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Abstract: Opportunistic premise plumbing pathogens (OPPPs) form a group of microorganisms that
normally live in water supply systems and have adapted especially well to the conditions in premise
plumbing systems, and as such pose a threat to human health. Since the beginning of the 21st century,
this threat has been escalating, and it is becoming increasingly evident that current water disinfection
methods fall short in effectively controlling these pathogens. In researching new approaches to
this emergency, phototherapy looks promising, especially one that combines photosensitizers, light,
and oxygen, which is known as photodynamic inactivation (PDI). This review describes the main
characteristics of the recognized (Pseudomonas aeruginosa, Legionella pneumophila, and Mycobacterium
avium) and most important emerging OPPPs, and it offers a brief overview of current disinfection
methods and their limitations in the fight against OPPPs. The principle and outcomes of PDI with
endogenous and, in particular, exogenous photosensitizers are then explained and described through
representative examples of PDI on recognized and emerging OPPPs and their biofilms. Finally,
the prospects and future directions of PDI research in water disinfection and control of OPPPs
are discussed.

Keywords: photosensitizer; antimicrobial photodynamic treatment; opportunistic premise plumbing
pathogens; disinfection; biofilm

1. Introduction

Opportunistic premise plumbing pathogens (OPPPs) represent a group of pathogens
that persist and multiply in the drinking water distribution system (DWDS) and premise
plumbing, including pipes, showers, humidifiers, etc. Their occurrence and multiplication
can be induced by water age, stagnation, high surface to volume ratio, residual disinfectants,
disinfection-by-products (DBP), temperature of the DWDS, pH, pipe materials, and nutrient
levels [1]. The interaction of these features can further increase the risk of appearance of
OPPPs. Some of the main characteristics common to all OPPPs include resistance to
commonly available disinfectants at recommended doses; slow growth and regrowth in
the DWDS; and survival and replication in water with a higher temperature (3545 °C)
and in other extreme conditions, such as deficiency or low levels of nutrients, low oxygen
concentration, and high salinity [1,2]. It is known that in oligotrophic conditions (=low
concentrations of carbon and nitrogen), which predominate in the water supply system,
similar to those in the environment (lakes, streams, etc.), a small cellular concentration
of a highly diverse indigenous microbial community can be found, which grows slowly
with relatively low visible activity [3]. In addition, during extreme conditions and/or in
the presence of disinfectants, certain OPPPs can survive and enter a viable non culturable
(VBNC) state; they can survive within the host, usually in free-living phagocytic amoebae
from Acanthamoeba and Vermamoeba spp.; or they can easily attach to the surface, forming
colonies and highly resistant biofilms or aggregates [2,4,5].
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Many species have ben detected and recognized as OPPPs (Table 1), such as from
Aeromonas spp., Acinetobacter spp., Helicobacter spp., Methylobacterium spp., Stenotrophomonas
spp., Brevundimonas spp., Sphingomonas spp., Chryseobacterium spp., and Naegleria fowleri.
However, in this review, we are focused on the main representatives, Pseudomonas aeruginosa,
Legionella pneumophila, and Mycobacterium avium, from the non-tuberculosis mycobacteria
(NTM) group and a few of the most important emerging OPPPs [2,5].

Table 1. Opportunistic premise plumbing pathogens (OPPPs) and diseases they can cause in im-
munocompromised populations.

Bacteria
Genus Family Main . G/ Infections and Diseases Ref.
Representative(s) G (—)
Hospital and community acquired
Acinetobacter Moraxellaceae A. baumannii Gram (—) pneumonia, tra}lm.a 'and wound. . [6]
infections, meningitis, endocarditis,
peritonitis, keratitis
Aeromonas Aeromonadaceae A. hydrophila Gram (—) Gastroe'r1ter1t1.s, bacteremia, [7]
wound infections
B. diminuta Bacteremia, septicemia/sepsis,
Brevundimonas Caulobacteraceae T 4 Gram (—) pneumonia/pleuritis, endocarditis,  [8]
B. vesicularis L
and keratitis
C. meningosepticum, Nosocomial infections,
Chryseobacterium Weeksellaceae C. indologencs, Gram (—) P yelQneP hr1t1s, P er'1t0n1t1s, 'neonatal [9,10]
C. gleum, meningitis (C. meningosepticum),
C. hominis pneumonia, cystitis, empyema
. . . Associated with peptic ulcers
. — . . - 11
Helicobacter Helicobacteraceae H. pylori Gram (—) chronic gastritis, and duodenitis [11]
L oneumovhila Legionellosis (Pontiac fewer and
Legionella Legionellaceae - prietmopii, Gram (—) Legionnaires’ disease)- [12,13]
L. rubriculens .. .
pneumonia-like diseases
M. mesophilicum,
Methylobacterium Methylobacteriae M. zatmanii, Gram (—) Nosocomial infections, bacteremia [14]
M. extorquens
M. avium,
M. smegmatis, . . .
M. fortuitum Pulmonary diseases, cystic fibrosis,
Mycobacterium Mycobacteriaceae M. abscessiis ! Gram (+) tuberculosis-like disease, chronic [15]
’ I lung infections
M. marinum,
M. massiliense
Pneumonia (cystic fibrosis),
Pseudomonas Pseudomonadaceae P. aeruginosa Gram (—) bacteremia, urosepsis, and [16]
wound infections
Segniliparus Segniliparaceae 5. rotundus, Gram (+) P.ulmc.)nary mfeF tions, cystic [17]
S. rugosus fibrosis, bronchiolitis, pneumonia
. . . e Bacteremia, peritonitis, pneumonia,
Sphingomonas Sphingomonacedae S. paucimobilis Gram (—) and urinary tract infections (UTIs) [18]
Nosocomial infections, respiratory
Stenorophomonas Xanthomonadaceae S. maltophilia Gram (—) and urinary tract infections, [10,19]

endocarditis, bacteremia,
meningitis, and cellulitis
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Table 1. Cont.

Amoebas
Genus Main . Diseases Ref.
representatives
Associated with diseases in immunocompromised
Achantamoeba Acanthamoebidae A. polyphag'q, patlen.ts (cutanfeous, nasopharyngeal, pulmonary, [20]
A. castellanii and kidney lesions), keratitis, and granulomatous
amoebic encephalitis (GAE)
Cutaneous lesions, lung infections, and
Balamuthia Balamuthiidae B. mandrillaris granulomatous encephalitis connected to [20]
immunocompetent infants
Hartmanella Hartmannellidae H. veriformis Keratitis [21]
(Vermamoeba)
. .. . Naegleriasis or primary amoebic
Nuaegleria Vahlkampfiidae N. fowleri meningoencephalitis (PAM) [22,23]
Possible OPPPs
Genus Main . G/ Infections and diseases Ref.
representative(s) G(-)
Burkholderia cepacia
complex (Bcc):
Burkholderia Burkholderiaceae B. cepacia, . Gram (—) RE.ESP ratory 1'nfect10ns in patients [24]
B. cenocepacia, (cistic fybrosis)
B. ambifaria,
B. vietnamiensis
Elizabethkingia Weeksellaceae E anop helis, . Gram (—) Nocosomial infections [25,26]
E meningoseptica
Comamonas Comamonadaceae C. testoster-(')m, Gram (—) Pneumonia, bgcte;rgmla, sepsis, and [27]
C. kerstersii purulent meningitis
Bacteremia, septicemia/sepsis,
Ochrobactrum Brucellaceae O. anthropi Gram (—) pneumonia, endophthalmitis, [28]
and keratitis
Ralstonia Burkholderiaceae R. mannitolilytica Gram (—) Bacteremia [29]

Most OPPPs are Gram-negative bacteria, such as P. aeruginosa, which is a rod-shaped,
monoflagellated bacterium known to cause serious infections in immunocompromised
cancer patients or patients suffering from severe burns. The ability to grow in micro-
aerobic conditions enables them to survive in thick mucus, characteristic of cystic fibrosis
(CF) patients [30]. Due to its prevalence in the DWDS and other common characteristics,
P. aeruginosa is considered a member of the OPPPs group; however, due to its high resistance
to many antibiotics, including 3-lactams, fluoroquinolones, cephalosporines, sulfonamides,
macrolides, etc., P. aeruginosa is also known as one of the ESKAPE pathogens, which is a
group of pathogens that have developed various mechanisms to escape the bactericidal
activity of many currently known antibiotics [31]. P. aeruginosa is highly resistant to
disinfectants and can survive periods of water stagnation with low oxygen concentrations
because of its ability to utilize NO3; ™~ as the terminal electron acceptor [2]. Previous studies
have shown that P. aeruginosa can survive and replicate, like oligotrophic microorganisms,
in low-nutrient conditions, including distilled water [32].

L. pneumophila is the leading cause of Pontiac disease and Legionnaires’ disease, pneu-
monia, often with a fatal outcome. It is a Gram-negative, rod-shaped bacterium that is
difficult to cultivate, which requires L-cysteine and ferric salts in the charcoal buffered
agar. However, it is a facultative intracellular parasite commonly found in natural water
systems and, even in higher concentrations, in engineered water distribution systems [1,33].
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Legionella survives without a host organism, but its ability to form biofilms and its persis-
tence in amoebas enables it to survive in the DWDS for a long time. Its transmission usually
occurs through aerosols that originate from cooling towers, air-conditioning systems, hu-
midifiers, or whirlpool spas [1,33]. In recent years, the number of cases of diseases caused
by Legionella spp. and NTM has increased significantly, with 10,000 cases of Legionella’s
disease reported in the U.S. in 2018, and the estimate of annual economic costs due to
infections in the U.S. is about USD 430 million for those caused by Legionella spp., being
nearly as much for those caused by NTM [34].

Non-tuberculosis mycobacteria (NTM) are generally adapted to life in an aquatic
environment due to their physiological properties [1]. Non-tuberculosis mycobacteria,
such as one of their main representatives, M. avium, have a hydrophobic, waxy cell wall
consisting of insoluble components such as arabinogalactans, peptidoglycans, and mycolic
acid [35]. These components, together known as glycopeptidolipids (GPLs), are considered
the main factor in the pathogenicity of M. avium and are associated with the increased
surface adhesion, which allows for biofilm formation, especially on polyvinylchloride
(PVC) pipes. In addition, this lipid-rich cell envelope is considered to be responsible for
the resistance to disinfectants and antibiotics. M. avium is responsible for tuberculosis-like
pulmonary diseases; however, it has also been associated with skin, soft-tissue, and post-
operative infections [1,15,35]. Methylobacterium spp. is a group of emerging OPPPs, sharing
many characteristics with other OPPPs. They can be found especially in shower curtains
and showerhead biofilms, and interestingly, these bacteria are mutually exclusive with
M. avium [36].

A. baumannii is one of the main emerging OPPPs found in the DWDS, and it is also
a member of the ESKAPE group, having multi-drug resistant (MDR) strains [31]. These
aerobic, Gram-negative coccobacilli can be found in various habitats, preferentially in soil
and water, but they also occur in humans, food, sewage, and on animals. These bacteria
are nosocomial pathogens responsible for various local and systemic infections, including
pneumonia, bacteremia, septicemia, and wound infections [37]. A. baumannii is airborne,
as are other members of the OPPPs group, and is also known to be transmitted from the
environment through contaminated hospital surfaces and instruments and from colonized
patients through the skin or objects [6]. Furthermore, A. baumannii is known to survive on
dry surfaces with nutrient-restricted conditions for up to 5 months and causes nosocomial
infections [31], and MDR strains are hard to treat due to the developed mechanisms of
resistance to major classes of antibiotics, such as loss of porins, production of 3-lactamases,
increased expression of efflux pumps, ribosomal mutations, target site mutations, and
lipopolysaccharides mutations on the cell membrane [6,38].

Current Treatments in Water Disinfection and Eradication of OPPPs

Monitoring of OPPPs, especially in high-risk settings, such as hospitals, nursing
homes, etc., is mandatory to prevent risk and respond in a timely manner to outbreaks
of the disease. However, it is known that OPPPs do not respond to fecal indicators, and
DWDS, especially premise plumbing, in which OPPPs naturally live and reproduce, can
be very complex and different from site to site and can vary in pipe material and water
stagnation [39,40]. Previously, it was thought that oligotrophic microorganisms could grow
exclusively under low-nutrient levels under laboratory conditions, but today, we know
that the ability to survive in oligotrophic conditions depends on the ability of a particular
strain to survive. Molecular methods have proven that OPPPs as well as numerous other
microorganisms that cannot be cultivated using standard cultivation methods can be
adapted to life in water supply systems, and some of them can survive in distilled water
as well [41-43]. This makes the monitoring and control of OPPPs very difficult and
challenging, and even more for the bacteria in the VBNC state. Current approaches to the
disinfection of DWDS include continuous and remedial (one-time) disinfection, which is
used when an outbreak of the disease occurs. In both situations, widely known methods of
disinfection and water management are applied, including chlorination, use of chloramine,
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chlorine dioxide and ozone, thermal method, copper-silver ionization, and ultraviolet (UV)
radiation [1]. Unfortunately, one of the important common characteristics of OPPPs is their
high resistance to these methods, and especially to the applied disinfectants in doses that
are recommended for water disinfection. The ability to form new biofilms or join existing
ones, which is characteristic of all OPPPs, is particularly significant and responsible for this
high resistance. The greatest health threat from OPPPs in the DWDS comes from biofilms
that grow at the end points of the DWDS, such as those from the shower/bath and sink
drains, showerheads, and taps [1,2,16,34].

Biofilms, such as those formed by P. aeruginosa, consisting of mucus-forming strains
(5G41) and extracellular polymeric substances (EPSs), which play an important role in the
biofilm formation, are associated with the enhanced survival of the bacterium in chlorinated
water [16,44]. When chlorine, which is a rapidly reacting oxidant that disrupts the cell
membrane, is used as a disinfectant, EPSs protect bacteria by consuming disinfectant
residuals on cell membranes, while when using chloramine, which is known as a slow-
reacting disinfectant, EPSs reduce membrane permeabilization [45]. Chlorine dioxide at a
concentration of 5 mg/L has been shown to be suitable for the eradication of P. aeruginosa by
increasing the permeability of the membrane and releasing vital cell components. However,
the recommended concentration of chlorine dioxide for water disinfection is much lower,
being 1.5 mg/L [46]. UV irradiation applied to P. aeruginosa at doses of up to 300 mJ/cm?
resulted in a decreased cell number and an enhanced nucleic acid damage. However, the
integrity of the membrane and expression levels of 165 rRNA remained intact; upon an
increase in temperature (37 °C) and exposure to nutrients (LB agar), P. aeruginosa renewed
its metabolic activity and cultivation ability [47]. The impact of free chlorine (2 mg/L) and
copper ionization (0.25 mg/L, Cu?*) in drinking water was tested on P. aeruginosa, and a
small reduction (3.5 log for chlorine and 5.1 log for copper ionization) in viability and a
strong or complete loss of cultivability were demonstrated. However, after the depletion of
the disinfectant, P. aeruginosa recovered within 24 h [48].

The hyperchlorination of L. pneumophila decreased the number of planktonic organ-
isms only in a concentration of 0.5 mg/L, which is 400 times higher in comparison to
the recommended values for drinking-water treatment. However, even in this case, after
hyperchlorination, Legionella’s regrowth occurred within 28 days [49]. In addition to their
intrinsic resistance, L. pneumophila and other OPPPs have developed various mechanisms
to overcome current disinfectants and extreme conditions. The prolonged survival of
L. pneumophila is achieved by easily attaching to any surface and forming biofilms or by
a special protein translocation system for intracellular survival and the formation of a
niche for replication—Legionella-containing vacuole inside Acanthamoeba spp. [33]. Garcia
et al. investigated the impact of an L. pneumophila and Acanthamoeba polyphaga co-culture
where they observed a resurgence of viable but not culturable (VBNC) Legionella inside
Acanthamoeba after repeated hyperchlorination with NaOCl. Furthermore, the interaction
of A. polyphaga and L. pneumophila resulted in greater resistance of both organisms to hyper-
chlorination and thermal shock (70 °C) used for eradication in the plumbing system [50].
Bacteria in the VBNC state exhibit properties of viable bacteria; however, they do not pos-
sess any metabolic activity and fail to form colonies. Thus, they are difficult to detect. After
metabolic stimulation, or co-cultivation within amoeba, pathogens can develop renascent
metabolic activity and cultivation ability [47]. The possibility of existing in a VBNC state
is characteristic for both L. pneumophila and P. aeruginosa. Biofilm formation is another
resistance mechanism important for both bacteria; so, for example, after a chlorination
treatment, with concentrations up to 200 mg/L, that successfully reduced the planktonic
L. pneumophila and biofilm size, biofilm regrowth occurred within a few days in all the
tested examples, varying depending on biofilm age and treatment day [49].

On the other hand, the cell wall of M. avium, rich with GPLs, enables the bacterial
cells to attach to the surface and increase biofilm production. In comparison to E. coli, the
product of disinfectant concentration and exposure time (Ct) required to inactivate 99.9%
of M. avium was up to 2300 times higher for chlorination and more than 50 times higher
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for ozone [35]. It was also found that M. avium has a higher resistance to cooper-silver
ionization compared to L. pneumophila (Ct = 82 mg/L x tand 0.35 mg/L x t for M. avium
and L. pneumophila, respectively) [51]. On the other hand, the monochloramine disinfection
of M. avium has been reported to have led to an upregulation of the mammalian entry gene
1 (mcl1) that facilitates entry to eukaryotic cells and, thus, induces the opposite effect and
increases survival after the disinfection treatment [35].

A. baumannii is known to have high resistance to disinfectants and antibiotics and a
high survival rate in dry conditions without or with low nutrient levels. In one study, chlo-
rine dioxide at a concentration of 10 ppm proved to be a powerful oxidizing disinfectant
against MDR A. baumannii and MDR P. aeruginosa, and both bacteria were successfully erad-
icated by protein denaturation that occurred after the oxidative modification of tryptophan
and tyrosine residues [52]. However, this concentration was 20 times higher than the rec-
ommended doses of chlorine dioxide in European countries (0.5 ppm), and concentrations
higher than recommended are considered a potential health hazard due to the production
of trihalomethane compounds such as DBPs [52]. In a recent study, chlorine and chlorine
dioxide were shown to be the most efficient disinfectants against A. baumannii; however,
they were not effective enough against biofilms, and bacterial regrowth occurred within
7 days of treatment [53].

All previous examples show that the existing methods of water disinfection for human
use are currently not effective enough to completely eradicate OPPPs and their biofilms and
may even lead to their higher resistance. Increasing the amount of the applied disinfectant,
such as chlorine, chloramine, or chlorine dioxide, from those currently allowed is not
acceptable because it leads to the formation of larger amounts of DBPs, which poses an
even greater threat to human health. According to some predictions, climate change will
lead to more outbreaks of diseases caused by OPPPs, for example, due to greater use
of air-conditioning systems, swimming pools, green infrastructure, etc. [54]. Therefore,
new approaches and methods are needed in water disinfection and for the control and
fight against OPPPs and their biofilms, and some of these approaches could be based on
light-activated mechanisms and photoinactivation.

The aim of this review is to compare the mechanisms of different types of photoin-
activation and their advantages and disadvantages in the suppression of pathogens and
biofilms, with an emphasis on members of the OPPPs group. The main objective is to assess
the possibilities of using photodynamic inactivation (PDI) using exogenous photosensitiz-
ers (PSs) to eradicate OPPPs in water intended for human use. Although there are reviews
on topics in the field of antimicrobial photodynamic inactivation, to our knowledge, this
is the first to focus on OPPPs. To study examples of PDI against the main representatives
of the OPPPs group, the sources found on PubMed (with the key words “photodynamic”
and “representative bacteria names”) are used, especially those published in the last ten
years (Figure 1) and in which a significant PDI effect was achieved against pathogens
and their biofilms. Clinical studies of PDI as a treatment for infections are omitted, and
the emphasis is on in vitro studies in which all relevant data, such as PS structure and
concentration, incubation time, and irradiation conditions (wavelength, irradiance, light
dose, etc.), are provided.



Processes 2023, 11, 3074 7 of 32

50
p Il Pseudomonas aeruginosa (248)

A B [ Acinetobacter baumannii (77)
Il Vycobacterium (40)
[ Helicobacter pylori (29)
I Aeromonas hydrophila (5)
| |Legionella pneumophila (3)
[ stentrophomonas maltophilia (2)

19.1%

9.9%

number of publications

7.2%

\\ 1.2%
61.4% k 0.7%
0.5%

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

year

Figure 1. (A) Number of publications in PubMed per year in the period of 2013-2023, with the results
of photodynamic inactivation studies on P. aeruginosa; (B) total number of publications in PubMed in
the last ten years, with PDI on the main representatives from the OPPPs group.

2. Antimicrobial Photoinactivation

Certain types of photoinactivation are already being used to disinfect water, and a well-
known example is the use of UV radiation. Ultraviolet (UV) radiation is divided, according
to the wavelength range it encompasses, into UVA (315-400 nm), UVB (280-315 nm), and
UVC (100-280 nm). For disinfection, a wavelength of 254 nm is mainly used, which
causes DNA damage to pathogens, and low doses, as well as high doses, of UV radiation
applied in a very short time have proven to be very effective on all OPPPs. Efficacy
has been demonstrated in premise plumbing systems, even on Legionella within amoeba,
although, in this case, a slightly higher fluence was required [1]. However, UVC is a human
carcinogen, meaning it is not safe, as well as UVA, which can cause skin cancer. Further
disadvantages are the high costs of lamps/sources of UV radiation and their installation,
and the long-term effect on biofilms in water distribution systems is still not known [55].
There have been many attempts, some also known as SODIS (=solar disinfection), to use
sunlight as a renewable energy source to disinfect water, but the appropriate reactors for
such applications are currently also expensive [56].

There are three types of photoinactivation: endogenous direct, endogenous indirect,
and exogenous indirect photoinactivation of pathogens. Endogenous direct photoinacti-
vation (Figure 2) is based on damage to pathogens caused by UV radiation, for example,
direct damage to proteins and nucleic acids after absorption of UVB and UVA from solar
radiation. Most of the damage and consequent inactivation in this case come from UVB
radiation, and only a small part from UVA, but the most germicidal is UVC radiation,
which can be obtained from artificial sources, and which leads to the strongest damage of
nucleic acids [57]. Nucleic acids are damaged because of photochemical reactions, such as
the dimerization of pyrimidines by photocycloaddition [2+2] reaction and the photoaddi-
tion reaction with water, and UVC can have both antiviral and antibacterial endogenous
direct effects. Known UVC sources include mercury UV lamps, UV light-emitting diodes
(UV-LEDs), radiating excimer lamps, and micro plasma lamps, and they can be used for
the disinfection of water, medical devices, hospitals, public indoor places, etc. [57]. En-
dogenous direct photoinactivation with UVC proved efficient against Pseudomonas and
Mycobacterium [58], while UV pre-treatment in the presence of residual chlorine prevented
the regrowth of OPPPs, namely, Legionella spp., L. pneumophila, Mycobacterium spp., and
Acanthameoba spp. [59].



Processes 2023, 11, 3074

8 of 32

Figure 2. Mechanism of endogenous direct photoinactivation. Parts of the figure were drawn
and modified by using pictures from Servier Medical Art, accessed on 13 October 2023. Servier
Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License
(https:/ / creativecommons.org/licenses /by /3.0/).

Endogenous indirect photoinactivation (Figure 3) is based on the action of visible
light, especially the purple and blue parts of the spectrum that are commonly referred to
as antimicrobial blue light (aBL) and violet-blue light (VBL). Most often, a wavelength of
405 nm is used as VBL, which has proven to be effective for photodisinfection on planktonic
bacteria as well as nosocomial biofilms, and among OPPPs, it has been shown that the
most susceptible to VBL is P. aeruginosa, while A. baumannii is the least susceptible [60]. For
aBL, 450 nm is commonly used, which is weaker than VBL, but due to better penetration
through the skin, it is more often used to treat infections in people. Mammalian cells are not
sensitive to VBL and aBL like bacterial ones, so this light in antimicrobial doses is safe for
humans. Endogenous DNA does not absorb VBL and aBL; thus, there is no damage to it,
and this light also does not damage materials, so it is used, for example, to disinfect medical
instruments in hospitals [60,61]. The mechanism of endogenous indirect photoinactivation
has not been fully explicated, but it is generally accepted that the wavelengths of VBL and
aBL overlap with absorption bands of endogenous chromophores in microbial cells, such
as flavins, porphyrins, bilirubin, or chlorophyll. For example, the strongest absorption
band of porphyrins, Soret or B band, is around 400-420 nm, and porphyrins are the most
common endogenous chromophores in most bacteria. These endogenous chromophores are
photosensitizers (PSs) because after the absorption of visible light photons, they can transfer
energy to nearby oxygen molecules, producing singlet oxygen (10,) and other reactive
oxygen species (ROS) (through electron/proton transfer), which can damage intracellular
constituents (by reacting with proteins, lipids, and nucleic acids), such as damage to
the membranes and the DNA cleavage, leading to cell death [61-64]. The presence of
endogenous porphyrins has been identified in aBL sensitive strains of OPPPs (P. aeruginosa,
A. baumannii, H. pylori) and is associated with demonstrated inactivation of their planktonic
cells and biofilms by aBL [61-64]. In the case of H. pylori, protoporphyrin IX (PPIX) and
coproporphyrin (CP) were determined by spectroscopic characterization and fluorescence
imaging [65]. In addition to PPIX, CP I, and CP III, flavin-type endogenous PSs such as
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riboflavin have been determined, and both violet (405 nm) and blue (460 nm) wavelengths
have been shown to be effective for their photoactivation, leading to the bacterial cell wall
damage, which has been proven through morphological changes [66]. The effectiveness of
aBL and VBL has so far been demonstrated against ESKAPE pathogens in the planktonic
state and biofilms; against Legionella rubrilucens as a representative of OPPPs (inactivated
with 405 nm on an agar plate) [64]; with blue LED for food decontamination [67]; with
405 nm on Escherichia, Salmonella, Shigella, Listeria, and Mycobacterium, although with
different effects on different surfaces and in suspension [68]; and with 413 nm for pathogens
in milk [69]. However, the type and proportion of individual endogenous PSs differ in
different bacteria, and different PSs have different absorption characteristics, so it is difficult
to determine the optimal doses of light for their photoactivation. If the wavelength and
dose of light are not optimal, VBL and aBL can even stimulate bacterial growth and
enhance biofilm formation (e.g., due to heat) [60]. Identified parameters affecting the
effectiveness of aBL include the number of pathogens present, microbial growth phase, pH,
temperature, and irradiation conditions (e.g., continuous or pulsed exposure, exposure
time, and irradiance), which make appropriate application even more complex, and, so
far, contradictory results regarding the safety of aBL use and resistance development have
been described in the literature [64].
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Figure 3. Mechanism of endogenous indirect photoinactivation. Parts of the figure were drawn

and modified by using pictures from Servier Medical Art, accessed on 13 October 2023. Servier
Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License
(https:/ / creativecommons.org/licenses/by/3.0/).

Exogenous indirect photoinactivation (Figure 4) involves natural PSs outside bacteria,
for example, dissolved natural organic matter (DOM) such as humic and fulvic acids in
aquatic environments, or synthetic PSs [70], such as porphyrins, phenothiazines, xanthenes,
and curcumin that were used as exogenous PSs for food decontamination [67,71,72] and
for antifungal photodynamic therapy (PDT) [73]. Extracts of green plants (phytoextracts)
as natural exogenous PSs have been proposed as a cheap and environmentally friendly
approach in disinfection of wastewater [74]. When it comes to synthetic PSs, two cationic
PSs (5,10,15,20-tetra(N-methylpyridinium-4-yl)porphyrin (TMPyP4), and methylene blue
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(MB)), one anionic (rose bengal (RB)), and one neutral (neutral red) were compared on
clinical strains found in wastewater samples of Staphylococcus aureus, which was used as a
model for Gram-positive bacterium and P. aeruginosa as a model for Gram-negative bac-
terium [75]. After irradiation with red light (650 nm, irradiance 50 mW / cm?), cationic PSs
stood out as the best candidate for various pathogens as they were efficient in micromolar
concentrations on both bacteria in phosphate-buffered saline (PBS) [75]. Moreover, for pho-
toinactivation applications in water disinfection, the benefits of porphyrins as exogenous
PSs are often cited, given that they have high molar absorption in the violet-blue part of the
spectrum (Soret band), and blue wavelengths from the solar spectrum (if sunlight is used
for photoactivation) are also those with the lowest absorption by water. Cationic porphyrins
are water-soluble, but they can also be immobilized on solid support and recovered and
recycled after use [76].

Figure 4. Mechanism of exogenous indirect photoinactivation. Parts of the figure were drawn
and modified by using pictures from Servier Medical Art, accessed on 13 October 2023. Servier
Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License
(https:/ / creativecommons.org/licenses /by /3.0/).

In any case, when using sunlight for the photoactivation of exogenous PSs, it can be
expected that there will be some activation of bacterial endogenous PSs due to the UVA
and UVB parts of solar radiation. Interestingly, in the study of two natural exogenous PSs
(based on DOM) and RB and MB as synthetic PSs against eight bacterial pathogens, the
measured ROS was the same regardless of whether simulated sunlight was used, in which
the proportion of UVB radiation was reduced (by 84%) or not reduced [70]. When sunlight
with attenuated UVB was used, photoinactivation with exogenous PSs showed different
rate constants for each PS and bacterium, but overall, Gram-positive bacteria were shown
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to be more sensitive, and the strongest antibacterial effect was achieved with MB, followed
by RB [70].

It is also worth mentioning that recently reviewed light promoted advanced oxidation
processes (AOPs) that take place by the combination of solar, artificial UV, or visible light,
with a strong oxidant, ozone, or hydrogen peroxide, and in which mostly hydroxyl radical
(OH) is being generated [56]. The effects of water matrix/constituents were evaluated,
and it was shown that DOM, turbidity, and ions have a negative effect because of light
attenuation and scattering as well as an inner filter effect, while turbidity, salinity, chloride,
and (bi)carbonate ions have a negative effect due to the quenching of reactive radicals [56].
These negative effects can be achieved even with the permissible limit concentrations of
water constituents; therefore, it is important to check their impact. On the other hand, a
pH of 6.5-8.5 has a positive effect [56], and DOM can also have a positive effect because it
can not only produce singlet oxygen through photosensitization, but it can also create a
microenvironment for a longer lifetime of 1O, and ROS generated by other light-activated
PSs and AOPs [77].

In addition to the possibility of combining photoinactivation with other methods
of water disinfection, it is possible to combine different types of photoinactivation. For
example, a synergistic antimicrobial effect was achieved by combining two wavelengths
from three different spectral regions (I: 190-254 nm, II: 250-320 nm, and III: 300—405 nm)
due to the involvement of various mechanisms; the combination from II and III proved to be
the most efficient, and even more so if the applied visible light is extended to the red part of
the spectrum [78]. In another study, a combination of endogenous and exogenous indirect
photoinactivation through aBL (405 nm) and indocyanine green (IG) as a PS (activated at
810 nm), respectively, was efficient against a Streptococcus mutans biofilm [79]. Interestingly,
IG with only 810 nm was equally efficient as the combination (IG with 810 nm + aBL), and
both treatments were more successful than aBL alone on a 4-day-old biofilm. However,
when each treatment (aBL, IG + 810 nm, or aBL + IG + 810 nm) was repeated every day
on a 14-day biofilm, the combination was the most efficient, especially the one where aBL
was at least half of the given radiant exposure. Therefore, the application of exogenous PS
has certainly proven superior, but as the authors have suggested, possibly due to biofilm
adaptation, combining it with aBL is favorable for older biofilms [79].

The Sections 2.1 and 3 further discuss the approach based on the application of
exogenous PS in indirect photoinactivation and the possibilities that this approach could
provide in the fight against OPPPs.

2.1. Photodynamic Inactivation (PDI)—Mechanism, Exogenous Photosensitizers,
Advantages, Limitations

The application of exogenous PS with activation using light in the presence of oxygen
for the destruction of unwanted cells and tissues is also known as photodynamic therapy
(PDT). When used against pathogenic microbes, different terms such as antimicrobial
photodynamic therapy (aPDT), photodynamic antimicrobial chemotherapy (PACT), photo-
dynamic inactivation (PDI), and photodynamic disinfection (PDDI) have all been used so
far [80]. In this review, from here onward, the term photodynamic inactivation, abbreviated
as PDI, is mainly used.

The photodynamic action relies on oxygen and always includes oxidative reactions
that can lead to oxidative stress and the death of pathogens. This starts with the absorption
of visible light photons by PS, so monochromatic or polychromatic light sources are needed,
such as lasers and LED sources, which are the most used, but also halogen lamps and
sunlight [80]. A singlet excited state of PS formed by the absorption of light undergoes
intersystem crossing into a triplet excited state. The main oxidant in photodynamic action
is 10y, but other ROS, such as the very reactive hydroxyl radical (OH), superoxide radical
anion (O,7), and hydrogen peroxide (H,O;), can be produced in PDIL Singlet oxygen
(10,) is formed by the Type Il mechanism and triplet-triplet annihilation from the direct
interaction of the triplet excited state PS with the ground (triplet)-state molecular oxygen,
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while other ROS are generated through the Type I mechanism, which involves proton or
electron transfer. They all have short lifetimes in which they need to react with biomolecules
to cause damage, leading to the PDI effect. Singlet oxygen is extremely important for PDI
since it reacts with lipids in the cell membrane, or with nucleotides, and especially with
proteins if PS enters the cell [80,81]. Recently, antimicrobial effects of various types of
ROS, namely, superoxide radical anion and singlet oxygen were studied on 12 strains of
A. baumannii, which differ in their surface charge. The bactericidal effect of 'O, (from Type
II mechanism) proved independent of bacterial surface charge, while the effect of O,
(from Type I mechanism), probably due to its negative charge, depended on the degree of
surface charge [82].

Amphiphilic PSs appear to be most promising for PDI against pathogens in the
aquatic environment as they are water-soluble but also contain a lipophilic part, which
facilitates passage through the bacterial membrane. There are different opinions about
the importance of PS entering into a bacterial cell, so it seems that it is not necessary for
PS to enter the cell, but it has been shown that the photodynamic effect is most often
stronger by entering the cell. On the other hand, the effective binding of PS to bacteria
is certainly important, and in this sense, cationic PSs have an advantage for a wider PDI
application as they are effective against both Gram-positive and Gram-negative bacteria
(due to electrostatic interactions), while neutral and anionic PSs are only effective against
Gram-positive bacteria [80,81]. For disinfection and PDI, porphyrins (e.g., Photofrin,
TMPyP4), flavins (riboflavin), phthalocyanines (ZnPc), phenothiazines (MB), curcumins,
and hypericin have been used so far as exogenous PSs, as well as their conjugates with
peptides, sugars, nanoparticles, and cationic liposomes [80,81]. As already mentioned,
porphyrins are particularly optimal for such applications as they are (photo)stable and
available through synthesis, and through many possible derivatizations, they can have
adaptable physical and chemical properties, amphiphilicity, and water solubility. They
have good near-UV-visible light absorption, with the highest absorption at violet-blue light
wavelengths (Soret band), which is especially advantageous for applications in water, and
sunlight can be used for their photoactivation [77,83]. In their micromolar concentrations
that are effective in PDI, they have a low mutagenic potential and no toxicity for animals
and plants in the ecosystem [83,84]. Furthermore, cationic porphyrins often show fast and
strong binding to bacterial cells due to electrostatic interactions, and a “self-promoted”
pathway has been suggested, where photodynamic action changes the permeability of the
membrane, enabling PS to enter the bacterial cell; thus, a short incubation time is needed as
opposed to mammalian cells, which need a much longer incubation time [85].

There are many advantages of PDI in general with exogenous PSs over existing meth-
ods of water disinfection and fighting against pathogens. Visible light that is used in PDI,
as well as PS without light, are not toxic, and the concentration of PS and irradiation condi-
tions can be controlled and adjusted to treat only targeted organisms/cells [81,83,86]. As
already mentioned, there are many PSs available, and for antimicrobial use and disinfection,
it is possible to consider even more compounds than for applications on humans. They
can be reused, so the treatment can be environmentally friendly, safe, and inexpensive.
Photodynamic inactivation has so far proven effective against a whole range of pathogenic
microorganisms, bacteria, and viruses, but also against fungi, protozoa, parasites, and
pathogens in a dormant and vegetative state, planktonic state, and biofilm [81,83,86]. More-
over, PDI can be used against antibiotic resistant bacteria and multidrug resistant pathogens,
and resistance to PDI is not possible, or it is very unlikely to develop even after multiple
treatments. This is due to the multi-target mechanism and nonspecific localization, which
is one of the greatest advantages of PDI over other antimicrobial agents. Unlike antibiotics
and other antimicrobials, which have very specific targets and mechanism of action, 'O,
and other ROS are produced in PDI and act at various locations [87]. These powerful
oxidant species can destroy virulence factors and antibiotic resistance genes (ARGs). Sev-
eral mechanisms have been developed for oxidative stress in bacteria based on protective
proteins and enzymes involved in the degradation of hydrogen peroxide and metabolism
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of superoxide anions [87]. However, intracellular enzymes and defense systems cannot
protect bacteria from ROS created in the outer membrane after photoactivation of the PS
attached to the bacterial surface; moreover, bacteria do not have specific defense against
10, [88]. Furthermore, unlike antibiotics, sublethal PDI does not lead to mutants with
resistance to ROS or greater resistance to antibiotics [88]. In one study, PDI with methylene
blue was effective against bacteria that are resistant to more than 50 antimicrobial agents
without developing resistance to PDI [89].

Biofilm formation is a common property of 65-80% bacteria that mostly cause chronic
infectious diseases. The formation of biofilm starts with the adhesion of bacteria to the sur-
face and their aggregation, which is followed by the production of extracellular polymeric
substances (EPS) [90]. Extracellular polymeric substances are mostly neutral and polyan-
ionic polysaccharides, and proteins providing solid support and protection for bacteria
are called “matrixome” [90,91]. Some biofilms, such as those formed by P. aeruginosa, also
contain extracellular DNA in EPS matrix [91]. Microorganisms in this self-created commu-
nity exhibit an altered phenotype with respect to the rate of growth and transcription of
genes compared to their planktonic state, and in biofilms, they can improve their resistance
1000 times compared to the planktonic state [58,92]. Compared to biofilms formed on other
surfaces, those in the water system piping are especially complex because the polysac-
charide matrix may also enclose products of corrosion, clay, diatoms, etc. [93]. Certain
oligotrophic microorganisms, which grow in biofilms on different materials from which
pipes are made are able to utilize present organic compounds like additives (e.g., stabilizers,
fabric softeners, coloring agents) [94-97] and can also contribute to pipe corrosion [98].

Biofilm formation requires genetic regulators for synchronizing the mechanism, where
cyclic dinucleotide (c-di-GMP) are responsible for extracellular matrix (ECM) produc-
tion, small non-coding RNAs for adhesion and ECM synthesis, and quorum sensing (QS)
signaling molecules for biosynthesis, complex with receptors and transcription [90]. In
addition, QS has shown an impact in the regulation of the release of extracellular factors;
thus, it affects virulence, immune suppression, antibiotic susceptibility, and aiding motility.
Quorum sensing in Gram (—) bacteria is modified by N-acyl homoserine lactone (AHL)
signaling molecules, while in Gram (+) by secreted, small linear and cyclic peptides known
as autoinducing peptides (AIP) [99].

Current methods of disinfection, especially chlorination, are insufficiently effective
against OPPPs and are even less effective for biofilms because of bacterial diversity, biofilm
matrix as physical protection, and altered gene expression between bacteria and quorum
sensing. On the other hand, PDI is effective against biofilms, although it is also less
comparable to bacteria in the planktonic state, but the smaller effect on biofilms can be
compensated for by higher PS concentrations and light doses [87]. In addition to the photo-
dynamic effect against bacteria in a biofilm, the created ROS can also act on the extracellular
matrix [100]. In fact, ROS generated by “PS+O;+light” can cause oxidative damage on
the surface of the biofilm in EPS and microbial cells, depending on the localization of the
PS at the time of irradiation [101]. There are two modes of PDI action on biofilm: the
direct killing of pathogenic cells (both planktonic and sessile), and disrupting the biofilm
structure [102]. The already confirmed target of photodynamic action in the EPS matrix
are polysaccharides, but other possible targets are DNA, proteins, lipids, and metabolic
pathways of the adherent bacterial cells in the biofilm [103]. Damage to the EPS matrix
and consequent decomposing of part of the biofilm may prevent further colonization and
inhibit the transfer of resistant genes between microorganisms [104]. In any case, hypoxia
is often present in a biofilm; so, for effective PDI, it is very important that the applied PS
can penetrate inside the biofilm [58,92].

As mentioned earlier for light-promoted AOPs and other photo-disinfection processes,
it is also important to study the influence of water constituents on PDI for its successful
application in water disinfection [56]. A favorable assumption for the use of PDI against
OPPPs in DWDS is that PDI is usually more effective in clear water than those with high
concentrations of DOM, while in the presence of other disinfectants, or even chemical
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contaminants, PDI could be even more efficient with a higher overall antimicrobial effect
due to a synergistic effect [77]. However, different ions in tap water may have different
effects on PDI. For example, in PDI with SAPYR (2-((4-pyridinyl)methyl)-1H-phenalen-1-
one chloride) against Escherichia coli and S. aureus, the impact of calcium or magnesium
ions, which are ubiquitous in tap water, was studied toward applications such as water
disinfection. Photodynamic action was impaired by these ions because the binding of the
PS to the bacterial cell competes with these ions (although differently for different bacteria),
although the enhanced PDI was achieved when citrate was used as chelator for these
ions [105]. The effect of phosphate and carbonate ions on PDI with two cationic flavin PSs
against P. aeruginosa reduced singlet oxygen production and increased the photodegradation
of both PSs, although through different by-products and on both events, 1O, production,
and photodegradation, carbonate ions had more adverse effects than phosphate ions. It has
been suggested that these negative effects can be overcome with a higher concentration of
the PS and a higher light dose [106]. In the study of physicochemical parameters in nine
different water matrix compositions on PDI in wastewater, pH proved to be an influential
factor, and acidic pH appeared to have a positive effect on PDI [107]. In any case, in addition
to overall antimicrobial activity, it is necessary to study the PS in the media where it will
be used, or at least those with similar conditions, to check its spectroscopic characteristics,
which are mainly (photo)stability and ROS production.

For PDI to be applied against OPPPs in water, some existing devices and disinfection
methods could be modified and used. For instance, there are already sources of UV and
visible light based on LED [108] and filtration devices [16] for point-of-use (POU) water
disinfection in DWDS and premise plumbing. For certain PSs, it has been demonstrated that
they can be applied in solution and then removed by activated charcoal and filtered off [109].
Others could be left under irradiation (e.g., when sunlight is used for longer periods of
time) until they bleach if their photobleaching products are safe [83]. Photosensitizers like
porphyrins could be used for PDI immobilized on solid support, such as natural polymers
(e.g., cellotriose) and synthetic polymers (e.g., Dowex resin) [88]. In this way, PSs could be
recycled and reused, making such methods ecological and sustainable. On the other hand,
PSs immobilized on a solid support have been shown to be less effective than those that are
free in solution, in which case a higher concentration of the PS and/or longer irradiation
could be applied [88,110]. Two porphyrins, neutral 5,10,15,20-tetrakis(p-aminophenyl)-
porphyrin (p-TAPP) and cationic TMPyP4, were tested against Gram-negative bacteria,
and chitosan, which is a natural polymer that is easily available and cheap, was used as
a membrane on which these porphyrins were attached [110]. Cationic porphyrin proved
to be more efficient than p-TAPP, but more importantly, a circulatory flow system was
constructed to simulate water circulation in real systems, and the tested method with the
immobilized PS was effective on a high concentration of bacterial suspension that was used
in the experiment [110].

3. Photodynamic Inactivation against OPPPs

The aim of this section is to show examples from published articles (found on PubMed)
of exogenous PSs and PDI against the recognized OPPPs, as well as emerging ones, to
demonstrate that there are various PSs (Figure 5) with which a whole range of known
bacteria, which belong to this group, and the biofilms that they form can be effectively
killed and destroyed. It is not surprising that the largest number of these PSs are cationic
(Figure 5 and see Tables 2 and 3 at the end of this section), given that they are foreseen
for applications in aqueous media, and given that the vast majority of OPPPs are Gram-
negative bacteria. These examples are from published in vitro studies of PDI against OPPP
bacteria in the planktonic state and biofilms, and in most of these studies, the method of
counting colony-forming unit assay (CFU essay) was used to determine the viability of
(biofilm) cells after the treatment. Antimicrobial activity is most often assigned to certain
PSs if a reduction in CFU/mL by 3 or more logjo has been achieved compared to the initial



Processes 2023, 11, 3074

15 of 32

PPIX (from ALA)

108 CFU/mL [101,111], and this is also the case in the following examples. Some results of
endogenous indirect photoinactivation are also mentioned.
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Figure 5. Structures of exogenous photosensitizers used against OPPPs.

3.1. Pseudomonas aeruginosa

P. aeruginosa is often used in research studies as a model for a bacterium that is very
difficult to eradicate (“hard-to-kill”), with high intrinsic resistance to antimicrobial agents
owing to efflux pumps and quorum sensing, and it is also considered difficult to treat
with PDI [112]. That is why it is perhaps the most researched Gram-negative bacterium
in PDT. The most promising PSs for antimicrobial PDT are cationic with a high number
of positive charges, which is not the case for anticancer PDI [113]. Therefore, the largest
number of examples for PDI on P. aeruginosa is also the one in which cationic PSs were
tested, although there are also some examples where photocatalysis was used, which is
especially interesting in combination with sunlight. In one such example, nanocrystals of
TiO,, which is responsible for generating ROS and hydroxyl radicals, were Zr-doped to
improve photoactivity by visible light, and 100% photoinactivation of P. aeruginosa was
achieved after 150 min of exposure to sunlight due to bacterial membrane damage [114].

As mentioned before, pathogenic P. aeruginosa appears to be very susceptible to VBL
and aBL [63], so there are a number of such studies reported in the literature describing
the photoinactivation of P. aeruginosa by aBL at doses ranging from 48 J/cm? [115] to
117 J/cm? [116]. It has been shown that blue light can be used even in sublethal doses
in combination with antibiotics because they act together in synergistic manner, causing
ROS production and increased bacterial cell permeability [111]. In several studies, endoge-
nous porphyrins have been detected in P. aeruginosa and found to be the most prevalent
endogenous PSs whose photoactivation is a premise for the demonstrated sensitivity of this
bacterium to aBL [115,117]. Photodynamic inactivation on various wild-type strains and
MDR isolates of P. aeruginosa with aBL (405 nm; 15.7 mW /cm?; 50 J/cm?) showed a lethal
efficacy (reaching detection limit) and inactivation of virulence factors [118]. Furthermore,
it has been shown that the inactivation of virulence was accomplished by reducing the
action of some quorum sensing signaling molecules, and it has also been demonstrated
that aBL can inhibit biofilm formation [117]. The mechanism for the demonstrated sensitiv-
ity of bacteria to aBL has not yet been completely elucidated, but it was recently shown
on P. aeruginosa that detoxifying catalase A (KatA) is mostly responsible for protecting
P. aeruginosa against oxidative stress created upon a photodynamic action induced by visible
light [119].
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Among the endogenous porphyrins detected in P. aeruginosa through by HPLC, the
largest amount belonged to coproporphyrin III, which was considered responsible for
the PDI effect and inactivation of 3.54-log CFU measured after photoactivation with aBL
(415 nm, 20 mW /cm?; 48 J/cm?). In the same study, no resistance could be observed
after ten consecutive cycles of aBL treatment applied at a sublethal dose (36 J/cm?) [115].
Interestingly, the treatment of P. aeruginosa with 5-aminolevulinic acid (ALA), which is
used for the endogenous accumulation of protoporphyrin IX (PPIX), led to a very weak
PDI upon photoactivation, even with a high concentration of ALA (40 mM); despite the
high accumulation of ALA by the bacterium, PPIX molecules could not be detected in the
envelope [120]. In another study, for the complete eradication of a P. aeruginosa biofilm with
PPIX, it was necessary to apply 20 mM of ALA in two treatments with a 240 J/cm? dose of
red light (630 nm; 100 mW/cm?) [121].

The PDI effect may depend on the bacterial strain, growth phase, growth medium, and
cellular concentration, and the PS binding to a bacterial cell might also be very important.
Organic compounds in the medium usually reduce the PDI effect, and it was shown with
tetracationic porphyrin RM24 (5,10,15,20-tetrakis-(1-benzylpyridinium-4-yl)-porphyrin
tetrachloride) on P. aeruginosa that this PS’s binding to the bacterial cells was reduced in the
presence of organic matter in the medium, and organic matter also acted as a scavenger for
ROS [122]. However, the bacterium could be eradicated in different growth phases, which
supports the idea of using PDI for disinfection purposes [122]. In contrast, the binding
between the anionic PS rose bengal (RB) and P. aeruginosa could not be observed; therefore,
there was almost no PDI effect and killing of the bacterium by RB alone. However, with
the addition of potassium iodide (25 mM), the PDI effect increased significantly (7-log
killing) [112]. Similarly, to overcome the issue of non-binding PS, other researchers prepared
photoactive material from RB and cationic polystyrene (ion exchange resin Amberlite IRA),
which was used as a support, and achieved a 4.5-log CFU reduction in the dark and an
8-log reduction after irradiation (515 nm; irradiance 5.8 mW/cm?; fluence 120 J/cm?) [123].

In the PDI treatment of MDR P. aeruginosa, cationic riboflavin (modified vitamin B2)
derivatives (see in Tables 1 and 2) were employed [124], as well as hypocrellin B. The latter
was used as a complex with lanthanide ions in vitro and in vivo using irradiation with
blue (460 nm) or red (645 nm) light, and with 10 uM of the PS, an ~5-log reduction was
achieved in vitro already 2 min after with red as well as with blue light (200 mW /cm?;
247/cm?) [125].

In some cases, however, the importance of PS’s binding to bacterial cells has not been
confirmed. Among a series of neutral and cationic BODIPYs studied, even though the
cationic ones showed a higher binding, unexpectedly, a neutral BODIPY molecule (B9)
showed the strongest PDI effect against P. aeruginosa PAO1 24-h-old biofilm [126]. With
40 uM of B9, and after green light activation (520 nm; fluence rate 2.4 mW/cm?; light
dose 30]/cm?), a 5-log reduction of adherent and planktonic cells was reported [126]. The
authors pointed out that in this case the bacterium was inoculated on LB agar, which could
have a positive impact on PDI acting as a source of additional PSs and ensuring longer
diffusion distances for singlet oxygen compared to a phosphate buffer medium [126].

Cationic dye methylene blue (MB) (750 uM) was tested against P. aeruginosa with the
aim of endoscope disinfection, and an irradiation with a 660 nm laser and a light dose
of 30 J/cm? resulted in CFU reduction by 5.5-log of the bacterium in the planktonic state
and by 3-log on the biofilm (both determined after 24 h) [127]. In combination with 0.3%
hydrogen peroxide, the PDI effect increased (7-log reduction on biofilm), but interestingly,
a synergistic action was only evident for light doses up to 20 J/cm? and not for higher
doses [127]. Furthermore, the internalization of MB by P. aeruginosa (the clinical and ATCC
27853 strains) has been proven by confocal microscopy [128]. Photodynamic inactivation
with MB and double exposure to light (670 nm) has been shown to work against older
biofilms (48 h), as well as planktonic bacteria and younger biofilms (24 h) [129]. The
disinfection potential of PDI for use on medical devices, shown with MB, has also been
demonstrated with toluidine blue O (TBO), and when a nutrient germinant mixture was
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added to any of these two PSs, spore eradication was further improved, especially with
TBO [130]. Photodynamic inactivation induced by TBO (5 uM) and blue light (400 nm,
fluence rate 48 mW /cm?), which is used to compare P. aeruginosa PAO1 wild type with
isogenic variants (with different sensitivities to PDI), indicated the importance of a cell
envelope and that quorum sensing is involved in response to photooxidative stress [131].
Toluidine blue O, as well as tetracationic porphyrin TMPyP4 (both in concentration of
5 uM), have also been used to study P. aeruginosa PAO1 pigments, and it has been found that
bacterial pigments, such as pyomelanin and pyoverdin, increase tolerance to photooxidative
stress [132].

Cationic porphyrins are among the most studied PSs in antimicrobial PDT, as well as
on P. aeruginosa. Tetracationic TMPyP4 was tested against P. aeruginosa PAO1 wild-type and
PgsA mutant biofilms. After irradiation with mercury lamp (400-600 nm) and light doses of
220-240 J/cm?, around 4-log reduction in CFU/mL of bacterial cells (determined after 24 h)
was achieved for both tested strains [133]. Interestingly, PDI also resulted in the detachment
of biofilms from the surface, but only those formed by the wild-type PAO1, which was
pointed out to contain more extracellular DNA [133]. These results were confirmed recently
when, in PDI from TMPyP4 activated with LED-based white light (400-800 nm; irradiance
of 50 mW /cm?; light dose 360 ]/ cmz), destruction of biofilm formed by PAO1 was again
more effective than for clinical isolates, and moreover, the biomass of that biofilm was
reduced [134]. In yet another study, iodide salt of TMPyP4 was used against biofilms
formed by an environmental strain of P. aeruginosa, and 20 uM of the PS irradiated with
white light (380700 nm; irradiance 4 mW/ cm?; dose 64.6 ]/ sz) caused an 81% reduction
of the polysaccharide in the matrix of the biofilm after 24 h [135].

In the debate on whether binding of a PS to a bacterium is sufficient without its
penetration into the cell, or whether both are important for a successful PDI, there is an
interesting example with tricationic Zn(II) porphyrin (ZnPor), which at a concentration of
20 uM caused the detachment of 16-18 h old biofilm formed by P. aeruginosa PAO1 wild
type and mutant strains—without irradiation [136]. The antibacterial activity of ZnPor,
which was shown against both adherent and planktonic cells in the biofilm, as a direct cell
killing and disruption of the biofilm matrix, changed the cell permeability, and allowed
restoring susceptibility to antibiotics for MDR strains [136]. It might be then suggested, if
PS’s binding results in damage that leads to altered and higher cell permeability, this is
certainly beneficial for the overall antimicrobial action because the same PS, or also other
microbial agents, can then have a stronger impact, and the addition of the light component
needed for PDT could increase such damage even more.

On the other hand, strong binding can have negative consequences, as seen among
the 13 diaryl-porphyrins (neutral, mono- and di-cationic) tested on P. aeruginosa; it turned
out, as expected, that all the cationic ones strongly bind to the bacterial cell, but some
of them were intrinsically toxic and were thus excluded from further studies [137]. A
cationic porphyrin that did not show intrinsic toxicity, dicationic diaryl porphyrin with two
benzyl groups attached to nitrogen atoms of two pyridyl substituents on the porphyrin,
was chosen as the most promising against P. aeruginosa PAO1 biofilm [137]. This PS was
applied with blue light (410 nm; 30 J/cm?) against biofilms formed by two clinical isolates,
among which BT1 clinical isolate formed a biofilm with very high biomass value, and the
PS inhibited biomass adhesion for all tested strains [137]. Together with light, the PS caused
a significant reduction of the adherent population and biomass, as well as planktonic
population, while for the mature biofilm (24 h old), there was a mild effect (2-log reduction)
on all cells in the biofilm [137].

Chlorins are often presented as PSs that have better optical properties than porphyrins,
such as stronger absorption of red light, which is important for the treatment of tumors,
especially those deep-seated. Photostable and water soluble pentacationic chlorin, pre-
pared as a derivative from 5,10,15,20-tetrakis(pentafluorophenyl)chlorin (TPPF;), with a
pyrrolidine unit carrying an additional positive charge, was tested against MDR strain of
P. aeruginosa using white light (400-800 nm) and red light (530-800 nm), both with the same
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fluence rate (150 mW /cm?); detection limit of the bacterium (determined after 18 h) was
reached with white light after 60 min of irradiation (light dose of 540 J/cm?), and with red
light after 90 min (light dose of 810 J/cm?) [138]. These results were compared to those
obtained with TMPyP4, which is a better singlet oxygen producer. However, a higher PDI
effect, especially with red light, was achieved with chlorin, and it was suggested that this is
due to the higher number of positive charges and, consequently, more effective binding to
cells [138].

Finally, a PS with 8 positive charges, octacationic phthalocyanine (ZnPcCholg), and
two bacteriochlorins with 4 and 8 positive charges, tetracationic ((3-PyBrE)4BCBry) and
octacationic ((3-PyEPy)4BCBrg), were all applied on P. aeruginosa in concentration of 250 uM,
and tetracationic bacteriochlorin showed the strongest PDI effect (5-log CFU reduction on
biofilm) with the smallest dose of light applied (20 J/ cm?) [139]. On the other hand, a com-
plete eradication of the biofilms was achieved with phthalocyanine, although a high dose
of light was required (100 J/ cm?), so the authors concluded that its high photostability con-
tributed to the success of this PS, given that bacteriochlorins, in particular (3-PyBrE)4BCBry,
showed rapid and significant photodegradation with increased doses of light [139].

3.2. Legionella pneumophila

From the genus Legionella, the antimicrobial effect of visible light was evaluated on
L. rubrilucens, using irradiation with wavelengths at 450, 470, and 620 nm [140]. As already
mentioned suggested, photoinactivation of the bacterium is possible thanks to the presence
of endogenous PSs. In the case of L. rubrilucens endogenous PSs are mostly porphyrins and
flavins, and the most effective wavelength proved to be at 450 nm, causing a 5-log CFU
reduction after a given dose of 300 J/ cm? [140].

Unfortunately, to date there is very little research of PDI with exogenous PSs on L. pneu-
mophila. However, already in 2005, a very interesting experiment was conducted, and
valuable results were obtained that showed the potential of using such an approach, and its
applicability in Legionella’s living environment. Silica-gel supported antimony(V) complex
of tetraphenylporphyrin, namely (dihydroxo(tetraphenylporphyrinato)antimony(V) bro-
mide ([SbTPP(OH),|Br), was tested as photocatalyst against Legionella species for several
months, in a cooling tower with 800 L of water, set in a hospital and irradiated with seven
fluorescent lamps, and in a fountain with 13 m® of water, irradiated by sunlight [141]. In the
cooling tower, the concentration of Legionella species was reduced from 139 to 22 CFU per
100 mL after 4 days of photocatalytic action, and the bacteria could not be detected at all on
the 11th day of the experiment [141]. Legionella species stayed undetected during following
ten days with the photocatalyst present, and reappeared seven days after photocatalysis
was stopped [141]. In the fountain, Legionella species were reduced from the concentrations
as high as 500 CFU per 100 mL and could not be detected on the 12th day; for more than
two months after that, while the photocatalyst was present, the concentration of bacteria
never exceeded 30 CFU per 100 mL [141]. Even though the content of the porphyrin PS
in the photocatalyst was very low (0.05 wt%), its activity was significant, and the authors
pointed out that with only 40 mg of the porphyrin Sb(V) complex, the concentration of
Legionella species could be kept under 100 CFU per 100 mL, for 120 days in 13 m? of water
in the fountain [141]. The mechanism of antibacterial activity was not analyzed in this
work, however, the authors described the same Sb(V) complex of TPP later, as a PS whose
photodynamic action is a result of both Type I and Type II processes and can lead to DNA
photodamage [142].

In the last few years, our group has studied PDI with exogenous PSs on L. pneu-
mophila, comparing the activity of three water soluble cationic porphyrins, two of which
were hydrophilic, tetracationic 5,10,15,20-tetra(N-methylpyridinium-3-yl)porphyrin
tetrachloride (TMPyP3) and tricationic 5-(4-acetamidophenyl)-10,
15,20-tri(N-methylpyridinium-3-yl)porphyrin trichloride (TMPyP3-CHj3), and one
which was significantly more lipophilic due to a long alkyl chain, tricationic 5-(4-
octadecanamidophenyl)-10,15,20-tris(N-methylpyridinium-3-yl)porphyrin trichloride



Processes 2023, 11, 3074

19 of 32

(TMPyP3-Cy7H35) [143-145]. Lipophilic TMPyP3-C;7H35 binds to L. prneumophila (serogroup
1, strain 130b) cell already after 10 min [143], but also tight binding to the bacterial cell
within 10 min was shown with hydrophilic porphyrins TMPyP3-CHj3 and TMPyP3 [144],
and very low minimum effective concentrations (MEC) values (from 0.024 pM to 0.39 uM)
were obtained for all three PSs after irradiation for 10 min with violet light (394 nm,
20 mW /cm?) [144]. Photodynamic inactivation in tap water caused changes in cell mem-
brane permeability and permanent damage of the membrane leading to cell death, and
L. pneumophila did not recover in a free-living amoeba (Acanthamoeba castellanii) after the
treatment with 0.39 uM of either hydrophilic porphyrin, and irradiation reaching a light
dose of 36 J/cm? [144]. In the continuation of these studies, it has been confirmed that
it is important to check properties of the PS, its stability and 'O, /ROS production in the
same medium in which PDI is intended. Therefore, the same PSs were tested against
L. pneumophila serogroup 1, strain Philadelphia ST1, in three samples of water with different
hardness taken from water wells. An amphiphilic porphyrin with a long alkyl chain,
TMPyP3-Cq7H35, was shown to be the most affected by ions present in water samples
(such as C1~, Mg?*, Ca?*) and prone to aggregation, and although it showed a very high
10, production, which was significantly higher than for the other two PSs, and efficient
PD], it was very unstable in water samples with higher concentrations of ions, especially
with repeated irradiations [145]. In contrast, two hydrophilic porphyrins (TMPyP3 and
TMPyP3-CH3) were stable in all water samples over five days, whether irradiation was
carried out only on the first day, or repeated every 24 h, so it was concluded that they could
be more useful in the applications with repeated irradiations and where PDI is needed
against Legionella over longer time periods, while TMPyP3-C;yH35 where high activity
is rapidly required [145]. Nevertheless, all three PSs in their micromolar concentrations
efficiently eradicated L. pneumophila (in 3-5 days) in the planktonic state and were efficient
in preventing bacterial adhesion to polystyrene as well as destructing already formed
Legionella biofilm [145]. Dissolved minerals and ions had a somewhat negative effect on
PDI, which can be explained by the reduced binding of the PSs to bacterial cells, but kinetic
studies have shown that this small negative effect can be compensated by slightly longer
irradiation [145]. Another interesting finding was that the same PS may have a different
PDI effect against different strains of the same bacterium, which can be associated with
differences in the content of lipopolysaccharides in their outer membrane, because lipids in
the membrane are an important target for antimicrobial PDT [85].

3.3. Mycobacteria

Mycobacteria are Gram-positive bacteria, from the phylum of Actinobacteria (or Acti-
nomycetota), among which there are 60 non-tuberculosis species (NTM). Like P. aeruginosa,
mycobacteria have also been shown to be sensitive to visible light due to the presence of
endogenous PSs (mainly porphyrins), so PDI with endogenous PSs seems very promising
for treating infections, including non-localized ones, and this PDI action can be enhanced
with the addition of ALA [146]. Photodynamic inactivation with endogenous PSs has been
confirmed in vitro and in vivo, also on skin pathogens, and it has been shown that it is
possible to kill mycobacteria in dormant state. This was demonstrated on saprophytic
(non-pathogenic) M. smegmatis, in which extracted porphyrins served as evidence for the
mechanism of photoactivated endogenous PSs, and the highest PDI effect was obtained
using wavelengths at 395 nm and 575 nm, corresponding to the absorption bands of
porphyrins [146].

Interestingly, we could not find an example of PDT on M. avium in the literature, but
only one for the antimicrobial action of nanoparticles that were conjugates of gallium(III)
tetraphenylporphyrin and 3-cyclodextrin (CDGaTP), applied without light, and in which a
mechanism of ROS production by inhibiting antioxidant enzymes was proposed [147].

Typical NTM are slow-growing. However, there are species of mycobacteria, which
belong to a group called rapidly growing mycobacteria (RGM), thus characterized by fast
growth (within one week) and resistance to many drugs due to low permeability of the outer
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membrane. One of them is M. fortuitum, which was treated by ALA in combination with
antibiotics, to cure multiple skin abscesses [148]. For another member of the RGM group,
M. abscessus, it was shown that PDI with ALA activated by red light kills the bacterium
through the promotion of ferroptosis cell death mechanism [149] and increased cell-wall
permeability (also effective against biofilm), while sensitivity to antibiotics also increased,
even with sublethal PDI doses [150]. Furthermore, slow-growing NTM M. marinum was
also shown to be killed with ALA-PDI by promoting ferroptosis [151].

Previously mentioned tetracationic porphyrin TMPyP4 and tetraanionic (meso-tetra(4-
sulfonatophenyl)porphyrin (TPPS) were employed as water-soluble PSs in PDI against M.
fortuitum and M. massiliense, and upon activation with white light (400-800 nm; irradiance
of 50 mW/cm? for up to 90 min), cationic porphyrin proved to be a more promising
PS, with an MIC value of 1.562 uM measured on both strains already after 15 min of
irradiation, as opposed to MIC of 50 uM obtained with TPPS [152]. In this research, the
solubility of the PS in the media was confirmed as important, as well as its attraction
with the bacterial membrane, resulting in membrane damage [152]. To study the effect
of metal ion complexation, different metalloporphyrins were prepared from the free base
TMPyP4, and these six water-soluble cationic porphyrins were tested against four strains of
RGM NTM (M. fortuitum, M. abscessus, M. massiliense and M. smegmatis), using white-light
irradiation conditions as in previous studies [153]. The best PDI results and the lowest MIC
values were achieved with the free base TMPyP4 and Zn(Il) porphyrin on all four strains,
and membrane photodamage by ROS was proven as well as reduction of the adhesive
forces of mycobacteria by cationic porphyrin, indicating antibiofilm potential [153]. The
same irradiation conditions were applied in a later study of the same research group with
silver(Il) complex of TMPyP4 as PS against the same four strains of RGM NTM, and the
resulting PDI proved effective for the disinfection of hospital equipment [154]. Furthermore,
two platinum(Il) porphyrins, with the same irradiation conditions and against the same
four strains of RGM NTM as above, proved more efficient in PDI than neutral porphyrins,
and with meta-isomer being more efficient than para [155].

In addition to porphyrins, especially cationic ones, which are by far the most prevalent
exogenous PSs in studies on mycobacteria, MB has also been shown to be effective in PDI
against M. fortuitum [156], as well as Zn(II) phthalocyanine, which was used in liposomes
against M. fortuitum and M. chelonae [157].

3.4. Acinetobacter baumannii

A. baumannii belongs to the group of emerging OPPPs, and among those waterborne
pathogens, A. baumannii has the highest resistance to chlorine, which is more than 600 times
higher than for E. coli [2]. Therefore, it is very important to find other methods of disin-
fection and control for this bacterium, even more so because it is also a member of the
ESKAPE group of pathogens. Approaches involving photoinactivation are particularly
interesting in this regard, given that pathogenic and non-pathogenic A. baumannii seem
to be sensitive to VBL/aBL [63]. However, there have been increasingly more studies
examining the possibility of amplifying the PDI effect using blue light with the addition
of certain agents. In one study, modest (1-2-log CFU reduction) antimicrobial activity of
aBL (405 nm; 30-60 mW / cm?; 108/ Cm2) against MDR clinical strains of A. baumannii was
substantially enhanced (more than 103-fold) by the addition of a non-bactericidal amount
of quinine hydrochloride in the planktonic state and biofilms [158]. In another study,
antimicrobial photocatalysis was achieved with ZnO nanoparticles and blue light (380 nm,
10.8 J/cm?) against drug-resistant A. baumannii, in which survival reduced through mem-
brane damage [159]. The main aim of many combination approaches is to employ various
photochemical mechanisms at the same time to avoid bacterial resistance; so, for example,
the simultaneous use of PDI with TBO and photocatalysis (by TiO, and ZnO-nanoparticles)
using irradiation with two wavelengths (UVA-320 nm and blue light-405 nm) ensured the
killing of more than 99% of MDR A. baumannii, and the combination used was 5% more
efficient than using only blue light for TBO photoactivation [160].
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As with mycobacteria, cationic TMPyP4 proved to be more efficient as exogenous PS
in PDI, providing a lower MIC value on A. baumannii than anionic TPPS and showing more
promising antibiofilm activity [161]. With white light (380-700 nm; irradiance 40 W/m?;
light dose 64.8 ]/ cm?), TMPyP4 at a concentration of 5 uM resulted in a >5-log reduction
determined after 24 h against the MDR strain of A. baumanni in hospital wastewater, and
similar results were obtained when this bacterium was in hospital wastewater present
together with P. aeruginosa, S. aureus, and E. coli [162]. The same cationic porphyrin
non-covalently attached /immobilized to polyacrylonitrile nanofibers (loading of the PS
34.8 nmol/mg nanomaterial) with white light (400-700 nm; irradiance 65 mW/ cm?; light
dose 118 ]/cm?) completely inactivated A. baumanni [163].

In the same study with P. aeruginosa, cationic riboflavin derivatives photoactivated
with white light were also shown to be effective against MDR A. baumannii [124]. However,
in another study, compared to chlorophyllin derivatives, riboflavin (with 5-log reduction
after 24 h) proved to be more efficient against planktonic A. baumannii, while chlorophyllin
derivatives (>4-log reduction after 17-20 h) were more successful against a biofilm [164].

Photodynamic inactivation against A. baumannii using MB and similar derivatives
was already demonstrated more than 10 years ago in vitro and in vivo [165]. In a study
with 18 carbapenem-resistant and carbapenem-sensitive A. baumannii, they all showed
susceptibility to PDI with MB (0.1 mg/mL) and red light (660 nm, 39.5 mW /cm?), and
bacterial reduction by more than 50% was achieved in 15 strains, with more than 80% in
11 strains [166]. Recent results have shown that MB applied with multiple sub-lethal and
lethal doses of light (635 nm, 105 mW/ cmz) reduces bacterial tolerance to PDI and the ability
to form biofilms, through changes in metabolic activity and pathways, which was evidenced
by a compromised bacterial protection system and increased susceptibility to H,O, without,
however, changing sensitivity toward antibiotics [167]. Furthermore, MB proved to be even
better than Fotoenticine (chlorine-e6 derivative) in PDI against planktonic MDR strains
(>7-log reduction after 24 h) and biofilms (reaching 3.9-log reduction after 24 h), which can
be explained by MB being much more accumulated in bacterial cells than Fotoenticine, and
the PDI effect with MB was confirmed on an in vivo model (Galleria mellonella) as well [168].
Monosubstituted cationic bacteriochlorins in nanomolar concentrations and activated with
red light (100 mW /cm?, 10 J/cm?) were effective against several drug-resistant bacteria,
which included A. baumannii [169].

A complete photoinactivation of carbapenem-resistant A. baumannii was achieved in an
aqueous environment with 170 uM of YM-3 (2,7-dibromo-9-mesityl-10-methylacridinium
perchlorate), a new cationic PS with high O, production, and with blue LED light with
very low irradiance (15 W/m?) and a light dose of 10.8 J/cm? [170]. The concentration
of antibiotic resistance genes (ARGs) decreased, indicating that they were degraded by
PDI, and since the PS could be reused, the authors suggested it could be used in water
disinfection applications [170].

Considering PSs with many positive charges, decacationic C¢g fullerene photoactivated
with UVA or white light showed a PDI effect on A. baumannii that was potentiated with the
addition of potassium iodide, and this was also confirmed in vivo [171].

Finally, although there are fewer examples with anionic PSs, PDI with anionic erythro-
sine B (in concentration of 50 uM for planktonic state and 100 uM for biofilm) and green
light (530 nm with fluence 40 J/cm? for planktonic and up to 80 J/cm? for biofilm) was
effective against planktonic A. baumannii and biofilms; PDI was enhanced by a 0.01% acetic
acid to near-complete inactivation, and further more so in combination with chitosan [172].

3.5. Aeromonas hydrophila

Photocatalysis with TiO; using sunlight (measured irradiance 980-110 W/m?) was
tested against A. hydrophila in pond water using the thin-film fixed-bed (TFFBR) reactor
system, and it was shown that salinity and pH did not have a substantial effect, while
turbidity and high humic acid content had a negative effect, significantly reducing the PDI
efficiency [173].
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Tetracationic Zn(II) phthalocyanines of different levels of hydrophobicity, derived
from alkyl chains of different lengths in the PS structure, have been tested in PDI against
MDR A. hydrophila, and PS accumulation in the cells has been shown to increase with
increasing hydrophobicity but has dark toxicity [174]. Complete photoinactivation was
achieved with Zn(Il) phthalocyanine bearing hexyl chains (ZnPcOPyHe) after 24 h [174].

Similarly, complete photoinactivation of MDR and sensitive strains of A. hydrophila was
achieved after 48 h using tetra-methylpyridiloxy-substituted Zn(II) phthalocyanine (Zn-
PcMe) (5 uM) and red light (665 nm; fluence rate 100 mW/ cm?; light dose 50 ]/ cm?) [175].
Interestingly, the Pd(II) analogue (pPdPc) was less efficient, and PDI with 8 uM of pPdPc
resulted in a 5.47-log reduction in the sensitive strain, and a 3.32-log decrease for MDR,
although the accumulation of pPdPc was very similar between MDR and sensitive strains [175].

In summary, in Tables 2 and 3 are representative examples of PDI on bacteria covered
by this section.

Table 2. Examples of PDI with cationic photosensitizers on OPPPs in planktonic cultures.

Photosensitizer/ Antimicrobial

Bacterium Concentration Irradiation Conditions Activity/CFU Reduction Ref.
A. baumannii, clinical . . 440 nm; 25 mW/cm?; 5-log reduction
isolate II-a riboflavin/0.011 mM light dose 45 ]/ cm? after 24 h [164]
.. . . N 380-600 nm; fluence
A. baumannii riboflavin derivative ! . .
L rate 50 mW/cm?; light 6.7-log reduction [124]
MDR strain (FLASH-07a)/50 uM dose 45 ]/cm?
.. 5’10’15’29_??&(1\]_ 380-700 nm; irradiance .
A. baumannii, methylpyridinium-4- 40 W/m?; light dose >5-log reduction [162]
MDR strain yl)porphyrin (TMPyP4)/ 218 > after 24 h
64.8]/cm
5uM
A. baumannii, methylene blue (MB)/ 660 nm; 1rrac211.apce >7-log reduction
MDR strain 0.1 mg/mL 42.8 mW/cm*; light after 24 h [168]
' dose 30]/cm?
.. 2,7—d1bromo-9'- rr}egtyl-l()— blue light; irradiance
A. baumannii, methylacridinium 21 complete
. 15 W/m?; light dose . L. [170]
carbapenem-resistant perchlorate 10.8T/cm? photoinactivation
(YM-3)/170 uM ’
. . 635 nm; fluence rate complete
Iiﬂ}ggﬁ; Zf’ Z(;gIIJ) %lgh;lo)c /y; mlil/[e 100 mW/cm?; light photoinactivation [174]
S coryHe) /o dose 30 J/cm? after24 h
. . 665 nm; fluence rate complete
Ii/[}]ljygnﬁ Zf’ Zn((IZI;I}th;c/Ill a)l/o;yal\r/llme 100 mW/cm?; light photoinactivation [175]
S cVie)/o 1 dose 50 J/cm? after 48 h
5-(4-
octadecanamidophenyl)-
L. pneumophila 10,15,20-tris(N- 394 nm; fluence rate; complete
serogroup 1, methylpyridinium-3- 20 mW/cm?; light dose photoinactivation [143]
strain 130b yl)porphyrin 12]/cm? after 3-5 days
(TMPyP3-
Cq7H35)/0.024 uM
L. pneumophila m5e’t1}(1) ’115’22;;?;?1&\]__3_ 394 nm; fluence rate; complete
serogroup 1, yi/) }E) grphyrin 20 mW/cm?; light dose photoinactivation [144]
. 2 _
strain 130b (TMPyP3)/0.39 uM 36]/cm after 3-5 days
. 400-800 nm; fluence . o
M. abscessus subsp. Pt(II) porphyrin rate 50 mW /cm?: light complete photoinactivation [155]

Abscessus

(3-PtTPyP)/0.73 pg/mL

dose 270 ]/ cm?

within 24 h




Processes 2023, 11, 3074

23 of 32

Table 2. Cont.

. Photosensitizer/ .. ope Antimicrobial
Bacterium Concentration Irradiation Conditions Activity/CFU Reduction Ref.
mztlk? ’115’22;853;1\]_;1_ 370-800 nm; fluence complete
M. fortuitum y'PY . rate 50 mW/cm?; light  photoinacti-vation within [152]
yDporphyrin dose 45 J/cm? 48 h
(TMPyP4)/1.562 uM
P. aeruginosa, methylene blue (MB)/ 32?)01;1‘12’ }iasﬁi gg;ze; 0 5.5-log reduction [127]
KCTC 2004 750 uM ;18 5 after 24 h
J/cm
P aerucinosa m5e’t1}? ’115’212;[;3;3(“11\]_;_ 380-700 nm,; irradiance complete
. 3 L. Y'PY . 4 mW/cm?; light dose photoinactivation [135]
environmental strain yl)porphyrin 132] Jem? after 24 h
(TMPyP4)/20 uM ’
pentacationic chlorin 400-800 nm or
P. aeruginosa, .. 530-800 nm; ~7-log reduction
MDR strain (derlvatl;z g Oli/[TPPFZO)/ 150 mW/cm?; light after 18 h [138]
K dose 270 ]/ cm?
P. aeruginosa riboflavin derivative 380-600 nm; fluence
f , 2.1: . .
MDR strain (FLASH-01a)/50 uM rate 50 mW/cm ,zhght 6.8-log reduction [124]
dose 1.5]/cm
Stenotrophomionas 402 nm; 42 mW/cm?; 4.2-log reduction
maltophilia, clinical chlorophyllin/0.015 mM . Tumy 22 VY / iy ) 7108 [164]
. light dose 50.4 J/cm after 24 h
isolate SM3
Table 3. Examples of PDI with cationic photosensitizers on OPPPs in biofilms.
. Photosensitizer/ .. o, Antimicrobial
Bacterium Concentration Irradiation Conditions Activity/CFU Reduction Ref.
A. baumannii, clinical . 402 nm; 42 mW /cm?; >4-log reduction
isolate II-a chlorophyllin/0.15 mM light dose 151.2 ]/ cm? after 17-20 h [164]
A. baumannii, methylene blue (MB)/ 660 nm; 1rrac211.af1ce 3.9-log reduction
MDR strain 0.2 mg/mL 42.8 mW/cm*; light after 24 h [168]
' dose 30]/cm?
5-(4-acetamidophenyl)-
L. pneumophila 10,15,20-tris(N- 394 nm; fluence rate; complete biofilm
serogroup 1, methylpyridinium-3- 20 mW/cm?; light dose destruction [145]
strain Philadelphia ST1 yl)porphyrin 12]/cm? after 3-5 days
(TMPyP3-CH3)/3.125 uM
P. aeruginosa, methylene blue (MB)/ %%%rrlrrll;;vl.alsie;?g‘;vseer 3-log reduction [127]
KCTC 2004 750 UM ;181 after 24 h
30]/cm
2.8-log reduction of
P aerucinosa m5e’t1}(1) ’115’2221[?;?1&\2_ 380-700 nm; irradiance viable cells and 81%
. 8 L YIPY . 4 mW/cm?; light dose reduction of [135]
environmental strain yl)porphyrin 2 . .
(TMPyP4)/20 uM 64.6 ] /cm polysaccharide content in
y the matrix after 24 h
5,10,15,20-tetra(N- .
. e >4-log reduction and
P. aeruginosa, methylpyridinium-4- 400-600 nm (mercury detach £ th 3
PAOL1 wild type yl)porphyrin lamp); 220-240 ]/ cm? etachment of the [133]
! biofilm after 24 h

(TMPyP4)/225 uM
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Table 3. Cont.

. Photosensitizer/ . L. rs Antimicrobial
Bacterium Concentration Irradiation Conditions Activity/CFU Reduction Ref.
P. aeruginosa, dicationic diaryl 410 nm; 100 mW/cm?; 2—1aor% dr ecll;lrcﬂt(ltoo r;iocfcae(i?s eirrfnt [137]
PAO1 porphyrin/30 uM light dose 30 J/cm? P o )
24 h-old biofilm
S. maltophilia, clinical . 402 nm; 42 mW/cm?; 5.3-log reduction
isolate SM3 chlorophyllin/0.15mM oyt qose 151.2 J/em? after 17-20 h [164]

4. Major Challenges and Perspectives

The health risk of OPPPs in water systems is growing, and current disinfection meth-
ods are not up to the challenge for their control and eradication. Photodynamic inactivation
(PDI) is one of the possible new approaches worth exploring, and we searched for examples
in which it was shown that pathogens from this group can be effectively treated with PDL
Most of these results are from in vitro research, and unfortunately, only a smaller part has
been researched in water and for water disinfection purposes, much less so with the study
of the effect of water constituents. Water matrix and constituents, such as the presence of
certain ions, can have an impact on PDI and overall antimicrobial effects, positively and/or
negatively. Thus, they need to be checked and better investigated. The largest number
of published examples of photoinactivation studies are related to P. aeruginosa, which is
not surprising because it is a common model of Gram-negative bacteria and a model of a
bacterium that is difficult to treat. Nonetheless, for almost all known bacteria belonging
to the group of OPPPs, there are certain data from the literature on the effectiveness of
PDI against various strains (including environmental, clinical isolates, MDR resistant),
against planktonic as well as sessile bacteria, in biofilms and even against the biofilm
matrix. On the other hand, although PDI has proven effective on different pathogens and
their strains, their sensitivity to PDI can be different, and even so in various isolates of
the same species. The mechanism leading to different sensitivities has not yet been fully
understood; therefore, further studies are needed. Furthermore, it is difficult to directly
compare the available results of the studies due to the different experimental settings
and the large number of parameters involved (PS immobilized or free, PS’s concentration,
incubation time, irradiation conditions—light wavelength, fluence rate, light dose, etc.),
so more standardized protocols should be introduced into studies on PDI against OPPPs
in water.

One of the important advantages of PDI is that it could also be used to control OPPPs
in combination with existing methods such as chlorination, and combinations with other
photodisinfection approaches are even more promising, e.g., combining UV irradiation
with indirect PDI (from endogenous and/or exogenous PS). Existing technologies for the
treatment of drinking water, such as those in point-of-use treatments, with UV lamps,
activated carbon, filters, membranes, etc., could also be used for PDI with appropriate adap-
tations. Application should first be envisaged and provided for buildings where outbreaks
of diseases caused by OPPPs are most likely to occur and may be the most dangerous, such
as hospitals and health centers, nursing homes, retirement homes, nurseries, spas, and
swimming pools.

5. Conclusions

Photodynamic inactivation as a new approach against OPPPs seems very promising,
especially with cationic PSs (MB, porphyrins, phthalocyanines), which stand out as the
most researched and effective exogenous PSs, and particularly when photoactivated with
violet and blue light irradiation. However, to discover the best protocol and determine the
conditions of application, we need more experiments in “real life conditions” to take all the
most relevant parameters that may impact PDI effect in such conditions into an account
and optimize the method.
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