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A inativacdo fotodindmica (IF) é definida como o processo de
destruicdo celular por stress oxidativo, causado pela interacdo entre uma fonte
de luz, um fotossensibilizador (FS) e oxigénio molecular. A IF de bactérias tem
sido extensivamente estudada nos Ultimos anos, demonstrando ser uma
alternativa promissora aos agentes antimicrobianos convencionais para o
tratamento de infe¢Bes superficiais e localizadas. Além disso, a aplicabilidade
da IF vai muito para além do ambito clinico, estando em estudo o seu potencial
uso na desinfecao de aguas recorrendo a FS imobilizados em suportes solidos.

A primeira parte deste trabalho teve como objetivo estudar as
modificacdes oxidativas nos fosfolipidos, nos acidos nucleicos e nas proteinas
da bactéria Gram-negativa Escherichia coli e da bactéria Gram-positiva
Staphylococcus warneri, sujeitas ao tratamento fotodindmico com porfirinas
catidnicas. A segunda parte do trabalho teve como principais objetivos estudar
a eficiéncia da IF em aguas de aquacultura e a influéncia de diferentes
parametros fisico-quimicos neste processo, usando como modelo celular a
bactéria Gram-negativa bioluminescente Vibrio fischeri e por fim, avaliar a
possibilidade de reciclagem de FS cationicos imobilizados em nanoparticulas
magnéticas.

Para estudar as modifica¢gdes oxidativas nos fosfolipidos membranares
foi utilizada uma abordagem lipiddmica que combinou técnicas de cromatografia
e espetrometria de massa. O ensaio de FOX2 foi utilizado para determinar a
concentracdo de hidroperdxidos lipidicos gerados apds tratamento. As
modifica¢cdes oxidativas nas proteinas totais foram avaliadas por eletroforese
unidimensional em gel de poliacrilamida (SDS-PAGE). As alteragdes no
conteldo intracelular de acidos nucleicos foram avaliadas por eletroforese em
gel de agarose e a quantificacdo de DNA de cadeia dupla foi determinada por
fluorimetria. As alteragfes oxidativas da IF a nivel molecular foram avaliadas
por espetroscopia de infravermelho. Nos ensaios laboratoriais, as bactérias (108
UFC mL™) foram irradiadas com luz branca (4.0 mwW cm'z), apoés incubacédo com
o FS (Tri-Py’-Me-PF ou Tetra-Py’-Me) nas concentracdes de 0.5 e 5.0 uM, para
S. warneri e E. coli, respetivamente. As bactérias foram irradiadas com
diferentes doses de luz (até 9.6 J cm’™ para S. warneri e 64.8 J cm™ para E. coli)
e as alteracdes foram determinadas ao longo do tempo de irradiagdo. No
estudo dos fosfolipidos apenas foi testada a porfirina Tri-Py’-Me-PF e uma dose
de luz de 64.8 J cm™.

A eficiéncia da IF no contexto de aquacultura foi avaliada em duas
condicbes diferentes: em solugcdo tampéo, variando a temperatura, pH,
salinidade e concentracao de oxigénio; e em amostras de 4gua de aquacultura,
para reproduzir as condicbes de fotoinativacdo in situ. Para monitorizar a
cinética do processo em tempo real, registou-se o valor da bioluminescéncia de
V. fischeri durante os ensaios. Foi usada uma concentracéo de 5.0 pM de Tri-
Py’-Me-PF nos estudos com solugéo tamp&o e 10 a 50 uM nos estudos com
agua de aquacultura. A luz branca artificial (4.0 mW cm™) e a irradiagéo solar
(40 mW cm®) foram utilizadas como fontes de luz. A concentracdo bacteriana
utilizada para todos os ensaios foi 10" UFC mL™ (correspondente a um nivel de
bioluminescéncia de 10° unidades relativas de luz).

A eficiéncia da IF de V. fischeri por hibridos nanomagnete-porfirina
(porfirina Tri-Py"-Me-PF imobilizada em nanoparticulas de Fe;0, e CoFe,0,) foi
testada em ciclos de reciclagem e reutilizagdo. A foto-estabilidade da porfirina
Tri-Py*-Me-PF ndo imobilizada foi avaliada por espetrofotometria de UV-visivel,
e a foto-oxidacdo dos nlcleos magnéticos das nanoparticulas por difracdo de
raios X, ap6s 24 h de irradiacdo em suspensédo aquosa.
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Os resultados deste trabalho mostraram que E. coli foi totalmente
inativada com ambas as porfirinas, enquanto S. warneri foi completamente
inativado apenas com a Tri-Py’-Me-PF, ao fim do tempo de irradiacdo
previamente estabelecido.

A IF induziu alterag8es no perfil fosfolipidico bacteriano, com aumento
da abundancia relativa de algumas das classes maioritarias de fosfolipidos,
decréscimo de acidos gordos insaturados, formacao de espécies moleculares
oxidadas a partir de acidos gordos insaturados, nomeadamente nas
cardiolipinas de S. warneri e nas fosfatidiletanolaminas de E. coli. Estas
espécies oxidadas foram identificadas como derivados hidroxi e hidroperoxi
(observados em E. coli) e também grupos carbonilo (em S. warneri). A
formagdo de hidroperdxidos lipidicos confirmou os danos oxidativos nos
fosfolipidos.

A IF causou reducgdo do conteddo intracelular dos acidos nucleicos
bacterianos. Em E. coli observou-se a seguinte hierarquia de modifica¢des:
rRNA 23S > rRNA 16S > DNA gendmico. Os acidos nucleicos de S. warneri
foram extensivamente reduzidos com a Tri-Py’-Me-PF ap6s 5 min de
iradiacdo, mas menos reduzidos com a Tetra-Py’-Me, ap6s 40 min de
irradiacdo. Esta degradacdo dos acidos nucleicos ocorreu paralelamente a
inativacdo e quando as células j4 estavam inativadas mais do que 99.9%.

A IF induziu uma diminuicdo geral do contetdo proteico de ambas as
bactérias, sugerindo degradacdo em larga escala, ocorrendo as altera¢cfes de
forma mais rapida e evidente com a porfirina Tri-Py’-Me-PF. Observou-se o
aumento da expressao de algumas proteinas, altera¢cdes no peso molecular,
desaparecimento apos tratamento e formagdo de novas proteinas. As
alteracdes foram associadas a mecanismos de resposta ao stress oxidativo.

A espetroscopia de infravermelho mostrou ser um método rapido e
econdémico de avaliar as alteragBes induzidas pela IF ao nivel molecular.
Evidenciou os resultados obtidos pelos métodos convencionais com maior
detalhe, nomeadamente ao nivel das ligagdes, grupos funcionais e
conformacdes moleculares.

As variagfes de pH (6.5 - 8.5), temperatura (10 - 25 °C), salinidade
(20-40g¢g L"l) e concentracdo de oxigénio nédo afetaram significativamente a IF
de V. fischeri, uma vez que em todas as condicbes testadas o sinal
bioluminescente diminuiu até ao limite de dete¢cdo do método (redugéo = 7
logio). Os ensaios com agua de aquacultura mostraram que a eficiéncia do
processo é afetada pela presenca de matéria em suspensdo. A IF total de V.
fischeri em agua de aquacultura foi conseguida com luz solar na presenca de
20 uM de Tri-Py*-Me-PF.

Os hibridos nanomagnete-porfirina puderam ser reutilizados em 6
ciclos de IF e reciclados em 3 ciclos. Na reciclagem, houve perda de atividade
de ciclo para ciclo, atribuida & perda de nanoparticulas durante a recuperacao.
A acumulacdo de matéria organica causou uma reducgdo da eficiéncia do
processo durante a reutilizagdo, contudo foi observada a eliminacdo de 38 a
42 logyo de bactérias ao fim de 21h30 a 27h de tratamento. O FS néo foi foto-
degradado e a magnetite das nanoparticulas nao foi afetada pela irradiagéo ou
pela oxidacéo inerente ao processo fotodinamico.

O presente trabalho demonstrou o carater multi-alvo da inativacéo
fotodindmica, pela elucidacdo dos mecanismos oxidativos que ocorrem ao
nivel dos principais constituintes moleculares das bactérias. Também
demonstrou que a inativacdo fotodinAmica é uma metodologia com potencial
para ser implementada na desinfecdo de aguas de aquacultura utilizando
fotossensibilizadores imobilizados, permitindo a sua reutilizacdo e reciclagem,
com a possibilidade de reduzir os custos associados a este tipo de tratamento.
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Photodynamic inactivation (PDI) is defined as the process of cell
destruction by oxidative stress resulting from the interaction between light and
a photosensitizer (PS), in the presence of molecular oxygen. PDI of bacteria
has been extensively studied in recent years, proving to be a promising
alternative to conventional antimicrobial agents for the treatment of superficial
and localized infections. Moreover, the applicability of PDI goes far beyond the
clinical field, as its potential use in water disinfection, using PS immobilized on
solid supports, is currently under study.

The aim of the first part of this work was to study the oxidative
modifications in phospholipids, nucleic acids and proteins of Escherichia coli
and Staphylococcus warneri, subjected to photodynamic treatment with
cationic porphyrins. The aims of the second part of the work were to study the
efficiency of PDI in aquaculture water and the influence of different physical-
chemical parameters in this process, using the Gram-negative bioluminescent
bacterium Vibrio fischeri, and to evaluate the possibility of recycling cationic PS
immobilized on magnetic nanopatrticles.

To study the oxidative changes in membrane phospholipids, a
lipidomic approach has been used, combining chromatographic techniques
and mass spectrometry. The FOX2 assay was used to determine the
concentration of lipid hydroperoxides generated after treatment. The oxidative
modifications in the proteins were analyzed by one-dimensional polyacrylamide
gel electrophoresis (SDS-PAGE). Changes in the intracellular nucleic acids
were analyzed by agarose gel electrophoresis and the concentration of double-
stranded DNA was determined by fluorimetry. The oxidative changes of
bacterial PDI at the molecular level were analyzed by infrared spectroscopy. In
laboratory tests, bacteria (10° CFU mL™) were irradiated with white light (4.0
mW cm™) after incubation with the PS (Tri-Py’-Me-PF or Tetra-Py'-Me) at
concentrations of 0.5 and 5.0 uM for S. warneri and E. coli, respectively.
Bacteria were irradiated with different light doses (up to 9.6 J cm? for S.
warneri and up to 64.8 J cm™ for E. coli) and the changes were evaluated
throughout the irradiation time. In the study of phospholipids, only the porphyrin
Tri-Py*-Me-PF and a light dose of 64.8 J cm were tested.

The efficiency of PDI in aquaculture has been evaluated in two
different conditions: in buffer solution, varying temperature, pH, salinity and
oxygen concentration, and in aquaculture water samples, to reproduce the
conditions of PDI in situ. The kinetics of the process was determined in real-
time during the experiments by measuring the bioluminescence of V. fischeri
(107 CFUmL™, corresponding to a level of bioluminescence of 10° relative light
units). A concentration of 5.0 uM of Tri-Py’-Me-PF was used in the
experiments with buffer solution, and 10 to 50 pM in the experiments with
aquaculture water. Artificial white light (4.0 mW cm™) and solar irradiation (40
mW cm) were used as light sources.
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The efficiency of the PDI of V. fischeri with nanomagnet-porphyrin
hybrids (porphyrin Tri-Py*-Me-PF immobilized on Fe;O, and CoFe,0,
nanoparticles) was assessed in recycling and reuse experiments. The photo-
stability of the free porphyrin (Tri-Py’-Me-PF) was assessed by UV-vis
spectrometry and the photo-oxidation of the magnetic cores of the
nanoparticles was assessed by X-ray diffraction, after 24 h of irradiation in
agueous suspension.

The results showed that E. coli was completely inactivated with both
porphyrins and S. warneri was completely inactivated only with Tri-Py*-Me-PF,
after the pre-established irradiation time.

PDI induced changes in bacterial phospholipid profile, increasing the
relative abundance of some of the major classes of phospholipids, decreasing
unsaturated fatty acids, generating oxidized molecular species from
unsaturated fatty acids, in particular in cardiolipins from S. warneri and
phosphatidylethanolamines from E. coli. These oxidized species were
identified as hydroxy and hydroperoxy derivatives (observed in E. coli) as well
as bearing carbonyl groups (in S. warneri). The formation of lipid
hydroperoxides confirmed oxidative damage in phospholipids.

PDI caused a reduction of intracellular nucleic acids. In E. coli, the
following hierarchy of modifications was observed: 23S rRNA > 16S rRNA >
genomic DNA. Nucleic acids of S. warneri were extensively reduced with Tri-
Py'-Me-PF after 5 min of irradiation, but less affected with Tetra-Py’-Me after
40 min of irradiation. The degradation of nucleic acids was parallel to the
inactivation and when more than 99.9 % of the cells were inactivated.

PDI induced a decrease in overall protein content of both bacteria,
suggesting large-scale degradation, with more evident changes with Tri-Py’-
Me-PF. There was increased expression of certain proteins, changes in their
molecular weight, disappearance after treatment, and formation of new
proteins. These changes were associated with response mechanisms to
oxidative stress.

Infrared spectroscopy proved to be a fast and economic tool to screen
the modifications induced by PDI at the molecular level, supporting the results
obtained by conventional methods in more detail, particularly in terms of
bonding types, functional groups and molecular conformations.

Variations in pH (6.5 - 8.5), temperature (10 - 25 °C), salinity (20 - 40 g
L™ and oxygen concentration did not significantly affect the PDI of V. fischeri,
since in all tested conditions the bioluminescent signal decreased to the limit of
detection (= 7 log, survival reduction). The experiments with aquaculture water
showed that the process efficiency is affected by the presence of suspended
matter. Total inactivation of V. fischeri in aquaculture water was achieved with
sunlight in the presence of 20 pM of Tri-Py’-Me-PF.

Nanomagnet-porphyrin hybrids could be reused in 6 cycles of PDI and
recycled in 3 cycles. In recycling, there was loss of activity from cycle to cycle
assigned to nanoparticle loss during recovery. The accumulation of organic
matter caused a reduction in the efficiency of the process during reuse
experiments; however, there was a reduction of 38 to 42 log,o of bacteria after
21h30 to 27 h of treatment. The PS was not photo-degraded and the magnetite
from the nanoparticles was not affected by irradiation or by oxidation inherent
to the photodynamic process.

This work demonstrated the multi-target nature of photodynamic
inactivation, by elucidating the oxidative mechanisms that occur at the main
molecular components of bacteria. It also shown that photodynamic
inactivation is a methodology with potential to be implemented in the
disinfection of aguaculture water, using immobilized photosensitizers, allowing
their recycling and reuse, with the possibility of reducing the costs associated
with this type of treatment.
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Thesis outline

This thesis documents the research work carried out in the area of photodynamic
inactivation of bacteria using cationic porphyrins as photosensitizers.

The study of this therapeutic modality acquires high importance and timeliness in so
far as the current use of antimicrobial agents to combat infections faces serious problems of
microbial resistance. On the other hand, the scarcity of water resources and the lack of proper
treatment of effluents, calls for investment in new methods of water disinfection, for which
the photodynamic inactivation may be an alternative.

This document is divided into two parts, with different general purposes.

Both parts begin with in-depth literature reviews (chapters 1, 7 and 8) serving as a
basis for the following experimental work.

In the first part (chapters 2 to 6), the damages induced by photosensitization in key
cellular components of bacteria (phospholipids, proteins and nucleic acids) were assessed
using reference methods and a fast method, in order to get a better understanding of the
underlying mode of action of the photodynamic process in these cells. In the experiments, two
bacterial strains with clinical relevance were used: the Gram-positive bacterium
Staphylococcus warneri and the Gram-negative bacterium Escherichia coli.

In the second part (chapters 9 and 10), the potential application of photodynamic
inactivation was evaluated in the environmental context, as a method of disinfecting water
and capable of being recyclable. In the experiments, the naturally bioluminescent Gram-
negative marine bacterium Vibrio fischeri was used.

The two selected cationic porphyrins differ in the number of charges and in the meso
substituents. The porphyrin 5,10,15-tris(1-methylpyridinium-4-yl)-20-
(pentafluorophenyl)porphyrin triiodide (Tri-Py’-Me-PF) is a promising and efficient derivative
synthesized in the Department of Chemistry of University of Aveiro and was generally
compared with the well-studied 5,10,15,20 tetrakis(1-methylpyridinium-4-yl)porphyrin (Tetra-
Py*-Me).

Chapter 1 intended to provide insight into the mechanism of action of photodynamic
inactivation of bacteria with greater focus on specific cellular targets, reviewing the most
recent literature on this subject.

Chapter 2 describes a preliminary study on the oxidative damage of S. warneri
phospholipids through the photodynamic process with the porphyrin Tri-Py*-Me-PF, using

mass spectrometry-based analysis of lipids.



In chapter 3, the same methodological approach was employed in order to study the
oxidative damage of E. coli phospholipids upon photosensitization with Tri-Py*-Me-PF.

Chapter 4 presents the oxidative effects of photodynamic inactivation on the
intracellular nucleic acids of S. warneri and E. coli photosensitized with both cationic
porphyrins, by agarose gel electrophoresis and fluorimetry.

Chapter 5 intended to evaluate the oxidative effects induced by photosensitization in
the protein profile of both bacteria with both cationic porphyrins, using one-dimensional
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

Chapter 6 reports the study of the global biomolecular changes induced by the
photodynamic process on both bacteria with both porphyrins, assessed by infrared
spectroscopy.

Chapter 7 reviews the potential applications of photodynamic inactivation of
microorganisms and organisms in non-clinical context, using porphyrins as photosensitizers.

Chapter 8 emphasizes the importance and usefulness of microbial bioluminescence as
a fast, easy and efficient means to monitor the photoinactivation process, in clinical and
environmental experiments, using bioluminescent strains of microorganisms.

Chapter 9 studied the efficiency of photodynamic inactivation in aquaculture water.
The influence of various physical and chemical parameters of the artificial aqueous medium
was assessed during photoinactivation of V. fischeri. Additionally, the efficiency of the
photoinactivation of this bacterium was evaluated in aquaculture water samples.

Chapter 10 describes the synthesis and characterization of porphyrins immobilized in
solid supports of magnetic character. Their recovery, reuse and recycling after
photoinactivation of V. fischeri was also tested in several cycles on a small scale. In these
studies, the bioluminescent method was used to monitor the kinetics of photoinactivation.

At last, chapter 11 presents the main conclusions of the thesis.
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Chapter 1. An insight on bacterial cellular targets of photodynamic
inactivation

The content of this chapter is currently under peer-review.
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1 Aninsight on bacterial cellular targets of photodynamic inactivation

1.1 Abstract

The emergence of microbial resistance is becoming a global problem in clinic and
environmental areas. As such, the development of drugs with novel modes of action will be
vital to meet the threats created by the rise in microbial resistance. Microbial photodynamic
inactivation is receiving considerable attention for its potentialities as a new antimicrobial
treatment. This review addresses the interactions between photosensitizers and bacterial cells
(binding site and cellular localization), the ultrastructural, morphological and functional
changes observed at initial stages and during the course of photodynamic inactivation, the

oxidative alterations in specific molecular targets, and a possible development of resistance.

1.2 Background

Antimicrobial resistance is a global threat that is continually increasing. Scientific
advances can no longer keep up with this increase. In Europe, it is estimated that every year
there are about 25,000 deaths from hospital-acquired bacterial infections. (1) Among the
multi-resistant bacteria with higher incidence are methicillin-resistant Staphylococcus aureus
(MRSA), vancomycin-resistant Enterococcus faecium, third-generation cephalosporin-resistant
Escherichia coli, third-generation cephalosporin-resistant Klebsiella pneumoniae and
carbapenem-resistant Pseudomonas aeruginosa. (1)

As morbidity and mortality from bacterial infections assumes increasing economic and
social impact, urgent action to reverse this situation is required. In addition to the need to
promote an adequate and rationalized use of antimicrobials, it is imperative to develop
innovative therapeutic approaches. (2)

The mode of action of an antibiotic is defined by the way it binds to a specific target,
inhibiting cell function and, consequently, cell growth. (3) Its action spectrum is limited,
resulting from the direct inhibition of cell-wall assembly, inhibition of cytoplasmic membrane
function, inhibition of protein synthesis or DNA replication. (4) Because of this specificity,
chemical or morphological changes on the target and also the overexpression of efflux pumps
and the synthesis of drug-degrading enzymes can lead to a decreased efficacy of the drug (5, 6)
and, therefore, to the development of resistance to a specific class of antibiotics used. (7) In
this regard, a multi-target antimicrobial approach would be suitable to overcome the

resistance problem.



The inactivation of microorganisms by oxidative stress can be induced by administering
a photoactive compound (photosensitizer, PS) with subsequent activation by light. The
outcome from the action between PS and visible light, in the presence of molecular oxygen,
are irreversible damages at various molecular constituents of cells (lipids, proteins, enzymes,
DNA). (8, 9) This approach is called photodynamic antimicrobial chemotherapy (PACT) (10) or
antimicrobial photodynamic inactivation (PDI), which has emerged as a promising alternative
for the treatment of localized infections. (11, 12)

In PDI, most studied PS are based on tetrapyrrolic macrocycles, with particular emphasis
on porphyrins. (13) Many other compounds, including phenothiaziniums and xanthene dyes
have been envisioned as potential candidates. (14) In Figure 1.1 are depicted the chemical
structures of some families of PS used in PDI and the corresponding acronyms discussed in this
review.

The photodynamic effect triggers electron transfer reactions or energy transfer from the
light to the surroundings (Figure 1.2). In the presence of light (hv), the 'PS in the ground state
(So) absorbs a photon and goes to 'PS*, an excited singlet state (S,). Then, it can lose energy by
fluorescence emission (F) returning to Sy or by an intersystem crossing (ISC) process it can be
converted to an excited triplet state >PS™ (T). In this state, the return to the ground state (S)
can occur by phosphorescence emission (P) or by energy transfer to ground state molecular
oxygen (*0,) (type Il mechanism) or by electron transfer to the surrounding substrates (type |
mechanism), leading to the formation of reactive oxygen species. (8) Both mechanisms may
occur simultaneously but type Il is described as the predominant for the PS used in
photodynamic procedures. (15)

Singlet oxygen ('0,) is highly reactive and has an extremely short lifetime due to its
unstable electronic configuration. Its lifetime in water is approximately 3 - 4 us and its
diffusion range is limited, depending on the surrounding medium (16, 17); in pure water it is
about 1 um (18) and is less than 50 nm in protein-rich lipid layers. (18-21)

One of the most important features of the PS is to have a high ‘0, quantum vyield (®,)
(16) as it is reported for rose Bengal, ®, = 0.76 (22), methylene blue, ®, = 0.39 (17) or
5,10,15,20 tetrakis(1-methylpyridinium-4-yl)porphyrin (Tetra-Py*-Me), ®, = 0.74. (8) Although
a high generation of '0, is considered an essential requirement, a PS should ideally have other
characteristics such as: photostability; amphiphilicity; selectivity for the target cells; solubility;
and absence of dark toxicity or mutagenicity. (23, 24)

Another important aspect for an efficient bacterial photoinactivation is the net charge of
the PS that must be positive concerning the photoinactivation of Gram-negative bacteria, since

there is lack of activity of anionic and neutral PS against this type of bacteria. This condition



relates to the structure of the bacterial wall (Figure 1.3). Gram-positive bacteria have a cell
wall composed of lipoteichoic and teichoic acids organized in multiple layers of peptidoglycan
(30 - 100 nm) (25), which confers a degree of porosity to bacteria that allows the penetration
of the PS into the cell. In Gram-negative bacteria, the presence of an intricate outer membrane
in the cell wall creates an impermeable barrier to antimicrobial agents. The outer membrane
consists of glycolipids in the outer leaflet, mainly lipopolysaccharides, lipoproteins and B-barrel
proteins, a phospholipid bilayer in the inner leaflet which anchors these constituents, and

peptidoglycan (2 - 7 nm). (25, 26)
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Figure 1.1 Some of the photosensitizer structures and corresponding acronyms discussed in this review.

MB, methylene blue; TBO, toluidine blue O; RB, rose Bengal; Ceg, chlorin eg
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Figure 1.2 Photoprocesses that occur during photodynamic inactivation.

Lipopolysaccharides (LPS) play a critical role in the cell defense against antimicrobial
agents. They are composed by a hydrophobic component (lipid A), core polysaccharides, and
O-antigen repeats at the cell’s surface. (27) Molecules of LPS can avidly join, particularly if
divalent cations such as Mg”?" and Ca”" are present in the cell surface, stabilizing the negative
charge of the phosphate groups in the molecules. Since the acyl chains are highly saturated,
they promote a strong accommodation of LPS. (27) The electrostatic forces generated
between the positively charged PS and the constituents of the Gram-negative cell wall
promote the destabilization of the wall native organization (12, 28), allowing the binding and
eventual penetration of the PS into the cell. For this reason, the cationic PS have broader
spectrum of action.

Additionally to the ability to photoinactivate drug sensitive and multidrug-resistant
bacterial strains, PDI has also been shown to be very effective in eliminating viruses, fungi and
parasites with PS concentrations at micromolar range. (11-13, 29, 30) The multi-target nature
of PDI minimizes the risk of resistance development which provides an advantage over
conventional antibiotics.

In order to obtain new insights on the action mechanism of PDI in bacteria, several
studies have been focused on: i) how a specific PS interacts with the cell, ii) the cellular region
where it is located, iii) the ultra-structural, morphological and functional changes taking place
at initial stages and during PDI; iv) oxidative alterations in specific molecular targets and; v) the

possibility of developing resistance.
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Figure 1.3 Schematic illustration of the cellular envelope of Gram-positive and Gram-negative bacteria.

1.3 Interactions between photosensitizers and cellular constituents

PS molecules bounded to the outer membrane may interact with different cellular
constituents based on their affinities for these components. In particular, cationic PS have high
affinity for anionic biopolymers of the outer wall of Gram-negative bacteria, such as LPS,
proteins and some classes of phospholipids.

The phenothiazinium dyes such as methylene blue (MB) and toluidine blue O (TBO)
possess similar photophysical and photochemical properties (31) but their efficiency in
bacterial photoinactivation is different, being higher in the case of TBO. (32) On the other
hand, while the uptake of these two PS by bacteria is the same, the specific binding to
individual constituents of outer membrane of Gram-negative bacteria is different. TBO has a
higher affinity for LPS, and MB for proteins, in this case possibly due to primary binding to
siderophores. (33) These small molecules (400 - 2000 Da), linked to receptor proteins, facilitate
the transport of external molecules such as iron or antibiotics across the membrane. A
complex formed between the PS and the siderophore-receptor protein would translocate the
PS throughout the membrane. (33) Thus, the damage caused by these phenothiazinium dyes
appears to rely on distinct mechanisms. Once TBO is more efficient than MB, the mechanism
involving LPS appears to be more effective (34) than that involving proteins. Having in regard
the multi-target nature of PDI, both mechanisms can coexist and also involve other anionic
membrane polymers. (33)

The phospholipid membranes of Gram-negative bacteria are composed mainly by
zwitterionic phosphatidylethanolamines (PEs, 70 - 75% of total phospholipids) and anionic
phosphatidylglycerols (PGs, 20 - 25% of total phospholipids). (35) The affinity of cationic
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peptides to PGs seems to be higher than for LPS due to the easier accessibility to the anionic
phospholipid group compared to that of LPS. (36) On the other hand, in the Gram-positive
bacteria, PGs represent the major phospholipid class. (37) The absence of an outer membrane
and the porous structure of the peptidoglycan cell wall allow the entry of these PS molecules
through the cell wall and the electrostatic binding with the phosphate groups of PGs. Not only
the PS can bind to PGs but it can also cause defects or rearrangements in these molecules. (38)
This observation may explain why the binding and the photoinactivation of this type of
bacteria is more efficient in the presence of cationic PS.

The interaction of porphyrinic PS with membrane phospholipids of Gram-negative
bacteria does not seem to be only of electrostatic nature. It should be considered the relative
position (immersion depth) and the orientation of the PS on the membrane-water interface,
which determine its degree of hydrophobicity and, consequently, the connection with the
membrane. (39) Studies involving cationic porphyrins in Gram-negative membrane models
showed that Tetra-Py’-Me and 5,10,15-tris(1-methylpyridynium-4-yl)-20-phenylporphyrin
chloride (Tri-Py*-Me-Ph) (PS with four and three positive charges, respectively) stay almost flat
relatively to the phospholipid bilayer, while 5,10-bis(1-methylpyridynium-4-yl)-15,20-
diphenylporphyrin chloride (Di-Py*-Me-Di-Ph,4;, a PS with two adjacent positive charges) has a
large immersion depth. The phenyl groups attached to the porphyrinic ring enter the
membrane but the charged substituents (pyridynium groups) do not go beyond the region of
carbonylester group (polar head) of the phospholipid. (39) This spatial arrangement of the PS
on the membrane prevents the complete neutralization of the charges because not all
substituents are involved in electrostatic interactions. (40) Besides, the presence of a metal
cation in the center of the macrocycle seems to contribute to a higher neutralization of the
charges which is higher for the 5,10,15,20-tetrakis(1-methylpyridynium-4-yl)porphyrinato
zinc(Il) (Zn(Il)Tetra-Py*-Me) than for the corresponding free-base Tetra-Py'-Me. (40) This
higher neutralization increases significantly the electrostatic attraction between the porphyrin
and phospholipids as a result of an effective metal-phosphate coordination. (41) In addition to
the affinity of PS for different cellular components, also the number of positive charges, the
degree of hydrophobicity and the spatial distribution of substituents seem to play an
important role in these relationships.

It is well known that charged PS such as porphyrins or phthalocyanines are able to bind
to and interact with DNA in different ways. These interactions occur via intercalation between
guanine-cytosine base pairs, or externally by groove-binding at adenine-thymine sites or by PS
self-stacking binding. (42-44) This interaction may be influenced by the number and position of

the charges (45, 46) as well as by the peripheral substituents and metal ions present in the
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macrocycle. (47) PDI-induced DNA damage may occur by three mechanisms: direct interaction
between excited PS molecules with DNA; reactive oxygen species-mediated reactions; and
reactions involving other secondary intermediates, as decomposition products of the excited
molecules or lipid peroxidation products. (48) Guanine bases of DNA are particularly reactive
being 8-oxo-7,8-dihydro-20-deoxyguanosine the main oxidation product by reaction with 'O,

(49)

1.4 Cellular localization of the photosensitizer

The mechanism of binding of the PS to the cells and its specific cellular localization is not
yet fully understood. The site of binding will be where the first damages of photodynamic
effect will occur, due to the in situ generation of 'O, and free radicals. (50)

In theory, three situations may arise concerning the cellular localization of the PS: 1) it
does not bind to the cells and remains outside, and so the damage is restricted to the cell wall;
2) it binds to the cells, in a loose or tight way, being located more externally or internally by
diffusion, depending on the interaction mode with cellular components; or 3) it binds to the
cells and is taken up (actively transported into the cell), or translocated through the wall to the
plasma membrane.

The PS binding and its internalization into cells is affected by several factors: PS
structure (51, 52), PS concentration (53-55), degree of hydrophobicity (54, 56, 57), PS solvent
(58), cell density (59), bacterial strain and Gram-type. (56, 60, 61) It seems obvious that a
greater PS accumulation on the cell will directly correlate with the PDI efficiency (52, 57, 62),
but this may not always be true. (33, 56, 61)

An optimized PDI protocol (phototoxicity to bacteria with minimal damage to the host)
includes a period of 5 to 10 min of incubation in the dark with PS prior to irradiation (28) once
it is assumed that the binding takes place during this time interval and does not increase
significantly at longer periods. (52, 63) During this contact time, the PS can interact with the
cellular components of the bacterial wall.

Anionic PS can easily inactivate Gram-positive bacteria but much higher concentrations
are required to indirectly inactivate Gram-negative bacteria. (60) For instance, rose Bengal (RB)
does not need to be directly bound to Gram-negative bacteria in order to inactivate them. It is
probably located in a relatively superficial layer of the bacteria and thus the 'O, generated
externally is able to inactivate the cells without PS binding. (60)

Anionic PS can act on bacteria by electrostatic interactions with cell wall divalent cations

(Ca** and Mg”) and by protein transporters, and not by simple diffusion. (64) In this way, the
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inactivation of Gram-negative bacteria by the photodynamic process with anionic PS can only
be achieved alongside with additional agents such as EDTA (64) or the polycationic peptide
polymyxin B (65) to increase the cell permeability and promote a better penetration of the PS.
On the other hand, cationic PS can interact with bacteria also by electrostatic interactions and,
in the case of Gram-negative bacteria, by self-promoted uptake pathways. (66)

For MB, a mono-cationic thiazine derivative, there is a competitive binding for divalent
cations of the bacterial cell walls. If in Gram-negative bacteria these ions stabilize the normal
structure of LPS by electrostatic bonds, in Gram-positive strains, the carboxylate groups of
proteins and peptidoglycan cross-links, together with phosphate groups of teichoic and
lipoteichoic acids, represent the major calcium binding sites. (67, 68) So, these PS-cation
interactions cause displacement of ions with further PS uptake. (64) Moreover, the differences
observed in PS binding between the Gram-negative Proteus mirabilis and Escherichia coli have
been assigned to the diversity among enterobacteria regarding the composition of LPS, namely
the structure of the lipid A and the core polysaccharides. (69, 70)

Different PDI efficiencies among MB, RB, and the cationic porphyrin Tetra-Py*-Me in
Gram-positive and Gram-negative bacteria have been reported. (60) These differences are
associated with the overall charge of the PS and their ‘0, quantum yield. The 'O, quantum
yield of RB is similar to that of Tetra-Py"-Me and higher than that of MB, but to inactivate E.
coli a higher concentration of RB is needed. (60) On the other hand, if the 'O, quantum yield of
several xanthenes dyes is the same and the cell rate inactivation is different, the difference
may be related to the hydrophobicity of the PS. (57)

Several cationic meso-substituted porphyrins and phthalocyanines have higher affinity
for Gram-negative bacteria due to their amphiphilic character provided by the hydrophobic
planar aromatic core and the positively charged moieties in the meso positions of the
tetrapyrrolic macrocycle. (28, 54) The amphiphilic character of the porphyrinic PS may be
provided by the combination of different number of positive charges into different patterns
with highly lipophilic groups, asymmetric distribution of charges at the peripheral position and
the introduction of aromatic hydrocarbon side groups. (71-75) It has been suggested that
porphyrins are located near the outer surface of the cytoplasmic membrane (62) or in the
outer membrane (54) of Gram-negative bacteria. Time-resolved spectroscopic studies have
indicated that the PS accumulates both inside and outside the cell, bound to nucleic acids and
to the external structure of the cell wall, after a 18 h period of incubation of E. coli with Tetra-
Py*-Me. (76) However other studies in which E. coli was incubated with Tetra-Py’-Me only up
to 4 h, suggested an external location of the PS. (51) After shorter incubation times, when

bound to the cells, PS molecules appear to be located in the outer membrane (in the case of
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Gram-negative bacteria), somewhere between the outer surface and the periplasmic space
(Table 1.1). According to these observations, conclusions about the precise location of these PS
cannot be made at this point.

On the whole, it can be assumed that the amount of PS that binds to bacteria depends
on, at least, two PS features: amphiphilic character and affinity for the cellular components. A
recent study supports this premise. (56) The cationic porphyrins Tri-Py*-Me-PF and Tetra-Py'-
Me efficiently photoinactivate E. coli and Staphylococcus warneri, but the inactivation rate is
higher with Tri-Py*-Me-PF. (77) Regardless of this fact, Tri-Py*-Me-PF has a higher affinity for E.
coli and Tetra-Py*-Me for S. warneri. In S. warneri, Tri-Py*-Me-PF binds to a lesser extent than
Tetra-Py’-Me but the amount of PS removed after washing is lower, therefore molecules

remain more tightly bound to bacteria due to their amphiphilic character.

1.5 Photodynamic cellular damage

15.1  Ultrastructural changes

The ultrastructural changes on photosensitized bacterial cells have been assessed by
transmission electron microscopy (TEM). In the Gram-negative bacterium E. coli treated with
the cationic PS, 5,10,15-tris[4-(3-N, N, N-trimethylammoniumpropoxy)phenyl]-20-(4-
trifluoromethylphenyl)porphyrin (TriAPP-F;P), TMAPP (59) or with (2(3),9(10),16(17),23(24)-
tetrakis[4-(N-methylpyridyloxy)]phthalocyaninato) zinc(ll) (Zn(ll)TetraOPy*-Me-Pc (63), TEM
revealed low density areas corresponding to aggregation of cytoplasmic macromolecules,
alteration and irregularities in cell barriers, and multilamellar membrane structures directly
connected to the cytoplasmic membrane. Photoinactivation by these PS seem to potentially
interfere with membrane functions namely with membrane biosynthesis. (59) In E. coli treated
with 5,10,15,20-tetrakis(1-ethylpyridinium-4-yl)porphyrin (Tetra-Py’-Et), the first modifications
were observed on the cell wall and assigned to pronounced loss of the outlining of the outer
membrane. With a higher concentration of PS, plasma membrane damage with leakage of
inner content was inferred from white spots and bubble formation. (54) Protochlorophyllide-
treated E. coli showed deposition of electron-dense material on the cytoplasmic membrane
and formation of large electron-lucent areas indicative of chromosomal location. (78) Yersinia
pseudotuberculosis photosensitized with this PS revealed disruption of the outer membrane

and cytoplasmic membrane with DNA release. (78)



Table 1.1 Cellular localization of several photosensitizers in bacteria

Reference Photosensitizer Dark Bacteria Cellular localization Detection method Amount of PS bound to Concentration of PS
incubation cells
time with PS
(33) MB and TBO 15 min Pseudomonas Outer membrane Spectrophotometry MB: 58%, TBO: 57% NM
aeruginosa through LPS (TBO) or  and Confocal laser
through proteins scanning microscopy
(MB)
(51) Chlorin eg and 1,35and Escherichia coli Outside associated Confocal laser ND 3to5uM
Tetra—Py+—Me 24h with the cell scanning microscopy
(53) Hematoporphyrin 30 min Staphylococcus Membrane Confocal laser ND 25 ug mL™ (S. aureus)
derivative aureus and scanning microscopy and 75 pg mL™* (E.coli)
Escherichia coli
(54) Tetra-Py'-Et 30 min Escherichia coli Outer membrane” Spectrofluorimetry 50% after 1 washing; 20% 0.1to 3.5 uM
after 3 washings; 4.5
nmol PS mg'1 protein
(with 3.5 uM PS)
(58) MB NM Enterococcus faecalis ~ Wall surface Luminescence ND 100 pM
spectrometry
(60) Tetra-Py’-Me, RB 10 min Enterococcus hirae Tetra-Py*-Me and Spectrophotometry ND 0.73 to 3.65 uM
and MB and Escherichia coli MB: inside the cells;
RB: outside the cells®
(62) Tetra-Py’-Me, 5 min Staphylococcus Cell envelope nearto  Spectrophotometry TMPyP: 35%, TTMAPP: 1uM
TMAPP, TSPP aureus the outer surface of 17%, TSPP: 1%
cytoplasmic
membrane®
(76) Tetra-Py’-Me 18h Escherichia coli Wall and nucleic Spectrofluorimetry 5x10° molecules of PS 0.5to 16 uM

acids

and time-resolved
fluoresence
spectroscopy

cell* (with 8 uM PS)

ND, not determined; NM, not mentioned; a) suggested by the authors as the detection methods used are unspecific to precisely locate the PS

9T
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PDI of the Gram-positive bacteria S. aureus and Listeria monocytogenes treated with
protochlorophyllide showed alterations on the cell’s division area with spherical or curved
cytoplasmic membrane. Partial loss of the cell wall with release of cytoplasmic contents was
observed in Bacillus subtilis. (78) PDI of Streptococcus mitis with (2(3),9(10),16(17),23(24)-
tetrakis[2-(N, N, N-trimethylammonium)ethoxy]phthalocyaninato) zinc ()] revealed
multillamelar mesosome-like structures arising from the septa and cell wall, segregation

patterns in the cytoplasm, irregularities in the cell wall and variability in cell wall thickness. (79)

15.2 Morphological changes

1.5.2.1 Scanning electron microscopy

Independently of the photodynamic efficiency achieved with each PS, different
morphological alterations on bacteria have been depicted by scanning electron microscopy
(SEM). E. coli cells photosensitized with TriAPP-F;P and TMAPP appeared shrunken, indicating
indirectly an alteration in the membrane integrity, and constricted in the presence of TriAPP-
FsP but not of TMAPP. These differences were assigned as distinct capacities of these
porphyrin derivatives in permeating bacterial membrane. (59) After Zn(ll)TetraOPy*-Me-Pc
mediated PDI, E. coli cells appeared shrunken with small vesiculations on their surface
attributed to release of outer membrane vesicles due to stress response. (63)

Fragmentary cell walls with several pits, gaps and large leakage indicate severe
damage on E. coli treated with hypocrellin. (80) Irregular surfaces, wrinkled and shriveled cells,
and pores on E. coli’s cell envelope were observed after PDI with hypericin. (55) In the Gram-
positive Streptococcus mitis, presence of bubbles of various shapes appeared on cell surface
upon mild PDI treatment with (2(3),9(10),16(17),23(24)-tetrakis[2-(N,N, N-
trimethylammonium)ethoxy]phthalocyaninato) zinc (ll) without bacterial lysis or complete

inactivation. (79)

1.5.2.2 Atomic force microscopy

In recent years, atomic force microscopy (AFM) has been used in addition to SEM to
monitor the morphological changes of bacteria after photodynamic treatment, particularly in
terms of surface, texture and shape, providing a deeper understanding of the action
mechanism of different PS. This technique is more advantageous than TEM or SEM because
sample preparation is much easier and less time consuming, minimizing additional damage

that may occur during its preparation. (81, 82)
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Photosensitization of S. aureus with TBO caused an increase in roughness, a decrease
in extracellular slime, and bleb formation, suggesting damage to the cell wall. (83) AFM
analysis of intact S. aureus showed smooth and homogeneous surfaces with small particles of
about 120 nm. After treatment with hematoporphyrin monomethyl ether, there was a
decrease in height and roughness (i.e., in the size of these particles) indicating changes in the
chemical composition of the bacterial wall. (53)

In E. coli treated with TBO, several modifications on the cell surface were observed
progressively with the light dose applied: increased roughness and rigidness with large
depressions; reduction in the mean cell height; reduction in overall length; and distortion with
deep grooves. The initial alterations, observed at a lower light dose, were associated with
structural changes of the components of the outer membrane and with inner membrane
damage, which is consistent with the interaction of the PS with the LPS of the bacteria (83), as
previously discussed, also enhancing PS penetration into the membrane. With higher doses of
light, deeper grooves (83), ruptures, indentations, decreased height and volume (84)
suggested the complete destruction of the cell wall including the inner membrane with
subsequent leakage of cytoplasmic contents. (83) With MB, the changes observed in L.
monocytogenes (84) and E. coli (85) were similar to these. In the latter, the primary targets of
PDI were the extracellular slime, as evidenced by the clearer environment around the treated
cells and cell wall, although to a minor extent. In addition to the effects of light dose, cell
density was found to be an important variable in the effectiveness of PDI as well, since in this

condition there was no significant change in cell morphology. (85)

153 Integrity
1.5.3.1 Cellwall

The assessment of the membrane integrity of the bacteria can be made by
fluorescence microscopy with the LIVE/DEAD® viability assay. This test includes two
fluorescent dyes: SYTO9 that penetrates in both viable and nonviable bacteria and propidium
iodide that penetrates bacteria only with damaged membranes and quenches SYTQ9
fluorescence. Viable cells emit green light and nonviable cells emit red light. (86) Enterococcus
faecalis cells subjected to PDI with MB dissolved in a solvent system of glycerol:ethanol:water
(MIX) stained red, while with MB dissolved in water they stained green, indicating the cell wall
damage induced by MB in MIX. However, cell wall damage was also observed in the absence of

irradiation indicating the damaging effect of components such as glycerol and ethanol in MIX
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solvent. (58) Propidium iodide was also taken up by E. coli and S. aureus photosensitized with

TBO. (83)

1.5.3.2 Plasma membrane

The integrity of the cell membrane may be evaluated by spectroscopic measurement
of intracellular components released with strong UV absorption at 260 nm. (87) The detection
of the activity of various cytoplasmic enzymes (B-galactosidase and respiratory chain
dehydrogenases), the quantification of total protein, and reducing sugars are also indicators of
membrane permeabilization.

In general, there is a decrease of membrane integrity during PDI as a function of PS
concentration and light dose, along with the inactivation rate and cell morphological changes.
(54, 55, 83) The Zinc(ll)TetraOPy*-Me-Pc (2 uM) causes a 4 log reduction in E. coli viability upon
54 ) cm™ but, even after 432 ) cm™, the absorbance at 260 nm was almost unchanged. Instead,
there was a progressive increase in [B-galactosidase activity suggesting some membrane
permeability enhancement. (63) With the cationic porphyrin Tetra-Py*-Et (1 uM), there was
severe damage to the membranes (inner and outer membrane) with a decrease in B-
galactosidase activity and increased protein amount upon 20 J cm™. (54) With the TriAPP-F;P
and TMAPP (1 uM), the membrane damage was not sufficiently increased to release higher
molecular weight species even after exposure to 1296 J cm™. (59) Xanthene PS showed distinct
effects on the membrane of S. aureus: while 1 uM RB largely inactivates bacteria (4 logs) and
64% of the absorbing materials are released, phloxine B just begins the inactivation (1 log and
10% leakage). (57)

TBO-mediated PDI causing a 2 log reduction in E. coli and S. aureus survival, induced
faster leakage of cytoplasmic constituents on the former than on the latter. (83) An
explanation for this difference relies on the thickness of the cell wall and the lifetime of
reactive oxygen species. That is, although a larger amount of PS is required to destroy the
complex outer membrane of the Gram-negative bacteria cell wall, the thin layer of
peptidoglycan enhances rapid leakage of the cell contents, while in Gram-positive bacteria,
despite the low concentration of PS required to inactivate the cell, the thickness of the multi-
layered peptidoglycan (20 - 80 nm) slows down the leakage of cellular contents. (83, 88) As
TBO has high affinity to LPS (33), the interactions with this biopolymer may be the cause for
greater photodynamic susceptibility of Gram-negative in comparison to Gram-positive

bacteria.
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15.4 Functional changes
1.5.4.1 Plasma membrane

The membrane potential generated by the respiratory chain of bacteria is used by ATP
synthase complex to drive ATP synthesis. (89) As a result, inhibition of membrane potential
leads to inactivation of membrane transport systems and enzymes such as NADH
dehydrogenase and ATPase (90), although ATPase appears to be less susceptible to PDI
because its structure is partially protected by the hydrophobic layer of the inner membrane.
(90) At lower PS concentrations, although there is inactivation of ATP synthesis due to cell wall
disintegration, ATPase remains active. (88) The consequent increase in membrane
permeability totally inactivates the energy producing system of bacteria. Cationic porphyrin PS
appear to act directly on this system by inhibiting respiration soon after the onset of PDI in
both Gram-positive (62) and Gram-negative bacteria. (54, 62) This rapid inhibition contrasts
with the slower changes in membrane permeability (as a result of the increased efflux of K*)
(54, 62) and was identified as the main cause of S. aureus PDI in the early stages. (62) As these
membrane functions are impaired early on, it would take longer for the PS to be able to diffuse
into the cytoplasm and attack DNA. (62)

The cationic porphyrins Tetra-Py*-Me and TMAPP decrease membrane potential and
respiration efficiency early after irradiation in S. aureus but the second PS has a stronger
effect. The anionic porphyrin 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin (TSPP) has much
weaker effect. (62) Moreover, the effect of RB on these electrochemical parameters is stronger
than that of TMAPP, especially in impairing the K" pump. (91) Among other xanthene dyes, RB
quickly induces an increase in K* permeability and inhibition of respiration. Thus, cationic
porphyrin PS appear to inhibit membrane potential by inhibiting respiration and xanthene dyes

by increasing membrane permeability. (57)

1.5.4.2 Proteins

Membrane proteins are considered to be major targets of photodynamic oxidation,
not only because they perform vital functions in bacteria (25) but also due to their abundance,
their ability to bind to exogenous chromophores and quickly react with excited state species.
(92, 93)

Singlet oxygen-mediated protein oxidation leads to formation of protein peroxides,
carbonyls, side-chain products, cross-links and aggregates, protein unfolding and enzyme
inactivation. (92, 93) These damages have been evidenced by enzymatic assays with the

inactivation or loss of function of lactate dehydrogenase, NADH dehydrogenase, ATPase and
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succinate dehydrogenase (80, 90, 94), quantification of total carbonyls (61, 95, 96), and by
analysis of protein profile after PDlI by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). (58, 84, 90, 94, 95, 97) However, this analysis is qualitative and
unspecific, only detecting global changes at the protein levels. Possible altered functions may
be deduced by analyzing the electrophoretic patterns, typically characterized by attenuation
and/or disappearance of the bands and formation of cross-linked materials on the top of the
gels. These modifications in outer membrane proteins and enzymes are time-dependent and
occur simultaneously with the decrease of cell survival.

The first proteomic analysis of membrane proteins of S. aureus photosensitized by
Tetra-Py’-Me in sub-lethal doses showed that this oxidative damage is selective, affecting the
expression of several functional classes of proteins, including those involved in metabolic
activities, in response to the oxidative stress, in cell division, and in sugar uptake. For instance,
DnakK, EfTS and RL10, which are involved in protein synthesis, decreased 5-fold, 3-fold and
completely disappeared, respectively. KatA, involved in detoxification, increased 8-fold after
treatment. On the other hand, D-lactacte dehydrogenase (LdHD) involved in energy
metabolism was strongly depressed or almost disappeared. (95)

The increased expression of proteins involved in fermentative pathways [pyruvate
formate-lyase (PfIB), arginine deiminase (ArcA) and catabolic ornithine carbamoyltransferase
(ArcB)] and the reduction of enzymes involved in the direct (chaperone protein DnaK) and
indirect (ferritin, FtnA) response to oxidative stress implies a dual mechanism of action of PDI:
oxygen consumption forces an exchange to the fermentative and glycolysis pathways, but the
selective damage to various specific enzymes of this pathways does not allow the exchange.
Additionally, there was fragmentation in some proteins (structural damage) and oxidation in
others, with possible loss of function (functional damage). This suggests that the damages
induced by PDI are specific and are likely to be dependent on the location of the PS in the

bacteria. (95)

1.5.4.3 Lipids

Although the bacterial membrane is likely to be the main target of PDI, information on
phospholipids, essential structural components of membranes, is scarce because the
identification and characterization of photodynamic damages on lipids is quite complex.
Reactive oxygen species may cause direct oxidative modification of unsaturated lipids and
indirect modification via reactive products of lipid peroxidation. (9, 98) Lipid hydroperoxides
are significant non-radical long-lived intermediates of the peroxidative process and may be

formed by interaction of lipids with '0,, which modifies the structure and the function of
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target molecules and the damaging effects may extend to the surrounding milieu. (9, 98)
Bacterial lipids are mostly monounsaturated and, consequently, not as prone to oxidation as
polyunsaturated lipids. (99) Studies with bacterial lipids and phospholipids have sought to
provide a deeper knowledge on the interaction between the PS and the cell membrane. (33,
40, 100) More recently, some efforts have been carried out to investigate lipid peroxidation in
bacteria subjected to PDI. In UVB-resistant Micrococcus sp. and Pseudomonas sp., lipid
peroxidation by cationic galactoporphyrins was not significant in the early stages of PDI but
occurred cumulatively, being greater with the most efficient PS. (61)

The first lipidomic studies on the phospholipid oxidation of Gram-positive and Gram-
negative bacteria after PDI with a cationic meso-substituted porphyrin (Tri-Py*-Me-PF)
revealed formation of new oxidized molecular species, in addition to lipid hydroperoxides, and
changes in the relative amounts of the different phospholipid classes. (101, 102) In the Gram-
positive Staphylococcus warneri, there was an increase in the amount of phosphatidylglycerols
(PGs), and a decrease of cardiolipins and other phospholipids. Also, oxidized molecular species
were identified, including hydroxy and hydroperoxy derivatives from unsaturated fatty acyl
chains of cardiolipins. The increase of PGs was ascribed as possible indirect oxidation reactions
caused by reactive oxygen species or as a result of the interaction between these anionic
phospholipids, which represent the major class in the membrane of these bacteria, and the
cationic PS molecules. Possibly, PGs could be physically modified by rearrangements or
separation of phospholipids, causing defects in the membrane and enhancing greater
permeability to the PS. (101) In E. coli, hydroxy and hydroperoxy derivatives were also
identified as oxidized molecular species from unsaturated fatty acyl chains of
phosphatidylethanolamines, the major phospholipid component. The decrease in the amount

of the unsaturated fatty acids C16: 1 and C18: 1 was assigned to oxidative modifications. (102)

1.5.4.4 Nucleic acids

Although some PS can bind to DNA and form strong complexes, this may not be the
main target of PDI considering that: a) PDI is a multi-target process mainly affecting the
constituents of the cell wall and bacterial membrane; b) the chronological sequence of the
harmful effects acquires some selectivity according to the binding site of the PS; and c) the
lifespan and the site where '0, is produced restrains its diffusion radius, and consequently, the
spatial range of action. This observation acquires utmost importance considering the use of
PDI to treat localized infections, where it is intended to completely eliminate microorganisms
by selective accumulation of PS in these cells without inducing resistance and likewise prevent

the PS to bind to eukaryotic cells, causing harmful effects.
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Results from PDI experiments show that photocleavage of bacterial DNA occurs when
cells are largely photoinactivated or are no longer viable, thus a decrease in the intracellular
DNA content occurs in parallel to the decrease in cell survival. Time and light dose-dependent
marked reductions in the nucleic acids extracted from photosensitized Gram-positive and
Gram-negative bacteria indicate photocleavage, specifically single strand breaks, in genomic
DNA (58, 59, 63, 84, 96, 103), in RNA (56, 103) and in plasmid DNA. (63, 103) In the case of
plasmid DNA, there might be a conversion from supercoiled DNA (form |) to nicked circular
DNA (form Il). (59, 63)

Moreover, the extent of DNA damage may be influenced by the structure of the PS (56,
59) and by their features. As an example, TagFR-protein, a PS with intracellular expression,
failed to induce visible damage to the genomic DNA of E. coli at maximum light dose (3200 J
cm™) although a light-induced inner membrane damage was observed. (104)

It still cannot be categorically stated that PDI does not interfere with DNA, in vivo,
without bacterial inactivation. Even so, PDI resistance mechanisms have not yet been
identified, only some responses to oxidative stress by upregulation in the expression of
enzymes and proteins (see below Bacterial resistance to PDI). Based on the knowledge
presented so far, the mechanism of action of PDI in bacteria may be illustrated according to

Scheme 1.1.

1.6 Biofilms

A biofilm may be defined as a cell community in the form of a polymeric matrix
consisting of polysaccharides, proteins, lipids and extracellular DNA and sticking to an inert or
living surface. (105) Biofilms may be constituted by single species or more, and their
complexness hampers their elimination. (105) Several biofilm-forming bacterial species are
important etiological agents of nosocomial infections mainly associated with medical implants
or periodontal diseases, so PDI has been largely studied on biofilm-forming species as a way to
improve the current therapeutic options. (30)

Biofilm visualization by SEM allows assessing adherence of bacteria to substrates, the
biofilm structure, as well as distribution, type and viability of bacteria. (106) In PDI treated
biofilms, SEM detects reduction of the biofilm namely by a decrease in the number of
adherent bacteria and the extracellular matrix, followed by disruption in a light-dose
dependent manner. Very few aggregated colonies (107-109), small clusters (109, 110), short
chains and single cells can be seen (109) and, in some cases, with single large pores in the

bacterial cell walls. (111)
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Cellular localization First cellular targets

Gram-negative bacteria . R
Gram-negative bacteria

Electrostatic interactions Outer membrane Light activation of PS
(between the outer surface
and the periplasmic space)

PS incubation
with bacteriain
the dark
5-10 min

LPS and proteins

Affinity for cell components In situ production of ROS Gram-positive bacteria
LPS, proteins, phospholipids Gram-positive bacteria Proteins and phospholipids

Plasma membrane

Scheme 1.1. Representation of the interactions between the photosensitizer and the bacteria before
the onset of photosensitization to the most likely binding sites and major cellular targets.

Confocal laser scanning microscopy analysis of a biofilm assesses the distribution and
thickness of cells in their structure. An increased permeability of bacterial cells after PDI is
revealed by the fluorescent stains used to determine the viability of the bacteria (propidium
iodide penetrates in nonviable bacteria which emit red fluorescence after PS uptake). The fact
that the cell membrane becomes more permeable after PDI may indicate that this is an
important target of photodamage. (46, 107, 109, 112) Moreover, in addition to detected
nonviable cells at the outer layer of the biofilm, the reduced biofilm thickness observed after
PDI is indicative of cell inactivation within the biofilms. (107, 108, 112-114) According to these
observations, the PS diffusion and the penetration of light into the structure of the biofilm
seems not to be a deterrent, since there are inactivated cells distributed throughout the
biofilm structure. (108, 112) Also the larger number of dead cells found inside the biofilm (114)
may be due to a reduction of cell-to-cell contact or cell-to-matrix interactions. (112) However,
the reduction of susceptibility of multi-species biofilms to PDI with MB was attributed to a
reduced penetration of the PS. (115) For merocyanine 540, for example, there was bleaching
of the dye through the experiment. (109) On the other hand, the phenotypic and structural
features of the biofilms also affect the susceptibility evidenced by a difference in major
extracellular components among strains (110), biofilm formation ability between species (112)
and strains (111, 114), and low efficiency of PDI on mature biofilms (older than 24 h) if the
thickness and density of biofilm influences PS uptake. (110)

It was previously stated that the PDI efficiency for biofilm treatment is dependent
mainly on PS penetration and light to the deeper layers (112) and also on the degree to which
the PS binds to bacterial slime. (116) In this way, the efficiency is conditioned not only by
microbial features and light parameters, but also by characteristics of the PS and their
interaction modes with the cellular targets. Regarding the sign of the charge of PS, substantial
differences in the efficiency of destruction of two-week old biofilms of E. faecalis were found

between RB and MB (which is more efficient). (114) This was justified by the extracellular
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polymeric substance associated with biofilms. The hindrance of the PS diffusion to more
sensitive intracellular sites, the PS trapping by the polymeric substance outside of the cell, or
the negative charges on the cell wall surface could promote repulsion of the anionic RB. (116)
Also with regard to substituent groups in the PS structure, there was a preferential interaction
of the PS with S. aureus cell wall between the porphyrins Tetra-Py’-Me and Tri-Py*-C,,-Py*-Me.
(108) The Tetra-Py*-Me was less efficient on biofilm inactivation to PDI than Tri-Py*-Cy4-Py*-Me,
even with longer incubation times. The uptake experiments revealed that Tri-Py"-C,,-Py*-Me
penetrates deeper into the bacterial membranes appearing homogeneously distributed, which
may be justified by the more lipophilic character of Tri-Py*-C1,-Py"-Me due to its long tail. On
the other hand, Tetra-Py*-Me being highly hydrophobic preferably concentrates at membrane-
water interfaces where less photosensitive targets are present. (108)

The structural, biochemical and metabolic features of microbial cells in biofilm greatly
limit their efficient photoinactivation compared with their planktonic counterparts. (114) This
fact would imply the use of higher concentrations of PS to eradicate the biofilm in infected
eukaryotic cells, which should be avoided because of possible toxicity. On the other hand, the
extrapolymeric matrix may be an obstacle to the penetration of PS, requiring application of
higher light doses to achieve the desired effect. (105) The results of recent studies on the
effect of PDI in several bacterial biofilms are shown in Table 1.2. Although PDI is more effective
than antibiotics (115), the most recent strategies of inactivation of these bacterial
communities seek a synergistic effect between different therapeutic approaches, such as PDI,

antibiotics and biofilm-disrupting enzymes, for example. (105)

1.7 Bacterial resistance to PDI

Studies of bacterial resistance to PDI are generally based on sub-lethal treatments (i.e.,
partial inactivation of bacteria) followed by the growth of surviving colonies in repeated cycles
under the same conditions. The photoinactivation profile of Peptostreptococcus micros and
Actinobacillus  actinomycetemcomitans treated with porphycenes 2,7,12,17-tetrakis(2-
methoxyethyl)-9-glutaramidoporphycene (GlamTMPn) and 2,7,12,17-tetrakis(2-
methoxyethyl)-9-p-carboxybenzyloxyporphycene in 10 cycles was unchanged. Also, the
treatments did not interfere with the susceptibility of the bacteria to various classes of
antibiotics. (117) Likewise, the PDI of S. aureus (susceptible and resistant strains to methicillin),

and E. coli (susceptible strain) by MB in 25 and 11 cycles, respectively, did not induce



Table 1.2 Photodynamic inactivation studies in bacterial biofilms

9¢

Reference Strains (Age of biofilm) PS Light source (wavelength, power  Survival reduction (amount, PS concentration,  Observations
density) light dose or irradiation time)
(107) Methicillin-resistant 5-ALA Semicondutor laser (635 nm, 0 - > 80%, 40 mM, 300 cm?
Staphylococcus aureus and 300J cm?)
methicillin-resistant
Staphylococcus epidermidis (24h)
(108) Staphylococcus epidermidis (24h) Tetra-Py'-Me,  Tungsten lamp (400 - 800 nm, 166  Tri-Py*-C,,-Py’-Me: 3 log, 0.8 uM, 300 J cm™>; Tri-Py*-Cy4-Py*-Me exhibited dark
Tri-Py"-Ci-Py*- mwW cm’z) Tetra-Py*-Me: 3 log, 10 pM (after 1h incubation), toxicity at concentrations higher than
Me 300J cm™ 2 uM
(109) Staphylococcus epidermidis (16h) merocyanine Diode laser (Nd:YAG) (532 nm, 0.33 c.a. 3 log, 20 pug mL™, 600 J cm™
540 Wem?)
(110) Staphylococcus epidermidis (24h)  Tetra-Py'-Me Tungsten lamp (400 - 800 nm, 166 c.a. 1.5-2log, 10 uM, 200 J cm? Synergistic action of PDI with other
mW cm'z) therapeutic strategies (antibiotic or
phagocytosis)
(111) Porphyromonas gingivalis, TBO LED (625 -635nm,2 W cm’z) P. gingivalis: 2 - 7 log, A. Synergistic action of PDI with H,0,
Aggregatibacter actinomycetemcomitans: 2 - 5 log, Multi-
actimomycetemcomitans and a species: 1 log, 0.1 mg mL'l, 60s
multi-species biofilm (4-day-old)
(112) Staphylococcus aureus and TBO Laser (640 nm, 42 mW cm'z) c.a.5-6log, 40 uM, 200 cm? EDTA pre-treatment improved PDI in
Staphylococcus epidermidis (16h) S. epidermidis but not in S. aureus
(113) Pseudomonas aeruginosa (24h) Tetra-Py+-Me 100-Watt mercury vapor lamp (> 4.1 log in wild-type biofilms and 3.9 log in pqsA  Tetra-p-tosylate altered biofilm
400 nm, 220-240) cm'z) mutant biofilms, 225 uM, 10 min structure in the dark and promoted
the action of tobramycin
(114) Enterococcus faecalis (4-day-old) MB and RB Optical fiber (540 £15 nm for RB >5 log 100 uM, 25-301J cm’ MB combined with efflux pump
and 660 +15 nm for MB, 300 - 600 inhibitor verapamil enhanced PDI
mW)
(115) Multispecies biofilms (7-day-old) MB Diode laser (665 nm, 100 mW cm'z) c.a.33%, 25-50 pg mL™, 30J cm™
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resistance in the bacteria. (118) Similarly, the photodynamic process with the porphyrin Tri-Py-
Me*-PF did not triggered resistance neither in E. coli nor in Vibrio fischeri in 10 cell generations
partially inactivated, and viability was not recovered after lethal treatment, i.e., total
inactivation of colony forming units. (119) Similar results were obtained after 20 cycles of
treatment of S. aureus and P. aeruginosa with the cationic phthalocyaninato zinc(ll) RLPO68/CI.
However, in the absence of light, there was an increase in the minimum inhibitory
concentration (MIC) of RLP068/CI for S. aureus, which was not increased by 10 repeated
cycles. Although this MIC is higher than that required to cause lethal damage using PDI, there
was bacterial inactivation after exposure to light, which on one hand eliminates the effect on
the MIC increased in the dark, but does not rule out the possible development of resistance.
(120)

PDI does not seem to induce the development of mutants or be constrained by the
resistance pattern of bacteria to antibiotics (96, 121), to ionizing radiation (122) and to UV-B
radiation (61). However, there seems to be a strain-dependent phenomenon concerning PDI
efficiency, as MRSA strains have revealed higher resistance to PDI than their methicillin-
sensitive counterparts, probably assigned to slime production by the MRSA strains. (123)

On the other hand, oxidative stress responses can be set off by up-regulation of the
expression of enzymes and proteins. An increase in the activity of superoxide dismutases
(SodA and SodM) and in the transcript level of these enzymes, involved in the response to
oxidative stress, was observed in S. aureus in a strain-dependent manner (only on those more
PDI susceptible strains), so this increase does not seem to directly affect the vulnerability of
these bacteria to PDI. (124) In addition, 'O, is able to inactivate these and other antioxidant
enzymes, such as catalase (125), and inhibit the expression of virulence factors, as observed in
light-activated MB on staphylococcal V8 protease, a-haemolysin and sphingomyelinase. (126)

Upregulation of heat-shock protein (HSP) GroEL, which stabilizes lipid membranes and
refolds denatured proteins during stress, was detected in Streptococcus mutans after PDI with
RB, without DNA degradation. (127) Increased GroEL expression was also observed in E. coli
with TBO, as well as upregulation of the highly conserved chaperone DnaK. (128) Thus,

induction of HSP has been suggested as a possible mechanism of development of resistance.

In contrast, Tetra-Py*-Me mediated PDI of S. aureus showed down-regulation in DnaK
biosynthesis. (95) This decrease, preventing a response to the detoxification by reactive
oxygen species, suggests that there may be an accumulation of proteins and the formation of
cross-linked complexes in the cells. Therefore, it was suggested that the induced damage in

proteins is specific and other factors related with the PS localization in the cell may play a
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major role. (95) More recently, a gene regulation dependent on Agr, a global transcription
regulator, was shown by chlorin e; mediated-PDI in S. aureus. Agr regulator was also shown to
be required for S. aureus survival to PDI. (129)

Furthermore, it is known that some PS are substrates for multidrug efflux pumps in
both Gram-positive and Gram-negative bacteria (96, 130) but this does not affect the
efficiency of PDI. (96) In this way, the combination of PDI with efflux pump inhibitors
(facilitator of the pump NorA) has been suggested to promote the therapeutic effect in P.
aeruginosa and S. aureus with phenothiazinium PS (MB and dimethyl methylene blue) but the
process cannot be extended to RB or benzoporphyrin derivative. (131)

Given this evidence is still too early to say that there is development of resistance

because the PDI-induced responses also vary with the PS tested.

1.8 Future perspective

The photodynamic inactivation (PDI) of bacteria seems to be a promising strategy to
answer the development of resistance to antibiotics. Although the approach is not a recent
discovery, it was temporarily pushed aside due to the appearance of antibiotics and the initial
efficiency associated to this type of drugs. However, with the appearance of bacterial
resistance, many efforts were developed to rescue and to boost the approach in order to
obtain an efficient eradication of a wide spectrum of microorganisms.

As the research of the enormous potential of PDI increases worldwide, we are at a stage
where the studies are directed towards the potential development of resistance mechanisms,
the possible specificity of the mechanism of action, and the effective strategies to eradicate
complex structures such as biofilms, through the synergistic use of distinct therapeutic
approaches. The detailed study of these aspects will help to optimize the structure of
photosensitizers. Moreover, several strategies of drug targeting and drug delivery vehicles
continue to be widely studied.

Treatment of infections by photodynamic therapy is a localized process, and thus is
limited to superficial areas of the body such as the skin or the oral cavity. Progress is required
in light delivery systems and on the definition of light parameters, in order to extend the
application of PDI to generalized infections. In this case, the stimulation of the immune system

by PDI opens a long way of research in the infection field.
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At the present time, PDI is considered to be a young discipline, given that there are few
in vivo studies with animal models and a limited number of clinical trials for different clinical
conditions. However, the existing evidence is promising and further work will dictate the

progress in this area.
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2 Photodynamic oxidation of Staphylococcus warneri membrane
phospholipids: new insights based on lipidomics

2.1 Abstract

The photodynamic process involves the combined use of light and a photosensitizer,
which, in the presence of oxygen, originates cytotoxic species capable of oxidizing biological
molecules, such as lipids. However, the effect of the photodynamic process in the bacterial
phospholipid profile by a photosensitizer has never been reported. A lipidomic approach was
used to study the photodynamic oxidation of membrane phospholipids of Staphylococcus
warneri by a tricationic porphyrin [5,10,15-tris(1-methylpyridinium-4-yl)-20-
(pentafluorophenyl)porphyrin triiodide, Tri-Py*-Me-PF].

S. warneri (10® colony forming units mL™) was irradiated with white light (4 mW cm™,
21.6 J cm™) in the presence of Tri-Py"-Me-PF (5.0 pM). Non-photosensitized bacteria were
used as control (irradiated without porphyrin).

After irradiation, total lipids were extracted and separated by thin-layer
chromatography (TLC). Isolated fractions of lipid classes were quantified by phosphorus assay
and analyzed by mass spectrometry (MS): off-line TLC/ESI-MS, hydrophilic interaction (HILIC)-
LC/MS and MS/MS.

The most representative classes of S. warneri phospholipids were identified as
phosphatidylglycerols (PGs) and cardiolipins (CLs). Lysyl-phosphatidylglycerols (LPGs),
phosphatidylethanolamines (PEs), phosphatidylcholines (PCs) and phosphatidic acids (PAs)
were also identified. After photodynamic treatment, an overall increase in the relative
abundance of PGs was observed as well as the appearance of new oxidized species from CLs,
including hydroxy and hydroperoxy derivatives. Formation of high amounts of lipid
hydroperoxides was confirmed by FOX2 assay. Photodynamic oxidation of phospholipid
standards revealed the formation of hydroperoxy and dihydroperoxy derivatives, confirming
the observed CL oxidized species in S. warneri.

Membrane phospholipids of S. warneri are molecular targets of the photoinactivation
process induced by Tri-Py’-Me-PF. The overall modification in the relative amount of
phospholipids and the formation of lipid hydroxides and hydroperoxides indicate the lethal

damage caused to photosensitized bacterial cells.
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2.2 Introduction

The photodynamic inactivation (PDI) of microorganisms has gained increasing
importance due to its ability to eliminate a broad spectrum of pathogenic microorganisms, and
to its application in different fields (clinical, environment and public health). (13) In the clinical
area, given the concern with multidrug-resistant strains, it has acquired greater impact as a
potential alternative to common antimicrobial agents.

The photodynamic process involves the combined action of a light source, molecular
oxygen and a photosensitive compound, called a photosensitizer. (132) This interaction gives
rise to reactive oxygen species such as singlet oxygen and/or free radicals which are capable of
oxidizing many biological molecules (enzymes, proteins, lipids and nucleic acids) and lead to
cell death. (98, 133) This process is not apparently reversible and resistance mechanisms have
not yet been observed. (119, 120, 134, 135)

There is general consensus on the importance of using cationic porphyrins as
photosensitizers (with two or more charges) for efficient PDI of both Gram-positive and Gram-
negative bacteria. (77, 136, 137) The amphiphilic character conferred by the different
substituents on the phenyl ring does not significantly affect their photophysical properties.
(137) The structural differences in the cell walls of these microorganisms were proven to be
dependent on the use of cationic photosensitizers which were the most promising ones for
their efficient inactivation. (136) Due to the constitution of their walls, seemingly simple,
Gram-positive bacteria are more easily photoinactivated than Gram-negative bacteria.

The various layers of peptidoglycan of the cell wall associated with lipoteichoic and
teicuronic acids confer a high degree of porosity for this type of bacteria, allowing the entry of
several macromolecules with a molecular weight of 30,000 to 60,000 Da. (138) Thus, after the
diffusion of the photosensitizer across the cell wall, it binds to the cytoplasmic membrane,
which represents a critical target for bacterial cell photoinactivation. (139)

With a molecular weight of 1132.97 Da, 5,10,15-tris(1-methylpyridinium-4-yl)-20-
(pentafluorophenyl)porphyrin triiodide (Tri-Py*-Me-PF, Figure 2.1) has been demonstrated to
be a promising broad-spectrum antimicrobial agent. (77, 140-144) However, although several
studies have shown different damage caused by PDI of microorganisms at a morphological
and/or functional level (63, 78, 103, 145), the mechanism of the photodynamic process in
bacteria, with respect to membrane components, in particular phospholipids, is not fully
known. These membrane components are essential in cell structure maintenance (35) and
interact with other biomolecules based on their distinct chemical nature. (146) Therefore,

since phospholipids are the main components of cytoplasmic membranes, where
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photosensitizers seem to be preferentially located, it is important to study the action of PDI on
them. (147) Although bacterial lipids include mainly monounsaturated fatty acids, and thus are
not as prone to oxidation as polyunsaturated fatty acids (99, 148), they can also be oxidized. It
is therefore important to clarify if lipid peroxidation is essential in the mechanism of bacterial
destruction. In the PDI of bacteria, in addition to the lipid peroxidation caused by reactive
oxygen species, there may be a disruption or rearrangement of the membrane phospholipids
to allow cell binding of the photosensitizer. Furthermore, it is important to know the

differences in the oxidation/rearrangement of membrane phospholipids in bacteria.
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Figure 2.1 Structure of 5,10,15-tris(1-methylpyridinium-4-yl)-20-(pentafluorophenyl)porphyrin triiodide
(Tri-Py*-Me-PF).

Staphylococcus aureus have been widely used as a model of Gram-positive bacteria,
including in antimicrobial photodynamic inactivation. (149-151) However, coagulase-negative
staphylococci are gaining clinical relevance, especially because of their virulence factors,
involving adhesion, aggregation and biofilm formation. (152) They are responsible for
opportunistic and healthcare-associated infections (153-155) and have also shown an
increasing resistance to multiple antimicrobial agents. (152, 156)

Staphylococcus warneri is a coagulase-negative species generally found in normal
microbial skin flora. (157) Although it is a rare cause of human disease, it has been implicated
in several infection conditions: urinary tract infections (158), vertebral osteomyelitis (159),
bacteremia (160), meningitis (161), septic arthritis (162), sepsis (163), and endocarditis in
patients with implanted medical devices. (164-166) Its pathogenicity in neonatal intensive care
units (167), its predominance as a species of coagulase-negative staphylococci cultured from
the hands (167, 168), and its decreased antimicrobial agent susceptibility (168, 169) have also
been reported. The reported clinical cases have highlighted the importance of S. warneri as a
potentially opportunistic etiological agent.

The membrane phospholipid compositions among Staphylococcus species are

qualitatively and quantitatively dissimilar (170) and, therefore, these species do not always
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respond similarly to the action of antimicrobial agents. Lipidomics studies have shown that the
major phospholipid classes in coagulase-negative species of Staphylococcus (171) are the
anionic phosphatidylglycerols (PGs) and cardiolipins (CLs). Minor or trace amounts of the
cationic lysylphosphatidylglycerols (LPGs) (which abound in S. aureus), phosphatidic acid,
phosphatidyl diglycosyldiglyceride and unidentified phospholipids were also found in these
strains. (171) In a recent study with several strains of S. aureus, the determined ranges of their
main phospholipid classes were: PGs (57 - 83%), LPGs (7 - 25%) and CLs (3 - 15%). (37)
However, for coagulase-negative strains there is no reported data on the phospholipidic
pattern.

The aim of this study, after identification of the phospholipidic pattern of the S. warneri
strain, was to evaluate the effect of the photodynamic process on its phospholipid profile
using the cationic photosensitizer Tri-Py*-Me-PF. The changes in the membrane phospholipid
composition of cells irradiated in the presence and absence of Tri-Py’-Me-PF were analyzed
using a lipidomic approach, combining thin-layer chromatography (TLC) with mass
spectrometry techniques, and are intended to give some insight on the mechanism(s) of

membrane damage of Gram-positive bacteria by PDI.

2.3 Material and Methods

2.3.1 Photosensitizer

The cationic porphyrin Tri-Py*-Me-PF (Figure 2.1) was prepared according to reported
procedures. (172, 173) The purity of the compound was confirmed by thin-layer
chromatography (TLC) and by 'H NMR spectroscopy. Stock solutions were prepared in
dimethyl sulfoxide (500 pM work solution) and sonicated for 30 min at room temperature

before use.

2.3.2 Reagents

Phospholipid standards were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL,
USA) and used without further purification. The PG standard was a mixture of PG molecular
species (Egg PG, ref. 841138C). HPLC grade chloroform and methanol were purchased from
Fisher Scientific Ltd. (Loughborough, UK). All other reagents were purchased from major
commercial sources. Milli-Q water (Synergy®, Millipore Corporation, Billerica, MA, USA) was
used. TLC silica gel 60 glass plates (20 x 20 cm) with concentrating zone were purchased from

Merck (Darmstadt, Germany).
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2.3.3 Isolation and identification of bacteria and growth conditions

S. warneri from hand skin was isolated in our laboratory and cultured in tryptic soy
broth (TSB, Merck), aerobically, for 24 h at 37 °C. The cells were coagulase-negative, Gram-
positive cocci. The organism was identified on the basis of its dnaJ gene sequence. (174)

Genomic DNA was extracted from overnight grown bacteria (14 h at 37 °C, 100 rpm),
as described previously. (175) Polymerase chain reaction (PCR) amplification and DNA
sequencing were performed with the following pair of dnaJ degenerate primers: SA-(F) 5'-
GCCAAAAGAGACTATTATGA-3’ and SA-(R) 5’-ATTGYTTACCYGTTTGTGTACC-3'. (174)

The 25 pL PCR mixture contained approximately 1 uL of template, 0.5 uM of each
primer and 12.5 uL of 2x Fermentas DreamTaq PCR Master Mix (Thermo Scientific, Vilnius,
Lithuania).

The reaction mixture was first incubated at 95 °C for 10 min, followed by five cycles of
94 °Cfor 30s, 45 °C for 30 s and 72 °C for 60 s, then subjected to 30 cycles of 94 °C for 30 s, 50
°C for 30 s and 72 °C for 60 s, and completed with a final extension at 72 °C for 3 min in a
TProfessional Trio thermocycler (Biometra, Goettingen, Germany).

The PCR products were analyzed by electrophoresis (BioRad, Munich, Germany) in 1%
agarose gel (Fluka, Munich, Germany), with GreenSafe, at 60 V for 90 min in 1x TAE buffer
(0.04 M Tris-acetate, Sigma; 0.001 M EDTA, Sigma-Aldrich (Munich, Germany); pH 8.0), and
purified and sequenced at external facilities (StabVida, Caparica, Portugal). The sequences
were compared with sequences available in the GenBank® database (National Center for
Biotechnology Information, Bethesda, MD, USA) by using the BLAST (Basic Local Alighnment
Search Tool) service to determine their closest relative. The analysis of the sequence in BLAST
showed a maximum identity of 99% with Staphylococcus warneri (Accession No. AB234328).

For the experiments, S. warneri cells from a freshly cultured plate were inoculated in
TSB and grown overnight aerobically at 37 °C, at 100 rpm. An aliquot was then transferred into
fresh TSB under the same growth conditions to reach the early stationary phase (optical
density at 600 nm: 1.9 + 0.1), corresponding to = 10 colony forming units (CFU) mL™. Bacterial
cells were used in two different ways: sample (cells irradiated with photosensitizer) and
control (cells irradiated without photosensitizer). The cells were harvested by centrifugation
(10 min, 13,000 x g, 4 °C) (Avanti® J-25, Beckman Coulter, Inc., Brea, CA, USA), washed three
times with sterile phosphate-buffered saline (PBS: 8.0 g NaCl, 0.2 g KCI, 1.44 g Na,HPO, and
0.24 g KH,PO, per liter; pH 7.4) and resuspended in PBS to achieve a final concentration of 10°
CFUmL™
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234 Photosensitization protocol

The sample consisted of a bacterial suspension (49.5 mL in a 600 mL sterilized glass
beaker) containing 500 pL of Tri-Py"-Me-PF stock solution (5.0 pM). In the control, the
porphyrin solution was replaced by PBS. The sample was incubated in the dark for 10 min
under stirring (100 rpm) at 25 °C, in order to promote the PS binding to the cells. The control
and sample then underwent a 90 min period of irradiation (total light dose 21.6 J cm™) with
artificial white light (PAR radiation, 380 - 700 nm, 13 OSRAM 21 lamps (Munich, Germany) of
18 W each) with a irradiance of 4 mW cm™ (measured with a model LI-250 radiometer, Li-Cor
Inc., Lincoln, NE, USA), and stirred at 100 rpm. After irradiation, the cells were harvested by
centrifugation (10 min, 13,000 x g, 4 °C), washed three times with Milli-Q water at 4 °C, and

the pellet was then kept on ice until lipid extraction.

23.5 Lipid extraction

The total lipids from bacteria were extracted following the modified Bligh and Dyer
method. (176) A volume of 7.5 mL of chloroform/methanol (2:1, v/v) was added to bacterial
cells (previously resuspended in 2 mL of water), in Pyrex glass centrifuge tubes. The mixture
was well homogenized by inverting vigorously the tubes several times and incubated on ice for
210 min. The samples were centrifuged at 2000 rpm for 10 min (Mixtasel, JP Selecta S.A,,
Barcelona, Spain) at room temperature to resolve a two-phase system: an aqueous upper
phase and an organic lower phase from which lipids were obtai