-conjugated ZnPs had log reductions
with no statistical significance (p > 0.05). On the other hand, the ZnP-
conjugates achieved significant log reduction (p < 0.05) as compared to
the control. The ZnMBATTi-2-ThP-AgNPs-SA system gave

the largest log reduction of 6.46 logio, followed by the ZnMBATTi-2-
ThP-AgNPs-amide system with a reduction of 2.45 logio,

showing an improved performance of the conjugate prepared by self-
assembly. The authors attributed this result to an higher ®'0; for
this system associated with the presence of sulfur groups and AgNPs,
which enhanced the conjugate interaction with the bacterial membrane.
This type of study stimulates the development of nanomaterials for
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nanomedicine, since the association of ZnP with NPs may have
advantages.

Photoactive cellulosic fabrics have been explored for aPDI. The
materials were prepared by soaking the fabrics in 10 g/L Na:COs
aqueous solutions, which were then impregnated with solutions of
cationic porphyrin-based PSs, namely, meso-tetrakis(4-N,N,N-trimethy-
lanilinium)porphyrin (HzTTriMAPP“) and its Zn(II) derivative
(ZnTTriMAPP“) [132]. The strains tested were S. aureus, E. coli, and
P. aeruginosa. All experiments were carried out in a water-jacked irra-
diated reactor (100 W tungsten lamp, 1250 lm, ~0.36 mW/cmZ), the
plates with samples were first incubated for 20 min in the dark, followed
illumination for 30, 60, and 90 min, and incubated overnightata 37 °C.
Next, CFU/mL values were counted and the percentage of photo-
inactivation was determined. For S. aureus, cellulose treated with either
H,TTriMAPP*" or ZnTTriMAPP*" at low concentrations (100 pmol/L)
and irradiated for 30 min had photobactericidal activity. ZnTTriMAPP**
(100 pmol/L) irradiated for 90 min exhibited 100% photoinactivation
against P. aeruginosa, whereas H,TTriMAPP** exhibited 52.4% photo-
inactivation. After 30, 60 and 90 min of illumination at a concentration
of 107° mol/L, the percentages of photoinactivation for E. coli were,
respectively, 19%, 21.6%, and 58.5% for H,TTriMAPP** and 20.7%,
30%, and 41.3% for ZnTTriMAPP**, Overall, the photoinactivation
percentage of these strains increased when higher PS concentration and
irradiation time were used. Additionally, the authors suggested that Zn
(1) in ZnTTriMAPP** played a synergistic inhibitory role on bacterial
growth.

Fayyaz et al. [105] also investigated the photodynamic activity of
meso-tetrakis(N-methylpyridinium-3-yl)porphyrin chloride (H.TM-3-
PyP‘H), meso-tetrakis(N-methylpyridinium-4-yl)porphyrin chloride
(H2TM-4-PyP*"),  meso-tetrakis(4-N,N,N-trimethylanilinium)porphyrin
chloride (HzTTriMAPP4+), and their Zn(II) compounds as tetracationic
porphyrins either free or immobilized on cellulosic surfaces to inactivate
E. coli, P. aeruginosa, and S. aureus in vitro. The samples were incubated
with free porphyrins for 20 min in the dark (at various concentrations;
10-60 pg/mL), followed by 30 min illumination for assays with PSs in
solution, and for 30, 60, and 90 min in experiments with PSs conjugated
onto cellulosic fabric surfaces (100 W tungsten lamp, ~0.36 mW/cmZ).
Next, samples were incubated overnight at a 37 °C. According to the
results with PSs in solution, only H,TTriMAPP** at a concentration of 15
ug/mkL, HzTM—Al»—PyP‘H and ZnTTriMAPP*" at a concentration of 60
ng/mL exhibited minimum bactericidal concentration effect against
S. aureus (99.99%). The other PSs, however, exhibited an efficient aPDI
on the Gram-negative bacteria, with the highest levels of aPDI inacti-
vation of about 45% being observed with ZnTM-3-PyP*" and
ZnTTriMAPP** against P. aeruginosa and E. coli. Also, viability assays
against the bacteria under dark conditions were performed, the
maximum inactivation was achieved with HzTTriMAPP4+, followed by
the Zn(II) analogue ZnTTriMAPP*Y, against S. aureus. No significant
dark toxicity on Gram-negative strains was observed. Photostability of
the porphyrins was determined in distilled water and nutrient broth at
pH = 7.4 upon illumination after 10, 20, and 30 min. All PSs displayed
approximately the same photostability in nutrient broth, but the
ZnTM—3—PyP‘H was the more stable in distilled water. The thermal sta-
bility of the porphyrin compounds on the cellulosic fabric was investi-
gated by thermogravimetric analysis. HzTM-3-PyP4+ and
ZnTTriMAPP*' cellulose conjugates showed the highest thermal sta-
bility. The researchers conclude that cellulosic fabrics may be efficiently
used in biomedical and textile fields and as surface coatings to prevent
microbial infections. Regarding the cellulosic fabric photo-bactericidal
activities, the highest aPDI was achieved (i) using HzTM-3-PyP4+,
H,TTriMAPP**, and ZnTTriMAPP** against S. aureus with 30 min
irradiation; (ii) with H,TM-3-PyP**, ZnTM-3-PyP**, H,TM-4-PyP*",
and ZnTM-4-PyP4Jr against P. aeruginosa and 60 min illumination, and
(iii) using H,TM-3-PyP**, ZnTM-3-PyP*", H,TM-4-PyP**, and
ZnTM-4-PyP4+ against E. coli also employing 60 min irradiation. Only
H,TTriMAPP*" showed activity against P. aeruginosa with 90 min
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illumination. The authors noted that the effect of increasing the con-
centration and irradiation time were two important parameters to
improve the aPDI of these strains of bacteria.

George et al. [100] compared the PS antibacterial activity of cationic
Zn(1l) tetrakis(N-methylpyridinium-4-yl)porphyrin (ZnTM—4—PyP4+)
and Zn(Il) tetrakis(N-methylpyridinium-4-yl)phthalocyanine (ZnTM-4-
PyPh‘H) impregnated on a filter paper substrate for aPDI of
Gram-negative species E. coli and Acinetobacter baylyi. Cell suspensions
were placed into 5 mm dyed cellulosic discs (80 mg/m? of PS) and
irradiated (LED, A-400-750 nm, 594 nm maximum, 1.4 mW/cmZ, 5.04
]/cmz] for 1 h. In the conditions described, ZnTM-4-PyPh4+ decreased
E. coli and A. baylyi colony numbers by 3.72 logio and 4.01 logio,
respectively, while ZnTM—4—PyP‘H reduced cell counts by 1.66 logio and
2.01 loguo, for E. coli and A. baylyi, respectively. It might be worth noting
that the porphyrin and the phthalocyanine PSs had absorption maxima
at different wavelengths (A-430 nm and 696 nm, respectively) and the
light source profile itself was uneven throughout the wavelength spec-
trum. To overcome these differences, the authors calculated the actual
light intensity that each PS would absorb and set the LED to reach the
same final light dose for each PS.

Alvarado et al. [106] developed self-disinfecting materials through the
covalent bonding of porphyrin-based photosensitizers to nanofibrillated
cellulose (NFC) and paper (Pap). Two cationic porphyrins were used:
5-(4-aminophenyl)-10,15,20-tris-(4-N-methylpyridinium-4-yl)porphyrin
free-base (H,M4APTriM-4-PyP3%) and its corresponding Zn(II) complex
5-(4-aminophenyl)-10,15,20-tris-(4-N-methylpyridinium)porphyrinato
(ZnM4APTriM-4-PyP3+]. Gram-positive MRSA strains and vancomy cin-
resistant Enterococcus faecium (VRE), and Gram-negative multi-
resistant strains of A. baumannii (MDRAB) and Klebsiella pneumoniae
multiresistant producer of carbapenemase (NDM) were targeted. The CFU
results demonstrated effective aPDI at 20 pmol/L in NFC for all strains
studied after irradiation of 60 min (non-coherent light LumaCare™, . =
400-700 nm, 65 = 5 mW/cmZ) reaching at a minimum of 99.99% pho-
toinactivation. The concentration of 5 pmol/L was chosen for comparing
the materials. Against two Gram-positive MRSA and VRE bacteria, both
H2M4APTriM-4-PyP3*-NFC and ZnM4APTriM-4-PyP3"-NFC reached
inactivation detection limit of (99.9999%), and against the Gram-negative
MDRAB bacteria, reached 99.994% and the limit of 99.9999%, respec-
tively. ZnM4APTriM-4-PyP3T-NFC inactivated NDM cells by ~66%, while
no statistically significant inactivation was reached by its free-base coun-
terpart. The authors attributed the remarkable activity of the ZnP (versus
the analogue free-base porphyrin) to the higher ®'0; for ZnP (i.e., 0.156
for ZnM4APTriM-4-PyP3" versus 0.044 for H.M4APTriM-4-PyP3"). In an
attempt to improve the photodynamic effect for NDM bacteria, longer
preincubation times in the dark (up to 60 min) with both PSs were
examined. For HzM4APTriM—4—PyP3+—NFC, the NDM cell viability
decreased to 98.8% with 60 min of preincubation, while for ZnM4AP-
TriM—4—PyP3+—NFC the decrease was 99.91% with only 5 min of pre-
incubation. ~ When the PSs were conjugated to paper,
H,M4APTriM-4-PyP3*-Pap and ZnM4APTriM-4-PyP3"-Pap showed
similar results (99.9999%) for the inactivation of VRE, MRSA, and MDRAB
bacteria. On NDM cells, however, inactivation differed between these
paper-based materials, being 99.9994% and 99.47% for the free-base
porphyrin and Zn(II) complex, respectively. The authors suggested that
this decrease in inactivation with the ZnP-containing paper material was
more likely attributable to the lower PS loading in ZnM4AP-
TriM-4-PyP3+-Pap as compared with HzM4APTriM-4-PyP3+-Pap.

The aPDI activity of hyperbranched polyglycerol (hPG) NP loaded
with about 15 molecules of ZnP and 20-110 mannose units was inves-
tigated [131]. The ZnP complexes derived from 5,10,15-tris(3-hydrox-
yphenyl)-20-[4-(prop-2-yn-1-ylamino)tetrafluorophenyl]porphyrin
(ZnAsBP). Samples of 7 different ZnP conjugates and 1 free-base
porphyrin conjugate were incubated with S. aureus for 30 min in the
absence of light and then irradiated (50 ]/sz) with white light (for ZnP
conjugates) or laser at 652 nm (for the free-base porphyrin conjugate).
The antibacterial phototoxXicity of these conjugates was investigated by
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counting CFU/mL in cultures of S. aureus (10 and 100 pmol/L ZnP
concentration) in phosphate-buffered saline (PBS) and in the presence of
10% sterile horse blood serum. In PBS alone, a significant increase of
antibacterial activity was observed for conjugates with mannose content
of 69 mannose units. According to the authors, these results are indic-
ative of multivalent binding to the bacterial surface supporting the
concept of increasing antibacterial aPDI efficacy by multivalent bacte-
rial targeting. However, upon the addition of serum to PBS, quenching of
the antibacterial photoeffect was observed. Fluorescence experiments
and literature findings suggest protein/NP interactions as one of the
main causes for this loss of activity [130].

aPDI was also mediated by a novel dendrimeric Zn(II) porphyrin-
based film [113]. In this material, Zn(Il) meso-tetra(penta-
fluorophenyl)porphyrin was derivatized via click chemistry to incorpo-
rate the biscarbazol triphenylamine end-capped dendrimeric motifs. In
this structure, the dendrimeric arms act as light-harvesting antennas,
increasing the absorption of blue light, and as electroactive moieties.
Electrochemical oxidation of the carbazole moieties yields stable, fully n-
conjugated, ZnP-containing photoactive polymeric films (FDP5) pro-
duced by the electrodeposition technique (Fig. 7A and B). The aPDI
assays on S. aureus and E. coli were carried out after incubation for 24 h,
with the PS in a medium containing 10% fetal calf serum. When the cell
suspension was deposited on the FDP5 photoactive film surface, com-
plete eradication of S. aureus and a 99% reduction in E. coli survival was
found after 15 and 30 min of irradiation, respectively, using white light
or a 652 nm laser (50 J/cm?). The FDP5 film was an effective PS to
inactivate S. aureus and E. coli, even using white light of low fluence rate
(0.5 mW/cmz). FDPS5 film also eliminated efficiently individual bacteria
attached to the surface. The aPDI mediated by FDP5 film-induced
>99.99% bacterial killing in biofilms formed on the surface after 60
min of irradiation. Although of elaborate architecture, FDP5 film rep-
resented a novel photodynamic active material able to eradicate bac-
teria as planktonic cells, individually attached microorganisms, or
biofilms [113].
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3. Zn(II) porphyrins-mediated aPDI of fungi

Fungi are eukaryotic organisms, which have led to significant diffi-
culties in the development of new antifungal drugs [133]. This charac-
teristic combined with the increase in antifungal resistance has made the
arsenal of antifungal drugs obsolete, highlighting the need for alterna-
tive therapies that avoid the likelihood of resistance [134]. Fungal in-
fections are a major health problem worldwide, causing infections
ranging from topical mycoses and skin infections to serious systemic
diseases, affecting mainly immunocompromised individuals. Topical
infections are more suitable to be treated with aPDI since they are more
accessible to light sources and the administration of PS [135,136].

Unlike bacteria, fungi have more complex targets such as their outer
wall, made up of a mixture of B-glucan, mannan, chitin, and lipoproteins
(Fig. 8A). Thus, these structures can both restrict the penetration of PS
and reduce the efficiency of the photodamage in the intracellular or-
ganelles. These structures also confer negative charges to cell surface.
Thus, the use of cationic PSs for aPDI can be promising because they can
offer better uptake when compared with anionic PS [137,138].

Few studies were found using ZnP as PS for aPDI of fungi. The study
by Viana et al. [96] evaluated the activity of cationic ZnTE—Z—PyPZH and
quantum dots of cadmium telluride stabilized by mercaptossuccinic acid
(MSA-coated CdTe QDs), individually or combined, to mediate aPDI of
Candida albicans. ZnTE-2-PyP** (10 pmol/L) proved to be a promising
PS on its own to inactivate C. albicans, utilizing 10 min of preincubation
time followed by irradiation (LED, A-460 nm 20 nm, and 150
mW/cmZ) for 9 min. This led to a reduction of 3 logio CFU in cell
viability, showing the potential of ZnTE-2-PyP*" as PS for antifungal
aPDI (Fig. 8B). Although the combination of ZnP and QDs increased ROS
production, when compared to ZnP alone, there was no improvement on
aPDI of C. albicans when the combined QDs-ZnP system was used. The
authors theorized that the electrostatic conjugation of ZnTE—Z—PyP‘Pr
with QDs prevented the transmembrane cellular uptake of the ZnP
molecules, reducing their fungicidal photoeffect. Low toXicity of the
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Fig. 7. (A) Schematic representation of aPDI of planktonic cells and biofilm of E. coli and S. aureus on FDP5 polymeric film. (B) Cell viability of S. aureus (1-4) and
E. coli (5-8) submitted to aPDI: (1 and 5) FDP5-free substrate dark control; (2 and 6) FDP5 dark control; (3 and 7) FDP5-free substrate under irradiation; (4 and 8)
FDP5 under irradiation. Irradiation time using visible light: 15 min for S. aureus; 30 min for E. coli; 60 min for both biofilms. Adapted with permission from Heredia

et al. [113], ACS Appl. Mater. Interfaces. © 2019, American Chemical Society.
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three systems (QDs, ZnP, QDs-ZnP) in dark conditions was observed
using murine fibroblasts (ATCC CRL 163). PhototoXicity, however, with
either free ZnP or ZnP-QD conjugates was more pronounced than that
observed with QDs alone, where cell viability varied from 60% to 40%
depending on the concentration of QDs.

In a more recent study by Moghnie et al. [95], the effect of hydro-
phobicity of cationic ZnPs was evaluated as a potential factor in aPDI of
S. cerevisiae yeasts, as assessed by Awad et al. [94] for E. coli bacteria
(previously reported in Section 3). This study evaluated the PS efficacy
of structurally related cationic Zn(II) 2-N-alkylpyridylporphyrins, in
which ZnP lipophilicity was modulated by the choice of the peripheral
alkyl  side-chains, ie, methyl (ZnTM—Z—PyP‘H), n-butyl
(ZnTnBu—Z—PyP‘H), n-hexyl (ZnTnHeX—Z—PyP‘H), and n-octyl (ZnTnOct-2-
PyP‘H); chlorine e6 was evaluated as a positive control.

S. cerevisiae cells were incubated for 90 min with PS and then irradiated
(300 W white light, 78 mW/cm?) for 60 min. The cell viability was
evaluated by the MTT assay. Results showed that the ZnPs bearing alkyl
side-chains up to four carbons in length exhibited the least photo-
efficiency; these shorter side-chain ZnPs comprise the most hydrophilic
compounds among the series. The most lipophilic compound, ZnTnOct-2-
PyP**, have an accentuated effect in yeast photo-

inactivation, but displayed high dark toxicity. The six-carbon alkyl side-
chain ZnP (ZnTnHex—Z—PyP‘H) produced an amphiphilic PS, which
completely suppressed yeast metabolism. ZnTnHex-Z-PyPH-mediated
aPDI caused enzymatic inactivation of lactate dehydrogenase (LDH) and
IDH, together with significant damage to the plasma membrane.
Moreover, this study demonstrated that yeasts internalized ZnTnHex-2-

PyP*" more efficiently than the hydrophilic analogue (ZnTM-2-PyP**),
which contributed to the effective photodynamic ef-fect of ZnTnHex-2-

PyPH. Finally, ZnTnHeX-Z-PyPA‘Jr at low concentra-
tions of 0.5-5 pmol/L proved to be more powerful a PS for yeast
inactivation than the commercial chlorin e6.

4. Zn(11) porphyrin-mediated aPDI of viruses

Viral envelopes are promising targets in the development of broad-
spectrum antivirals against enveloped viruses. The targeting of the en-
velope by the antiviral causes changes in fluidity or dysfunction in the
fusion process between the virus and the host cell membrane (Fig. 9A),
which is an essential step in the infection process [139,140]. ZnPs have
great potential for aPDI of viruses, due to their charge and adjustable
hydrophilicity, which can allow better interactions with the viral en-
velope [141]. This may ultimately accentuate oxidative damage of
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important viral glycoproteins necessary for infection [142] and/or lead
to overall membrane damage [143]. In this Section, we will review some
studies on ZnP-based aPDI as a promising antiviral alternative.

Cruz-Oliveira et al. [110] evaluated the antiviral activities and
mechanisms of action of three porphyrins, anionic protoporphyrin IX
(HzPPIXZ_), anionic Zn(II) protoporphyrin IX (ZnPPIXZ_), and anionic
mesoporphyrin IX (HzMPIXZ-] using the vesicular stomatitis virus (VSV)
in suspension in culture medium as a biological model. The anionic
character of these natural porphyrin derivatives arises from the depro-
tonation of their propionic acid side-chain under physiological pH.
Different concentrations of PSs were applied for 1 h, in the dark or under
illumination, using a 30 W fluorescent lamp with a light emission of 2,
000 lux to promote photoactivation. At a concentration of 5 pmol/L, all
porphyrins tested were able to completely suppress VSV infectivity,
without photoactivation. When photoactivated, they enhanced the
antiviral activity eliminating the infectivity with ZnPPIX?™ at 0.1
pmol/L, H.PPIX*™ at 0.01 pmol/L, and H,MPIX*" at 0.1 pmol/L.
Furthermore, the study proved that these porphyrins caused protein
damage in VSV. This effect was also increased when the porphyrins were
photoactivated, inducing crosslinking of VSV and G glycoprotein, an
essential element for membrane fusion necessary for infection. The au-
thors suggested that this result was possibly due to the higher production
of 02 by photoactivation of H.PPIX?", ZnPPIX?", and H:MPIX?",
pointing the Type Il mechanism as the main source of ROS responsible
for damage to viral proteins. The quantification of '0, was carried out
by oxidation of 9,10-dimethylanthracene (DMA) to yield oxi-DMA. Be-
sides, the effect of infectivity was assessed after 'O inhibition using
sodium azide and o-tocopherol. To evaluate the potential of porphyrins
in the treatment of infectious diseases in the bloodstream, the applica-
tion of viral inactivation in cell culture was simulated. It was observed
viral inactivation, although in a smaller amount than when the purified
virus was previously incubated with porphyrins. Virus titer was quan-
tified by plaque assay in hamster kidney fibroblasts (BHK-21). Also, it is
important to comment that the cell viability of fibroblasts was preserved
during the irradiation process with porphyrins, which induced a
decrease in the viral titer.

Teles et al. [91] assessed the photodynamic inactivation of bovine
herpesvirus type 1 (BoHV-1) in suspension using four porphyrins: the
anionic meso-tetrakis(p-sulfonatophenyl)porphyrin (H.TPPS;"),
cationic meso-tetrakis(N-methylpyridinium-4-yl) (H.TM-4-PyP**) and
their Zn(II) complexes ZnTPPSs*~and ZnTM-4-PyP**. At a concentra-
tion of 5 pmol/L, porphyrins did not present cytotoXicity without irra-
diation, the majority of porphyrins was highly effective in aPDI of

Fig. 8. The vast majority of fungi have a thick
cell wall composed of polysaccharides and
proteins (A), hindering the compound to reach
the intracellular location. For aPDI to inactivate
fungi, a PS needs to connect and be absorbed by
the fungal cell, inducing then critical damage to
cellular structures that would lead to cell death.
It is possible to observe in the plot (B) that the
use of ZnTE-Z-PyP‘H as a photosensitizer
against C. albicans resulted in a significant
~3 logio
units, demonstrating its antifungal potential.
Reproduced from Viana et al. [96], Molecules
(2015), with permission under the open access
© 2015,
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 A;B*-NFC ZnA;B3*-NFC

A;B%*-NFC ZnA;B-NFC

Fig. 9. (A) The image above illustrates the process of damage to the viral envelope exerted by the production of ROS via porphyrins photoactivation. The integrity of
the virus is compromised and, likewise, the glycoproteins necessary for the fusion with the host cells are damaged, preventing the infection process. The result of the
inactivation potential of the dengue-1 virus and vesicular stomatitis virus (VSV) is shown in (B) and (C) respectively, using HzM4—APTI‘iM-4‘-PyP3+ (A3B3+; M = 2H™)
and ZnM4APTriM-4-PyP3* (ZnAsB3**; M = Zn*") conjugated to nanofibrillated cellulose (NFC). For both B and C panels, the bars are color-coded as: (i) black, the PS-
free (dark controls); (ii) dark yellow, A3sB3*-NFC but no light group (PS alone); (iii) dark green, ZnA3B*-NFC but no light (PS alone); (iv) light yellow A3B3T-NFC +
irradiation group (PS + light); (v) light green, ZnAsB3*-NFC + irradiation group (PS + light). PFU is plaque-forming unit which correspond to the measure of number
of infectious virus particles. Reproduced from Alvarado et al. [106], Green Chemistry (2019), with permission from The Royal Society of Chemistry.

BoHV-1, after 120 min irradiation induced complete virus inactivation,
except H2TPPSs* that reduced by 5 logio (halogen lamp, & =400-900
nm, 130 mW/cmZ, preincubation time of 60 min). Virus inactivation
followed in decreasing order, where the best inactivation corresponded
to ZnTM-4-PyP4Jr and the porphyrin that had the least inactivation was
H.TPPS.*, following the order: ZnTM-4-PyP*" > H,TM-4-PyP*" >
ZnTPPS;s~ > H,TPPS:*. The cationic porphyrins HzTM—4—PyP4+ and
ZnTM—4-—PyP4+, due to their positive charge and better interaction with
the viral envelope, were more efficient as PS than the anionic PSs
(HzTPPS44_ and ZnTPPS44_). The electrostatic attraction and the lower
hydrophilicity observed for ZnTM-4-PyP4+, rendered by the insertion of
Zn(I1) in its structure, contributed to its greater efficiency compared to
the other PSs. Thus, the study showed that cationic ZnPs, due to their
charge and lipophilicity characteristics combined, are more likely to
induce photodamage to viral glycoproteins. Their attraction to the li-
poprotein envelope leads to a marked reduction in the time required for
virus inactivation and a decreased virus infectivity when compared to
anionic porphyrins.

Unlike the two previous studies in this Section, the study published
by Alvarado et al. [106] (also mentioned in Section 3), evaluated the
functionalization of cellulose biopolymer with porphyrins as antimi-
crobial material candidates for surface coatings or personal protective
equipment in the healthcare environments, avoiding contamination by
pathogens. The porphyrins H,M4APTriM-4-PyP3* (AsB3") and
ZnM4APTriM-4-PyP3Jr (ZnA3B3+), which are structurally related to
HzTMPyP4+ derivatives, were covalently attached to NFC and the ability
of the resulting material for viral inactivation was evaluated in two viral
strains in suspension (VSV and dengue-I subtype) under visible illumi-
nation (non-coherent light LumaCare™, A 400-700 nm, 65 5
mW/cmz) for 1 h, with controls in the dark for the same time. Both
H,M4APTriM-4-PyP3*-NFC (AsB3*-NF() and ZnM4AP-
TriM-4-PyP3*-NFC (ZnAs;B3*-NFC) materials induced complete inacti-
vation of the pathogens using a concentration of 5 pmol/L (Fig. 9B and
C). The authors suggested that this strategy of conjugating PS to bio-
polymers has the potential to be used in large-scale nanocellulosic ma-
terials, which may later be woven into textiles to prevent nosocomial
infections.
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5. Zn(II) porphyrins-mediated aPDI of parasites

Parasitic diseases, despite being very common in the world, are often
considered neglected tropical diseases as they affect majorly, but not
exclusively, poor populations in the most vulnerable regions of the
planet. They are considered neglected diseases mainly due to the lack of
investments in therapies and innovations, which reflects the extremely
small number of drugs that have reached the market over the last few
decades. The toXicity of classic antiparasitic drugs, the long treatment
regimen, the mode of administration, and the resistance mechanisms
acquired by protozoa and helminths over time are factors that limit the
use of these compounds [144-146]. The combination of these factors
reinforces the need for developing new and more effective therapeutic
options.

Due to the clinical efficacy of PDT in localized skin diseases and the
growing evidence of its antimicrobial activity [11,33], researchers have
started trials related to the treatment of cutaneous leishmaniasis (CL)
and observed promising results. Antiparasitic PDI is an emerging
approach for the treatment of CL, since no major adverse effects, con-
traindications, or resistance of parasites have been reported so far [26,
65,146,147]. Studies in patients have shown that the application of PDT,
in general, while being effective against CL, also showed improvements
in the signs of skin aging. The cosmetic results were promising when
compared to conventional treatments [8].

Despite favorable results using ZnPs in bacteria [7,98], studies
related to their application in parasites are still scarce. Espitia-Almeida
et al. [26], exploring metalloporphyrins for photodynamic treatment,
observed that among the 7 porphyrin compounds used in the study
against the promastigote forms of L. panamensis and L. amazonensis, the
complex with Zn(II) was classified as the best PS tested. The irradiation
source used was Omnilux lamps (EL10000AG, »=420-450 nm, 80
]/cmz], with incubation and irradiation time simultaneously of 24 h. Zn
(II) meso-tetrakis(4-ethylphenyl)porphyrin (ZnT4EtPP) showed higher
@10, and better ICso values of 1.2 pumol/L for L. panamensis, and 11.6
pmol/L for L. braziliensis in aPDI assays, using MTT to assess the cell
survival.

Espitia-Almeida et al. [93] prepared H,TBAP* and its Zn(1I) deriv-
ative, ZnTBAP*", for photophysical studies and biological activity using
promastigote forms of L. panamensis and L. braziliensis. The irradiation
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source was a lamp (Omnilux lamps EL10000AG, A= 420—-450 nm),
being applied 80 ]/cm2 of light dose and 24 h of exposure time). With
the insertion of Zn(II) into H,TBAP* to yield ZnTBAP*, a change in the
photophysical properties was noted, such as a reduction in ®r from 0.23
to 0.10, respectively, and an increase in ®'0; from 0.75 to 0.93,
respectively. The authors reported that parasite mortality was directly
attributed to singlet oXygen produced by the compounds; in this sense,
the ZnTBAP* compound with lower ®¢ and higher 10, exerted high
antileishmanial activity against the parasites and achieved the best ICso
values (2.2 pmol/L for L. panamensis and 7.1 pmol/L for L. braziliensis).
The ICso value found for aPDI with ZnTBAP4_compound was at least
5-fold smaller than that of the standard drug (Glucantime) used against
L. panamensis (1Cso 12.7 pmol/L) and L. braziliensis (ICso 36.9 pmol/L).
The authors also mention that ZnTBAP*" is a promising compound to
further in vivo aPDI studies in mice.

Andrade et al. [97] performed photoinactivation (LED=X 455 20
nm, 300 mW/cmZ, 90 ]/cm?) for 10 min, using cationic hydrophilic ZnP
(ZnTE—Z—PyP‘H) at a concentration of 10 pmol/L on L. braziliensis para-
sites. The preincubation time was 10 min. The authors reported damage
of ca. 90% in promastigote forms and a reduction of about 40% in the
number of amastigotes per macrophage, after aPDI. The treatment
showed no considerable toXicity on mammalian cells (J774 macro-
phages and Vero cells), under the conditions evaluated.

Souza et al. [81] investigated the photodynamic effects mediated by
a cationic and lipophilic water-soluble ZnP (ZnTnHex—Z—PyP‘H) at a
concentration of 0.62 and 1.25 pmol/L on L. braziliensis and
L. amazonensis promastigote forms (LED, A 410+10 nm, 19.1
mW/cmz, 3.4 J/cm?). The cells were preincubated for 5 min and irra-
diated for 3 min. The percentage of promastigote survival was evaluated
by the trypan blue exclusion and both PS concentrations induced cell
death to more than 99% to both Leishmania species, compared to the
control without treatment. aPDI also led to reductions of ca. 64% in the
number of amastigotes per macrophage and 70% in the infection index
at 1.25 pmol/L. No noteworthy toxicity was observed on macrophages
(bone-marrow), under the conditions applied.

Souza et al. and Andrade et al. studies [81,97] showed a direct or
indirect photodynamic effect of ZnPs on the mitochondrion of Leish-
mania promastigote forms. The dysfunction of this organelle results in a
partial reduction, or complete inhibition, of adenosine triphosphate
(ATP) production (Fig. 10A). Andrade et al. [97] used rhodamine 123,a
fluorescent dye that can be used to monitor the potential of the mito-
chondrial membrane (A¥Ym), and observed an evident hyperpolar-
ization. The authors associated this result with a final attempt of cells to
prevent death, since AYm depolarization could be preceded by a high
transient hyperpolarization. On the other hand, Souza et al. [81]

Intracellular environment

Mitochondrion

Zn(Il)
porphyrins
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observed an intense AYm depolarization after the photodynamic treat-
ment mediated by ZnTnHex-Z-PyP‘H. The authors attributed the distinct
A¥Ym behavior among ZnTnHex—Z—PyP‘Pr and ZnTE—Z—PyP4+ to higher
lipophilicity of ZnTnHex-Z-PyP‘H, indicating an enhanced interaction
with the cell membrane and a greater intracellular PS bioavailability,
which led to effective cell death under low concentration and irradiation
light doses.

The mitochondria play a key role in cell energy production and their
importance for cell survival or death is well established. This is partic-
ularly relevant to protozoa of Leishmania spp. which have a single
mitochondrion and are not able to compensate correctly any damage in
this organelle. Consequently, parasite survival requires the correct
performance of the mitochondrial respiratory chain [26,97,148,149].

Andrade et al. [97] observed noticeably morphological changes in
promastigote forms of L. braziliensis subjected to aPDI by scanning
electron microscopy (SEM). Whereas the control groups showed normal
spindle-shaped bodies and smooth cell membranes (Fig. 10B), the pro-
mastigote groups subjected to aPDI mediated by ZnTE—Z—PyP‘H exhibi-
ted changes in membrane morphology and cell volume (Fig. 10C) [97].
SEM analyses of L. amazonensis promastigotes photodynamically treated
with ZnTnHeX—Z—PyP‘H, reported by Souza [81], also indicated similar
morphological changes.

The results published so far on leishmaniasis encourage further
studies related to the application, understanding, and evaluation of the
effects of ZnP-mediated aPDI. ZnP-based aPDI may give rise to effective
photoactive experimental therapies as promising treatment for
leishmaniasis.

Table 2 presents a compilation of the results of all the different
antimicrobial studies presented in this review.

6. Conclusions

Zn(1I) porphyrins are promising PSs for aPDI. In addition to the
native porphyrins, synthetic procedures can be explored to design
innovative porphyrin structures with improved chemical and photo-
physical properties. The incorporation of Zn(II) into the porphyrin
structure increased in most instances the PS efficiency compared to
other metalloporphyrins and particularly with respect to their corre-
sponding free-base ligand. The lipophilicity, amphiphilicity and cationic
features of ZnPs also seem to play a paramount role in the ZnP uptake by
cells, subcellular distribution, and, consequently, modulation of ZnP
photoefficiency for aPDI. Despite the great progresses on ZnP-based
aPDI in the past decade, there is a clear need for further studies
focused on the photochemical and photophysical characteristics of ZnPs,
cI)102, triplet lifetime, ground-state and excited-state redox potentials,

Fig. 10. (A) Illustrative scheme depicting the
biological action of ZnPs directly or indirectly
on target organelles, in this case, the mito-
chondrion, partially or totally reducing ATP
production and leading to the death of the
protozoan. In the right, representative images
of the photodynamic effect on the ultrastructure
of the promastigote forms of L. braziliensis; (B)
Untreated control; (C) Treatment with 10 pumol/
L ZnTE-2-PyP*" + light (90 J/cm?). Repro-
duced from Andrade et al. [97] with permission
from the European Society for Photobiology,
the European Photochemistry Association, and
The Royal Society of Chemistry.
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among other relevant properties. The studies designed to unravel
unambiguously the contributions of Type I or Type Il pathways of ZnP-
based photodamage mechanisms under relevant biological conditions
are also needed.

While several studies have employed ZnPs for aPDI of bacteria, the
application of these compounds in the photoinactivation of fungi, par-
asites, and viruses is still scarce in the literature. Nonetheless, as dis-
cussed in this review, ZnPs showed promising efficiency to inactivate
these microorganisms. The available information about ZnP-mediated
aPDI supports the potential of photodynamic treatment as an alterna-
tive technology especially for topical infections and highlights the need
for further studies on aPDI of microorganisms other than bacteria. If
properly explored, ZnP-mediated aPDI has also the potential to subvert
microbial drug resistance.
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oxygen [5]. Through photochemical reactions, the so-called reactive
oxygen species (ROS) are generated, which have cytotoXic action, and
kill the target at the site of action [6]. PDI is a technique that has already
shown good results against bacteria, fungi, parasites, and cancer cells.
Several molecules can be used as PS, among them methylene blue (MB),
a heterocyclic molecule of the class of phenothiazine compounds is well
known. This PS is widely used due to its low cost, low cytotoXicity and
good efficiency in generating ROS. There are already a great number of
reports of its use in the field of dentistry, in the annihilation of bacteria
and fungi, combined or not with nanomaterials to improve its photo-
dynamic efficiency. In the fungal field, PDI has been evaluated against
several species, such as Candida spp., applying several PS and various
light dose parameters and reports of prevention of aggregation in bio-
films [7-10]. The association of PS to metallic nanoparticles has shown
the possibility of enhancement of ROS production and the most applied
systems are gold nanoparticles (AuNPs) and silver nanoparticles
(AgNPs) [11]. One of the mechanisms proposed to enhance PS efficacy is
related to the localized surface plasmon resonance (LSPR), which cor-
responds to collective oscillation of electrons present at the surface of
the metallic NPs [12]. This phenomenon is dependent on the NP size and
shape and for some conditions, such as spectral overlap and species-NP
distance, the PS can be beneficiated by the enhanced local field near the
metallic NP boosting its action [13-19].

In a previous study [20], some of us reported the application of MB
species associated to nanoprismatic AgNPs (AgNPrs) in the PDI of
Staphylococcus aureus isolated from bubaline mastitis, a multiresistant
strain to 19 antibiotics associations. Conjugates involving MB at final
concentration of 45 fmol.-L"* and AgNPrs were produced, characterized
and were able to reduce PDI time in 33 % compared to MB solution at the
same concentration. The optical overlap of the MB absorption spectrum
and the optical extinction of the AgNPrs was suggested to promote
plasmonic enhancement in the ROS process production. In the present
study, considering the previous hypothesis, we evaluated the potential
of AgNPrs conjugated with MB to photo-inactivate a resistant strain of
C. albicans yeast cells isolated from balanoposthitis. In addition, aiming
to gain insights on the ROS enhancement and deepen the understanding
on the nature of the observed effect we tested different experimental
parameters such as MB:AgNPrs ratio and light dose on the PDI
experiments.

1. Materials and methods
1.1. Materials

Silver nitrate (AgNOs;, >99 %), trisodium citrate dibasic (TSC, >99
%), 1-Ascorbic acid (CsHsOs, >99 %), poly (sodium 4-styrenesulfonate)
(PSSS 1000 kDa), sodium borohydride (NaBH,, >98 %), Sabouraud 4 %
dextrose agar, potassium phosphate monobasic (99 %) and potassium
phosphate dibasic (99 %) were purchased from Sigma Aldrich. MB (99
%) was purchased from Merck.

1.2. Synthesis of silver nanoprisms using seed-mediated growth method

AgNPrs were synthesized adapting the previously described meth-
odology [21]. Basically, in an Erlenmeyer flask at room temperature (RT
~26 °C) and under vigorous stirring (~750 rpm), 5 mL of TSC (2.5
mmol L), 1.25 mL of PSSS (500 mg'mL™), 1.5 mL of NaBH, (10
mmol L™') and 10 mL of AgNO; (0.5 mmol L™*) were thoroughly mixed.
The system was stirred for 3 min after the addition of the Ag* solution,
and then, it was set aside. For the growth of the AgNPRs, we added 50
mL of deionized water under the same conditions of the seed production
system. To this system, 750 uL of CeHsOs (10 mmol L") and 2 mL of the
prepared seed suspension were added dropwise. The volume of 15 mL of
AgNO; (0.5 mmol L) was also inserted dropwise, observing the color
change to dark blue. Finally, 5 mL of TSC (25 mmol L) was added.
Systems were characterized by UV-vis absorption spectroscopy region,
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from 350 to 900 nm.
1.3. MBAgNPr association

First, AgNPr systems were purified using filtration tubes with a
molecular cut-off of 10 kDa (General Electrics) to remove residual
compounds of the synthesis. AgNPrs were redispersed to the same initial
volume. Then, the conjugates were produced by electrostatic association
of AgNPrs with MB species, through the addition of equal volumes of
both systems resulting in conjugates named herein MBAgNPr. MB so-
lution was added to the systems, to a final concentration of 25 yumol L™*
(MBAgNPr1), 50 wmolL™" (MBAgNPr2), and 100 pmolL™*
(MBAgNPr3). The systems were kept under agitation (~750 rpm) for 24
h in the absence of light, at 25 °C prior to the experiments.

1.4. Characterization

All systems were characterized using UV-Vis absorption and emis-
sion spectroscopies. Acquiring spectral conditions were kept the same
for all the samples. For AgNPrs and conjugates, the measurement of the
zeta potential (Malvern, UK) was performed by using 5 mL the suspen-
sions in 50 mL of deionized water (pH = 6.9). Infrared absorption
spectra applying Fourier Transform (FT/IR) was obtained using a FT/IR-
6800 (JASCO®). Samples were used as powders, and the MBAgNPrs
(MBAgNPr3) samples were lyophilized prior to use. Transmission elec-
tron microscopy (TEM) images were acquired using a FEI Tecnai Spirit
Biotwin G2 (120 V) and the samples were prepared by dropping ca. 10
u L of the purified suspension and letting them dry prior to the image
acquisition. Images were analyzed by /mageJ software program and over
300 particles per image were screened for morphological and statistical
purposes. For the preparation of the MBAgNPr images the systems were
kept in the same ratio of AgNPrs and 100 pymol L™* (MBAgNPr3).

1.5. Inoculum nutrition and standardization

Inoculum used for the study was provided by the Colecao de Cultura
de Microrganismos from Laboratorio de Analises Microbiologicas/UFPE.
Strain used in this study was isolated from balanoposthitis and showed
resistance to fluconazole. For activation, one layer was subcultured on
Sabouraud dextrose agar, and incubated for 24 h at 37 °C. For the
preparation of the suspension, the absorbance was standardized in 0.284
at 540 nm (corresponding to 10% CFU'mL™) and confirmed with com-
parison using 0.5 McFarland standards.

1.6. Photodynamic inactivation

For microorganism inactivation, we applied the methodology pro-
posed by Rodrigues et al., (2021) [16]. A LEDBoX at A — 660 nm coupled
with smart control and dark chamber was used as the light source,
applying an irradiance of ca. 45.9 mW.cm™ 2. A pre-irradiation incuba-
tion time (PIT) of 30 min was applied. Using a 96-well plate, 100 pL of
the isolated suspension was added with the subsequent addition of 100
uL of the tested conjugate suspension. After the incubation, each plate
was exposed to irradiation times of 60, 120, 180 and 240 s (i.e. light
doses of ca. 2.0, 5.0, 8.0 and 11 J-cm ™2, respectively). Subsequently,
each test was serially diluted from 10" to 10~ %, and 10 uL was dropped
vertically onto a plate with Sabouraud dextrose agar. The plates were
incubated at 37 °C for 24 h, and the smallest dilution with observed
fungal growth was counted and converted to log.. A control following
all the conditions described above, was performed only with the AgNPr,
to verify if the same effect was observed for these systems.
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2. Results
2.1. Silver nanoprisms characterization

TEM images indicated that AgNPrs had an average size ofd 37 8
nm in close agreement to our previous report [20]. Fig. 1 shows a
representative image of the AgNPr applied in the present study. The
histogram (Fig. 1b) shows the analysis of a set of 10 TEM images con-
taining no less than 200 NPs each. Although some small seeds and
hexagonal shaped particles are still observed among the prismatic
platelets, they represent less than 10 % of the whole ensemble. Fig. 1(c)
and 1(d) show the images collected for MBAgNPr conjugates, showing
the same pattern, and presenting same histogram and diversity of
morphologies, showing also several platelets that have positioned side
by side during the drying process. We did not observe alteration in the
nanoparticle morphologic pattern after conjugation to methylene blue
molecules.

Zeta potential measurements of AgNPrs showed, as expected, a
negative value ({ = 51.4 mV) due to the presence of (PSS™)n chains,
corroborating with our previous results [ 16]. The conjugation of the MB
cationic species to (PSS™)n coated AgNPrs was monitored by deter-
mining the zeta potential change according to the MB concentration
increase. Data, shown in Fig. 2, demonstrate that zeta potential values
decrease in modulus close to zero from 25 to 100 ymol' L™ of MB,
corroborating that these cationic species are indeed associating to the
sulfate terminations of the (PSS™)n polymer chain.

Based on the description of the surface charge of the systems we
suggest that the MB coating of the particles may be represented as the
scheme in Fig. 3.
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Fig. 2. Zeta potential of AgNPr and MBAgNPr conjugates prepared in this
study. Indexes 1, 2 and 3 represent MB concentrations of 25, 50 and 100
umol L™, respectively. Data are disposed as mean + standard deviation (SD)
and correspond to 3 different measurements (n = 3).

As the surface charge is approXimating the neutrality in the
MBAgNPr3 conjugates, we suggest that the sulfate sites of the (PSS™)n
are almost completely associated to MB species. No macroscopic alter-
ations of the conjugated systems were observed, and they remained
colloidally and optically stable for at least 3 months without phase
separation nor color change.

Infrared spectra of the main constituents of the systems (MB, PSSS
and MBAgNPr) and their molecular structures are depicted in Fig. 4.

We observe in the MB infrared spectrum (Fig. 4A) the characteristic

2% 0 35
Particle Lenght (nm)

Fig. 1. TEM images for AgNPrs showing nanoplatelet morphology (a) the corresponding size distribution analysis (b); images (c) and (d) correspond to TEM images

of MBAgNPrs conjugates (MBAgNPr3).
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Fig. 3. Schematic representation of MBAgNPr conjugates prepared in the pre-
sent study. AgNPr represent the prismatic nanoplatelets coated with anionic
(PSS™)n polymer. Indexes 1, 2 and 3 represent MB concentrations of 25, 50 and
100 pymol L™, respectively.
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Fig. 4. FTIR spectra of (a) methylene blue (b) PSSS and (¢) MBAgNPr conju-
gates (MBAgNPr3). The molecular structure of the molecules (a) and (b) are
also represented.

vibration frequencies expected for the molecule, that is: (i) 8 1594
cm™* which corresponds to overlap of the C-C and C-N axial de-
formations; [22-24]. (ii) L=1546 cm™ " which corresponds to the axial
deformation of C-C and C-N groups of the heterocyclic ring [22,25];
(iii) U = 1420 and 1395 cm ™" are related to symmetric and asymmetric
out of plane deformations of the CH; groups [24,26]; (iv) U = 1491 cm ™!
corresponds to the a € ST vibration [22,27]; (v) & 1357 and 1338
cm ™ correspond to the C-N e C-S* axial deformation of the hetero-
cyclic ring [22,23,28]; (vi) U=1143 e 1066 cm ™' correspond to the out
of plane vibrations of the C-N e C-S-C groups [22,25,29]. In the infrared
absorption spectrum of PSSS polymer we observe the following expected
vibrations related to -SO; axial deformation vibrations at W 1171,
1124, 1035 and 1006 cm™ ' [30,31]. In the MBAgNPr conjugates
infrared absorption spectrum we observe bands related to MB (0 = 1491,
1388, 1357, 1338 cm™ ). The expected U = 1594 cm ™' vibration may be
found at U = 1571 cm™* probably due to the association to the PSS™
polymer chains, decreasing the bond strength of the -C-S* functional
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group. In the same spectrum we also observe PSS™ vibrational peaks at L
= 1176, 1122, 1038 e 1008 cm™ ' [30,31]. All these findings strongly
suggest the effective association of MB molecules the AgNPrs.

2.2. Optical characterization of the systems

In the first step of synthesis, we achieved smaller round shaped
AgNPs stabilized by (PSS~ )n polymer chains that present an extinction
band with maximum at A=408 nm (Fig. 5(a), orange line). Using 2 mL
of this seed suspension, we induced the growth of AgNPrs, which ach-
ieved a maximum peak at A=664 nm (Fig. 5, blue line) and this spectral
shift agrees with the formation of silver prismatic nanoplatelets as
already reported in the literature [13,20]. In Fig. 5(b), we observe the
MB characteristic absorption spectrum (light blue line). We also observe
a total spectral overlap of the MB absorption and the AgNPr extinction
bands.

Fig. 6(a) shows the absorption spectra of the MB solution at three
different concentrations (25, 50, and 100 pymol-L — ). The spectral
profile shows two bands. The main absorption at 664 nm represents the
characteristic MB spectral profile while the blue shifted band depicts the
dimerized MB species. This component increases substantially with
increasing MB concentration from 25 to 100 umolL™" (Fig. 5a)
evidencing a higher number of dimerized molecules. This is a known
effect [32] and it is usually related to the decrease in photodynamic
action of this PS. UV-Vis spectra of MBAgNPr conjugates with increasing
MB concentration are depicted in Fig. 6(b) and we observe a very close
resemblance to the spectral profile of MB corresponding solution spec-
trum. Nevertheless, the small increase in the baseline and wider shape of
the band profile, especially for the smaller MB concentration associated
with the AgNPr, show the influence of those NPs in MB absorption
profile. By analyzing the spectral profiles of Fig. 6 we observed that the
lower the MB concentration, the greater the optical interference of the
AgNPrs. Although a small amount of AgNPrs was used in the systems,
their extinction band was still perceptible in the overlaid plots for
MBAgNPri1 and MBAgNPr2 systems. In the MBAgNPr3 system, the MB
contribution was dominant in the spectrum (Fig. 6b). Moreover, ac-
cording to the change in the absorption band profile, we suggest that the
dimerization effect is highly reduced. This behavior agrees well with the
schematic suggestion of Fig. 3. Interestingly, the absorption band of MB
decreases as it attaches onto the surface of the AgNPrs and the greater
the MB concentration, a more pronounced decrease is observed. We
ascribe this also as a reduction of free MB species in the suspension.

When analyzing the emission spectra profiles depicted in Fig. 6(c)
and 6(d) we observe that, while AgNPrs do not show detectable fluo-
rescence, MB solutions show a characteristic red emission, preserved
after conjugation with AgNPrs. There are three features that are
important mentioning when observing the spectral changes with
increasing MB concentration: (i) a linear decrease in the fluorescence
intensity for the MB species in solution, (ii) a small red shift of the
emission maximum for both MB and MBAgNPrs systems and (iii) an
increase of the emission intensity of the MBAgNPr conjugates. This
contrasting behavior is depicted in Fig. 7, which shows the variation of
the emission intensity for both systems. This observation will be further
discussed in Section 4.

2.3. In vitro photodynamic inactivation

The irradiation of red light without any PS or only applying MB or
MBAgNPr (up to 100 pmol L™) without light irradiation was not able to
kill fungal strains at any scenario tested in the present study. As a pos-
itive control, chlorhexidine 0.12 % killed the strains in all experiments.
For photoinactivation with MB, we observed some effect (~ 1 logio)
only with the higher irradiation time. For the conjugate at the lowest MB
concentration, no significant effect was observed, reducing only less
than a logio. None of the conjugates promoted cell death in the absence
of light, showing that the conjugates alone are not responsible for this
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Fig. 5. Extinction spectra of silver nanoparticles seeds with maximum at 408 nm and silver nanoprisms (AgNPr) with maximum at 664 nm (a) and normalizedUV-
Vis spectra of AgNPr and MB (b).
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effect to be achieved, as well as AgNPrs alone. On the other hand,
increasing the MB concentration in the conjugates, we observe an
overall improvement in the photodynamic effect. Total inactivation of
the microorganisms was achieved by applying 2 min for MBAgNPr3, 3

min for MBAgNP2 and 4 min for MBAgNPr1. Fig. 8 presents all the
results.
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3. Discussion

It has been described in the literature the application of metallic NPs
to improve the performance of PSs, with emphasis on studies related to
AuNPs [33,16] or spherical AgNPs [17,19]. AgNPrs are easily prepared
systems that can be obtained within 20 min of synthesis, and their
extinction band can be tuned (by changing size and morphology) to
overlap the MB absorption profile, a necessary condition to explore the
plasmonic effect in PDI. In a previous study, we were able to improve the
PDI mediated by MB applying a single type of AgNPr-MB conjugate
([MB] = 45 umol-L™), which was able to fully inactivate multiresistant
S. aureus from bubaline mastitis [20]. Indeed, one of our hypotheses to
explain the enhanced MB-PDI performance in this previous work was
amplification by plasmonic effect of the silver nanoparticles. Herein, we
aimed to further study the contribution of this effect in PDI by changing
the MB concentration associated with AgNPr and using spectroscopic
analyses, zeta potential measurements, and the impact of the nano-
systems in the fungal viability.

The electrostatic conjugation of cationic MB species to AgNPrs
platforms was successfully monitored by zeta potential changes at the
surface of the negative (PSS~ )n polyanions coating the nanoparticles.
The presence of MB molecules associated to AgNPrs is also observed by
the FT/IR spectral analysis of the systems. The results presented in Fig. 2

(@) Methylene biue solution (100 umol.L™") (b) MBAgGNPr 1 ([MB] = 25 pmol.L™)

Fungal viability (Log4o CFU/mL)

DS N P @ @ @
o(g"é)\" NG v§3 RO R
€ v Q‘&

)
S

&
(c) MBAgNPr 2 ([MB] = 50 pmol.L™)

Fungal viability (Logqq CFU/mL)

Fungal viability (Log4o CFU/mL)

S NP P
o(;u‘@\eg‘ & 0 &
®
(d) 4
" MBAgNPr 3 ([MB] = 100 pmol.L™)
3
E
e
G
$ s-
|
S *
z 2 | i
e T
'S 1+
™
o
S 0- T T T T
= DD
Fl &
& ¥ S
N
«

Fig. 8. - Photodynamic inactivation profile of C. albicans isolated from balanoposthitis using MB in solution and MBAgNPr conjugates, under irradiation of red light
(45.9 mW - cm ™ of irradiance) and light doses of 60, 120, 180 and 240 s (light dose of 2.0, 5.0, 8.0 and 11 J -cm™>, respectively). Results are disposed as mean =+
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corroborate that the greater the MB concentration, the more positive the
resulting zeta potential, indicating that less MB molecules (monomers
and dimers) were free in the media. And for the MBAgNPrs conjugates
that is exactly the interpretation of the optical spectral profile observed
for these systems. MB can suffer dimerization, a phenomenon that oc-
curs due to the presence of methylene groups (-CH.-) in the molecular
structure of the compound, which can associate with other methylene
groups in adjacent molecules, promoting intermolecular van der Waals
interactions leading to the formation of a dimer [25-33,16,34-36] .
Bergmann & O’ Konski (1963) [36] showed that the dimerization of MB
is influenced by the concentration of the compound and the medium in
which it is present. In aqueous solutions, dimerization is more favored at
acidic or neutral pH, while at alkaline pH, the tendency is for the mol-
ecules to remain in the monomeric form. Moreover, Florence & Naorem
(2014) [37], investigated by spectrophotometry the MB dimerization in
water and different mixtures of water with organic solvents and reported
that dimerization occurs faster in polar solvents, such as the aqueous
medium itself, compared to less polar solvents, as the mixed medium.
Our results demonstrate the influence of MB and MBAgNPr conjugates
concentration in spectral profile (Fig 6). The MB concentration at 100
pumol L™* leads to an increase of the absorption peak at 1 = 607 nm
corresponding to a greater rate of dimer formation (Fig. 6a), in contrast,
Fig. 6(b) shows a reduction of the dimer band. This suggests that the
presence of (PSS~ )n coated silver nanoplatelets compete with the
dimerization process enhancing the MB availability. Moreover, we
observe that the emission auto suppression process, common to greater
concentrations of MB, decreases as the MBAgNPr conjugates are formed.
Furthermore, in Fig. 6(c), we observed that the MB emission in-
tensity decreased according to the increasing of the PS concentration,
and this effect may be attributed to the characteristic fluorescence self-
quenching due to excess of competing species [38]. This reduction was
not observed in the MB conjugates (Fig. 6d and Fig. 7). On the contrary,
for the MBAgNPr conjugates, we observed an increase of the emission
intensity according to the rise of the MB concentration. Indeed, we
observed that MBAgNPr3 presented an increase of ca. 25 % in emission
intensity when compared to MB alone (100 ymol L™"). We believe that
this behavior is related to the MB association with the AgNPrs, which
decreases the number of free MB species in the sample, and consequently
reduces, not only the emission self-quenching, but also, the MB dimer-
ization (as observed in Fig. 6b) by keeping the PS species in a greater
distance from each other.

When using only MB in PDI of C. albicans, compared to the highest
amount of the conjugate, we observed that the inactivation, although
still not high, was concentration and light dose dependent. Using a 100
pumol L™, Oliveira-Silva et al., (2019) [39] observed inactivation of
C. albicans isolates, but this effect was obtained by applying a 4 times
higher light dose than compared to our experiment. Nevertheless, we
increased the efficiency of MB action by associating them to AgNPrs.
Using the MBAgNPr3 conjugate, we decreased irradiation time to 2 min
and fully inactivated the isolate, and MBAgNPr2 (50 umolL™%)
completely inactivated the same strain within 4 min. Negligible inacti-
vation was observed for MBAgNPr1 and we believe that this result is
associated with the small number of MB molecules per NP. It is worth
mentioning that we observed no photodynamic action when applying
only AgNPr systems to C. albicans isolates with or without light radia-
tion, preserving cell viability.

Some previous strategies have been reported to improve MB medi-
ated photodynamic treatment. Among them, the MB was incorporated in
latex membranes to inactivate C. albicans [40] and in another study, MB
was combined with spherical AgNPs for bacterial PDI [41]. According to
Belekov et al. (2020) [41], a germicidal effect may have come from the
association of 10-15 nm spherical AgNPs and MB. The authors claim
that the smaller size enabled entry of the AgNPs into microorganisms
allowing a greater silver antibacterial mechanism. In contrast, we find
that our nanoprisms, that present a greater dimension (30 - 40 nm), do
not succeed in entering the microorganisms, and are most probably
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anchoring on the fungal surface either by bonding with sulfur-
containing proteins, or else, by being attracted to the negative cell wall by
the MB species, promoting the oxidative effect on the cell wall [12,43].
Finally, the proxXimity of MB species to the metallic NP surface plus
the overlap of NP extinction band with the MB absorption profile may
promote a boosting of PDI via plasmonic effect. As shown in our previous
study, the AgNPrs, prepared by the same synthetic route of the present
study, presented ca. 30 % electric field enhancement at the edges of their
surfaces [20]. This allows for a greater plasmonic enhancement of the
absorption or emission process in the proXimity of the prisms. In addi-
tion, it was already reported that the dimerization process influences the
type of photochemical mechanism [44-47]. In the electronic excitation
of dimers, electron transfer reactions (type I) are observed, forming
semi-reduced and semi-oXidized radicals, that is, in high concentration
of dimers, the type II mechanism is suppressed, favoring the type I
mechanism, decreasing, the formation of singlet oXygen. Gabrielli et al.
(2007) [45] suggested that semi-reduced radicals can react with oxygen
forming superoXide, which can lead to the formation of several other

reactive oxXygen species, such as hydroxyl radicals. Studies with
C. albicans have shown that high MB concentration (i.e. higher than 60
pmol L") can cause PS aggregation and reduce the photodynamic
efficacy.

Thus, taking together all the assays of the present study, we believe
that the MB-PDI enhancement observed in the presence of AgNPrs is due
to a combination of two main factors. We suggest that one of the factors
is the contribution of the plasmonic effect due to the optical overlap
between MB absorption band and AgNPrs optical extinction (Fig. 5b) as
well as their physical proximity induced by electrostatic association. The
second is the anchoring of MB species on the Ag nanoprisms providing a
greater availability of MB in the monomer form, thus improving its PS
action. As far as we know, there is no report of using AgNPrs with MB to
inactivate Candida species and we believe that AgNPrs may be applied as
new plasmonic tunable tools to enhance the performance of a great
number of PSs aiming at photoinduced cell inactivation.

4. Conclusion

In this work, MB association with NPrs (30-40 nm) showed that we
can successfully inactivate C. albicans isolated from balanoposthitis with
reduced irradiation time. MBAgNPr systems showed high stability and
no toXicity to fungal cells when applied alone, being suggested as a new
tool for enhancing photodynamic applications with size tuning capa-
bility. We discussed the most probable enhancing processes that lead to
the overall greater photo-efficiency of the conjugate compared to MB
alone, and suggest that it reflects a combined mechanism of plasmonic
effect and reduced MB dimer formation.
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