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RESUMO

O fungo Candida albicans é o principal agente etiolégico da candidiase tdpica, e ainda é
capaz de formar biofilmes, os quais sdo mais resistentes aos antiflngicos do que células
planctonicas. O repertorio de antifungicos disponivel para candidiase é limitado e isolados
resistentes vém emergindo cada vez mais. Nesse contexto, a terapia fotodindmica (TFD) vem
sendo apontada como alternativa promissora para o tratamento antifingico. A TFD causa
morte microbiana por estresse oxidativo quando um fotossensibilizador (FS) € excitado pela
luz em comprimento de onda ressonante a sua absor¢do. As zincoporfirinas (ZnPs) vém sendo
consideradas FSs atrativos por apresentarem elevada producdo de oxigénio singleto, carater
catibnico e estabilidade quimica. Ademais, a ZnTnHex-2-PyP** (ZnP hexil), em particular,
pode apresentar aprimorada interacdo com diferentes tipos celulares devido ao seu caréater
anfifilico. Assim, esta dissertacdo teve como objetivo investigar o efeito fotodinamico
mediado por ZnP hexil em células planctonicas e biofilmes de C. albicans. A cepas de C.
albicans ATCC 10231 e ATCC 90028 foram incubadas com diferentes concentracfes de ZnP
hexil por 10 min e irradiadas por um LED azul (4,3 J/cm?). O efeito fotodindmico em células
planctonicas foi avaliado por contagem de unidades formadoras de colonias. O impacto do
tratamento nos biofilmes da cepa ATCC 90028 foi avaliado pelo ensaio de MTT, marcacgéo
com iodeto de propidio (IP) e microscopia eletronica de varredura (MEV). A citotoxicidade
foi investigada utilizando células Vero como modelo de celula epitelial de mamifero. As
formas planctonicas das cepas ATCC 10231 e ATCC 90028 foram completamente inativadas
pela TFD a 0,8 e 1,5 uM de ZnP hexil, respectivamente. A viabilidade celular dos biofilmes
de C. albicans ATCC 90028 foi reduzida em ~89% apds TFD mediada por 0,8 uM de ZnP
hexil, em concordancia com a extensa marcacdo observada nos ensaios de microscopia com
IP, sugerindo perda da integridade da membrana e parede celular. As imagens por MEV
indicaram ruptura dos biofilmes apds TFD, incluindo reducdo de emaranhados de hifas e da
cobertura de células plancténicas no substrato. O tratamento fotodindmico ndo apresentou
citotoxicidade consideravel nas células de mamifero. Em conjunto, os resultados indicam que
0 protocolo fotodinamico mediado por ZnP hexil descrito foi bem sucedido na inativacdo de
células planctdnicas e biofilmes de C. albicans, e tem potencial para ser explorado para

inativacdo de outras espécies de Candida e isolados resistentes a antifingicos.

Palavras-chave: antifingico; fungo; luz azul; terapia fotodinamica; zincoporfirina.



ABSTRACT

The fungus Candida albicans is the main etiologic agent of topical candidiasis, and it is also
capable of forming biofilms, which are more resistant to antifungal agents than planktonic
cells. The repertoire of antifungals available for candidiasis is limited, and resistant isolates
are increasingly emerging. In this context, photodynamic therapy (PDT) has been identified as
a promising alternative for antifungal treatment. PDT causes microbial death by oxidative
stress when a photosensitizer (PS) is excited by light at a wavelength resonant to its
absorption. Zinc porphyrins (ZnPs) have been considered attractive PSs due to their high
production of singlet oxygen, cationic character, and chemical stability. Furthermore,
ZnTnHex-2-PyP* (ZnP hexyl), in particular, can present improved interaction with different
cell types due to its amphiphilic character. Thus, this dissertation aimed to investigate the
photodynamic effect mediated by ZnP hexyl in planktonic cells and biofilms of C. albicans.
The strains ATCC 10231 and ATCC 90028 were incubated for 10 min with different
concentrations of ZnP hexyl and irradiated by a blue LED (4.3 J/lcm?). The photodynamic
effect on planktonic cells was evaluated by counting colony-forming units. The impact of the
treatment on biofilms of the strain ATCC 90028 was evaluated by MTT assay, propidium
iodide (PI) staining, and scanning electron microscopy (SEM). Cytotoxicity was investigated
using Vero cells as a mammalian epithelial cell model. The planktonic forms of the strains
ATCC 10231 and ATCC 90028 were completely inactivated by PDT at 0.8 and 1.5 uM of
ZnP hexyl, respectively. The cell viability of biofilms of C. albicans ATCC 90028 was
reduced by ~89% after PDT mediated by 0.8 uM of ZnP hexyl, in agreement with the
extensive labelling observed in the microscopy assays with PI, suggesting loss of membrane
and cell wall integrity. SEM images indicated disruption of biofilms after PDT, including
reduction of hyphal tangles and the coverage of the substrate by planktonic cells. The
photodynamic treatment did not show considerable cytotoxicity in mammalian cells.
Collectively, the results indicate that the described ZnP hexyl-mediated photodynamic
protocol was successful in inactivating planktonic cells and biofilms of C. albicans, and it has
the potential to be exploited for inactivating other Candida species and isolates resistant to

antifungal drugs.

Keywords: antifungal; fungus; blue light; photodynamic therapy; zinc porphyrin.
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trés experimentos independentes realizados em triplicata.

Figura 7 — Estrutura da curcumina (parte superior da imagem) e resultados de 31
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strains were assessed, ATCC 10231 and ATCC 90028. Control:
untreated group; dark: yeasts incubated with 1.5 uM of ZnP hexyl
without irradiation; light: yeasts irradiated only (4.3 Jicm?). The
values on the ‘X’ axis indicate the concentrations of ZnP hexyl for
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the Mann—-Whitney test and considered significant at p < 0.05. The
results are expressed as logio of the CFU/mL. At least three
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control.
Figura2 — Box plot of cell viability of C. albicans ATCC 90028 biofilms 39
assessed through MTT assay following treatment. Control: untreated
biofilms; dark: biofilms incubated with 1.5 uM of ZnP hexyl without
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Figura 3 — Representative confocal microscopy images of C. albicans ATCC 40

90028 biofilms grown for 48 h and stained with PI after treatments.
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Control (A): biofilm without irradiation; dark (B): biofilm incubated
with 1.5 pM of ZnP hexyl without irradiation; light (C): biofilm
irradiated only (4.3 J/cm?); aPDI (D): biofilm incubated with 0.8 uM
of ZnP hexyl for 10 min followed by irradiation (4.3 J/cm?).
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for 10 min prior to irradiation (4.3 J/cm?). Yellow arrows indicate
hyphae entanglements. Yellow stars indicate the exposed substrate.
Box plot of cell viability of Vero cells assessed through MTT assay
following treatment. Control: untreated cells; dark: cells incubated
with 1.5 pM of ZnP without irradiation; light: cells irradiated in PBS
only (4.3 Jicm?). Photodynamic treatment was performed for cells
incubated with 0.8 or 1.5 uM of ZnP for 10 min followed by
irradiation (4.3 J/cm?). The results were expressed in relation to
untreated samples. Differences between groups were analyzed by
Mann-Whitney test and considered significant at p < 0.05). At least
three independent experiments were performed. *: p < 0.05

compared to control. ns: not significantly different, p > 0.05.
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1 INTRODUCAO

As infeccOes fingicas sdo uma grande causa de morbidade e mortalidade em todo o
mundo. Estima-se que até 25% da populacdo mundial seja afetada por micoses topicas,
incluindo a candidiase (BONGOMIN et al., 2017; HAVLICKOVA; CZAIKA; FRIEDRICH,
2008). Estudos revelaram que mais de 2,8 milhdes de brasileiros sdo acometidos por
candidiase, incluindo candidemia nosocomial, candidiase oral e vulvovaginal recorrente
(GIACOMAZZI et al., 2016). Entre os agentes etioldgicos dessas infeccdes, 0 microrganismo
oportunista Candida albicans € o mais prevalente nas suas formas mucosas (BONGOMIN et
al., 2017). O fungo C. albicans pode ser normalmente encontrado como comensal na
microbiota oral, vaginal, gastrointestinal e na pele de individuos saudaveis, mas pode
proliferar exacerbadamente e causar infeccdo, principalmente em individuos
imunocomprometidos (NOBILE; JOHNSON, 2015).

Um fator agravante em infeccdes por C. albicans é sua habilidade de formar biofilme,
onde as células fangicas se organizam nas formas planctdnicas e filamentosas (pseudohifas e
hifas) e estdo imersas em uma matriz extracelular (MEC) (RODRIGUEZ-CERDEIRA et al.,
2019). As hifas tém papel importante na invasao epitelial durante o processo infeccioso e
secretam enzimas liticas que causam dano ao tecido do hospedeiro (CIUREA et al., 2020).
Além disso, 0 metabolismo reduzido das células presentes em biofilmes e a barreira imposta
pela MEC conferem resisténcia dos biofilmes a farmacos antifingicos (RODRIGUEZ-
CERDEIRA et al., 2019, 2020). A formacdo de biofilme em dispositivos médicos
intravenosos pode ainda introduzir o risco de disseminacao sistémica do patdégeno (SARDI et
al., 2013).

Os tratamentos disponiveis para candidiase apresentam limitacGes relacionadas ao seu
restrito repertdrio, além da inducéo de hepatotoxicidade e acéo fungistatica de alguns deles. A
frequente exposi¢do de individuos a esses medicamentos tem propiciado a emergéncia de
isolados fdngicos resistentes, 0s quais sdo observados cada vez mais na clinica
(CHAUDHARY et al., 2019; FISHER et al., 2018; WALL; LOPEZ-RIBOT, 2020).
Considerando os desafios terapéuticos associados a biofilmes e isolados fungicos resistentes,
esforgos tém sido feitos para desenvolver abordagens alternativas de tratamento para controle
das infecgdes fungicas (FISHER et al., 2018; LIANG et al., 2016).

A terapia fotodindmica (TFD) vem sendo proposta como estratégia para o tratamento
de infecgdes fungicas topicas. A TFD traz a vantagem de poder ser aplicada localmente,
permitindo controle do local exposto ao tratamento, e ndo tem sido observado o
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desenvolvimento de resisténcia por parte dos microrganismos a essa terapia (AL-MUTAIRI et
al., 2018; LIANG et al., 2016). O mecanismo da TFD é baseado na administracdo de um
agente fotossensibilizador (FS) e irradiacdo com fonte de luz em comprimento de onda capaz
de induzir sua excitacdo. Apos excitado, pode ocorrer: (i) transferéncia de carga entre o FS e
moléculas do meio produzindo por exemplo anion superoxido (O2™), peroxido de hidrogénio
(H202) e radical hidroxila (HO") e (ii) transferéncia de energia do FS para o oxigénio
molecular gerando oxigénio singleto. Essas espécies reativas de oxigénio (EROs) podem
interagir com alvos importantes para o funcionamento celular e levar a morte da célula por
estresse oxidativo (SOUZA et al., 2021a).

A eficiéncia da TFD esta associada ao FS empregado. Idealmente, o FS ndo deve
apresentar citotoxicidade consideravel no escuro e deve ser capaz de induzir intenso fotodano
em concentracdes reduzidas. Em geral, as células microbianas apresentam uma carga negativa
mais acentuada do que as células de mamiferos, e 0 uso de FSs catibnicos, com tempos
reduzidos de incubacdo, pode aprimorar a seletividade do tratamento (HAMBLIN, 2016).
Uma outra propriedade relevante para um FS é o carater anfifilico, o qual pode também levar
a uma interacdo mais efetiva do FS com as paredes e membranas celulares microbianas
(EZZEDDINE et al., 2013; MOGHNIE et al., 2017). A versatilidade quimica e estrutural das
porfirinas permite o desenvolvimento de FSs com propriedades selecionadas. A sele¢do dos
grupos meso substituintes permite o ajuste do carater anfifilico da porfirina (EZZEDDINE et
al., 2013). Ja a incorporacdo de um ion metalico diamagnético, como o Zn(ll), no centro do
anel tetrapirrélico pode aprimorar sua captacdo celular, estabilidade e propriedades
fotoquimicas (KALYANASUNDARAM, 1984; PAVANI; IAMAMOTO; BAPTISTA, 2012).
O tratamento fotodindmico antimicrobiano mediado por zincoporfirinas (ZnPs) vem
mostrando resultados promissores para diferentes microrganismos (ANDRADE et al., 2018;
MOGHNIE et al., 2017; VIANA et al., 2015).

Em trabalhos prévios, nosso grupo de pesquisa relatou a fotoinativacdo eficiente de
formas promastigotas e amastigotas de Leishmania braziliensis, e tambem de células
planctonicas de C. albicans utilizando protocolos mediados pela ZnP Zn(Il) meso-tetrakis(N-
etilpiridinio-2-il)porfirina (ZnTE-2-PyP**, ZnP etil) (ANDRADE et al., 2018; VIANA et al.,
2015). Em um estudo recente, o andlogo mais lipofilico Zn(ll) meso-tetrakis(N-n-
hexilpiridinio-2-il)porfirina (ZnTnHex-2-PyP**, ZnP hexil) foi capaz de induzir uma
inativacdo fotodindmica de Leishmania spp. de forma mais eficiente, utilizando um protocolo
com concentracbes mais reduzidas do FS (SOUZA et al., 2021b). Tem-se observado

vantagens da ZnP hexil sobre seus andlogos mais hidrofilicos, como uma captacéo celular



15

mais eficiente, atribuida ao seu carater mais lipofilico. Além disso, enquanto o tratamento
fotodindmico mediado pela ZnP hexil pode danificar alvos subcelulares criticos para o
funcionamento celular, como o reticulo endoplasmatico e a mitocéndria, esse FS ndo vem
apresentando toxicidade na auséncia de irradiagdo para os sistemas bioldgicos estudados
(EZZEDDINE et al., 2013; ODEH et al., 2014; SOUZA et al., 2021b; THOMAS et al., 2015).

Considerando os desafios associados a inativacdo de biofilmes e a emergente
resisténcia aos farmacos convencionais; bem como a importancia de investigar os fotoefeitos
dos FSs e desenvolver protocolos de TFD mais eficientes (com concentracdes minimas de FS
e parametros de irradiacdo reduzidos), a presente dissertacdo da continuidade aos estudos
antimicrobianos realizados pelo nosso grupo de pesquisa utilizando o FS ZnP hexil em C.

albicans.
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2 OBJETIVOS

2.1 GERAL

Avaliar o efeito in vitro do tratamento fotodindmico antimicrobiano mediado por

ZnTnHex-2-PyP* em formas planctdnicas e biofilmes de Candida albicans.

2.2 ESPECIFICOS

e Determinar as concentragdes mais eficientes de ZnTnHex-2-PyP** para inativacéo

fotodindmica de células planctdnicas de Candida albicans;

e Avaliar a morte celular promovida pelo tratamento fotodindmico mediado por

ZnTnHex-2-PyP* em biofilmes de Candida albicans;

e Analisar os efeitos do tratamento fotodindmico mediado por ZnTnHex-2-PyP*" nas
comunidades fangicas por meio de caracterizagdes envolvendo microscopia de

fluorescéncia confocal e microscopia eletrdnica de varredura;

e Auvaliar a citotoxicidade da ZnTnHex-2-PyP*" associada ou ndo a luz em células de

mamiferos.
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3 FUNDAMENTAGCAO TEORICA

3.1 CANDIDIASE

3.1.1 O género Candida

Candidiase é a infec¢do fungica, topica (mucocutdnea) ou sistémica, causada por
Candida spp. (PAPPAS et al., 2018). O género Candida compreende aproximadamente 200
espécies, com pelo menos 30 delas tendo sido reconhecidas como agentes infecciosos em
humanos (BRANDT; LOCKHART, 2012). Este género é o principal responsavel por
infeccbes fungicas e mais de 90% dos casos de candidiase sdo causados pelas espécies C.
albicans (65,3%), C. glabrata (11,3%), C. tropicalis (7,2%), C. parapsilosis (6,0%) e C.
krusei (2,4%) (PFALLER et al., 2010; TURNER; BUTLER, 2014). Além dessas, a espécie C.
auris tem tido importancia crescente devido ao seu carater de multirresisténcia a antifingicos
(WALL; LOPEZ-RIBOT, 2020). C. albicans permanece a principal espécie isolada de
infeccdes, mas a incidéncia de espécies ndo-albicans vem crescendo e varia geograficamente.
C. parapsilosis é frequente na América Latina e América do Norte, C. glabrata, na Asia,
Pacifico e Unido Europeia, e C. tropicalis na Africa e Oriente Médio (NAMI et al., 2019;
TURNER; BUTLER, 2014).

As espécies de Candida podem fazer parte da microbiota normal de mucosas em
humanos, mas o desenvolvimento de infeccdo sintomética pode ocorrer quando ha alteracéo
do equilibrio entre o fungo e o hospedeiro (NAMI et al., 2019). O aumento da incidéncia de
infeccbes fungicas tem contribuicdo dos avancos na medicina, uma vez que o tratamento de
doencas sérias, como 0 cancer, a execucdo de cirurgias invasivas, e 0 uso de antibiéticos de
amplo espectro deixam pacientes susceptiveis a infeccdo por fungos oportunistas (WALL;
LOPEZ-RIBOT, 2020). Estima-se que até 80% dos pacientes em unidades de terapia
intensiva (UTIs) sdo colonizados por Candida spp. durante a primeira semana, sendo apenas
uma pequena parcela deles acometidos por quadros graves de candidiase (LAGUNES;
RELLO, 2016).

A candidiase invasiva corresponde a infec¢do de 6rgdos internos, e muitas vezes da
corrente sanguinea (candidemia), por Candida spp.. Estima-se que a candidemia esteja entre
as quatro maiores causas de infecgdo sanguinea nos Estados Unidos da America (ANTINORI
et al., 2016; WISPLINGHOFF et al., 2004) e sua elevada mortalidade pode chegar a mais de
55% em casos de sepse (BASSETTI et al., 2014). No Brasil, Candida spp. foi relatada como a
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sétima maior causa de infeccdo sanguinea em pacientes hospitalizados (DOI et al., 2016).
Fatores de risco associados a candidiase invasiva e candidemia incluem o uso de cateteres,
estadia prolongada em UTI, cirurgias de grande porte, e terapias prolongadas com antibidticos
ou agentes imunossupressores (PAPPAS et al., 2018).

O quadro invasivo tem grande importancia por sua elevada mortalidade, mas esta é
uma forma menos comum de candidiase (PATIL et al., 2015). Entre a candidiase tdpica,
encontram-se a candidiase oral, vaginal ou vulvovaginal, cutanea, e a candidiase mucocutanea
cronica (HAVLICKOVA; CZAIKA; FRIEDRICH, 2008). A candidiase cutanea pode ser
aguda ou cronica. As lesdes sdo comumente papulares, formam intertrigo (Figura 1A) e
eritema de margens irregulares. O fungo costuma crescer em areas Umidas do corpo, como em
dobras da pele, e causa coceira e dor. A infeccdo pode se manifestar, por exemplo, nos dedos
das méos e dos pés, nas unhas (Figura 1B), e na area perianal (em criancas usando fraldas). Ja
a candidiase mucocutanea croénica, € um conjunto raro de infecgdes que podem acometer a
pele, mucosas, unhas e cabelos. Trata-se de uma condi¢do genética que afeta a resposta imune
celular e deixa o individuo mais susceptivel a infeccdo fungica (WARNOCK; CHILLER,
2017).

Figura 1 — Les0es associadas a candidiase mucocutanea. A: intertrigo; B: infeccdo das unhas (onicomicose) na
candidiase mucocutanea cronica; C: candidiase oral; D: candidiase vaginal.

Fonte: Adaptado de Marddi (2014).
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A candidiase oral se caracteriza pela formacdo de placas fangicas brancas na mucosa
da boca, palato, lingua e gengiva (Figura 1C) (HAVLICKOVA; CZAIKA; FRIEDRICH,
2008). Esta é uma doenca frequente nos extremos da vida, devido a imaturidade ou
enfraguecimento do sistema imune, com prevaléncia de 5 a 7% em recém-nascidos (PATIL et
al., 2015). Sua incidéncia é de aproximadamente 20% em pacientes com cancer e pode chegar
a 90% em individuos com sindrome da imunodeficiéncia adquirida (SIDA), sendo um sinal da
progressdo da infeccdo pelo virus da imunodeficiéncia humana - HIV (PATIL et al., 2015,
2018).

Estima-se que 75% das mulheres terdo pelo menos um episddio de candidiase
vulvovaginal (CVV) ao longo da vida, sendo que 5 a 10% delas podem sofrer de episodios
recorrentes (DENNING et al., 2018; SOBEL, 2007). Os sintomas da CVV (Figura 1D)
incluem corrimento vaginal, sensacdo de queimacao, coceira e possivel distria (YANO et al.,
2019). Ndo € sempre claro o que desencadeia o desenvolvimento de CVV, mas a
antibioticoterapia, niveis elevados de estrogénio, diabetes desregulada, e habitos sexuais sdo
considerados fatores de risco. C. albicans é responsavel por mais de 90% dos casos de CVV,
mas esse fungo também pode ser isolado da vagina de 20 a 30% das mulheres saudaveis
(ANH et al., 2021; SOBEL, 2007).

A espécie C. albicans é a causa mais comum de infec¢bes fungicas em humanos
(TSUI; KONG; JABRA-RIZK, 2016). Na maioria dos individuos saudaveis, esse fungo
comensal pode ser encontrado em equilibrio com a microbiota local e o sistema imune no
trato gastrointestinal, mucosas oral e vaginal, e as vezes na pele sem causar dano (NOBILE;
JOHNSON, 2015). A transicdo de comensal para patogeno, levando a doenga sintomaética,
ocorre em decorréncia da alteracdo desse equilibrio. A alteracdo da microbiota é comum com
0 uso de antibidticos de amplo espectro e pode favorecer o crescimento exacerbado de C.
albicans. Ja os fatores relacionados ao hospedeiro incluem comprometimento do sistema
imune (pacientes com HIV, terapia imunossupressora), alteracdes do microambiente (variacéo
de pH e nutrientes) e rompimento da integridade das barreiras teciduais (perfuragédo
gastrointestinal, por exemplo) (NOBILE; JOHNSON, 2015; PAPPAS et al., 2018).

3.1.2 Candida albicans
Para compreender melhor o processo de infeccdo por C. albicans, é importante

considerar as caracteristicas desse microrganismo, bem como seus fatores de viruléncia. A

viruléncia de um agente patdgeno influencia a evolucdo do quadro infeccioso e esta
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relacionada as estratégias empregadas pelo microrganismo para subverter as defesas do
hospedeiro. No entanto, a viruléncia microbiana é dindmica; pode ser influenciada pelo
ambiente, podendo ser acentuada, perdida, ou mesmo restabelecida (CIUREA et al., 2020).

A parede celular € o primeiro ponto de contato entre C. albicans e as células do
hospedeiro (CHILDERS et al., 2020b). A parede celular de C. albicans ¢ composta de uma
camada interna constituida de quitina (2-3%) e uma malha de B-1,3- e B-1,6-glucanos (50-
60%); e uma camada externa de proteinas manosiladas (30-40%) (CHILDERS et al., 2020a).
O sistema imune ¢ capaz de reconhecer componentes da parede celular fungica, como [-
glucanos, N- e O-mananas, e fosfolipomananas, e desenvolver uma resposta contra esse
patdégeno (TANG et al., 2016). Como exemplo do dinamismo molecular desse fungo, um
mecanismo de evasao foi descrito em que C. albicans reduz a exposigao de B-1,3-glucanos da
parede celular em resposta a hipoxia e lactato, ajudando a mascarar a presenca do fungo
(BALLOU etal., 2016; CHILDERS et al., 2020b).

A parede celular contribui ainda para o processo de adesdo do fungo ao epitélio do
hospedeiro através de adesinas, muitas das quais sdo ancoradas a parede celular através de
glicosilfosfatidilinositol (GPI) (CHILDERS et al., 2020a). As familias génicas ALS (do inglés
(agglutinin-like sequence) e HWP (do inglés hyphal wall protein 1) codificam adesinas
expressas em hifas, como Als3 e Hwpl, envolvidas na adesdo e invasao epitelial, e formagéo
de biofilme (CHILDERS et al., 2020a). Als3 participa da penetragéo tecidual ativa, e induz
endocitose da célula fungica através da ligacdo com E- e N-caderinas expressas nas células
epiteliais (CIUREA et al., 2020). Assim como Als e Hwp, as adesinas Eapl (do inglés elF4E-
associated protein 1) e Pgal (do inglés predicted GPIl-anchored protein 1) também sdo
ancoradas via GPI. Eapl é expressa em células planctonicas e em hifas, e Pgal contribui para
a manutencdo da integridade da parede celular fungica (CHILDERS et al., 2020a; CIUREA et
al., 2020; HASHASH et al., 2011).

A penetracdo do epitelio do hospedeiro e facilitada por um conjunto de enzimas
hidroliticas secretadas por C. albicans, como as Saps (do inglés secreted aspartic
proteinases), fosfolipase, e lipase. Além de facilitar a invasdo epitelial, as Saps estdo
envolvidas na degradacdo de anticorpos IgG, proteina C3, colageno e fibronectina (CIUREA
et al., 2020). Um outro importante fator de viruléncia secretado por C. albicans, é o peptideo
citotoxico candidalisina, cuja acdo litica sobre membranas celulares permite a penetracdo da
hifa durante o processo de infec¢cdo (MOYES et al., 2016).

A adaptabilidade de C. albicans também contribui para sua viruléncia (CIUREA et al.,

2020). Esse fungo pode ser encontrado num estado assexual “branco” ou num estado
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sexualmente competente “opaco” (SCADUTO et al, 2017), os quais diferem
metabolicamente e na susceptibilidade a farmacos antifingicos (CRAIK; JOHNSON;
LOHSE, 2021). Além do mecanismo de mascaramento de 3-1,3-glucanos ja mencionado, C.
albicans é ainda capaz de sobreviver no interior de macrofagos apds fagocitose, e neutralizar
fagossomos através de alcalinizacdo do pH (VYLKOVA; LORENZ; DEEPE, 2021). Em
relacdo ao metabolismo energético, esse fungo é preferencialmente aerébio, mas pode utilizar
0 processo fermentativo em condicdes de hipdxia (CIUREA et al., 2020; SETIADI et al.,
2006).

Um reconhecido fator de viruléncia de C. albicans é sua transicdo morfologica de
leveduras/células planctonicas para as formas filamentosas pseudohifas e hifas (Figura 2A). A
transicdo para hifa estd associada ao processo de invasao epitelial (Figura 2B), subsequente a
adesdo do fungo, e estudos mostram que cepas com transicdo morfoldgica defeituosa sdo
menos virulentas (CALERA; ZHAO; CALDERONE, 2000; MUKAREMERA et al., 2017).
As hifas também participam da oposi¢do ao sistema imune do hospedeiro, uma vez que C.
albicans é capaz de crescer e promover filamentacdo dentro de macréfagos, causando
perfuracdo da membrana plasmatica e morte celular (JOHANNES et al., 2021; MCKENZIE
et al., 2010). Além disso, como mencionado anteriormente, adesinas expressas
predominantemente por hifas, como Als e Hwp, sdo importantes para o desenvolvimento de
biofilmes (CHILDERS et al., 2020a).

Figura 2 — A: Imagens de microscopia Optica ilustrando o polimorfismo de C. albicans, com formas de levedura
(células planctdnicas), pseudohifas e hifas. Recorte no painel da hifa mostra uma colénia de hifas. Barras de
escala: 5 um (painéis principais) e 1 mm (recorte inserido no painel da hifa). B: Anélise histoldgica mostrando
invasdo de um modelo epitelial por hifas de C. albicans. A escala da imagem néo foi definida no artigo original.

Fonte: (A) Adaptado de Sudbery (2011); (B) adaptado de Gow; Hube (2012).

A formacdo de biofilmes é um processo dindmico (Figura 3) e coordenado pela

secrecdo de moléculas sinalizadoras que permitem a comunicacdo das células fingicas em
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quorum sensing (RODRIGUEZ-CERDEIRA et al., 2019; SARDI et al., 2013). Em biofilmes
de C. albicans, células plancténicas, pseudohifas e hifas sdo encontradas imersas em uma
matriz extracelular (MEC) polimérica (RODRIGUEZ-CERDEIRA et al., 2019). Na fase
inicial de formacdo do biofilme, células planctnicas aderem a superficie biotica (tecido do
hospedeiro) ou abidtica (dispositivo médico intravascular, por exemplo) e proliferam,
formando coldnias que cobrem o substrato. Em seguida, essas células fungicas secretam
material extracelular rico em polissacarideos, e sofrem transicdo morfoldgica para hifas
(RODRIGUEZ-CERDEIRA et al., 2020). No biofilme maduro, a formacdo de hifas é
reduzida e a dispersdo de células fangicas € promovida, gerando disseminacdo do fungo
(TSUI; KONG; JABRA-RIZK, 2016).

Figura 3 — llustracdo do processo de formacdo de biofilme por C. albicans, mostrando a adesdo das células
fangicas ao substrato, proliferacdo celular e desenvolvimento de formas filamentosas (hifas), producéo de matriz
extracelular (MEC), e dispersdo de células plancténicas do biofilme maduro.

Candida albicans

Adesao Proliferac¢ao/
permanente Produgao de MEC
0 — 0 — Dispersao
Adsorgao °°° \ X\ 0 |/, Biofilme maduro
| \\ %
v x\
%

Fonte: Adaptado de Rodriguez-Cerdeira et al. (2019).

A organizacdo de C. albicans em biofilmes favorece o estabelecimento desse fungo
como patogeno ao conferir protecdo das células fangicas contra o sistema imune do
hospedeiro e a acdo de farmacos antifungicos, e suporte na competicdo com outros
microrganismos. Os biofilmes dificultam o tratamento da candidiase, e sua formacdo em
dispositivos médicos como cateteres estd associada ao risco de desenvolvimento de
candidemia (SARDI et al., 2013). As células em biofilmes apresentam atividade metabolica
reduzida e sdo mais resistentes a antifingicos do que células planctonicas (RODRIGUEZ-

CERDEIRA et al., 2020). Os mecanismos de resisténcia de biofilmes envolvem a penetragdo
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reduzida de agentes antifingicos através da MEC, a elevada densidade celular, quorum
sensing entre as células fungicas, a expressao de bombas de efluxo e a presenca de células
persistentes (RODRIGUEZ-CERDEIRA et al., 2019).

Uma grande atencdo tem sido direcionada ao problema da resisténcia microbiana em
bactérias, mas a relevancia do risco que fungos patogénicos resistentes impdem a salde
humana carece de maior reconhecimento (STOP NEGLECTING FUNGI, 2017). O
tratamento da candidiase em humanos é limitado a basicamente trés classes de farmacos:
azois, polienos e equinocandinas. Essas classes de medicamentos incorporam limitacdes
importantes, como a acdo fungistatica em vez de fungicida de muitos azois, a elevada
toxicidade de alguns polienos como a anfotericina B, a via administrativa estritamente
intravenosa para equinocandinas, e a crescente emergéncia de isolados resistentes devido ao
uso difuso e indiscriminado desses antifungicos (FISHER et al., 2018; WALL; LOPEZ-
RIBOT, 2020). Além disso, uma vez que os fungos sdo organismos eucariotos, sua
semelhanca com as ceélulas de mamiferos dificulta o desenvolvimento de novos farmacos
antifangicos (LIANG et al., 2016). A fim de evitar uma crise no controle de infeccGes
fangicas, é imperativo o desenvolvimento de terapias antifungicas alternativas (FISHER et al.,
2018).

3.2 TERAPIA FOTODINAMICA

Diante do exposto na secdo anterior, a terapia fotodindmica (TFD) tem sido apontada
como estratégia terapéutica promissora para o tratamento de infeccdes fungicas (LIANG et
al., 2016). A TFD e baseada na excitacdo de um fotossensibilizador (FS) por luz em
comprimento de onda ressonante a sua absor¢do, levando a producdo de espécies reativas de

oxigénio, e, portanto morte celular por estresse oxidativo (SOUZA et al., 2021a).

3.2.1 Inativacédo Fotodindmica Antimicrobiana Mediada por Zincoporfirinas

Durante o periodo desta dissertacdo, a autora participou da construcdo do artigo de
revisdo “Advances on antimicrobial photodynamic inactivation mediated by Zn(ll)
porphyrins”, o qual reporta os fundamentos da TFD e das zincoporfirinas (ZnPs) como FSs,
assim como traz um apanhado de aplicagdes relacionadas ao tratamento fotodindmico

mediado por ZnPs como uma estratégia antimicrobiana (Figura 4, Apéndice).
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Figura 4 — Advances on antimicrobial photodynamic inactivation mediated by Zn(ll) porphyrins. Artigo de
revisdo publicado no periédico Journal of Photochemistry & Photobiology, C: Photochemistry Reviews,
disponivel em: https://doi.org/10.1016/j.jphotochemrev.2021.100454. Fator de impacto: 17,176 (2022).
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ARTICLE INFO ABSTRACT
Keywords: Over the years, microorganisms have developed several resistance mechanisms against standard treatments, thus
Antimicrobial resistance limiting the effect of drugs and rendering ineffective therapies. Considering the growing number of resistant

Bacteria

Fungi

Protozoa
Photosensitizer
Virus

pathogens and adverse effects of conventional therapies, new antimicrobial technologies able to provide more
effective, rapid, and safer treatments to inactivate pathogens, with unlikely chances of inducing resistance, are
needed. In this regard, antimicrobial photodynamic inactivation (aPDI) has emerged as an alternative modality
of treatment. In particular, Zn(II) porphyrins (ZnPs) hold great potential as photosensitizers (PSs) for aPDI and
have been attracting increasing attention. The chemical structure of ZnPs can be tailored to produce PSs with
improved chemical stability and photophysical properties, also modulating their amphiphilic and ionic char-
acters, bioavailability, and (sub)cellular distribution. Thus, in this review, we provide a detailed report of studies
published in about the last 10 years (2010-2021) focusing on aPDI mediated by ZnPs over a variety of pathogens,
including bacteria, fungi, viruses, and protozoa. Fundamentals of aPDI, and porphyrin and its derivatives,
especially ZnPs, are also included herein. We hope that this review can guide and be a reference for future studies
related to aPDI mediated by ZnPs, and encourages more detailed studies on ZnP photophysical and photo-
chemical properties, aiming to improve the fight against infectious diseases.

Fonte: A autora (2022).

Ao longo dos anos, 0s microrganismos desenvolveram varios mecanismos de
resisténcia aos tratamentos convencionais, limitando o efeito dos medicamentos e tornando as
terapias menos eficazes. Considerando o crescente nimero de patdgenos resistentes e 0s
efeitos adversos das terapias convencionais, sd0 necessarias novas tecnologias
antimicrobianas capazes de fornecer tratamentos mais eficazes, rapidos e seguros para inativar
patdgenos, com chances improvaveis de induzir resisténcia. Nesse sentido, a TFD
antimicrobiana surgiu como uma modalidade alternativa de tratamento. Em particular, as
porfirinas de Zn(Il) (ZnPs) possuem grande potencial como FSs para a TFD antimicrobiana e
vém atraindo cada vez mais atencdo. A estrutura quimica das ZnPs pode ser adaptada para
produzir FSs com estabilidade quimica e propriedades fotofisicas aprimoradas, modulando
também suas propriedades anfifilica e ibnica, biodisponibilidade e distribuicdo (sub)celular.

Assim, esse artigo de revisdo fornece um apanhado detalhado de estudos publicados nos
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ultimos 10 anos (2010-2021) com foco na TFD antimicrobiana mediada por ZnPs em uma
variedade de patogenos, incluindo bactérias, fungos, virus e protozoérios. Os fundamentos da
TFD antimicrobiana, e de porfirinas e seus derivados, especialmente ZnPs, também estdo
incluidos no documento. Esperamos que este estudo de revisdo possa orientar e ser uma
referéncia para estudos futuros relacionados a TFD antimicrobiana mediada por ZnPs, e
estimule estudos mais detalhados sobre as propriedades fotofisicas e fotoquimicas das ZnPs,

visando contribuir para 0 combate as doencas infecciosas.

3.2.2 ZnTnHex-2-PyP** (ZnP hexil)

Como descrito no artigo de revisdo da se¢do 3.2.1, a ZnP Zn(Il) meso-tetrakis(N-n-
hexilpiridinio-2-il)porfirina  (ZnTnHex-2-PyP*, ZnP hexil) é uma metaloporfirina
tetracationica sollvel em agua (SOUZA et al., 2021b). A ZnTnHex-2-PyP*" apresenta um
grupamento N-alquila com seis carbonos na posicdo orto do anel piridinico (Figura 5A), o que
confere um carater anfifilico ao composto. Esse FS apresenta méximo de absor¢do em torno
de 426 nm (Figura 5B), coeficiente de absortividade molar de 4,37x10° cmM*
(EZZEDDINE et al., 2013) e méaxima emissdo de fluorescéncia na regido espectral do
vermelho, com os picos aproximadamente em 606 e 656 nm. Em estudos de caracterizagao, a
ZnTnHex-2-PyP* mostrou estabilidade contra demetalacéo e reacdo de solvdlise em &cidos e
analogos de solugdes bioldgicas (SOUZA et al., 2021b).

Figura 5 — A: Estrutura da zincoporfirina ZnTnHex-2-PyP**. B: Espectros de absorcdo (preto) e de emissdo
(vermelho) da ZnTnHex-2-PyP* (5 uM) diluida em tampé&o fosfato-salino. Comprimento de onda de excitagéo:
426 nm.
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Fonte: (A) Adaptado de Al-Mutairi et al. (2018); (B) adaptado de Souza (2016).
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Estudos em células cancerigenas demonstraram que a ZnTnHex-2-PyP*" apresenta
maior captacdo celular do que seus anadlogos mais hidrofilicos (ZnP metil, por exemplo), e
isso estd relacionado a maior lipofilicidade desse FS. Além disso, foi observado que a
distribuicdo subcelular da ZnP hexil ocorre principalmente no reticulo endoplasmatico,
membrana plasméatica e mitocondria (EZZEDDINE et al., 2013; ODEH et al., 2014). Na
mitocOndria, a ZnP hexil acumula préximo ao complexo citocromo C oxidase, sendo este um
alvo relevante da fotoinativacao, o que culmina em supressdo da respiracdo celular por dano
mitocondrial e subsequente morte celular (ODEH et al., 2014).

A ZnP hexil tem sido alvo de estudos de TFD antimicrobiana, os quais relatam sua
elevada eficiéncia como FS. Em um estudo com isolados de Escherichia coli resistentes e
suscetiveis a antibidticos, Thomas et al. (2015) investigaram a fotoinativacdo mediada por
diferentes N-alquil-porfirinas. Na concentracdo de 0,5 UM, apds pré-incubacdo no escuro por
30 min e irradiacdo por 20 min (lampada incandescente, 42 J/cm?), o tratamento fotodinamico
mediado por ZnP hexil causou maior supressdao do metabolismo celular do que seus analogos
mais hidrofilicos, e foi discretamente mais eficiente do que o analogo mais lipofilico ZnP octil
(oito carbonos). Quando usada em 1 puM, ZnP hexil suprimiu completamente o metabolismo
bacteriano, avaliado pelo ensaio do MTT. Na concentracdo de 5 UM, ZnP hexil mostrou agédo
bactericida, reduzindo a contagem de células viaveis em >6 logio. O estudo mostrou ainda que
a ZnP hexil acumulou oito vezes mais em E. coli do que seu analogo ZnP metil; induziu dano
de membrana e supressdo da respiracdo celular apés o tratamento fotodindmico, e ainda foi
eficiente em isolados resistentes e suscetiveis a antibioticos (THOMAS et al., 2015).

Moghnie et al. (2017) reportaram a fotoinativagdo de Saccharomyces cerevisiae
mediada por ZnP hexil, seguindo um protocolo de pré-incubacdo por 90 min e irradiacdo (luz
incandescente 78 mW/cm) por 60 min. Na concentracdo de 0,5 uM, a o protocolo
fotodindmico mediado por ZnP hexil reduziu o metabolismo celular em mais de 75% (Figura
6). Esse FS apresentou baixa toxicidade no escuro, com viabilidade celular superior a 90%
nas concentracdes testadas, 0,5 — 10 uM. A fotoeficiéncia da ZnP hexil foi semelhante a da
ZnP octil, mas a elevada toxicidade desta ultima no escuro promoveu o analogo anfifilico ZnP
hexil como um FS mais adequado. Em concordancia com estudos anteriores, 0 grupo também
observou dano de membrana e inativacdo de enzimas mitocondriais (isocitrato desidrogenase)
e citoplasmaticas (lactato desifrogenase) apds tratamento fotodindmico mediado por ZnP
hexil (MOGHNIE et al., 2017).

Em um estudo recente, a TFD mediada por ZnP hexil foi bem sucedida na inativacéo

do parasita Leishmania amazonensis, seguindo pré-incubacdo por 10 min com 0,62 ou 1,25
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uM do FS e subsequente irradiacio (LED A = 410 nm.; 3,4 J/cm?). Mesmo na menor
concentragdo de ZnP hexil, ao protocolo fotodindmico induziu inativagdo imediata de mais de
95% das formas promastigotas, e 0 numero de amastigotas por macrofago foi reduzido em
cerca de 64% com 1,25 uM do FS. Os autores observaram reducéo do potencial de membrana
mitocondrial e dano de membrana plasmatica nas formas promastigotas ap6s o tratamento
fotodindmico. Além disso, ensaios com macrofagos derivados da medula Ossea de
camundongos BALB/c ndo indicaram citotoxicidade da TFD nas células de mamiferos
(SOUZA et al., 2021b).

Figura 6 — Efeito do tratamento fotodinamico em células flngicas de Saccharomyces cerevisiae pré-incubadas
por 90 min com 0,5 UM de ZnPs, e irradiadas por 60 min (irradiancia = 78 mW/cm?). Avaliagéo pelo método do
MTT - (brometo de 3-4,5-dimetil-tiazol-2-il-2,5-difeniltetraz6lio). Valores representam a média + desvio padréo
de trés experimentos independentes realizados em triplicata.
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Fonte: Adaptado de Moghnie et al. (2017).

Em outro estudo explorando a ZnP hexil, Al-Mutairi et al. (2018) investigaram se a
fotoinativacdo mediada por essa ZnP poderia induzir resisténcia em bactéria. E. coli foi
exposta a pelo menos 10 ciclos de tratamento fotodindmico mediado por ZnP hexil em
condigdes subletais: 30 min de pré-incubacdo com 1 uM do FS e 20 min de irradiacédo
(lampada incandescente, 37 mW/cm?). Além disso, a fim de simular as condigBes de
exposicao de microrganismos durante antibioticoterapia, foram incluidos ensaios permitindo o
crescimento da bactéria por 48 h sob as condicdes subletais do tratamento j& descritas. Os
autores relataram que ndo houve desenvolvimento de resisténcia a TFD apds 10 ou mais

ciclos de tratamento e re-cultura, nem apos crescimento constante em condicfes subletais de
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TFD. Em ambos os casos, as celulas mostraram susceptibilidade semelhante aquelas sem
exposicdo prévia ao tratamento fotodindmico. Resultados similares foram relatados para
isolados de E. coli e Staphylococcus aureus resistentes a antibioticos, ndo houve
desenvolvimento de resisténcia a TFD mediada por ZnP hexil nas condicdes testadas.
Também ndo foi observada alteracdo do perfil de susceptibilidades desses isolados a

antibioticos apds as repetidas exposicoes.
3.3 INATIVACAO FOTODINAMICA de C. albicans

A elevada incidéncia de micoses, 0 aumento da emergéncia de fungos resistentes aos
farmacos antifungicos convencionais, e as limitac6es inerentes aos medicamento disponiveis
tém estimulado a busca por estratégias antifingicas alternativas (LIANG et al., 2016). A TFD
tem mostrado eficiéncia na inativacdo de fungos, inclusive de isolados resistentes a
medicamentos antifingicos (CERNAKOVA; DIZOVA; BUIDAKOVA, 2017; ZHOU et al.,
2018). Embora micoses topicas ndo sejam em geral letais, elas geram grande morbidade,
podendo ser cronicas, e causam desconforto, desfiguracdo, predisposicdo a infeccdes
bacterianas, e introduzem risco de desenvolvimento de quadros sisttmicos (BALTAZAR et
al., 2015; WATTS; WAGNER; SOHNLE, 2009). A possibilidade de controlar o local de
administracdo do FS e irradiacdo com fonte de luz, faz da TFD uma abordagem vantajosa
para o tratamento de micoses topicas (LIANG et al., 2016).

Estudos na literatura tém relatado o potencial do tratamento fotodinamico para
inativacdo de células planctonicas e biofilmes de C. albicans. Suzuki et al. (2017)
promoveram a inativacdo de biofilmes de C. albicans incubados por 30 min com 500 puM de
azul de metileno (AM) e irradiados com LED (A = 660 nm; 127,3 mW/cm?). O efeito mais
expressivo foi observado apds 15 min de irradiacdo, com mais de 80% de reducdo do
metabolismo celular. Em um outro estudo, de Carvalho Leonel et al. (2019) incubaram
biofilmes de C. albicans com 20 pg/mL (~ 62,5 uM) de azul de metileno por 10 min, seguido
de irradiagdo com LASER (A = 660 nm). Quando suspens@es fungicas foram previamente
tratadas fotodinamicamente (30 J/cm?), foi observada uma reducdo de 74% na capacidade de
formacéo de biofilme. Ja o tratamento de biofilmes crescidos, sem haver exposicao prévia das
células ao protocolo fotodinadmico, utilizando dose de luz equivalente a 40 J/cm?, reduziu a
viabilidade celular em 66%. Além disso, os autores relataram reducdo do nimero de células
plancténicas e hifas no biofilme apds o tratamento fotodindmico, e alteracdo da cinética de
crescimento da C. albicans, com prolongamento da fase lag.
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A eficiéncia do tratamento fotodindmico varia com a cepa do microrganismo. O seu
efeito com AM foi avaliado em cepas de C. albicans apresentando superexpressdo dos
sistemas de efluxo MFS (do inglés major facilitator superfamily) ou ABC (do inglés ATP-
binding cassette). Para cada uma das duas classes de sistema de efluxo, a cepa parental (sem
superexpressdo das proteinas) também foi avaliada. O protocolo fotodindmico correspondeu a
pré-incubacgdo das suspensdes de C. albicans com 100 uM de AM por 10 min, e irradiacao
com uma fonte de luz LED (A = 660 nm; 10, 30, 60 J/cm?). Apdés 3 min de irradiacdo (30
Jlcm?), a cepa com maior expressio do sistema MFS teve reducdo de aproximadamente 2
logio, enquanto que sua cepa parental diminuiu somente 1 logio. Ja a cepa com superexpressao
do sistema ABC teve reducdo de apenas 2 logio apds 6 min de irradiacdo (60 J/cm?),
contrastando com a completa erradicacdo observada para sua cepa parental submetida ao
mesmo tratamento. Os autores também observaram que a superexpressao do sistema MFS
facilitou o acimulo citoplasmético de AM, mas a expressao elevada do sistema ABC reduziu
a captacdo do FS pela pelas células fungicas, causando efeito protetor conta a TFD (DE
OLIVEIRA-SILVA et al., 2019).

Ma et al. (2019) trataram biofilmes de C. albicans (uma cepa de referéncia e dois
isolados clinicos) com 60 uM de curcumina por 20 min, e subsequente irradia¢gdo com LED (A
= 455 nm; 7,92 J/cm?). O tratamento fotodindmico reduziu o metabolismo dos biofilmes da
cepa de referéncia em 90,9%, e em até 86,7% para os isolados clinicos, mas ndo houve
toxicidade na auséncia de irradiacdo (Figura 7). Também foi observada reducdo nos niveis de
expressao dos genes EFG1, UME6, HGC1 e ECEL, relacionados a hifa e ao biofilme, ap6s o
tratamento fotodindmico. O efeito da curcumina como FS também foi avaliado por Hsieh et
al. (2018) utilizando tempo de pré-incubagdo de 20 min e irradiagdo com um LED (A = 430
nm; 9 J/cm?). O protocolo fotodindmico com 1 uM de curcumina reduziu o namero de células
plancténicas em 3 logio; com 5 UM, as células fangicas foram completamente eliminadas.
Para o tratamento de biofilmes, foram utilizados 80 uM do FS e 6 ciclos de irradiagdo (tempo
e dose totais: 30 min; 9 J/cm?), obtendo-se uma reducdo de aproximadamente 85% no
metabolismo celular. Quando executado o tratamento prévio dos biofilmes com 208 uM de
fluconazol por 24 h, o tratamento fotodindmico com 20 UM de curcumina reduziu a
viabilidade celular em cerca de 95%; o0 que contrasta com a reducdo de 45% promovida pelo
antifungico sozinho (sem TFD). Os autores apontaram que a combinagdo dos tratamentos
farmacologico e fotodindmico promoveram uma efetiva inativacdo de C. albicans.

O écido 5-aminolevulinico (ALA) também tem sido explorado em estudos de TFD,

uma vez que este composto é precursor da protoporfirina IX (PpIX), um FS enddgeno gerado
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na via de biossintese do grupo heme (LEE; KIM; KIM, 2010; LIANG et al., 2016). Shi et al.
(2016) utilizaram 15 mM de ALA para fotoinativar biofilmes de C. albicans. Apés pré-
incubagdo com ALA por 5 h e irradiagdo (LASER A = 635 nm; 300 J/cm?), foi observada
inibicdo dos biofilmes em cerca de 74,5%. Em um outro estudo, o tratamento fotodindmico
mediado por ALA como precursor do FS foi investigada na presenca de glicose, soro humano
e acido etilenodiaminotetracético (EDTA). Culturas planctdnicas e biofilmes de C. albicans
foram incubadas com 2,5 mM de ALA por 3 h ¢ irradiadas (LASER X = 630 nm; 105
mW/cm?). Ap6s 30 min de irradiacdo, o nimero de células planctonicas foi reduzido em 1,5
logio € 1,9 logio para TFD com ALA e glicose + ALA, respectivamente. Os sistemas contendo
soro humano sofreram reduc¢do mais discreta (< 1 logio), € 0s autores levantaram a hip6tese de
que ions de ferro presentes no soro poderiam propiciar o completo metabolismo do grupo
heme, reduzindo o cumulo da PplX. Na presenca de EDTA, um agente quelante, o efeito
fotodinadmico foi mais expressivo, com reducdes de 3 10g1o, 4 l0g10 € ~1,5 logio para 0s grupos
com ALA, glicose + ALA, e soro + ALA, respectivamente. Em biofilmes, o metabolismo
celular foi reduzido em 77 e 96,5% ap0s o tratamento fotodindmico com glicose + ALA e
glicose + EDTA + ALA, respectivamente. Os autores sugeriram que a presenca de glicose,
usada como fonte de energia, promoveu a captacdo mais eficiente do ALA pelo fungo,
intensificando o efeito do protocolo fotodindmico. A presenca de EDTA propiciou maior
acimulo de PpIX, favorecendo a TFD (MALISZEWSKA; WAWRZYNCZYK;
WANARSKA, 2020).

Li et al. (2015) testaram a fotoatividade de duas Zn(ll) ftalocianinas com tetra-o-
substituintes contendo grupos dodeca-amino (2,4,6-tris (N,N-dimetilaminometil) fenoxil;
ZnPc4) e grupos dodeca-cationicos (2,4,6-tris (N,N,N-trimetilamoniometil) fenoxil; ZnPc5).
SuspensGes de C. albicans foram pré-incubadas por 3 h com os FSs em variadas
concentragdes, e, entdo, irradiadas (IAmpada de halogénio com filtro, A > 610 nm; 27 J/cm?).
O protocolo fotodinamico reduziu o numero de células fungicas em 90% com 15,59 e 1.,6 uM
de ZnPc4 e ZnPc5, respectivamente. ZnPc5 também mostrou captacdo preferencial por C.
albicans comparado a células de mamiferos (células hepaticas humanas L02, ATCC), sendo

necessaria uma concentracao de 49 uM do FS para inativar 90% das células LO2.



31

Figura 7 — Estrutura da curcumina (parte superior da imagem) e resultados de tratamento fotodindmico de
biofilmes de trés cepas de C. albicans pré-incubados com 60 uM de curcumina e irradiados com LED (A = 455
nm; 7,92 Jicm?) (parte inferior da imagem). Os valores representam médias + desvio padrdo das leituras do
ensaio do XTT - (2,3-bis-(2-metoxi-4-nitro-5-sulfofenil)-2H-tetrazdlio-5-carboxanilida). *: p < 0.05; **: p <
0.01; ***: p < 0.001.
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Fonte: Adaptado de Ma et al. (2019).

Viana et al. (2015) explorou a ZnP catidnica Zn(ll) meso-tetrakis(N-etilpiridinio-2-
il)porfirina (ZnTE-2-PyP**, ZnP etil) em diferentes concentragdes, com pré-incubacéo de 10
min, para promover a fotoinativagio (LED A = 460 nm; ~ 81 J/cm?) de células planctonicas de
C. albicans, observando uma reducéo de 3 logio para a concentra¢éo de 10 pM do FS. Ensaios
em fibroblastos mostraram viabilidade consideravelmente preservada apds o tratamento
fotodinamico (> 65%). A citotoxicidade da ZnP etil em células de mamiferos foi também
avaliada em estudo posterior, utilizando pardmetros semelhantes e a mesma concentracdo de
FS. Apo6s ensaios em célula Vero, macréfagos J774.A1, e macréfagos peritoneais, o grupo
relatou baixa citotoxicidade do tratamento fotodinamico para essas células de mamiferos
(ANDRADE et al., 2018).

Os resultados de estudos aplicando protocolos com diferentes FSs, como o0s
apresentados nesta secdo, apontam para o potencial da TFD para inativacdo de C. albicans.
Ainda assim, faz-se necessario maiores esforcos para investigar a acdo dos FSs, e desenvolver

protocolos padronizados, seguros e eficazes, com concentragdes reduzidas de FSs e



32

pardmetros de irradiacdo mais amenos. Considerando as caracteristicas vantajosas descritas
para a ZnP hexil, e sua elevada eficiéncia como FS, a presente dissertacdo teve o objetivo de
investigar o uso deste FS na inativacdo de células planctonicas e biofilmes do fungo C.
albicans.
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4 RESULTADOS E DISCUSSAO

Os resultados desta dissertacdo foram apresentados e discutidos em formato de artigo

publicado no periodico Journal of Fungi.

4.1 ARTIGO - PHOTOINACTIVATION OF YEAST AND BIOFILM COMMUNITIES OF
Candida albicans MEDIATED BY ZnTnHex-2-PyP* PORPHYRIN

Y IMPACT b
‘:I“g JA Journal of FACTOR éﬁ;’ﬁé&
¥ Fungl 5.816

0

an Open Access Journal by MDPI

Fungal Biofilms - New Perspectives and Practices

Guest Editors
Prof. Dr. Helena Bujdakova, Dr. Lucia Cernakova

Deadline

30 June 2022 p e c i aL!.

md pi.com/si/100496 Invitation to submit

Disponivel em: https://doi.org/10.3390/jof8060556



Journal of

Fungi

Article

Photoinactivation of Yeast and Biofilm Communities of
Candida albicans Mediated by ZnTnHex-2-PyP** Porphyrin

Sueden O. Souza 1**

, Bruno L. Raposo 't, José F. Sarmento-Neto 2, Julio S. Rebougas 20,

Danielle P. C. Macédo 3, Regina C. B. Q. Figueiredo , Beate S. Santos 3(2, Anderson Z. Freitas 50,

Paulo E. Cabral Filho 1@, Martha S. Ribeiro >

check for
updates

Citation: Souza, S.0.; Raposo, B.L.;
Sarmento-Neto, ].F.; Rebougas, J.S.;
Macédo, D.P.C.; Figueiredo, R.C.B.Q.;
Santos, B.S.; Freitas, A.Z.; Cabral
Filho, P.E.; Ribeiro, M.S.; et al.
Photoinactivation of Yeast and
Biofilm Communities of Candida
albicans Mediated by
ZnTnHex-2-PyP** Porphyrin. J.
Fungi 2022, 8, 556. https://doi.org/
10.3390/jof8060556

Academic Editors: Helena Bujdakova

and Lucia Cerndkova

Received: 29 April 2022
Accepted: 18 May 2022
Published: 25 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /

4.0/).

and Adriana Fontes 1*

Departamento de Biofisica e Radiobiologia, Universidade Federal de Pernambuco,

Recife 50670-901, PE, Brazil; bruno.raposo@ufpe.br (B.L.R.); paulo.euzebio@ufpe.br (PE.C.F.)

2 Departamento de Quimica, Universidade Federal da Paraiba, Joao Pessoa 58051-900, PB, Brazil;
ferreira.system@gmail.com (J.ES.-N.); jsreboucas@quimica.ufpb.br (J.S.R.)

Departamento de Ciéncias Farmacéuticas, Universidade Federal de Pernambuco, Recife 50740-520, PE, Brazil;
danielle.cerqueira@ufpe.br (D.P.C.M.); beate.santos@ufpe.br (B.S.S.)

4 Departamento de Microbiologia, Instituto Aggeu Magalhides—Fundagao Oswaldo Cruz (IAM-FIOCRUZ),
Recife 50740-465, PE, Brazil; rcbqf01@gmail.com

Centro de Lasers e Aplicagoes, Instituto de Pesquisas Energéticas e Nucleares (IPEN-CNEN),

Sao Paulo 05508-000, SP, Brazil; freitas.az.ipen@gmail.com (A.Z.F.); marthasr@usp.br (M.S.R.)
Correspondence: eden.su.souza@gmail.com (S.0.S.); adriana.fontes@ufpe.br (A.F.)

t  These authors contributed equally to this work.

Abstract: Candida albicans is the main cause of superficial candidiasis. While the antifungals available
are defied by biofilm formation and resistance emergence, antimicrobial photodynamic inactiva-
tion (aPDI) arises as an alternative antifungal therapy. The tetracationic metalloporphyrin Zn(II)
meso-tetrakis(N-n-hexylpyridinium-2-yl)porphyrin (ZnTnHex-2-PyP**) has high photoefficiency and
improved cellular interactions. We investigated the ZnTnHex-2-PyP** as a photosensitizer (PS) to
photoinactivate yeasts and biofilms of C. albicans strains (ATCC 10231 and ATCC 90028) using a
blue light-emitting diode. The photoinactivation of yeasts was evaluated by quantifying the colony
forming units. The aPDI of ATCC 90028 biofilms was assessed by the MTT assay, propidium iodide
(PI) labeling, and scanning electron microscopy. Mammalian cytotoxicity was investigated in Vero
cells using MTT assay. The aPDI (4.3 J/cm?) promoted eradication of yeasts at 0.8 and 1.5 uM of PS
for ATCC 10231 and ATCC 90028, respectively. At 0.8 uM and same light dose, aPDI-treated biofilms
showed intense PI labeling, about 89% decrease in the cell viability, and structural alterations with
reduced hyphae. No considerable toxicity was observed in mammalian cells. Our results introduce
the ZnTnHex-2-PyP** as a promising PS to photoinactivate both yeasts and biofilms of C. albicans,
stimulating studies with other Candida species and resistant isolates.

Keywords: antimicrobial photodynamic inactivation; blue light; fungi; photodynamic therapy;
Zn(II) porphyrin

1. Introduction

Superficial fungal infections have been estimated to afflict 20-25% of the global popula-
tion, and Candida albicans appears as the main etiological agent of mucosal conditions [1,2].
C. albicans is a major opportunistic pathogen of humans, and the main causative species of
candidiasis. This fungus can be normally found as a commensal in the human oral and
vaginal mucosa, gastrointestinal tract, and skin, but it can overgrow and cause infection,
especially under immunocompromising conditions [2,3]. Oral candidiasis afflicts about
20% of cancer patients and up to 31% of individuals with acquired immunodeficiency
syndrome (AIDS) [4], and vulvovaginal candidiasis affects approximately 75% of women
globally [5,6].
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C. albicans infection is aggravated by biofilm production, in which fungal cells in
the forms of yeasts, pseudohyphae, and hyphae are found embedded in an extracellular
matrix (ECM) [3]. Cells within biofilms have reduced metabolism, and are typically more
resistant than planktonic yeasts to antifungal therapies [7]. Furthermore, the antifungal
drug repertoire available to treat candidiasis faces challenges relating to fungistatic rather
than fungicidal action (azoles), high toxicity (amphotericin B), intravenous administration
(echinocandins), and increasing emergence of resistance [8]. The dangerous of antifungal
resistance and its impact on the public health worldwide must be recognized, and the
development of new antifungal technologies has been fomented to afford the control of
fungal infections [9].

In this scenario, antimicrobial photodynamic inactivation (aPDI) has been reported as
a promising antifungal method. In aPD], the activation of a photosensitizer (PS) by light,
at a suitable wavelength, leads to oxidative stress-mediated cell death [10]. Due to the
generalized effect of reactive oxygen species (ROS) across multiple subcellular components,
aPDI has not yet been associated with resistance selection, and its fungicidal action can
also eliminate microorganisms resistant to conventional pharmaceuticals [11,12]. Among
other advantages, aPDI is expected to provide a quick, localized, and minimally invasive
topical treatment, also minimizing the adverse effects that may derive from conventional
pharmacotherapy [13]. Furthermore, the return of normal tissue function has been reported
following the clinical application of aPDI [14].

Different PSs have been reported for aPDI of C. albicans, including methylene blue,
curcumin, and porphyrins [15-19]. While these studies demonstrate the potential of aPDI
as an antimicrobial method against C. albicans, the challenges associated with biofilm
eradication is still a concern. Moreover, to allow the development of improved aPDI
protocols, the search for adequate PSs is paramount. Suitable PS candidates should present
high efficiency at low concentrations, and require mild aPDI parameters, with shorter
incubation and irradiation times, as a means to reduce unwanted photoeffects on healthy
host tissues [20,21].

Porphyrins and their diamagnetic metallo-derivatives are structurally diverse tetrapyr-
role compounds widely explored as PSs, especially in anticancer therapy [22]. Zn(II)
chelation in the porphyrin ring may bring advantages over their free-base analogues, such
as enhanced singlet oxygen quantum yield and triplet state lifetime, improved solubility
and stability, and increased cellular uptake [10,23,24]. As cationic PSs tend to have greater
affinity for the highly negative surface of microbial cells, Zn(II) porphyrins with a variety
of meso and /or beta substituents can be designed to control the compound charge and mod-
ulate lipophilicity, improving uptake by target cells and clearance from the body [10,25,26].

The aPDI mediated by water-soluble Zn(II) N-alkylpyridiniumporphyrins has been ex-
plored for a variety of microorganisms, such as bacteria, parasites, and fungi [21,25,27-29].
In a previous study, our group reported the susceptibility of C. albicans yeasts to aPDI medi-
ated by the cationic water-soluble, Zn(II) meso-tetrakis(N-ethylpyridinium-2-yl)porphyrin
(ZnTE-2-PyP*; ZnP ethyl) [29]. We have also obtained promising results in aPDI against
Leishmania brasiliensis, in studies applying ZnP ethyl [28]. The performance of aPDI on
Leishmania spp. was still better when the more lipophilic analogue Zn(II) meso-tetrakis
(N-n-hexylpyridinium-2-yl)porphyrin (ZnTnHex-2-PyP**; ZnP hexyl) was applied [21].
Additionally, the ZnP hexyl analogue showed high chemical stability against demetallation
and solvolysis in acids and simulated biological fluids [21]. Moghnie et al. [25], using a
Saccharomyces cerevisiae cell model, also demonstrated that ZnP hexyl presented improved
photoefficiency (with minimal dark toxicity) and enhanced cellular interaction as compared
to its more hydrophilic analogues. All these features make ZnP hexyl an attractive PS for
aPDI of C. albicans, especially considering the challenges imposed by biofilms.

The present study introduces the anti-Candida action of ZnP hexyl for the first time
and aims to inspire future research in this topic. Furthermore, while it is important to
discover new antimicrobial compounds, advances within the field of photodynamic therapy
(PDT) also include the improvement of photodynamic parameters, seeking to reduce the
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incubation time, as well as the photosensitizer concentration and light dose. Therefore, in
the present study, we describe a promising protocol exploring ZnP hexyl-mediated aPDI
for inactivation of yeast and biofilm communities of C. albicans.

2. Materials and Methods
2.1. C. albicans Strains and Growth Conditions

Two strains of C. albicans were used in this study. ATCC 10231 strain, initially frozen
at —80 °C, was thawed and cultured in Sabouraud Dextrose Agar (SDA, HIMEDIA, Thane,
India). ATCC 90028 strain was already maintained in SDA at 4 °C. One loop-full of
culture was dispersed in 4 mL of Sabouraud Dextrose Broth (Neogen, Lansing, MI, USA)
and incubated at 37 °C for 18 h. The yeasts were centrifuged (580x g for 5 min) and
washed twice with 1 x phosphate-buffered saline (PBS). Then, cells were resuspended to
prepare the inoculum to a final concentration of ~1 x 107 colony-forming units per milliliter
(CFU/mL), adjusted using the optical density at 540 nm (ODsy4) in a spectrophotometer
(uQuant, BioTek, Santa Clara, CA, USA), which was corroborated by cell counting in a
Neubauer chamber.

2.2. Biofilm Formation

Upon standardization of biofilm production, it was observed that the ATCC 10231
isolate did not have the ability to produce a robust biofilm. Thus, the biofilm-producing
strain ATCC 90028 was incorporated to this study following assessment of aPDI on its
yeast forms. The 18 h culture of C. albicans ATCC 90028 was harvested (580% g for 5 min)
and washed twice with PBS, and the yeast suspension was diluted in 11835 RPMI 1640
(Gibco, no phenol red, supplemented with 20 mM HEPES) to a final concentration of
~5 x 107 CFU/mL, using the ODs49 (LQuant, BioTek), also corroborated by cell counting in
a Neubauer chamber. The volume of 100 pL of C. albicans inoculum was added to wells of a
96-well plate (K12-096, Kasvi, Sdo José do Pinhais, Brazil) and incubated at 37 °C for 90 min
with constant rotation at 75 rpm (TE-424, Tecnal, Piracicaba, Brazil). The wells were gently
washed twice with 200 uL of PBS and replenished with 200 puL of RPMI 1640. The plates
were incubated at 37 °C for 48 h to allow biofilm formation and maturation. Two plates
with biofilms were prepared for each assay, one for the irradiated groups and another for
the control and dark groups.

2.3. Photoinactivation of C. albicans

The photosensitizer Zn(II) meso-tetrakis(N-n-hexylpyridinium-2-yl)porphyrin (ZnP
hexyl) was synthesized as the chloride salt [21] and characterized [21,30,31] as previously
reported. The concentrations of all ZnP hexyl stock solutions were determined spec-
trophotometrically using published molar absorptivity value of the Soret band at 427 nm
(€427 nm = 436,516 cm ™! M~1) [30]. For aPDI of C. albicans yeasts, 100 pL of fungal sus-
pension were added to wells of a 96-well plate and incubated with 100 uL of PBS (light
and control groups) or ZnP hexyl (dark and aPDI groups) for 10 min (pre-irradiation
time—PIT). For ATCC 10231 yeasts, the evaluated groups were: (1) control—no PS nor irra-
diation; (2) light—irradiation in absence of PS; (3) dark—PS at 1.5 uM, without irradiation;
(4) aPDI—PS (0.15-1.5 uM) + irradiation. Light and aPDI samples were irradiated for
3 min using a light source (LEDbox, Biolambda, Sao Paulo, Brazil) at 410 + 10 nm
(ZnP hexyl has absorption maximum at 427 nm), with irradiance set to 24.1 mW/ cm?
(light dose = 4.3 J/cm?). Control and dark groups were kept protected from light for the
same amount of time. The aPDI effect on ATCC 90028 yeasts was evaluated based on the
most efficient PS concentration found for the strain ATCC 10231. Following this proce-
dure, the yeast suspensions were serially diluted in PBS and 10 pL of each dilution were
added to a Petri dish with SDA and incubated for 24 h for CFU counting, as described by
Jett et al. [32]. The CFU counts were adjusted with their corresponding dilution factor and
converted to base ten logarithms (logyo) before plotting the data. At least three independent
experiments were performed with two replicates per group.
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For aPDI of C. albicans biofilms, each well containing biofilm was gently washed
twice with 200 uL of PBS, followed by incubation with 200 uL of either ZnP hexyl or
PBS for 10 min. The experimental groups included: (1) control—no PS nor irradiation;
(2) light —irradiation only; (3) dark—PS at 1.5 uM in the dark; (4) aPDI—PS at 0.8 uM and
irradiation. The light source, irradiation time, and irradiance were the same as used for
yeasts. One of the plates with biofilms was kept in the dark (control and dark groups). The
effect of aPDI was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. Immediately after aPDI, wells were gently washed twice with 200 pL
of PBS, followed by the addition of 180 uL of 11835 RPMI 1640 (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) and 20 uL of MTT (Sigma-Aldrich, Burlington, MA, USA)
5mg/mL, and the plates were incubated in the dark for 5 h at 37 °C. The liquid was
removed from each well, 200 uL of dimethyl sulfoxide (DMSO) was added, and the plates
were kept in the dark, under gentle shaking (GyroMini, Labnet, Edison, NJ, USA), for
15 min to allow the formazan crystals to dissolve. After thorough homogenization, 100 uL
of the system was transferred to a new flat bottom 96-well plate for absorbance reading
at 570 nm (pQuant, BioTek). Four independent experiments were performed with at least
two replicates per group.

2.4. Cell Labeling and Confocal Microscopy

The photodynamic effect on C. albicans biofilms was also analyzed by propidium
iodide (PI) staining. Briefly, C. albicans biofilms were grown in cell culture imaging dishes
(Greiner Bio-One, 627975) according to the protocols described for biofilm growth, and
aPDI was performed as previously described. Following treatment, the samples were
gently washed with PBS to remove ZnP hexyl excess, and 1 ug/mL PI (V13245, Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA) was added to cover each biofilm sample.
After incubation with PI in the dark for 15 min, the biofilms were washed, and kept in
the kit-specific buffer for analyses. An Olympus FV1000 confocal microscope was used to
observe the samples at a 40 x /NA = 0.95 objective, under excitation at 473 nm. Even though
this wavelength cannot efficiently excite the fluorescence of ZnP hexyl, the PI fluorescence
was collected at 715/50 nm to avoid detection of the porphyrin. Representative images
from three randomly selected positions were acquired for each sample.

2.5. Scanning Electron Microscopy

Scanning electron microscopy (SEM) analyses were also carried out to observe the
effects of aPDI on C. albicans biofilms. Biofilms were grown on cropped bottoms of 24-well
plates. The biofilm growth conditions for SEM were otherwise identical to the protocol
previously described above. Following aPD], the biofilms were processed following the
protocol previously reported by Alianga et al. [33], and observed under a scanning electron
microscope (JSM-5600 LV, JEOL, Akishima, Tokyo, Japan). Each biofilm sample was
observed at multiple fields and representative images were acquired.

2.6. Cytotoxicity on Mammalian Cells

The cytotoxicity of the photodynamic treatment was analyzed on Vero cells (ATCC
CCL-81) by the MTT assay. Briefly, 200 uL of cells (1 x 10° cell/mL) in RPMI 1640 supple-
mented with 10% fetal bovine serum (FBS), 100 mg/mL streptomycin, and 100 units/mL
penicillin (Sigma-Aldrich) were added to the wells of a 96-well plate and cultured overnight
at 37 °C and 5% CO;. The consumed media was gently removed and replaced with either
PBS or ZnP hexyl. The PS concentrations in the photodynamic treatment were 0.8 and
1.5 uM, and the highest concentration was included in the dark group. The other groups
(control and light) and the photodynamic parameters (PIT and light dose) were the same as
described for C. albicans. Following treatment, cells were washed and 180 pL of FBS-free
11835 RPMI 1640 (Gibco, no phenol red, supplemented with 20 mM HEPES) and 20 uL
of MTT 5 mg/mL were added to each well. The plates were incubated for 4 h at 37 °C
and 5% CO;. The liquid was carefully removed from the wells, 200 uL of DMSO was
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added to each well, and the plates were kept in the dark for 15 min, under gentle rotation
(GyroMini, Labnet). The content of each well was homogenized by pipetting and the ODs7g
was measured (uQuant, BioTek). Four independent experiments were performed with
two replicates per group.

2.7. Statistical Analysis

The experimental data were analyzed through the Mann-Whitney test using the
software GraphPad Prism 7.04. The significance level was set as p < 0.05.

3. Results
3.1. Phataoinactivation Effect on Yeast Cdls

In the present study, ZnP hexyl was employed asaPSto evaluate the photoinactivation
of two strains of C. albicans. Yeast cells treated with ZnP hexyl in the dark (1.5 uM,
10 min PIT) or light alone (4.3 J cm?) did not induce noteworthy changes on cell survival
(Figure 1). Using the same PIT and light dose (10 min, 4.3 J cm?), aPDI with increasing
ZnP hexyl concentrations induced progressive inactivation of fungi. For ATCC 10231, a
~2log;g reduction was observed at the lowest concentration tested, 0.15 uM, and complete
eradication was achieved at 0.8 uM (Figure 1). For the strain ATCC 90028, a reduction
of 3.3logjg was obtained at 0.8 uM, and complete eradication was observed at 1.5 yM
(Figure 1).
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Figure 1. Box plots of photoinactivation of C. albicans yeasts. Two different strains were assessed,
ATCC 10231 and ATCC 90028. Control: untreated group; dark: yeasts incubated with 1.5 uM of ZnP
hexyl without irradiation; light: yeasts irradiated only (4.3 ¥ cm?). The values on the ‘x’ axis indicate
the concentrations of ZnP hexyl for different aPDI groups. Differences between groupswere analyzed
by the Mann-Whitney test and considered significant at p < 0.05. The results are expressed as logig
of the CFU/ mL. At least three independent experiments were performed. *: p < 0.05 compared
to control.

38



J. Fungi 2022, 8, 556

6 of 14

3.2. Photoinactivation Effect on Biofilms

Following the establishment of an aPDI protocol for C. albicans planktonic cells, our
study progressed to assess the more complex and challenging biofilm forms. Compared
to the control group (no treatment), the treatment of C. albicans biofilms with ZnP hexyl
(1.5 uM) in the dark had no significant effect on cell viability (Figure 2). The treatment
of biofilms with light alone (4.3 J/cm?) induced a reduction of about 30% in cell viability
(Figure 2). This effect was still discreet when compared with the reduction of ~89% in

cell viability promoted by aPDI mediated by ZnP hexyl (0.8 tM) on biofilms (Figure 2).

Furthermore, preliminary results from this study using aPDI with a higher PS concentration
(unpublished data), i.e., 2.4 uM, showed further fungal inhibition by 96%, which was a
discreet improvement from the 0.8 uM PS concentration.

C. albicans Biofilm
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Figure 2. Box plot of cell viability of C. albicans ATCC 90028 biofilms assessed through MTT assay
following treatment. Control: untreated biofilms; dark: biofilms incubated with 1.5 M of ZnP hexyl
without irradiation; light: biofilms irradiated only (4.3 J/ cm?). aPDI was performed for biofilms
incubated with 0.8 uM of ZnP hexyl for 10 min followed by irradiation (4.3 J/ cm?). The results
were expressed in relation to untreated biofilms. Differences between groups were analyzed by the
Man-Whitney test and considered significant at p < 0.05. At least three independent experiments
were performed. *: p < 0.05 compared to control.

To further corroborate the MTT assay results, treated biofilms were analyzed by PI
staining using confocal microscopy. As shown in Figure 3, no noteworthy fluorescence was
detected from control or dark groups. In agreement with the MTT assay results, the light
group displayed distinct PI labeling (Figure 3C), but it was not as intense or uniform as the
red fluorescence signal in the aPDI group with ZnP hexyl at 0.8 pM (Figure 3D).

Employing another imaging approach, the treated samples were assessed by SEM to
investigate the effect of aPDI on the ultrastructure of biofilms. The 48 h biofilms showed
enriched hyphae content (Figure 4A—C), with some of these filamentous structures forming
thick tangles deposited on top of the spread yeast cells, completely covering the substrate. In
turn, aPDI-treated samples presented some biofilm disorganization, with reduced hyphae
tangles, and more substrate exposure (Figure 4D).
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60 um

Figure 3. Representative confocal microscopy images of C. albicans ATCC 90028 biofilms grown for
48 h and stained with PI after treatments. Control (A): biofilm without irradiation; dark (B): biofilm
incubated with 1.5 uM of ZnP hexyl without irradiation; light (C): biofilm irradiated only (4.3 J cm?);
aPDI (D): biofilm incubated with 0.8 uM of ZnP hexy! for 10 min followed by irradiation (4.3 J cm?).

Figure 4. Representative SEM images of C. albicans ATCC 90028 biofilms grown for 48 h and submitted
to different treatments. Control (A): biofilm without irradiation; dark (B): biofilm incubated with
1.5 uM of ZnP hexyl without irradiation; light (C): biofilm irradiated only (4.3 ¥ cm?); aPDI (D):
biofilm incubated with 0.8 uM of ZnP hexy! for 10 min prior to irradiation (4.3 J cm?). Yellow arrows
indicate hyphae entanglements. Yellow starsindicate the exposed substrate.
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3.3. Cytotoxicity on Mammalian Cells

The assessment of the effect of ZnP hexyl-mediated photodynamic treatment was
performed using Vero cells, a consolidated mammalian epithelial cell model (Figure 5).
The results showed preserved viability for dark and light groups compared to control, and
samples submitted to photodynamic treatment presented cell viability greater than 70% for
both PS concentrations of 0.8 and 1.5 uM.

Mammalian cells
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Figure 5. Box plot of cell viability of Vero cells assessed through MTT assay following treatment.
Control: untreated cells; dark: cells incubated with 1.5 uM of ZnP without irradiation; light: cells
irradiated in PBS only (4.3 J/ cm?). Photodynamic treatment was performed for cells incubated with
0.8 or 1.5 uM of ZnP for 10 min followed by irradiation (4.3 J/ cm?). The results were expressed in
relation to untreated samples. Differences between groups were analyzed by Mann-Whitney test
and considered significant at p < 0.05). At least three independent experiments were performed.
*: p < 0.05 compared to control. ns: not significantly different, p > 0.05.

4. Discussion
4.1. Photoinactivation Effect on Yeast Cells

In this study, the effect of aPDI mediated by ZnP hexyl on C. albicans planktonic yeasts
(ATCC 10231 and ATCC 90028) was investigated. Results showed no toxicity for the samples
treated with PS in the dark or light alone. This is in agreement with previous studies, which
also reported absence of dark toxicity of ZnP hexyl for other microorganisms, such as
Escherichia coli, S. cerevisiae, and Leishmania spp. [21,25,34]. Regarding the photodynamically
treated groups, differences in the susceptibility levels, as occurred in our study, have
been reported across C. albicans isolates submitted to antimicrobial therapy [35], including
aPDI [36,37].

ZnP hexyl-mediated aPDI has shown efficient results to photoinactivate a variety of
microorganisms, including E. coli, S. cerevisiae, and Leishmania parasites [21,25,34]. It has
been observed that the incorporation of a diamagnetic ion, i.e., Zn(II), in the center of the
tetrapyrrole porphyrin ring greatly impacts the photophysical properties of PSs [10,38],
and it can also improve their cellular uptake [24]. Moreover, the cationic, lipophilic, and
amphiphilic properties of ZnP hexyl can provide a superior interaction of this Zn(II)
porphyrin with the negatively charged cell surface, and contribute to its cellular uptake
when compared to anionic compounds or more hydrophilic analogues [25]. Together, these
characteristics can support the promising results herein obtained for aPDI of C. albicans
yeast cells.

Only sparse studies have employed Zn(Il) compounds to photoinactivate
C. albicans [29,39-41]. In a previous work by our group, Viana et al. [29] reported the
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photoinactivation of C. albicans yeasts (ATCC 10231) mediated by the more hydrophilic
analogue Zn(II) meso-tetrakis(N-ethylpyridinium-2-yl)porphyrin (ZnP ethyl). The authors
obtained a 3 logjg reduction of CFU/mL after aPDI with blue light at 460 £ 20 nm (PIT:
10 min; light dose of ~81 J/cm?) with 10 uM of the PS. Although the previous work has
used a light source different from the one used herein, it is possible to observe an improved
photokilling activity for the ZnP hexyl analogue investigated in this present study. Consid-
ering the tetracationic character of both Zn(II) porphyrins, and that they only differ in the
length of the aliphatic chain of their meso substituents, the higher lipophilicity of the ZnP
hexyl (six-carbon chain) analogue enhances its cellular uptake [30], justifying its higher
performance compared to ZnP ethyl (two-carbon chain).

Cormick et al. [19] investigated the importance of PS charge in the interaction with
fungal cells. The authors compared the efficacy of cationic and anionic porphyrins at
the same concentrations (1-5 uM) and irradiation parameters (PIT: 30 min; irradiation:
30 min—-90 mW/ cmz) against C. albicans and found that the positively charged PSs,
5-(4-trifluorophenyl)-10,15,20-tris(4-trimethylammoniumphenyl)porphyrin (TFAP3*) and
5,10,15,20-tetrakis(4-N,N,N-trimethylammoniumphenyl)porphyrin (TMAP4+) promoted
better inactivation of C. albicans than the anionic PS 5,10,15,20-tetrakis(4-sulfonatophenyl)
porphyrin (TPPS*). At 5 uM, these cationic porphyrins exhibit a photosensitizing activity
causing a ~5 logj decrease in cell survival. These results were attributed to the fact that
the cationic PSs had higher binding affinity to fungal cells, which may be explained by the
anionic character of fungal cell walls [19,42]. Another related N-alkylpyridiniumporphyrin-
based PS, the tetracationic metal-free meso-tetrakis(N-methylpyridinium-4-yl)porphyrin
(H,TM-4-PyP**), mediated the complete inactivation of ATCC 10231 yeast cells by aPDI
(fluorescent lamps, A = 380-700 nm; 43.2 ]/ cm?) at 10 uM [43]. In addition to the longer
aliphatic chain and enhanced lipophilicity, it is possible that the presence of the chelated
Zn(II) in ZnP hexyl contributes to its increased performance compared to the free-base
H,TM-4-PyP**. Chelation of Zn(Il) in the tetrapyrrole porphyrin ring has been shown to
increase the triplet state lifetimes of N-alkylpyridinium porphyrins [44], which is associated
with a higher potential of the PS to generate ROS [45].

Porphyrin derivatives have also been explored to mediate aPDI of the C. albicans strain
ATCC 90028. Mang et al. [46] employed the clinically approved Photofrin® at 25 pg/mL
and a laser source (A = 630 nm; 45 J/cm?) and observed a decrease in yeast survival by 92%.
In another study, a similar commercial porphyrin, Photogem®, mediated complete pho-
toinactivation of these yeasts at 50 ug/mL under blue light radiation (LED, A = 450/10 nm;
18 J/cm?) [47]. It is, thus, worth noting that the ZnP hexyl-based aPDI protocol in this
present study promoted inactivation of both C. albicans strains, while requiring lower
concentrations (<1.5 uM or ~1.75 ug/mL) and milder irradiation parameters. This was also
true when the results were compared with aPDI of these yeasts mediated by other PSs, such
as dyes (methylene blue, indocyanine green, hypericin, rose Bengal, and malachite green
oxalate) [48-50], other porphyrins [51,52], bacteriochlorin [53], and phthalocyanine [41].

4.2. Photoinactivation Effect on Biofilms

The ability of C. albicans to form biofilm communities, in which fungal cells are
immersed into an ECM, is a major virulence and resistance factor, known to complicate
microbial clearance by antifungal therapies [7]. A study by Garcia et al. [54] also confirmed
the increased resistance that biofilms impose to aPD], as they found that C. albicans mutant
strains with deficient biofilm production were more susceptible to photoinactivation than a
wild-type, biofilm-competent strain. C. albicans biofilms also tend to be rich in hyphae, a
filamentous form of this fungus relevant for tissue invasion [7].

Our study also evaluated the effect of aPDI mediated by ZnP hexyl on these complex
fungal forms. Results obtained from the group treated only with light revealed about
30% reduction in cell viability (Figure 2). This result was different from those reported
by Ma et al. [16], in which blue light (LED A = 455 nm; 13.2 J/ cm?) alone had no note-
worthy effect on ATCC 90028 biofilms. Blue light irradiation has been investigated as an
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antimicrobial treatment for C. albicans biofilms, but such studies usually applied higher
light doses (~10 -50-fold higher) than the one used here [55-57]. In this case, endogenous
photosensitizing molecules may be responsible for ROS generation and fungal killing [58].
We, however, believe that the presence of hyphae in biofilms might play a role in the results
found here. It has been reported that hyphae forms, which are more abundantly in biofilms,
show differences when compared to yeasts in the expression of targets of oxidative stress,
such as the cell envelope components [59]. Moreover, hyphae have decreased levels of the
antioxidant glutathione, increasing their susceptibility to oxidative stress [60]. The aPDI
effect found in our study, however, was significantly more pronounced than that of blue
light alone, reducing biofilm viability by ~89% (p < 0.05) at a submicromolar concentration
of 0.8 uM.

C. albicans biofilms have been targeted by aPDI mediated by various PSs, including
other porphyrins, photodithazine (PDZ, chlorin e6 derivative), protoporphyrin IX through
5-aminolevulinic acid (ALA) precursor, methylene blue, toluidine blue, erythrosine, and
curcumin [15-17,37,61-64]. Shi et al. [61] incubated C. albicans biofilms for 5 h with 15 mM
of ALA, followed by irradiation (laser, A = 635 nm; 300 J/ cm?), and found a biofilm
inhibition of about 74.5%. Davies et al. [17] explored the metal-free porphyrin HyTM-4-
PyP** at 7.3 uM as PS to photoinactivate C. albicans biofilms (PIT: 30 min; A = 350-800 nm;
58.5 J/cm?). Using different strains than that of our study, ATCC MYA-274 and ATCC
MYA-2732, only the latter showed susceptibility to the phototreatment, presenting cell
viability reduction of 13.6%. In a study by Ma et al. [16], C. albicans biofilms were incubated
for 20 min with curcumin at 60 uM prior to irradiation (LED, A = 455 nm; ca. 7.9 J/ cm?),
and the authors found a decrease in the biofilm viability by 90.9%.

The aPDI was also investigated by acquiring confocal microscopy images of biofilms
after incubation with PI, as well as by performing SEM analyses. PI is a cell-impermeant
dye that only binds to the nucleic acids in cells with compromised membrane integrity,
and does not accumulate effectively in viable cells [65]. The PI assay results corroborated
the MTT viability analyses, showing a pronounced fluorescent labeling of aPDI-treated
biofilms, compared to the other groups. This observation is in agreement with those found
in other photodynamic studies with C. albicans biofilms [16,54,61,66]. Regarding SEM
analyses, the images showed an effect on biofilm complexity, with fewer hyphae tangles,
after aPDI. Such changes of biofilm structure promoted by aPDI have also been described
in other studies [15,64]. It was not possible to observe the ECM in our biofilm samples,
possibly due to the fixation process required for SEM, as also reported by Costa et al. [64]
Using low-vacuum SEM, with no sample fixation requirement, Suzuki et al. [15] described
a loss of ECM following aPDI of C. albicans biofilms with methylene blue, which could not
be assessed by our approach.

Therefore, in the present study, we proposed a promising aPDI protocol based on ZnP
hexyl to inactivate C. albicans yeasts and biofilms using short PIT, low PS concentration,
and light dose. To the best of our knowledge, this is the first report of ZnP hexyl-aPDI
against yeasts and biofilms of C. albicans.

4.3. Cytotoxicity on Mammalian Cells

The photodynamic effect on mammalian cells was also studied. Samples treated with
PS in the dark or light alone, as well as photodynamically treated samples, showed cell
viability greater than 70%. The observation of increased cell viability for Vero cells treated
with light alone is not unusual, as it is known that blue light irradiation can exert regulatory
effects on mitochondrial activity [67,68]. Regarding the higher percentual also found in the
group treated with PS in the dark, we hypothesize that might be explained by the ZnP hexyl
affinity to the mitochondria [31], which may also cause an effect on the metabolism of these
organelles. As for the aPDI results, similar findings were reported by Andrade et al. [28]
using Vero cells and the analogue ZnP ethyl, in which cell viability was about 70% for the
two PS concentrations tested (5 and 10 uM). Souza et al. [21] treated bone marrow-derived
macrophages with ZnP hexyl-mediated aPD], using the same light source of the present



J. Fungi 2022, 8, 556 11 of 14

study (ca. 3.4 J/cm?), and also found high levels of cell viability (around 80%) for both
0.62 and 1.25 uM concentrations of PS. It is also relevant to note that PDT is a local therapy,
and its effects are focused on the site of administration of the PS and irradiation, which
minimizes effects on healthy host tissue. This, coupled with our results showing controlled
toxicity on mammalian cells in vitro, support the potential of ZnP hexyl-mediated aPDI to
treat superficial forms of C. albicans infections.

5. Conclusions

Considering the relevance of C. albicans as a human pathogen, the challenges related
to biofilm formation and the emergence of resistance, the search for alternative antifungal
approaches has been encouraged. The present study reported a promising in vitro pho-
toinactivation of C. albicans yeasts and biofilms using ZnP hexyl-mediated aPDI applying
low PS concentrations and mild irradiation parameters. Our results stimulate further
investigations using this PS in aPDI of other Candida species and resistant isolates.
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5 CONSIDERACOES FINAIS

O tratamento fotodindmico mediado pela porfirina ZnTnHex-2-PyP*" foi capaz de
erradicar completamente as células planctonicas das duas cepas de C. albicans testadas
(ATCC 10231 e ATCC 90028);

O protocolo fotodindmico assistido pela ZnP hexil causou reducdo de ~89% no
metabolismo celular dos biofilmes e os ensaios de marcagdo com iodeto de propidio
indicaram também perda da integridade da parede celular e membrana plasmatica;

As analises por microscopia eletronica de varredura revelaram ruptura e desorganizacédo
da estrutura do biofilme apds tratamento fotodindmico, com reducdo dos emaranhados de

hifas e da cobertura de células planctonicas;
Em todos os ensaios realizados, a ZnP hexil ndo apresentou toxicidade no escuro;

O protocolo fotodindmico com ZnP hexil ndo induziu citotoxicidade consideravel em

células de mamifero;

Em conjunto, esses resultados encorajam a futura exploracdo do tratamento fotodindmico
mediado por ZnTnHex-2-PyP*" para inativacdo de outras espécies de Candida e isolados

resistentes a farmacos;

Finalmente, esse estudo demonstra o potencial da TFD mediada por ZnTnHex-2-PyP**
para o tratamento da candidiase.
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6 SUMULA CURRICULAR

Principais atividades cientificas e académicas:

1. Artigos Cientificos:

e SOUZA, S.0O., LIRA, R.B., CUNHA, C.R.A. et al. Methods for Intracellular Delivery of
Quantum Dots. Topics in  Current Chemistry (2) 379, 1, 2021.
https://doi.org/10.1007/s41061-020-00313-7.

e SOUZA, T. H. S;; SARMENTO-NETO, J. F.; SOUZA, S. O. et al. Advances on
antimicrobial photodynamic inactivation mediated by Zn(ll) porphyrins. Journal of
Photochemistry and Photobiology C: Photochemistry Reviews, v. 49, 100454, 2021,
https://doi.org/10.1016/j.jphotochemrev.2021.100454.

2. Participa¢ao em Eventos:
e SOUZA, S. O. et al. Antimicrobial Photodynamic Therapy Mediated by Zinc
Porphyrin. Il INFO WORKSHOP, apresentacéo de trabalho. Fevereiro de 2020.

e | Forum On-line de Tecnologias da Luz na Satde. Ouvinte, maio de 2020.

3. Participacdo em Treinamentos e Visitas a Laboratorios:

e Centro de Lasers e Aplicacbes, IPEN, Sdo Paulo — SP. Supervisora: Prof?. Dré. Martha S.
Ribeiro. Fevereiro de 2020.

e Aberdeen Fungal Group, University of Aberdeen, Escdcia, Reino Unido. Supervisora:
Dr2. Donna M. MacCallum. Setembro de 2021.

4. Participacdo em Projetos de Pesquisa:
e Prospeccdo de novas estratégias antifungicas baseadas em luz e assistidas por
nanoplataformas funcionais. Situagdo: em andamento (FAPESP/FACEPE).

e Using light to treat fungal infections: photodynamic therapy as an alternative technology
to overcome candidiasis. Situacdo: em andamento (Wellcome Trust).
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Over the years, microorganisms have developed several resistance mechanisms against standard treatments, thus
limiting the effect of drugs and rendering ineffective therapies. Considering the growing number of resistant
pathogens and adverse effects of conventional therapies, new antimicrobial technologies able to provide more
effective, rapid, and safer treatments to inactivate pathogens, with unlikely chances of inducing resistance, are
needed. In this regard, antimicrobial photodynamic inactivation (aPDI) has emerged as an alternative modality
of treatment. In particular, Zn(II) porphyrins (ZnPs) hold great potential as photosensitizers (PSs) for aPDI and
have been attracting increasing attention. The chemical structure of ZnPs can be tailored to produce PSs with
improved chemical stability and photophysical properties, also modulating their amphiphilic and ionic char-
acters, bioavailability, and (sub)cellular distribution. Thus, in this review, we provide a detailed report of studies
published in about the last 10 years (2010-2021) focusing on aPDI mediated by ZnPs over a variety of pathogens,
including bacteria, fungi, viruses, and protozoa. Fundamentals of aPDI, and porphyrin and its derivatives,
especially ZnPs, are also included herein. We hope that this review can guide and be a reference for future studies
related to aPDI mediated by ZnPs, and encourages more detailed studies on ZnP photophysical and photo-
chemical properties, aiming to improve the fight against infectious diseases.

1. Introduction

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

The development of the first natural and synthetic antimicrobials
improved considerably the human quality of life, due to the possibility of
effective control of several infectious diseases. Nevertheless, some fac-
tors, such as inadequate antimicrobial therapy, adaptive conditions, the
indiscriminate use of available drugs, and climate variability, created
evolutionary conditions for the arising of resistant populations of mi-
croorganisms that were previously sensitive [1-3]. Antimicrobial resis-
tance is a global threat that is continually increasing, culminating in
multidrug-resistant (MDR) microorganisms. According to the Centers
for Disease Control and Prevention (CDC), approximately 2.8 million
antibiotic-resistant infections occur per year only in the USA, and more
than 35,000 people die as a result [4]. These numbers are unknown in

Besides the emergence of MDR microorganisms, the indiscriminate
use of antibiotics can lead to side effects, including nephrotoxicity and
hepatotoxicity, reproductive disorders, immunological changes, and
deleterious effects on gut microbiota in humans [6]. Although antibi-
otics have been proven to be lifesaving medicines, it is worth noting that
this class of antimicrobials is not harmless to the host. The ideal treat-
ment should inactivate the maximum number of pathogenic microor-
ganisms to eliminate or limit the growth of the surviving pathogens,
seeking not to cause side effects on the host’s tissue [7].

Antimicrobial photodynamic inactivation (aPDI) appears as a
promising alternative as it can offer fast and localized inactivation of the
pathogenic microorganisms, without affecting the adjacent healthy
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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 10
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

56

Journal of Photochemistry & Photobiology, C: Photochemistry Reviews 49 (2021) 100454

crossing and have a long triplet lifetime. Another advantage of
employing Zn(II) porphyrins (ZnPs) in aPDI is that Zn(Il) 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.

2. 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 (°PS) by a light
source. After absorption of photons, electrons are promoted to a higher
energy level, resulting in a PS excited singlet state (PS*) that has a short
lifetime. When electrons return to the original state, SPS* loses energy in
the form of fluorescence (°PS* — SPS + fluorescence). Electrons e,
however, can also perform intersystem crossing through spin change,
moving to a PS excited triplet state ("PS*). 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 -+ phosphorescence). This longer lifetime
allows "PS* to eventually react with nearby molecular oxygen or sur-
rounding molecules by two photochemical pathways, known as Type I
and Type II pathways [11,27].

The Type I 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 O3), generating the ROS su-
peroxide anion radical (027) and restoring PS [28]. Alternatively, Tpg
may transfers electrons to Oy, generating directly O, ~ along with PS™
that may be regenerated by oxidizing a nearby biomolecule [17,28-30].

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, O, may suffer dismutation catalyzed by superoxide
dismutase (SOD) giving rise to hydrogen peroxide (H203) and Oz. H2O2,
in turn, may be transformed into H,0 and O, by the catalase enzyme or
scavenged by the peroxidase systems. If accumulated H2O5 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 Hy0, [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, "PS* transfers
energy directly to triplet state molecular oxygen to form singlet oxygen
(10y), an excited oxygen form. 10, is a powerful oxidant capable of
damaging almost all types of biomolecules. Due to 10, 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.

2.1. 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 aPDLI. 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 Watts) x 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.

2.2. 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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(=CH—) 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 n conjugation of the ring [42,43]. The most
intense band (molar absorptivity of ~10° L mol™* cm™) 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 Dy, to Dyp, 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 « 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(ID).

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 (HoTM-4-PyP*") and meso-tetrakis(N, N, N-tri-
methylanilinium-4-yl)porphyrin (HyTTriMAP*") inhibited the growth
of both Gram-positive and Gram-negative bacteria. Conversely, the
anionic porphyrin meso-tetrakis(4-sulfonatophenyl)porphyrin
(H,TPPS,4*) 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‘Pr (Fig. 4) and its meta isomer HyTM-3-
PyP** (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»PyP2+ (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-
idinjum-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 H2TR—4—PyP‘H (R = CHgs, n-CgHj 3, n-C14H29). However, the porphyrin
representative with R = n-Cy3Hys presented a decrease in the uptake in
relation to that with R = n-Cy4Hj9; aggregation in solution and size of

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®t—ATPase) is damaged,
Ca?t 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 H2TM—4—PyP‘H
were substituted by one or two phenyl groups, reducing the total charge
of the resulting compounds to +3 or +2. These PSs were more effective
than HyTM-4-PyP** 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 (HyPFPhTriM-4-PyP3*; Fig. 4) when compared to
HyTM-4-PyP*,

Maisch’s group [75] developed a trans-AsBs-type meso-porphyr-
in-based PSs very potent against sensitive Staphylococcus aureus,
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.

Fig. 3. Illustration 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.



T.H.S. Souza et al.

59

Journal of Photochemistry & Photobiology, C: Photochemistry Reviews 49 (2021) 100454

Fig. 4. Porphyrin and Zn(II)-porphyrin-based photosensitizers with corresponding acronyms.

2.3. Zn(1I) porphyrins as photosensitizers

The chelation of a diamagnetic element such as Zn(II) 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(II), 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) of improved lifetime
of triplet excited state ("PS*) [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 <I>102. Inserting Zn(II) 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 <I>102 [57].

Pavani et al. [25] compared the free-base porphyrins HZTR-4-PyP4+
(R = CHj3 or n-CgH;7) with the corresponding Zn(I) 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 HyTOct-4-PyP** had the better mitochondrial
uptake, but this was not a determining factor for the better photooxi-
dation of Hela cells. ZnTOct-4-PyP*" had the higher global uptake,
plasmatic/mitochondrial membrane binding and ZnTOct-4-PyP* was
the more lethal compound against HeLa cells. Cell death mediated by
ZnTO¢:t-4-PyP4+ had apoptosis features, whereas HzTOc'[-4-PyP4+ 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(II)
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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** has cytoplasmic distribution and strong lysosomal up-
take. The meta isomer ZnTM-3-PyP*" was found in the nucleus and
cytoplasm. The accumulation of the para analogue ZnTM—4-PyP‘Pr is
predominantly nuclear [24]. Ethyl analogues ZnTE-X-PyP** (X = 2, 3 or
4) were found preferentially in the lysosome/cytosol, whereas the more
lipophilic, hexyl analogues, ZnTnHeX—X—PyP‘Pr X =2, 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-2-PyP**, 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-S-PyP‘H does not show
atropisomerism, but the access to positive charges is hampered by alkyl
chains. ZnTnHex-4-PyP*" 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 I 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 O, 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 (#'05) 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 II pathways in
the Zn(II) 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) O, ~ spin trapping experiments. For example, Zoltan et al.
[83] reported that ZnTPPS4*" and ZnTEtOAc-4-PyP** porphyrins (see
aPDI results in Section 3) resulted in low ®'0, 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-PyP*" is characterized as
a Type II PS, due to the high ®'0, 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(Il) in the tetrapyrrole ring enhances the triplet state
lifetimes of the ortho isomer (ZnTM—Z-PyP‘”, Fig. 4) to 1.4 ms and to 2.0
ms for both meta and para isomers (ZnTM-3-PyP** and ZnTM-4-PyP**,
respectively, Fig. 4). When the metal complex porphyrin shows a high
®'0, in respect to the fluorescence quantum yield (®g), 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 (AEg 7) of the PS should be higher than 0.98 eV, which is the energy
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required to produce the cytotoxic agent (*05) 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-4-PyP** and
ZnTPPS4*, are porphyrin ring-centered, yielding ZnP r-cation or
n-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-PyP*" are +1.18 V and -0.85 V vs. the normal
hydrogen electrode (NHE), respectively; the corresponding potentials
for ZnTPPS4* are +0.87 V and -1.16 V vs. NHE, respectively [86,88].
Considering the singlet and triplet excited state energies of
ZnTM—4—PyP‘H (1.98 eV and 1.63 eV, respectively) and those of
ZnTPPS4* (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-PyP** for the photoredox ZnP*/ZnP* and ZnP*/ZnP" couples
were -0.45 V and +0.78 V, respectively, and the corresponding values
for these couples on ZnTPPS,* were —0.75 and +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-PyP**, 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 O, to yield O, and
the corresponding ZnP r-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 O~ 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 O, ~ 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 Oy. Intersystem crossing of the PS to the
triplet excited state followed by energy transfer to Oy to form 105 (Type
II pathway) is usually much more probable [28]; on this regard, the Zn
(I1) 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.

3. Zn(II) porphyrin-mediated aPDI of bacteria
3.1. Zn(1D) 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(I) 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(II) meso-te-
trakis(4-carboxyphenyl)porphyrin (ZnTCPP*) [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-yD)porphyrin class, in which N-alkyl moieties were: methyl
(ZnTM-2-PyP*"), ethyl (ZnTE-2-PyP*"), n-butyl (ZnTnBu-2-PyP*"),
n-hexyl (ZnTnHex—2-PyP4+), and n-octyl (ZnTnOct—Z—PyP‘”). Bacterial
cells were preincubated with porphyrins for 30 min and subsequently
irradiated (incandescent lamp, 35 mW/cm?, 42 J/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
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Fig. 5. Latimer-type diagrams depicting the ground-state and
excited-state redox processes of representative cationic (ZnTM-
4-PyP4+) and anionic (ZnTPPS{F) 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].

than 40%, with the amphiphilic ZnTnHex-2-PyP*" PS showing slightly
higher efficiency than that of the more lipophilic ZnTnOct-2-PyP4+.
With a less lipophilic compound, such as ZnTnBu-Z-PyP‘”, comparable
results were achieved at a 10-fold higher PS concentration of 5 pmol/L.
At this concentration, bacterial viability with ZnTnHex-2-PyP** and
ZnTnOct-2-PyP*t as PSs was completely abolished. The hydrophilic
cationic ZnPs, ZnTM-2-PyP** and ZnTE-2-PyP**, 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-2-PyP** and ZnTnOct-2-PyP** at 1 pmol/L. At 5 pmol/L, both
ZnTnHex-2-PyP*" and ZnTnOct-2-PyP** decreased the number of bac-
teria colonies by more than 6 logy, while ZnTE-2-PyP*" and
ZnTnBu-2-PyP** reduced it by 2 log;o and 3 logyo, 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-2-PyP** and
ZnTnHex-2-PyP** for aPDI of E. coli. ZnPs were added to a suspension of
bacterial cells to a final concentration of 5 pmol/L and then irradiated
(white fluorescent light tubes, 2.7 mW/cm?, 19.44 J/cm?) for 2 h. While
ZnTM-2-PyP‘Pr was unable to promote a significant decrease of colony
numbers, ZnTnHex-z-PyP“’ reduced the cell number by 3 log;o, and
MTT metabolism by approximately 60%. In the same study, the sub-
cellular targets of ZnTM-2-PyP** and ZnTnHex-2-PyP** 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-2-PyP** 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 (HoT4NPP) 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, A = 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
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Table 2 (continued)

Cell survival

Light parameters

Photosensitizer

Ref.

Radiant exposure (J/¢ cm?) Decreased by

Irradiance (mW/cm?)

PIT Ligth source A (nm) IR time

[ZnP]

ZnP

Microorganisms

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

100%
100%
100%
3 logio

270
270
270
NI

50
50
50

90 min
90 min
90 min
9 min

White light

NI

0.054 pmol/L
0.11 pmol/L
0.026 pmol/L

10 pmol/L

ZnTM-4-PyP**

M. abscessus subsp. abscessus

White light

NI

ZnTM-4-PyP**

M. abscessus subsp. massiliense

M. smegmatis

C. albicans

White light
460 + 20

NI

ZnTM-4-PyP**
ZnTE-2-PyP**

150

10 min

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

ZnTM-2-PyP**

[95]

NI

78

60 min

White light

10 pmol/L 90 min
ZnTnOct-2-PyP**

ZnTnBu-2-PyP**
ZnTnHex-2-PyP*"

S. cerevisiae

Fungi

[106]

NI

65+ 5
65+ 5

NI

60 min
60 min
60 min

NA 400-700

NA

5 pmol/L
5 pmol/L
5 pmol/L

ZnM4APTriM-4-PyP3*-NFC

Dengue-I

[110]

99.9999%
100%

NI
NI

400-700
White light

60 min

ZnM4APTriM-4-PyP3*-NFC

ZnPPIX%

Vsv

Viruses

[91]

100%

NI

130

120 min

60 min 400-900

24h

5 pmol/L

ZnTM-4-PyP**

ZnTPPS,*
ZnT4EtPP

BoHV-1

[26]
[93]

50% Promastigotes
50% Promastigotes

80
80

NI
NI

24h
24h

420-450
420—-450

1.2 pmol/L
2.2 pmol/L

ZnTBAP*

L. panamensis

[26]

50% Promastigotes

24h NI 80

420-450

24h

11.6 pmol/L

ZnT4EtPP

[971
[81]

90% Promastigotes
~40% Amastigotes

90

300

5 min

455 + 20

10 min

ZnTE-2-PyP** 10 pmol/L

L. braziliensis

Parasites

> 99% Promastigotes
50% Promastigotes

3.4
80

19.1

NI

3 min
24h

5 min 410 + 10
420—-450

NI

1.25 pmol/L
7.1 pmol/L

ZnTnHex-2-PyP**

ZnTBAP*

[93]

[81]

> 99% Promastigotes
~64% Amastigotes

3.4

19.1

3 min

5 min 410 + 10

ZnTnHex-2-PyP*" 1.25 pmol/L

L. amazonensis

Abbreviations - AR: antibiotic-resistant; IR: irradiation; NA: not applied; NE: treatment showed no noteworthy effect; NI: not informed; 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,
ZnT4ANPP and HoT4NPP decreased the colonies of Gram-negative
P. aeruginosa by 1 logjo and 2 logjo, 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-PyP4Jr and its metalloporphyrin derivatives con-
taining central ions Zn(II), Cu(Il), 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
(A = 370-800 nm; 50 mW/cm? and light dose of 270 J/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-4-PyP**
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
HyTM-4-PyP*" required more than one irradiation cycle for complete
inactivation using its MIC. M. smegmatis required three irradiation cycles
for inactivation for both Zn(II)- 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
HyTM-4-PyP*" and ZnTM-4-PyP*" 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
HZTM-4-PyP‘H and its Cu(Il), 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(III) complex, FeTM-4-PyP>", given
that the Fe(II) oxidation state in the claimed FeTM-4-PyP** complex is
air-unstable, being the compound readily oxidized by O to yield the Fe
(1) counterpart, FeTM-4-PyP>*, during synthesis and handling under
aerobic conditions [124,125]. Cells were preincubated with porphyrins
(3, 10, and 30 pmol/L) for 5 min and irradiated for 44 s (LED, A = 405
nm, 2.5 J/cm?). 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 pmol/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 HyTM-4-PyP**, ZnTM-4-PyP**,
and PclTM—4—PyP4+ decreased CFU/mL by 2.4 logo, 2.6 logig, and 5.9
log10, respectively. Singlet oxygen production corroborated the anti-
bacterial results, with values for HyTM-4-PyP** and ZnTM-4-PyP*"
being similar and 'O, production being greater with PATM-4-PyP**, For
E. coli, the authors only reported PdTM—4—PyP4Jr 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 ZnTPPS4* exhibited the highest ICso for a non-tumor cell line
(mouse fibroblast cell lines), followed by MgTPPS,* and finally
PATPPS4*". 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 n-extended
meso-tetraphenylporphyrin containing B-pyrrole-fused naph-
thalenediamide units to yield the free base (HoND4TPP) 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‘Pr and ZnTnOct-Z(S)-PyP‘”. Cell suspensions were
incubated with 1 pmol/L of ZnP for 5 min and irradiated at 19.8 J/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(I) (PAND4TPP) 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/cm?) for 30, 60
and 90 min (9, 18 and 27 J/cm?, respectively). Under identical condi-
tions, the viability of both strains showed significant dependence on the
porphyrin derivative used. PAND4TPP 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. HoND4TPP 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 logjo
approximately, 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 MetalND4TPP-based PS can be tuned by metal coordination. It
is worth noting that photophysical properties of n-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
(II) complex (ZnTHOE—4—PyP4+) and the N-n-butyl analogues
ZnTnBu-4-PyP*" and ZnTnBu-3-PyP*" 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/cmz), 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-PyP*" led to the greatest reduction of both
gram-negative ~ and  gram-positive  bacteria, followed by
ZnTHOE-4-PyP**. They ascribed this more effective reduction to the
higher ®'0, of ZnPs compared with the free-base porphyrin, but they
did not rule out that ZnP-cell binding efficiency may play an important
role.

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(II) meso-tetrakis(N-alkylpyr-
idinium-X-yl) porphyrins, with alkyl being n-hexyl (ZnTnHex-2-PyP*+
and ZnTnHex-3-PyP*") or n-octyl (ZnTnOct-2-PyP*"  and
ZnTnOct-S-PyP‘H) peripheric groups. Uptake assays revealed the high-
est cell internalization or surface binding for ZnTnOct—B—PyP‘Pr and the
lowest for ZnTnHex-2-PyP4+. Cells were preincubated for 5 min with 1
pmol/L of PS and irradiated (incandescent lamp, 66 mW/cm?, 19.8
J/cm?) 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 logjo (Fig. 6B), whereas ZnTnOct—Z—PyP‘Pr and
ZnTnOct-3-PyP*" were similarly effective showing reduction of CFU by
4 logyo. Among the compounds, ZnTnHex-3-PyP** was the most effi-
cient PS, resulting in a decrease of 6 logjg 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-B-PyP4+ had a
limited influence on the final bactericidal activity, as the amphiphilic
ZnTnHex—S—PyP‘H 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-2-PyP*" 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, A = 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 logjo. Similar results were found
when antibiotic-resistant E. coli and S. aureus underwent aPDI after 10
cycles of sublethal treatment (3 logio and 4 logo, respectively). In a
different set of experiments, antibiotic-sensitive E. coli was cultivated for
48 h, while continuously exposed to low concentrations of
ZnTnHex—Z—PyP4+ (1-2 pmol/L) and low light intensity (0.5 mW/cm?,
86.4 J/cm?) 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—PyP4Jr and
ZnTRu(bipy)2-4-PyP*", for aPDI of Salmonella enterica serovar Typhi-
murium. Bacterial cells were preincubated with 25 pmol/L of HyP 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 J/cm?),
HzTRu(bipy)z-4—PyP‘H decreased cell counts by ~75% and ZnTRu
(bipy),-4-PyP** almost completely abolished cell viability. Until 30 min
of irradiation (360 J/cm?) both porphyrins were efficient in eliminating
this bacterial (> 99.99%). Singlet oxygen generation studies revealed a
much higher ®'0, value for ZnTRu(bipy)s-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
(HoTPPS4H) and  meso-tetranaphthylporphyrin  tetrasulfonate
(H2TNPS4*) 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, HyTEtOAc-4-PyP*" presented
the highest ®'0, of ~0.768, while all three ZnPs had very discrete ®'0,,
the highest one being that of 0.142 for ZnTPPS,4*. Nevertheless, two
ZnPs, ZnTPPS;* and ZnTEtOAc-4-PyP4+, assessed by a chem-
iluminescence assay, promoted the highest generation of HyO, 330 +
20 x 10~*and 62 + 1 x 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 rnW/crnZ)
and cell viability was estimated through ATP quantification. aPDI
mediated by TPPS;* (250 pmol/L) resulted in the lowest cell viability
(< 15%), whereas the corresponding Zn(II) complex, ZnTPPS44’, was a
slightly less efficient as a PS. At the same concentration, ZnTPPS4* and
ZnTEtOAc—4—PyP‘Pr reduced the cell viability to approximately 33% and
37%, respectively. The high production of Type I ROS by ZnTPPS,* and
ZnTEtOAc-4-PyP** 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, ZnTPPS44’ shows
high production of ROS and may adopt a planar structure, while
ZnTEtOAc-4-PyP** 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 that in 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

12

66

Journal of Photochemistry & Photobiology, C: Photochemistry Reviews 49 (2021) 100454

efficient ROS production and bacterial photoinactivation under waste-
water treatment operating conditions [83].

3.2. Zn(ID) 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—PyP‘Pr was more
effective for aPDI when compared to anionic ZnTPPS4*, both com-
pounds were complexed with hp-B-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 J/cm?) 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-PyP4Jr from 3.125 to 100 pmol/L, with or without
hp-p-cyclodextrin (H2TM-4-PyP4+:CD molar ratio of 1:4 and 1:1) were
effective. For ZnTPPS4*", inactivation was observed only at a concen-
tration of 100 pmol/L of ZnP and with a ZnTPPS4*: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—PyP‘H was effective only at a concentration of 100
pmol/L (with a HyTM-4-PyP**: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-
idyDporphyrin (ZnT-4-PyP), Zn(II) meso-tetrakis(2-thienyl)porphyrin
(ZnT-2-ThP), and Zn(I) 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, A = 595 nm - 40 J/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: A3B-type mono-carboxy-porphyrins, (5-(4-carbox-
yphenyl)10,15,20-tris(pentafluorophenyl)porphyrinato Zn(Il) (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(Il) (ZnMBATri-2-ThP). The complexes were conjugated
with AgNPs through amide bonds (AgNPs-amide) and self-assembly only
to ZnMBATTi-2-ThP (AgNPs-SA). S. aureus was treated with all ZnPs and
their conjugates as PS (with concentrations of 0.36 pg/mL), pre-
incubated for 30 min, and then irradiated (LED, A = 595 nm, 40 J/cm?)
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 ZnMBATri-2-ThP-AgNPs-SA system gave
the largest log reduction of 6.46 logyy, followed by the
ZnMBATri-2-ThP-AgNPs-amide system with a reduction of 2.45 log;o,
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 NayCOs
aqueous solutions, which were then impregnated with solutions of
cationic porphyrin-based PSs, namely, meso-tetrakis(4-N,N,N-trimethy-
lanilinium)porphyrin (H2TTriMAPP4+) 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 Im, ~0.36 mW/cm?), the
plates with samples were first incubated for 20 min in the dark, followed
illumination for 30, 60, and 90 min, and incubated overnight at a 37 °C.
Next, CFU/mL values were counted and the percentage of photo-
inactivation was determined. For S. aureus, cellulose treated with either
HoTTriMAPP*" 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 HoTTriMAPP** 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 HZTTriMAPP4+ 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
(I) 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 (HoTM-3-
PyP*"),  meso-tetrakis(N-methylpyridinium-4-yl)porphyrin  chloride
(HyTM-4-PyP*"),  meso-tetrakis(4-N,N,N-trimethylanilinium)porphyrin
chloride (HgTTriMAPP‘H), 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 H2TTriMAPP4Jr at a concentration of 15
pg/mL, HyTM-4-PyP*" and ZnTTriMAPP** at a concentration of 60
pg/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 HZTTriMAPP‘H, followed by
the Zn(II) analogue ZnTTriMAPP*", 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** 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. HoTM-3-PyP*"  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 HyTM-3-PyP*',
H,TTriMAPP*", and ZnTTriMAPP** against S. aureus with 30 min
irradiation; (i) with HoTM-3-PyP**, ZnTM-3-PyP*", H,TM-4-PyP*",
and ZnTM—4—PyP‘Pr against P. aeruginosa and 60 min illumination, and
(iii) using H,oTM-3-PyP*', ZnTM-3-PyP*', H,TM-4-PyP**, and
ZnTM-4-PyP*" 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(ll) tetrakis(N-methylpyridinium-4-yl)porphyrin  (ZnTM-4-PyP*")
and Zn(Il) tetrakis(N-methylpyridinium-4-yl)phthalocyanine (ZnTM-4-
PyPh‘”) 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/sz, 5.04
J/em?) for 1 h. In the conditions described, ZnTM-4-PyPh4+ decreased
E. coli and A. baylyi colony numbers by 3.72 logip and 4.01 logo,
respectively, while ZnTM-4-PyP** reduced cell counts by 1.66 log1o and
2.01 log, 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 etal. [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 (HoM4APTriM-4-PyP>") and its corresponding Zn(IT) 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/cm?) 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
H2MA4APTriM-4-PyP>*-NFC and ZnM4APTriM-4-PyP>*-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-PyP>*-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 (ie., 0.156
for ZnM4APTriM-4-PyP>* versus 0.044 for HoM4APTriM-4-PyP>"). 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 H;M4APTriM-4-PyP>"-NFC, the NDM cell viability
decreased to 98.8% with 60 min of preincubation, while for ZnM4AP-
TriM-4-PyP**-NFC the decrease was 99.91% with only 5 min of pre-
incubation. When the PSs were conjugated to paper,
HyM4APTriM-4-PyP>-Pap and ZnM4APTriM-4-PyP>*-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 ZnMA4AP-
TriM-4-PyP>*-Pap as compared with HyM4APTriM-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
(ZnA3BP). 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 J, /cm?) with white light (for ZnP
conjugates) or laser at 652 nm (for the free-base porphyrin conjugate).
The antibacterial phototoxicity 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(II) 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/cm?). FDP5 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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4. 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 -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-2-PyP* and
quantum dots of cadmium telluride stabilized by mercaptossuccinic acid
(MSA-coated CdTe QDs), individually or combined, to mediate aPDI of
Candida albicans. Zl‘lTE-Z-PyP4+ (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/cm?) for 9 min. This led to a reduction of 3 log1o 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-2-PyP**
with QDs prevented the transmembrane cellular uptake of the ZnP
molecules, reducing their fungicidal photoeffect. Low toxicity of the

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)
FDPS5 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-2-PyP*"),  n-butyl
(ZnTnBu-2-PyP*), n-hexyl (ZnTnHex-2-PyP*"), and n-octyl
(ZnTnOct—Z—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—2—PyP4+) produced an amphiphilic PS, which
completely suppressed yeast metabolism. ZnTnHex-2-PyP*"-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—Z—PyP‘H), which contributed to the effective photodynamic ef-
fect of ZnTnHex-2-PyP**. Finally, ZnTnHex-2-PyP** 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.

5. Zn(II) 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
(HgPPIXZ’), anionic Zn(II) protoporphyrin IX (ZnPPIXz’), and anionic
mesoporphyrin IX (H,MPIX?") 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, HoPPIX* at 0.01 pmol/L, and HMPIX> 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 10, by photoactivation of HZPPIX2’, ZnPPIXz’, and HZMPIX2’,
pointing the Type II mechanism as the main source of ROS responsible
for damage to viral proteins. The quantification of 'O, 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 a-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 (HZTPPS44’),
cationic meso-tetrakis(N-methylpyridinium-4-yl) (HZTM-4-PyP4+) and
their Zn(II) complexes ZnTPPS44’ and ZnTM—4—PyP4+. 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-2-PyP** as a photosensitizer
against C. albicans resulted in a significant
reduction in cell viability of up to ~3 logio
units, demonstrating its antifungal potential.
Reproduced from Viana et al. [96], Molecules
(2015), with permission under the open access
Creative Common CC BY license. © 2015,
MDPIL.
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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 H2M4APTriM-4-PyP3' (A3B3 S M=2H")
and ZnM4APTriM-4-PyP3‘ (ZnA3B3 "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, A3B3+-NFC but no light group (PS alone); (iii) dark green, ZnA3B3+-NFC but no light (PS alone); (iv) light yellow A3B3+-NFC +
irradiation group (PS + light); (v) light green, ZnAsB>*-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 HyTPPS,* that reduced by 5 log1o (halogen lamp, A = 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-PyP** and the porphyrin that had the least inactivation was
H,TPPS4*, following the order: ZnTM-4-PyP*" > H,TM-4-PyP*" >
ZnTPPS,* > HoTPPS4*. The cationic porphyrins HZTM—4—PyP4+ and
ZnTM-4-PyP**, due to their positive charge and better interaction with
the viral envelope, were more efficient as PS than the anionic PSs
(H,TPPS,* and ZnTPPS,*). The electrostatic attraction and the lower
hydrophilicity observed for ZnTM-4-PyP**, rendered by the insertion of
Zn(1I) 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 HyM4APTriM-4-PyP3* (A3B®") and
ZnM4APTriM-4-PyP>* (ZnAsB>"), which are structurally related to
H,TMPyP** 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™, . = 400-700 nm, 65 + 5
mW/cm?) for 1 h, with controls in the dark for the same time. Both
H,;M4APTriM-4-PyP>*-NFC (A3B>*-NFC) and ZnM4AP-
TriM—4—PyP3+—NFC (ZnA3B3+—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.

16

6. 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, A = 420-450 nm, 80
J/cmz), with incubation and irradiation time simultaneously of 24 h. Zn
(II) meso-tetrakis(4-ethylphenyl)porphyrin (ZnT4EtPP) showed higher
®'0, and better ICs, values of 1.2 pmol/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(II) 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 J/cm? 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 @5 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 ®'0, exerted high
antileishmanial activity against the parasites and achieved the best ICsq
values (2.2 pmol/L for L. panamensis and 7.1 pmol/L for L. braziliensis).
The ICs¢ value found for aPDI with ZnTBAP‘Fcompound was at least
5-fold smaller than that of the standard drug (Glucantime) used against
L. panamensis (ICsp 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, A = 455 + 20
nm, 300 mW/cm?, 90 J/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‘”) 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/cm?, 3.4 J/em?). 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¥m), and observed an evident hyperpolar-
ization. The authors associated this result with a final attempt of cells to
prevent death, since A¥m depolarization could be preceded by a high
transient hyperpolarization. On the other hand, Souza et al. [81]
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observed an intense AWm depolarization after the photodynamic treat-
ment mediated by ZnTnHex-2-PyP**. The authors attributed the distinct
A¥m behavior among ZnTnHex-2-PyP*" and ZnTE-2-PyP*" to higher
lipophilicity of ZnTnHex-2-PyP*", 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-2-PyP*" exhibi-
ted changes in membrane morphology and cell volume (Fig. 10C) [97].
SEM analyses of L. amazonensis promastigotes photodynamically treated
with ZnTnHex-2-PyP**, 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.

7. Conclusions

Zn(II) 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,
(I)loz, 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 pmol/
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 II 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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