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Abstract

Abstract

The careless use of antibiotics led to the emergence of multi-resistant bacteria responsible for
700,000 deaths annually, estimates even predict 50 million annual deaths as of 2050 - especially
since new antibiotics are unlikely to be introduced. To counteract this development, new approaches
are urgently needed. In both medicine and hygiene, photodynamic inactivation (PDI) can make its
contribution in the treatment of human skin or the use of antimicrobial surfaces. In PDI, highly
reactive singlet oxygen ('O,), responsible for the antimicrobial effect, is formed based on a
photosensitizer (PS). PDI shows excellent activity in a controlled laboratory environment, but
applications under real live conditions require considerably higher PS concentration or light doses.
This hampers the application and requires purposeful research to unfold these obstacles. The aim
of this work was to elucidate which substances and processes are involved in this effect to overcome
those obstacles, in particular for PDI on human skin. Investigated substances were Nat, Ca?* or
Mg?* as well as COs> and PO.*, especially relevant for applications under real life conditions. It
was hypothesized, if citrate might circumvent detrimental effects via complexation in artificial
solutions containing Ca?* or Mg?** and in tap water or synthetic sweat. The synthetic sweat
contained several ions and organic molecules like histidine. Lastly, the results were transferred to
the human skin with a PS-hydrogel.

Initially, a procedure was established for an efficient investigation of the physical and chemical
processes of PDI using SAPYR, a phenalene-based PS as well as the porphyrin TMPyP on
Halobacterium salinarum, which requires high NaCl concentrations for growth. It was found that
the PS did not change in the high salt environment, still generated 'O, and were able to induce a
reduction of viable cells of at least 99.9%. In the next part of this work, it was found that flavin
derivatives FLASH-02a and FLASH-06a undergo a chemical reaction with CO3* or PO.*.
Consequently, the PS stops generating !O», accompanied by a quasi-absence of PDI. Similarly, it
was shown that regardless of the PS Ca?* and Mg?* have drastic effects on antimicrobial potential.
Although the tested PS (methylene blue, TMPyP, SAPYR, FLASH-02a and FLASH-06a) remained
chemically intact and generated 'O, a reduced efficacy was demonstrated. Based on this, citrate as
chelator was used to circumvent the negative influence of Ca?* and Mg?* and at least for Gram-
negative bacteria efficacy was improved. In this context, experiments were also carried out in tap
water and synthetic sweat. It was observed that especially histidine in sweat is primarily responsible

for an inhibitory effect on PDI. As a final step, the knowledge about inhibitory substances in PDI
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was used to develop a SAPYR-hydroxyethyl cellulose hydrogel. The hydrogel also contained citrate
to circumvent the detrimental effects of Ca?* and Mg?*. In all cases, bacterial reduction on human
skin was greater than or close to 99.99%. Apoptosis and necrosis did not occur in the skin tissue
despite treatment with the PS-hydrogel.

The results of this work are of great relevance for the transfer of PDI from laboratory to applications
under real life conditions. The data obtained can be used to adapt the application of PDI in Ca?*
and Mg?-rich environments like tap water and skin. In the field of dentistry, where PDI is already
used, it is advisable to possibly add a washing step with citrate solution to existing protocols to
increase effectiveness. The PS-hydrogel could have the greatest contribution to solving the problems
mentioned above with multidrug-resistant germs, since it has been shown that good efficacy can be
achieved on the skin under acceptable treatment conditions. Finally, many currently used
antibiotics or antiseptics in the treatment or prevention of SSTIs already show resistances to the
substances used. However, PDI is unlikely to provoke resistance in bacteria because the generated
10, damages almost all biomolecules via oxidative mechanisms. In this way, the PS-hydrogel
described in this thesis may possibly provide a partial answer to the questions of the post-antibiotic

age that is upon us.



Zusammenfassung

Zusammenfassung
Der sorglose Umgang mit Antibiotika fithrte zur Entstehung multiresistenter Bakterien, welche

jahrlich fiir 700.000 Todesféille verantwortlich sind, Schétzungen gehen sogar von 50 Millionen
jahrlichen Todesféllen ab 2050 aus - zumal die Entdeckung neuer Antibiotika unwahrscheinlich ist.
Um dem entgegenzuwirken, werden dringend neue Ansédtze bendtigt. Sowohl in der Medizin als
auch in der Hygiene kann die photodynamische Inaktivierung (PDI) ihren Beitrag zur Behandlung
menschlicher Haut oder beim FEinsatz antimikrobieller Oberflichen leisten. Bei der PDI wird
hochreaktiver Singulett-Sauerstoff ('O,), der fiir die antimikrobielle Wirkung verantwortlich ist, auf
der Basis eines Photosensibilisators (PS) gebildet. Experimente mit PDI zeigen eine ausgezeichnete
Aktivitat in kontrollierter Laborumgebung, aber Anwendungen unter realen Bedingungen erfordern
wesentlich hohere PS-Konzentrationen oder Lichtdosen. Dies erschwert die Anwendung und
erfordert gezielte Forschung, um diese Probleme zu beseitigen. Ziel dieser Arbeit war es,
herauszufinden, welche Substanzen und Prozesse an diesem Effekt beteiligt sind und wie ein
Umgehen dieser moglich ist, insbesondere fiir PDI auf der menschlichen Haut. Bei den untersuchten
Substanzen handelte es sich um alltagsrelevante Ionen wie Na*, Ca*", Mg?*, COs* und POs. Es
wurde die Hypothese aufgestellt, ob Citrat die inhibierende Wirkung durch Komplexierung
umgehen kann, insbesondere in Leitungswasser oder synthetischem Schweif}, welche Ca?* oder Mg?*
enthalten. Der synthetische Schweifl enthielt dabei verschiedene Ionen und organische Molekiile wie
Histidin. Letztlich wurden die Ergebnisse mit Hilfe eines PS-Hydrogels auf die menschliche Haut
iibertragen.

Zunéchst wurde ein Versuchsablauf zur effizienten Untersuchung der physikalischen und
chemischen Prozesse von PDI entwickelt. Unter Verwendung von SAPYR, einem Phenalenon, sowie
des Porphyrins TMPyP wurde auch die antimikrobielle Wirksamkeit auf Halobacterium salinarum
untersucht, welches hohe NaCl-Konzentrationen fiir sein Wachstum bendétigt. Daraus resultierte,
dass sich die PS auch bei hoher Salzkonzentration nicht veranderten, immer noch 'O, generieren
und in der Lage waren, die lebensfihigen Zellen um mindestens 99,9 % zu reduzieren Der néchste
Teil dieser Arbeit zeigte, dass die Flavine FLASH-02a und FLASH-06a eine chemische Reaktion
mit CO3* oder POs* eingehen. Infolgedessen erzeugten die PS kein 'O, mehr, was mit einem
Ausbleiben der PDI einhergeht. Ebenso wurde gezeigt, dass unabhingig vom PS Ca?*" und Mg?*
drastische Auswirkungen auf das antimikrobielle Potenzial besitzen. Obwohl die getesteten PS

(Methylenblau, TMPyP, SAPYR, FLASH-02a und FLASH-06a) chemisch intakt blieben und 'O,
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erzeugten, wurde eine geringere Wirksamkeit nachgewiesen. Daraufhin wurde Citrat als Chelator
eingesetzt, um den negativen Einfluss von Ca?* und Mg?* zu verringern. Dabei wurde zumindest
fiir Gram-negative Bakterien eine bessere Wirksamkeit erzielt. In diesem Zusammenhang wurden
auch Versuche in Leitungswasser und synthetischem Schweifl durchgefiihrt. Es zeigte sich, dass vor
allem Histidin im Schweif fiir eine hemmende Wirkung auf PDI verantwortlich ist. In einem letzten
Schritt wurde das Wissen iiber hemmende Substanzen eingesetzt, um ein SAPYR-
Hydroxyethylcellulose-Hydrogel zu entwickeln. Das Hydrogel enthielt zusétzlich Citrat, um die
nachteiligen Auswirkungen von Ca?t und Mg*" auszugleichen. In allen Féllen lag die bakterielle
Reduktion auf menschlicher Haut bei tiber oder nahe 99,99 %. Apoptose und Nekrose traten im
Hautgewebe trotz der Behandlung mit dem PS-Hydrogel nicht auf.

Die Ergebnisse dieser Arbeit sind von groBer Bedeutung hinsichtlich der Ubertragung von PDI aus
dem Labor auf Anwendungen unter realen Bedingungen. Die hierbei gewonnenen Daten kénnen
genutzt werden, um die Anwendung von PDI in Ca?* und Mg**-reichen Umgebungen wie
Leitungswasser oder Haut anzupassen. Im Bereich der Zahnmedizin, wo PDI bereits Anwendung
findet, ist es ratsam, den bestehenden Protokollen moglicherweise einen Waschschritt mit
Citratlosung hinzuzufiigen, um die Wirksamkeit zu erhchen. Das PS-Hydrogel koénnte grofien
Beitrag zur Losung der oben erwdhnten Probleme mit multiresistenten Keimen leisten. Hierbei
zeigte sich, dass auf der Haut unter akzeptablen Behandlungsbedingungen eine gute Wirksamkeit
erzielt werden kann. Schliefflich existieren bereits gegen viele der zur Behandlung oder Vorbeugung
eingesetzten Antibiotika oder Antiseptika Resistenzen. Dass PDI bei Bakterien eine Resistenz
hervorruft, gilt als unwahrscheinlich, da das erzeugte 'O, fast alle Biomolekiile tiber oxidative
Mechanismen schidigt. Auf diese Weise kénnte das in dieser Arbeit beschriebene PS-Hydrogel
moglicherweise eine Teilantwort auf die Fragen des post-antibiotischen Zeitalters geben, das uns

bevorsteht.
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Infectious diseases
Over the course of mankind, severe bacterial infectious diseases have emerged quite often. A

prominent example is also the plague — a disease caused by the Gammaproteobacterium Yersinia
pestis [1] that leads, untreated, to death in most cases. In the 14" century, it is estimated that the
plague was responsible for 50 million deaths in Europe alone [2]. Thankfully, days in which an
infection with Y. pestis posed a dramatic problem are nowadays in modern societies a thing of the
past. It should be noted that some Y. pestis infections still occur in some low-income countries with
impeded access to population wide medical care — between 2010 and 2015 around 3,248 cases were
reported [3].

As luck would have it, it was mainly due to the discovery of penicillin by Alexander Fleming [4—6]
that made it possible for humanity to treat most of the bacterial infections for more than six decades
now easy, cheap, efficiently and quick. There is a vast amount of data supporting this statement
as infectious diseases became rarer since the discovery of antibiotic therapy. In the pre-antibiotic
era, a quarter of all deaths in Germany was caused by infectious diseases [7], 75% that suffered
from an infectious disease died unless a chirurgical intervention took place quite immediately after
infection [8].

Even in 1930, over 300,000 US citizens died of pneumonia and tuberculosis, accounting for 22% of
the annual deaths in the US that year [9]. After the distribution of antibiotics, death rates caused
by infections in general dropped down to 6% in 1953 [9] and 4.6% in 1989 [10]. Since the late 90’s,
this rate stayed more or less constant, only few deaths are nowadays accounted to bacteria, most
of the infectious disease fatalities are caused by viral infections [11]. Humanity therefore was in a
convenient position when it came to the treatment of bacterial infections. Yet, already Fleming
warned researchers in his Nobel prize speech that bacteria will develop resistances, if the
administration of antibiotics is not carefully pondered [4]. However, Fleming’s warning found only
little hearing. Although from 1940 to 1962 over 20 chemical classed of novel antibiotics were
discovered or synthesized [12], resistances emerged soon after the introduction to the market [13].
Figure 1 displays major cornerstones in antibiotic research history by the discovery of novel
antibiotic classes. Accordingly, the first emergence of the corresponding resistance to that antibiotic
class is given. It becomes obvious that resistances inevitably emerge in the bacterial population

sooner or later. While for a long time the arms race between researchers and bacteria was balanced,
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at least as new types of antimicrobial substances were discovered, the situation has changed

dramatically in the past three decades as no new antibiotics were discovered.

Discovery of
Discovery of Tetracyclins Resistance to Resistance to Discovery of
beta lactams 1929 Resistance to 1948 Oxazolidinone 1955 Chinolones 1963 Lipopeptides 1987
Aminoglycosides
Discovery of
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Aminoglycosides Resistance to Ansamycines seu ‘,’:"’mc Glycylcyclines
Sulfonamides and acids
Makrolids Discovery of
. Discovery of Lincosamines and Resistance to B
Discovery of N A . Resistance to
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Figure 1: Important cornerstones of antibiotic research and first emergence of an antibiotic resistance. The years
are derived from either the first report of the antibiotic from the respective class or from the first scientific report

of the emerged resistance. Figure based on [14-48].

Meanwhile, the situation is more severe than ever. In 2017, the WHO published a priority list
displayed in figure 2 in order to encourage science and industry to research and develop novel
antibiotics, innovative processes or creative alternatives [49]. Most urgent needs in R&D are
necessary — concerning the published list — with carbapenem-resistant Acinetobacter baumanni,
causing wound infections, pneumonia, and meningitis. As equally urgent the WHO assessed
multiresistant Pseudomonas aeruginosa strains and representatives of the Enterobacteriaceae.
Further intensive research should be dedicated to Enterococcus faecium, Staphylococcus aureus,
Helicobacter pylori, Campylobacter spp., Salmonella spp. and Neisseria gonorrhoeae. Due to the
extensive use of antibiotics, the WHO published a list that contains important last resort antibiotics

that should consequently only be used in life-threatening cases [50].
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Priority 1 - Critical

Carbapenem-resistant Acinetobacter baumannii
Carbapenem-resistant Pseudomonas aeruginosa
Carbapenem-resistant and extended spectrum B-lactamase producing Enterobacteriaceae
Priority 2 - High
Vancomycin-resistant Enterococcus faecium
Methicillin-resistant and vancomycin-intermediate and resistant Staphylococcus aureus
Clarithromycin-resistant Helicobacter pylori
Fluoroquinolone-resistant Campylobacter spp.
Fluoroquinolone-resistant Saimonella spp.

Cephalosporin-resistant and fluoroquinolone-resistant Neisseria gonorrhoeae

Priority 3 - Medium

Figure 2: Detailed WHO Priority List of Pathogens for the research and development of antibiotics. The list is
comprised out of three categories, namely critical, high, and medium. Figure based on the official information of the

WHO [49].

The problems that are caused by antibiotic resistant microorganisms have reached tremendous
extents and are a serious threat to public health [51]. In Europe, estimates of the ECDC (European
Centre for Disease Control) account up to 33,000 deaths annually to multi-drug resistant bacteria
[52], which is in good agreement with a study conducted by independent researchers [53] but
doubted by other researches estimating the number of deaths to be lower [54]. For the US on the
other hand, the CDC attributes 35,000 deaths to multi-drug resistant bacteria [55] which some
researchers have found this to be a critically underestimation stating that around 150,000 deaths
are caused by such organisms per year [56]. Worldwide, the World Health Organization estimates
that yearly 700,000 people die due to multi-drug resistant bacteria [57]. A bold and admittedly
discussed prediction stated that in 2050 over 50 million people might die annually due to
antimicrobial resistant bacteria [58]. However, decision makers in politics and health economy
rather tend to adjudicate based on economic measurements which shall be briefly taken into
consideration here as well. Hospital acquired infections, often caused by multi-drug resistant
bacteria [59-61], cause bloodstream infections, pneumonia, surgical site infections and urinary tract
infections. One case of a patient with bloodstream infection causes expenses of up to 45,814 USD

leading to annual costs of 3.3 billion USD in the US alone — all hospital acquired infections
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associated expenditures combined cause costs of nearly up to 10 billion USD annually [62].
Estimations from Europe suggest that HAIs cause a financial loss in all EU countries of 7 billion
EUR [63], in Germany alone for the year 2011 1.55 billion EUR [64]. It is clear that this situation
is going to get more dramatic over time as the antibiotic innovation gap is far from closing, several
authors around the world stated numerous times that the antibiotic innovation pipeline is dry,

partly also due to the consideration of economic aspects [65-71].

Attempts to solve the antibiotic crisis
Based on this dramatic situation, scientists, and physicians all over the world have come up with

methods to cope with hospital acquired infections and multidrug resistant bacteria. General
measures to be taken as soon as possible are for instance the reduction of antibiotics used in food
industry and livestock as part of the one health approach [72] and the so-called antibiotic
stewardship, which includes for example restricting the sale of antibiotics to prescriptions [73].
Besides these two more general measures, in the following further innovative examples shall be
mentioned. These more or less novel approaches can be split up roughly in two major categories,
which complement each other in synergistic ways: the development of novel treatment strategies

and hygiene-based approaches.

Concerning treatment alternatives, several approaches might tackle the current situation
appropriately. First, there is the development of vaccines to be mentioned. For example, Valneva
is currently working on a C. difficile vaccine that passed phase 2 trials [74], Pfizer had a vaccine
against S. aureus in a rather unsuccessful phase 2 trial [75] and Intercell in cooperation with the
university of Vienna tries to tackle P. aeruginosa based on a vaccine [76]. Vaccination approaches
more of a scientific nature are researched for example concerning E. coli [77,78].

Another well-known alternative to antibiotics is the administration of antibodies against the
pathogens itself or the toxins they produce. These antibodies have been investigated intensively on
the academic level [79-83], mostly targeted against C. difficile [84,85], S. aureus [80,84] and P.
aeruginosa [83]. Furthermore, probiotics of non-toxic C. difficile strains might help to cope with
these infections, several probiotic preparations are in development right now [86]. Lysins that
hydrolyze the bacterial murein of for example S. aureus are being developed by iNtRON and

ContraFect [87,88].
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A less promising approach is the attempt to stimulate the immune system of patients by bacterial
extracts [89], phenylbutyrate [90] or vitamin D3 [91]. However, immune stimulation might pose
some synergistic effects with other mentioned applications in the future. The stimulation of the
immune system comes besides that also with various contraindications as it cannot be successfully
administered in patients with immune system deficits.

The therapy of patients with bacteriophages seems to be very promising but are in the urgent need
for further research. Currently, the use of wild-type phages is investigated on P. aeruginosa and S.
aureus by Armata Pharmaceuticals [92]. Modern molecular biology has additionally opened the
door for genetically engineered phages, currently studied in a pre-clinical phase study against P.
aeruginosa [93].

Lastly, there is also great effort put into the development of novel antimicrobial peptides as they
have, compared to most of the latter mentioned methods, a much broader therapeutic spectrum.
Several of these antimicrobial peptides are in the focus of research and just a few years away from
transition to clinical trials [94-98].

Besides these mentioned alternatives, photodynamic inactivation might represent a promising
method as it has been found to be useful for decolonization of the human skin from S. aureus [99].
Photodynamic approaches were also proven to be effective in animal models for example in the

treatment of burn wounds [100,101].

The second category to focus on are advances made in hygiene in general as well as in respect to
hospital acquired infections. The fact that environmental contamination, hospital acquired
infections and hospital hygiene are closely entwined is nowadays widely accepted [102-104]. When
it comes to hygiene in general or hospital hygiene in specific, the most obvious measure is thorough
cleaning. While this seems like a trivial note, it is in fact not. For example disposable wipes with
the addition of further disinfecting chemicals achieves highly efficient logarithmic reduction of the
bacterial load on surfaces [105-107], but reusable cloth does not yield as efficient results as for
example due to insufficient laundry practice [108,109]. In general, several researchers [110,111]
recommended a so-called bundle approach in reducing the environmental contamination in
hospitals. This approach includes exact instructions for cleaning staff as well as the standardization
of processes as SOPs. Further, the correct choice of the disinfecting agent is of utter importance.

The properties that an ideal disinfectant has to fulfil were proposed by several authors and include
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for example a broad activity against a variety of microbes as well as good action even in the presence
of other substances that are common within the clinical daily business [110,112,113]. However, for
hygiene specialists there are helpful tools besides scientific literature that allow to choose
appropriate disinfectants for specific uses such as the VAH-list relevant for Germany, providing
detailed information concerning the correct application of (commercial) disinfectants [114]. An
additional monitoring of cleaning compliance that also includes feedback has also shown to have
positive impact on the cleanness of the environment [115-122]. A tutoring led by scientists or
physicians specialized in hygiene seems urgently necessary as cleaning staff measures its output
most likely by macroscopic cleanness [123]. However, alternative measurement methods besides the
removal of macroscopic smut include techniques like ATP-measurement or contact plates come
with their own limitations. In general, a microbiologically safe surface should exhibit not more than
2.5 or 5 CFU cm?, in case of pathogens less than 1 CFU cm™ [124,125]. These values of clean
surfaces in general have been introduced by researchers in order to establish benchmarks. These
benchmarks of clean surfaces are for example 2.5 CFU cm? in hospital settings, while in food
industry a surface can be considered as clean with 5 CFU cm™ or lower [125,126]. Lastly modern
technologies that do not require humans to conduct cleaning seem to be another promising approach
as supplemental strategy. In brief, two methods are available here and include automated UV based
irradiation [127] or peroxide based vapor [128-130]. However, these methods also come with several
drawbacks as for example UV irradiation needs to cope with distance, room geometry, and dust
potentially leading to dead zones without sufficient bacterial reduction [131]. Furthermore, UV
disinfection is inefficient against endospores and needs to act upon several hours. Drawbacks of
peroxide based disinfection are for instance the harmful action towards eyes and skin and its
corrosive properties [132].

Especially in the light of the COVID-19 pandemic, antimicrobial coatings started to attract the
attention of researchers. Such coatings may be capable of closing hygiene gaps in hospitals and high
touch surfaces outside of the hospital. For antimicrobial coatings quite a variety of modes of action
are known such as surfaces that reduce the adhesion of bacterial cells [133] or contact-active surfaces
that influence in some ways membrane integrity of the cells like cooper [134] or covalently bound
quaternary ammonium compounds [135]. Further, there are antimicrobial surfaces known that rely
on the release of biocidal substances such as silver [136,137], copper [138], zinc [139], quaternary
ammonium compounds [140], iodocarb [141] or isothiazolinone [142] among others. Titanium dioxide

surfaces however use photocatalytic reactions to produce oxygen radicals and hydrogen peroxide in
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order to inactivate bacteria [143-145]. However, these commonly used antimicrobial surfaces come
with some drawbacks as for example they sometimes only show antimicrobial efficacy when the
testing is performed under wet conditions or do not show antimicrobial efficacy under real life
conditions [146]. Lastly, there are also photodynamically active surfaces known that generate singlet
oxygen under visible light and thereby oxidizes bacteria and organic matter [147]. These
photodynamically active coatings have been applied successfully just recently in a hospital

associated environment [147] as well as in public transportation [148].

History of Photodynamic inactivation and photodynamic therapy
Although the use of photodynamic inactivation on human skin or in self-sanitizing surfaces emerged

just recently, the roots of photodynamic inactivation long back to the at least 3,500 BC to ancient
Egypt, where plant extracts containing furanocoumarins of Ammi majus were used to treat
pigmentation defects of the skin [149,150]. Similar treatment approaches seem to have developed
independently in ancient India and China as well as in Rome, Greece, and the Near East
[149,151,152].

However, the first scientific literature report for photodynamic inactivation longs back to the year
1900 where in Munich Oscar Raab conducted experiments in the lab of Hermann von Tappeiner,
studying the toxicity of acridine towards to the protozoon Paramecium caudatum [153]. They
recognized that the toxicity varied and they speculated about some sort of light-dependent
mechanism, finally validated by data generated by Raab, von Tappeiner and Jodlbauer [154,155].
However, von Tappeiner wrongly attributed this toxicity effect to florescence-based mechanisms,
and not, as known today, to the generation of reactive oxygen species. Despite this flawed
explanation on the cause of the toxicity, they were already aware of the potential that their
discovery might bear [156]. Already in its earliest days, the photodynamic research split up in two
major categories namely the application of the method towards bacteria [157] and the treatment of
carcinoma [158]. However, the discovery of Raab and von Tappeiner did not spark greatly within
the scientific community by that time as only few further reports are known, maybe also owed to
the two world wars that forced science rather to focus on the research on antibiotics [159]. Cyanine
based photosensitizers however found use in wound disinfection in the first world war, whereas it
is not clear if the researchers at that time were aware of the photodynamic processes that facilitated
the antiseptic effect [160]. Phenothiazine based photosensitizers were among the first

photosensitizers that were used for the photodynamic inactivation of viruses, first reports long back
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to the year 1928 [161]. One note from 1948 by Figge and co-workers described tumors in mice that
specifically take up and accumulate porphyrins [162], further described in a study from 1955, where
intravenously administered hematoporphyrin led to selective fluorescence in cancerous tissue [163].
The findings of Figge and co-workers were later in the 1960s validated by another independent
workgroup rather focusing on the diagnostic possibility of the described specific accumulation
[164,165]. A group from the University of California was the first one in 1972 to be really capable
of showing cytotoxicity in cell culture as well as in in vivo experiments with hematoporphyrin [166].
From a nowadays perspective, one might speculate that this preliminary communication of Ivan
Diamond et al. facilitated the establishment of the term photodynamic therapy, in short PDT, for
the described method towards malignant tumors. Phenothiazines were found to be effective against
Herpes simplex viruses in laboratory situations as well as in a clinical study since the 1970s
[167,168]. However, significant scientific progress in the field of photodynamics was made by
Thomas Dougherty in the 1970s. Dougherty’s lab started with experiments of hematoporphyrin
successfully destroying murine cancerous tissue [169] and moved soon on to experiments in humans
[170] with prosperous advances in treating breast cancer [171].

Dougherty also postulated some properties photosensitizers should possess [170,172], which still
apply in nearly all its cornerstones up to today [173]. First, a photosensitizer should not be toxic
to cells in therapeutic doses. Second, the dye should accumulate either somewhere inside or in the
vicinity of the targeted cells. Third, the substance used for photodynamic processes, must be, of
cause, photodynamically active. Last, within the scope of tumor therapy, the wavelength of the
light should be around 600 nm due to the deeper penetration depth of the light into human tissue.
This last-mentioned point however is only crucial when inactivation aims for antitumoral therapy,
for most antimicrobial applications the wavelength of the light and the matching absorption
spectrum of the photosensitizer is only of minor importance, as penetration depth is not as crucial.
While Dougherty and colleagues made outstanding progress in the area of PDT, the photodynamic
inactivation of bacteria or short PDI started to emerge slowly as its own field of research. Bertoloni
and co-workers were looking for alternative models to study the efficacy of hematoporphyrins and
suggested the use of various Candida sp. as fungal organism and E. coli, K. pneumoniae, S. aureus
and FEnterococcus hirae [174]. However, while Gram-positives were readily inactivated, Gram-
negatives just were not inactivated as efficiently and many efforts focused on S. aureus as an
organism to investigate the effects of PDI [175-178]. First attempts in optimizing the PDI towards

Gram-negatives were then attempted by Ehrenberg and colleagues by the utilization of lipid vesicles
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to which derivatives of hematoporphyrin were attached [179]. It was the same researchers that
recognized the problem in antibacterial photodynamic inactivation is the Gram-negative envelope
as FE. coli spheroplasts behaved in similar manners as intact S. aureus cells. Further, polymyxin b
nonapeptide [180,181] in combination with hematoporphyrin made the Gram-negative envelope
permeable for the hydrophobic photosensitizer [182].

In the 1990s, further advances were made in clinical treatment to counteract the degeneration of
the macula [183]. Interestingly, also within the 1990s, interests seemed to shift a little away from
the clinic to the wet lab as researchers aimed to investigate the biological reasons, why the tumoral
cells die. Agarwal et al. made progress in this case as they initially observed cell death by apoptosis
induced through photodynamic treatment [184]. More in detail, Kim et al. as well as Xue et al.
identified bcl-2 as major target in photodynamic therapy that induces cell death [185,186]. Besides
apoptosis, autophagy and other pathways seem occur but are rather unrepresented [187-189].
While long time PDT used hematoporphyrin administered via injection, in 1987 researchers found
that application of 5-aminolevulinic acid led to the formation of endogenous porphyrins such as
protoporphyrin IX [190]. While Kennedy, Pottier and Pross made first significant success in the
clinical application [191] further advances in application were made as scientists and physicians
began to develop the photodynamic therapy against basal cell carcinoma and actinic keratosis with
5-aminolevulinic acid [192,193]. The substance thereby accumulates mostly in the cancerous tissue
and gets thereby metabolized to protoporphyrin IX which then acts as the photodynamic substance.
Since then, research in photodynamic therapy — which addresses the specific use of the method
towards cancer cells — was pushed forward as a promising therapy method. Finally, this led to the
approval of another photodynamically active drug, namely Photofrin®, basically a hematoporphyrin
derivative where its use is indicated for treatment of esophagus carcinoma, endobronchial carcinoma
and dysplasia of the esophagus [194]. Between 1995 and 1996, the photodynamic inactivation of
Plasmodium  falciparum [195] and Trypanosoma cruzi [196,197] was demonstrated using
phthalocyanine based photosensitizers. Photodynamic inactivation of bacteria on the other hand
made a giant leap forward in 1996 as Jori and co-workers demonstrated the efficient inactivation
of Gram-positives as well as Gram-negatives by utilizing cationic porphyrins [198]. Similar effects
were shown in the same year for cationic phthalocyanines [199]. As it was now known,
photodynamic inactivation with cationic photosensitizers was possible against both, Gram-positives

as well as Gram-negatives, research started to flourish around PDI.
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Although photodynamic inactivation has been shown throughout history that nearly all forms of
life such as fungi, protozoa, Gram-positive bacteria, Gram-negative bacteria, and viruses may be

readily inactivated, the scientific literature lacked evidence for archaea until 2019.

Physics of Photodynamic inactivation
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Figure 3. Jablonski-Scheme of the underlying physical processes of photodynamic inactivation. Initial excitation of
the photosensitizer from So to Si occurs due to the absorbance of a photon, the Si state either decays via internal
conversion or fluorescence or undergoes intersystem crossing to Ti. The triplet state photosensitizer then returns to
the So ground state either via non-radiative processes, phosphorescence, type I or type II reactions. Both latter

mentioned produce the biocidal substances.

For efficient photodynamic inactivation, one needs in principle three components. Light, triplet
oxygen and a photosensitizer molecule. The photosensitizer molecule absorbs a photon, the molecule
gets excited from its Sy ground state either to the S; or S, state. These singlet states are generally
characterized by electrons of antiparallel spin in their binding orbitals. Depending on the energy
supplied by the absorbed photon, the electron is present in a specific vibration niveau within the
multiplicity according to the Franck-Condon principle [200,201]. However, according to Kasha’s
rule, the steps described further can only happen from the lowest excited state of any given
multiplicity [202], which is reached after a few picoseconds after excitation [203]. From the lowest
vibration of the S; state of the photosensitizer, within a lifetime of the S; state of some nanoseconds
[204], three different and competing effects occur. First, the photosensitizer returns to its Sy state
by the release of a photon, termed fluorescence. Second, the energy might also be converted to heat

energy, so-called internal conversion, with the photosensitizer again present in its Sy state. It should
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be kept noticed that both mechanisms do not lead to photodynamic inactivation and are therefore
considered disadvantageous. As a third possibility, the molecule can undergo intersystem crossing,
where due to a change in the electron spin the photosensitizer is then present in its triplet state T;.
Again, from that triplet state, four different mechanisms might be observed. Just as for the return
to the Sy state, emittance of light is one way to release the energy. In this case, the emission of a
photon is termed phosphorescence. Second, the release of the energy in the form of non-radiating
intercombination is possible. Just as the intersystem crossing, this transition is a forbidden
mechanism in quantum mechanics [205], but can nevertheless occur due to several effects that in
return make these processes possible [206]. This leads consecutively to long lifetimes of the triplet
state in the magnitude of microseconds [207]. Another option for the photosensitizer leaving its
triplet state is the collision act of the photosensitizer with another molecule. Such a collision implies
an overlap of molecules or a close vicinity at least. In that moment, charge or energy can be
transferred from the excited photosensitizer to an acceptor molecule, leaving the photosensitizer
un-excited behind. When charge is transferred from the photosensitizer to an acceptor molecule a
so-called type-I-reaction takes place. Thereby, Fenton-like reactions transmit the energy to water
or other substrate molecules in the form of an electron or proton. Consequently, this leads to the
formation of reactive oxygen species such as hyperoxide anions, hydroxyl-radicals, perhydroxyl-
radicals, peroxyl-radicals or alkoxyl-radicals that subsequently are capable of destructing organic
matter [208-211]. Lastly, and most importantly, the photosensitizer can also undergo type-II-
reactions, where the photosensitizer transfers the energy to triplet oxygen via spin permitted energy
transfer resulting in the formation of singlet oxygen [212,213] that is highly reactive towards organic
matter, especially unsaturated carbon bonds. One of the most important characteristics of a
photosensitizer is its singlet oxygen quantum yield ® defined as the number of singlet oxygen
molecules produced divided by the number of absorbed photons [214]. A detection of the amount
of the produced singlet oxygen is most accurately possible via luminescence of the radiative
transition from singlet oxygen to triplet oxygen at 1270 nm [215-221]. However, due to the
complexity of these measurements, some chemicals are available that specifically react with singlet
oxygen such as DPBF [222] or Singlet Oxygen Sensor Green, a fluorescein-anthracene derivative
[223]. These chemicals are especially useful to researchers in the wet lab as this offers a quick and
easy method to roughly determine a photosensitizer’s efficacy with present resources. Besides the
two mentioned reaction types that generate singlet oxygen, just recently Michael Hamblin and

Heidi Abrahamese proposed oxygen independent type-Ill-reaction occurring in psolarens,
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tetracyclins and in combination with inorganic salts [224]. However, this proposal remains to be

discussed by the literature until now.

Photosensitizers

In general, in photosynthesizer research it is one of the major aims to minimize fluorescence,
phosphorescence and internal conversion as undesired side effects. More importantly,
photosensitizers should generate either reactive oxygen species or singlet oxygen in significant
quantum yield proportions. The properties a potent PDT photosensitizer must fulfil were mentioned
earlier. Although these principles apply mostly for PDI, PACT or aPDT as well, the photosensitizer
properties were specified by Maisch in 2014 adding that a high binding affinity to microbial live
and low affinity for mammalian cells is necessary [225]. Nowadays, researchers mainly focus on
photosensitizers that produce chiefly singlet oxygen as a reactive agent, as type-I-reactions come
with one major drawback: due to the likelihood of the occurrence of radicals in this reaction steps,
hard to control chain reactions might occur, even after illumination in the dark. type-II-reactions
and the singlet oxygen generated on the other hand are capable of reacting much more specifically
in the vicinity of the binding site of the photosensitizer, as singlet oxygen possesses a dramatically
small reaction range of 20 nm [226,227]. By this fact, an optimization of the photosensitizer’s
binding behavior can also influence the specifity, allowing chemical alterations of photosensitizers
to target semi-specific components of the cell. In general, for photodynamic inactivation of bacteria,
one or more positive charges are required so that the photosensitizer accumulates at negatively
charged bacterial structures such as the outer membrane or teichoic acids or is even taken up by
the bacterial cell [228-230]. Antimicrobial photosensitizers generate singlet oxygen, which most
likely damage preferably the outer structures of bacteria and cause irreversible oxidative damage

consequently leading to the inactivation of the bacteria [219].
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Figure 4: (A) displays the cationic dye methylene blue containing a positively charged sulfur atom and two

Absorbance

dimethylamine groups. (B) shows the chemical structure of toluidine blue, which differentiates from methylene blue
by its side chains. Both latter mentioned belong to the class of the phenothiazines. (C) displays the chemical
structure of acridine orange, which does not contain a sulfur atom in contrary to (A) and (B). Additionally, acridine
orange is neutrally charged. (D) depicts a typical absorption spectrum of the phenothiazines, here the spectrum for
methylene blue is shown. It is a major characteristic of phenothiazine dyes that Amax is at the upper end of the visual

spectrum.

One of the oldest substances in use for photodynamic inactivation are the tricyclic azines. These
include also the very first photosensitizer ever used, namely the beforehand mentioned acridine
orange Fig 4C. However, these tricyclic azines are, without sophisticated chemical modifications of
potential side chains not charged rendering them nearly useless for modern broad spectrum
antimicrobial activity as Gram-negatives are not targeted.

More specifically, phenothiazines are nowadays the most important subclass to mention.
Phenothiazines are specified by a sulfur atom at position 5 and a nitrogen atom at position 10. The
two most prominent representatives from this group are methylene blue (Fig 4A) and toluidine
blue (Fig 4B). The maximum absorption Au. for methylene blue is at 660 nm (Fig 4D) while
toluidine blue O has its Amax at 625 nm. This wavelength comes with a great advantage in human
application as light of longer wavelength can penetrate human tissue much deeper than visible light
of shorter wavelength. Naturally, phenothiazines have a positive charge and attach therefore readily
to most bacterial envelopes and show therefore effective killing against several microorganisms [231].
Now, although phenothiazines like methylene blue or toluidine blue are well known photosensitizers,
their properties are far from optimal. On the one hand, their singlet oxygen quantum yield is around
0.5 [232]. On the other hand, the side chains of phenothiazines offer a variety of possibilities to
optimize the photosensitizers. This was shown for example for the derivatives dimethyl methylene

blue, new methylene blue and methylene green [233-235]. Spéth and colleagues demonstrated that
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ammonium side chains of methylene blue derivatives can lead to improved microbial killing, most

likely due to increased attachment or uptake of the photosensitizer [236].

\\\ N/\/\
Oé\) s

Figure 5: (A) displays the chemical structure of Cy3 and (B) of Cy5, two dyes commonly used as fluorescence-based

dyes. (C) depicts the chemical structure of the photosensitizer merocyanine 540.

Cyanines are commonly used as dyes with a positively charged quaternary ammonium group and
a tertiary amino group connected via a polyene bridge structure. While nowadays, cyanines like
Cy3 (Fig 5A) or Cy5 (Fig 5B) are commonly used as fluorescence dyes in life sciences especially in
molecular biology, the antimicrobial use of this dye class longs back to the first world war where
these dyes were partly used for treatment of wounds [160]. Nowadays, cyanine dyes that are used
as fluorescence markers, they are also available as derivatives with increased fluorescence quantum
yield, i.e. with adjacent azide groups. The negatively charged Merocyanine 540 (Fig 5C) with a A
at 535 nm was shown to efficiently inactivate viruses [237]. However, although some cyanine dyes
have a positive charge and are therefore capable of inactivating various microorganisms, they come
with various drawbacks concerning their use in photodynamic inactivation. First, most of the
cyanine dyes are mainly fluorescent dyes, and therefore also optimized in lower singlet oxygen
quantum yield as well as ROS. Secondly, due to their chemical structure they tend to
photoisomerization although this effect can be circumvented at a certain extent utilizing the heavy

atom effect that also facilitates the singlet oxygen production of the cyanines [238,239]. The
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treatment of blood plasma and blood serum was shown elsewhere with cyanine photosensitizers
utilizing the heavy atom effect [240]. An optimization of cyanine photosensitizers has been
attempted to increase the binding capability of the photosensitizers to bacteria and enveloped
viruses [237]. Although these dyes can serve as efficient photosensitizers, they are to the state of
the art not widely used anymore mostly due to their drawbacks compared to other available

photosensitizers.

Figure 6: The porphin molecule. This is the basic structure that all porphyrins have in common. The porphin

molecule consists out of 4 pyrrole rings and is capable of complexing different divalent ions.

Porphyrins are chemically based on the porphin molecule and are common naturally occurring
substances with important functions in blood transportation in vertebrates or photosynthesis in
many photoautotrophic organisms. The chemical core of porphyrins contains four pyrrol rings
connected with methine bridges. This basic structure, which is a molecule on its own called porphin
(Fig 6), is the backbone of all other porphyrins. Furthermore, porphyrins exhibit a very specific
photometric spectrum showing several peaks with the global A,.. termed Soret band while the other
local Anax are called Q bands. A typical absorption spectrum of a phorphyrin based photosensitizer
is shown in Fig. 7 However, when experimenting with porphyrins in various solutions, one should
be aware that due to their chemical structure, porphyrins are pristine chelators of divalent ions
which have impact on their photophysical behavior and the measured absorption spectrum

[241,242).
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Figure 7: Absorption spectrum of a commercially used porphyrin-based photosensitizer, in this case TMPyP.
Typically, the spectrum of a porphyrin has its global absorption maximum in a range of around 400 to 436 nm.
This global maximum is also named Soret band after the French scientist Jaques-Louis Soret, initially describing
this band in diluted blood samples [243]. Besides this maximum caused by So to S transition, the local maxima are

derived from So to Si transitions and are termed Q bands, most likely somewhere between 490 and 650 nm [244].

Porphyrins such as HpD or Deuteroporphyrin can efficiently kill Gram-positive bacteria but do not
affect Gram-negatives due to a lack of a positive charge [245]. In order to improve binding to Gram-
negatives, cationic porphyrins were developed to broaden the use of this photosensitizer class as an
antimicrobial substance [198]. In general, porphyrin based photosensitizers are efficient against
Gram-negatives when they contain at least one positive charge [198]. Even more efficiently
porphyrin based photosensitizers are fourfold positively charged with alkyl side chains up to 14 C-
atoms long [246]. Porphyrins have also been shown to be efficient against viruses most likely due

to damage on the viral envelope [247-249].

Figure 8: Chemical structure of TMPyP (a,B,y,6-Tetrakis(1-methylpyridinium-4-yl)porphyrin p-toluenesulfonate).
The molecule is based on a porphyrin structure but has four cationic charges due to its methylpyridinium moeites

which enable close attachment to bacterial cells.

One of the most studied photosensitizers in general is a,f,y,6-Tetrakis(1-methylpyridinium-4-

yl)porphyrin p-toluenesulfonate — or in short TMPyP (Fig 8). Due to its four positive charges, it
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attaches greatly to Gram-positive as well as Gram-negative cells and inactivates both upon light
exposure. Further, TMPyP has excellent light absorption characteristics with a tremendously high
absorption cross section. However, this somehow limits its use as high concentrations of this
photosensitizer lead to a self-inhibitory effect that reduces the light penetration into a suspension
containing the targeted bacteria. Furthermore, TMPyP has a singlet oxygen quantum yield of 0.77
[250] and therefore produces in combination with good absorption characteristics high amounts of
singlet oxygen in the vicinity of the bacterial cells.

Another prominent porphyrin-based photosensitizer is the twofold positively charged molecule
XF73. Due to its positively charged quaternary ammonium component the molecule can attach well
to Gram-positive as well as Gram-negative bacteria [251] but might also possess a certain toxicity
in the absence of photons just as other quaternary ammonium compounds. Chlorin e6, another
porphyrin derivative with several side chain alterations is also often used for antimicrobial
photodynamic inactivation [252] — however the molecule has no positive charge due to its carboxy-
side chains but for example antibody coupling allows also the inactivation of Gram-negatives [253].
Further, embedding chlorin e6 in a poly-L-lysine conjugate showed good efficacy against F. coli
[254].

Overall, porphyrins have excellent properties as photosensitizers. They are chemically stable, well
researched and allow for a tremendous chemical variation of side chains that enables their use in a

vast number of potential applications.
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Figure 9: Basic structure of phthalocyanine. Potential alterations such as cationic charges are often introduced at

the nitrogen atom in the crosslinking region.
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Phthalocyanines in general are macrocyclic compounds with aromatic properties, more specifically
they are tetra-benzotetraazaporphyrines (Fig 9). Due to their excellent quantum yield [255] these
photosensitizers have been successfully applied in a wide variety of organisms. It has been shown
that coated as well as uncoated viruses are efficiently inactivated [256-258] even in blood products
[259].A major advantage of phthalocyanines is their high capability in producing singlet oxygen —
exceeding the quantum yield obtained for methylene blue [255]. Optimizations concerning special
central atoms such as silicon containing residues have been shown to bear potential in the
inactivation of HIV in infected red blood cells [260]. Furthermore, such modified phthalocyanines
have been shown to be efficient also against Plasmodium falciparum - the main cause for Malaria
[195]. Of cause, phtalocyanines especially with aluminum as a central atom, are also efficient against
Streptococcus sanguinis as well as MRSA [261,262]. Embedding of phtalocyanines in tetra(tert-
butyl) polymer films was also successful in inactivating S. aureus [263]. Again, only cationic
phtalocyanines are efficient against Gram-negative bacteria [199]. Cationic Phtalocyanines with Zn
ions as a central atom represent also efficient photosensitizers with a broad antimicrobial activity

[199,264,265).

Figure 10: A C60 Buckminsterfullerene. At one of the various carbon atoms of the molecules, side chains can be

introduced that improve their applicability for attachment or embedding in several media.

Fullerenes are molecules which were initially described in the 1970s by Eiji Osawa and have a ball-
shaped structure (Fig 10) [266]. Most often, in photodynamic Cg-Fullerens, also known as
Buckminsterfullerene, are used that are coupled with cationic structures such as quaternary
pyrrolidiniums that are positively charged allowing the attachment of the molecule to Gram-

negative bacteria as well [267]. Again, as for porphyrins increased cationic charge leads to better
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photodynamic inactivation [268]. For fullerenes it was shown that it is dependent on the solvent
weather the type I or type II mechanism is preferred [268-270]. Furthermore, due to the structural
properties such fullerene based photosensitizers might also counterintuitively allow oxygen

independent use in the presence of sodium azide [271].

Figure 11: (A) shows the chemical structure of 1-H-phenalen-1-one which is neutrally charged and (B) displays the

molecule SAPYR with a positively charged pyridinyl moiety.

Ester Olivieros and her colleagues made an interesting discovery in 1991: a molecule named 1-H-
phenalen-1-one or perinaphtenone (Fig 11A) which can produce singlet oxygen with a quantum
yield of around 0.97 which is compared to most other photosensitizers extraordinary. The molecule
is soluble in water as well as in non-polar solvents with good photostability [272]. Nonell and co-
workers were able to push the boundaries of singlet oxygen production even further as they
synthetized 1-H-phenalen-1-one-sulfonic acid, capable of producing singlet oxygen with a quantum
yield close to unity. However, this molecule is anionic, therefore not suitable for a broad
antimicrobial activity [220]. The synthesized molecule (2-((4-pyridinyl)methyl)-1-H-phenalen-1-one
— briefly called SAPYR (Fig 11B) — showed a singlet oxygen quantum yield of 0.99, additionally
with a cationic charge in the pyridinyl group, making it a highly efficient photosensitizer for
antimicrobial approaches [230]. It is also speculated that SAPYR possesses biofilm-disruptive

properties just as other compounds with pyridinium groups [230,273].
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Figure 12: Absorption spectrum of SAPYR. Clearly visible is the large maximum of the photosensitizer from around

360 to 425 nm.

Besides the pristine singlet oxygen generation properties, phenalenones come with several other
advantages on the chemical side. On the one hand, they have a broad absorption maximum in the
visible spectrum (Fig 12). This favors their use especially when planning for environmental
approaches as the light source must not excite the photosensitizer at a specific wavelength.
Therefore, singlet oxygen can also be generated efficiently under ambient light conditions.
Furthermore, the photosensitizers are chemically stable. Solutions stored in the dark at low

temperatures, no loss of concentration is observed even after three years of storage.
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Figure 13: (A) Riboflavin, also known as vitamin B2 comprised out of a ribityl moiety and the isoalloxazine scaffold.

(B) shows the structure of FLASH-02a two positive charges located at the end of two side chains to avoid steric

hinderance and (C) displays the photosensitizer FLASH-06a with four positive charges [274].

Chemically speaking, flavins are heterocyclic 7,8-dimethylisoalloxazine compounds [275,276].
Flavins such as the riboflavin, vitamin B2 (Fig 13A), flavin mononucleotide as well as the flavin

adenine dinucleotide fulfil important functions in various biochemical pathways [276-279].
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Furthermore, flavins as natural molecules are considered to be biodegradable and safe for human
use [280,281]. In the late 1940s it was shown that riboflavin can oxidize indoleacetic acid in plants
in the presence of oxygen and photons [282]. Indoleacetic acid, which is also a common
phytohormone and also known as auxin fulfils highly important functions of plant growth, therefore,
the oxidation of these molecules led to dramatic changes in plant growth [282]. It was also shown
that flavins can produce ROS in vivo to a certain extent but observed no intracellular damage,
most likely due to protective flavin binding proteins [283]. Subsequently, the light-induced triplet
state as well as the generation of singlet oxygen via light was shown elsewhere in vitro [284,285].
Although endogenous flavins were shown to produce efficiently singlet oxygen and other ROS [286—
289], a sufficient bacterial inactivation due to the lack of a cationic charge is not observed [290,291].
Later on, it was shown that cationic riboflavin molecules with -NH3;™ moieties possess a broad
activity spectrum against several bacteria [225,280]. Examples of flavins modified in this way
include the in this work used FLASH-02a (Fig 13B) or FLASH-06a (Fig 13C). Flavin derivatives
still remain a major class in photodynamic inactivation and are of utter importance, a recent
preprint reports on the possibility of enhancing the chemical properties of flavin based

photosensitizers [292].

HO OH

O\ /O

Figure 14: Chemical structure of curcumin. The molecule itself is neutrally charged and therefore only capable of

killing Gram-positives.

The large group of curcumins is mostly known by the main representative curcumin in combination
with curcumas properties as spice — mainly used in Indian and Thai cuisine. These secondary plant
substances are chemically speaking diarylheptanoids, more in detail two 2-Methoxyphenoles are
connected via an unsaturated C7 bridge with 2 keto-residues (Fig 14). One of the most important
characteristics of curcumin-based photosensitizers is that they tend to generate rather ROS via
type I reactions than singlet oxygen via type II reactions [293]. When applying curcumin based

photosensitizers, one should be aware that these molecules are chemically not really stable and
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degradation reactions such hydrolysis, oxidation or photodegradation are likely to occur [294].
Curcumins have been proven to have a antimicrobial photodynamic efficacy against MRSA [295],
Streptococcus mutans and Lactobacillus acidophilus [296]. Cationic curcumin derivatives have also
been synthesized and showed good efficacy against E. coli [297]. However, due to the fact that
curcumin is a well-known food additive, this molecule group might be well suited for applications

in food industry [298,299].
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Figure 15: (A) Displays the BODIPY molecule, (B) shows a cationic BODIPY derivative as reported elsewhere

[300,301].

The technical term BODIPY refers to the basic chemical structure of those molecules. They consist
of a boron difluoride moiety which is connected to 2-2-dipyrromethene (Fig 15A). The
introduction of a pyridinium moiety and therefore a positive charge make it possible that the
photosensitizer can attach to Gram-positive as well as Gram-negative bacteria (Fig 15B) [300].
However, with BODIPY photosensitizers several issues need to be addressed in the future such as

an optimization of the singlet oxygen quantum yield as well as agglomeration problems.

A brief summary with some properties of the different photosensitizers is given in table 1. Generally,
all uncharged or negatively charged photosensitizers were not considered relevant for this study as
a positive charge is required for efficient broad spectrum antimicrobial activity. Furthermore,
cyanines were not used due to their low singlet oxygen quantum yields, fullerenes were not studied
as positively charged fullerenes as photosensensitizers are relatively new to the field and there is
not much experience with these in terms of application and curcumins were excluded as they

produce mainly ROS and not singlet oxygen and because they are heavily subjected to
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photobleaching. Due to their structural similarity to porphyrins, phthalocyanines were not
considered further and BODIPY photosensitizers were not investigated as there are still ongoing
debates how good photosensitizers for antimicrobial photodynamic inactivation should look like
[302]. Methylene blue (Fig 4A) and TMPyP (Fig 8) were chosen as one of the best studied
representatives of the phenothiazines and porphyrins, respectively. From the group of the
perinaphtenones, the cationic dye SAPYR (Fig 11B) was investigated closer because its pristine
singlet oxygen generation rates and its light-yellow color, which does not lead to undesired staining
in the region of application. Furthermore, the flavins FLASH-02a (Fig 13B) and FLASH-06a (Fig
13C) were studied as they are one of the few positively charged flavins available. Additionally,
flavins in general are considered safe for application as they can be degraded easily by the human
body.

Table 1: Brief summary of some of the most important characteristics of the different photosensitizer classes. Min.
MW indicates the minimum molecular weight of the respective photosensitizer class, the absorption represents a
range in which most of the molecules used as photosensitizers have their maximum and & is showing the singlet
oxygen quantum yields for photosensitizers in the corresponding class. However, especially both latter mentioned
values given within this table should only be used as rough indications as they are at least to a certain extent

depending on the solvent the measurements were conducted in.

PS class Charge Min. MW Absorption P Color
[g mol-1] [nm]
Phenothiazines Positive 200 600 - 700 0.31-0.5 Intensive blue
[303] or green
Cyanines Neutral, 714 490 - 743 0.003 - 0.12 varies
positive or [303,304]
negative
Porphyrins Neutral or 310 400 — 450 0.27 - 0.85 Intensive red-
positive [305] brown
Phthalocyanines  Neutral or 515 600 - 700 0.13 - 0.62 Intensive blue
positive [255] or green
Fullerenes Neutral or 720 300 — 400 0.76 - 0.84 Intensive
positive [306] violet to
brown
Perinaphtenones  Neutral or 180 350 - 400 0.99 - 1.00 Light yellow
positive [220,230]
Flavins Neutral or 242 350 — 500 0.51 - 0.54 Light yellow
positive [288]
Curcumins Neutral or 368 350 - 500 0.011 - 0.11 Yellow to
positive [293] orange
BODIPY Neutral or 192 507 - 766 0.10 - 0.78 Yellow to
positive [307,308] red-brown
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Applications of photodynamic inactivation
Over the decades, photodynamic inactivation has been proven to be highly efficient under

laboratory conditions against a variety of organisms in all kinds of experimental parameters.
However, photodynamic inactivation as a platform technology is predestined for the leap out of the
wet lab into real life conditions. Due to its simplicity as well as the major advantage that the
formation of resistances has not been observed yet [309], photodynamic inactivation finds possible
applications nowadays in a vast number of areas. In the following, several examples are given where

photodynamic inactivation finds its use in different areas.

In general, in dentistry there is also an urgent need for alternatives to conservative disinfectants as
there are reports that resistances against chemicals used as gold standard such as chlorhexidine
seem to emerge [310,311]. The main photosensitizers currently investigated in dentistry are
methylene blue [312], toluidine blue [313,314], curcumin [314,315], rose bengal [316], and chlorin e6
[317]. In general, photodynamic inactivation in dental applications has been studied in a vast extent
on an academic level. One of the first broad screenings by Wilson et al. investigated on eight
different photosensitizers against their bactericidal potential on Streptococcus sanguinis,
Porphyromonas gingivalis, Fusobacterium nucleatum and Aggregatibacter actinomycetemcomitans
[318]. S. sanguinis is a commensal of the oral cavity [319] but can also lead to endocarditis after
oral surgery [320]. P. gingivalis [321], F. nucleatum [322] as well as A. actinomycetemcomitans [323]
play a major role in periodontal disease . Therefore, the four chosen organisms are of high relevance
in dentistry in general. Especially toluidine blue O as well as methylene blue showed a bactericidal
effect against all of these organisms [318]. The causative agents for dental caries Streptococcus
mutans, S. sobrinus, Lactobacillus casei and Actinomyces wviscosus are also susceptible to
photodynamic inactivation with a phthalocyanine derivative [324]. S. mutans was also shown to be
susceptible to toluidine blue in demineralized dentine as well as collagen [325].

While prior mentioned studies focused on in witro experiments, there is also evidence for a good
efficacy in modelled environments or in vivo. Cieplik and colleagues for example used a tooth model
with human premolar and molar teeth that were inoculated with Enterococcus faecalis in phosphate
buffered saline. As photosensitizers, they used methylene blue and TMPyP in a concentration of
10 pmol I, applying light doses of 4.54 J cm™ and 2.4 J cm, respectively. With these conditions,
an inactivation efficacy of around 5 logio steps was shown [326]. Chitosan-hydroxypropyl

methylcellulose-toluidine blue O gels were found to be efficient in inactivating Staphylococcus

31



General Introduction

aureus, A. actinomycetemcomitans and P. gingivalis in a 3D gingival model using tryptic soy broth
as a solvent. Toluidine blue was applied in a concentration of around 20 pmol 1! and light had to
be applied in dosages between 10.8 and 108 J cm™ to lead to efficient reductions [327]. Researchers
from the Friedrich Schiller University in Jena demonstrated in a beagle dog model, that chlorine
e6 as well as its derivative BLC 1010 [328] significantly reduced P. gingivalis and F. nucleatum
infected sites applying a total of 12.7 J cm™ in intervals of several days [329]. A clinical study on
humans compared a conservative scaling and root planning treatment of periodontitis with a
phenothiazine-based photosensitizer therapy. The researchers applied 0.6 J cm™ of light to the teeth
to be treated and compared both methods in the light of several clinical parameters such as plaque
and gingival index. The comparative study revealed that the conservative method in comparison
with the photosensitizer-based method did not differ significantly in treatment success based on the
parameters taken into account [312]. It should be stated that some researchers in general suggest
that only the conservative mechanical treatment method of periodontitis consequently leads to
positive outcomes in the long term [330-332]. Similar results were obtained in a rat model, efficient
inactivation with toluidine blue at 3.27 mmol 1! in combination with 12 J cm™ were just as efficient
as conventional treatment [313]. Fontana and colleagues investigated on biofilms that were derived
from dental plaque samples. As a photosensitizer, methylene blue was used in a concentration of
156.32 pumol 1! dissolved in brain heart infusion by applying 30 J cm™? of appropriate light leading
to a bacterial reduction of 32% [333]. A study from Germany did research on artificial biofilms of
Streptococcus mutans, demonstrating efficient inactivation with a pharmaceutically ready-to-use
formulation with a phenothiazinium dye dissolved in a buffer medium and hydroxypropyl
methylcellulose at 12 J cm™ [334]. A multispecies biofilm consisting of S. mutans and L. acidophilus
in a dentine caries model was reduced in viability by 70% by 13.5 mmol 1! curcumin with a light
dose of 5.7 J cm2. However, in the same study the researchers achieved a viability reduction of the
biofilm by more than 90% in in vitro experiments [296]. The application of 100 to 300 pmol I
chitosan-rose bengal-nanoparticles has been shown to reduce the viability of E. faecalis cells and to
disrupt biofilms of the latter. Furthermore, the researchers found positive influences of the novel
nanoparticles towards the dentin-collagen structure. More remarkably, the study also investigated
on the presence of bovine serum albumin which was shown to have detrimental effects on
photodynamic inactivation [316]. Swiss researchers investigated on the influence of curcumin, eosin
Y as well as rose bengal not only towards Lactobacillus isolates derived from caries lesions but also

towards murine odontoblast-like cells, dental pulp cells as well as human embryonic stem cells,
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proving that much higher PS concentrations are needed to kill eukaryotic cells compared with
bacterial ones [335]. Voos et al. choose the uncommon PS safranin O with 10 pmol 1! for their
studies, in which they inactivated on the one hand planktonic cells of Streptococcus gordonii, S.
mutans, F. nucleatum, A. actinomycetemcomitans and P. gingivalis in comparison with 0.2%
chlorhexidine. Additionally, the researchers used ex wvivo biofilms derived from plaque and saliva
samples for their investigations. Remarkably, the researchers found that the photodynamic
treatment was in most cases equally or more efficient than the conservative chlorhexidine treatment
[336]. The potential applicability of photodynamic inactivation towards deep caries lesions has been
demonstrated via the use of 370 pmol I toluidine blue O and 94 J cm2in a study that included 45
human individuals, reduce the bacterial load up to 1.7 logio steps [337]. Interestingly, there is also
a report that finds excellent killing efficacy of toluidine blue towards several Gram-positive as well
as Gram-negative bacteria whereas the application of riboflavin as a photosensitizer did not lead to
efficient inactivation [338]. Just recently, phenothiazinium chloride was successfully used for
decontamination of oral surgical sites [339]. Peri implants in combination with photodynamic
inactivation seem also to be capable of improving the prognosis [340]. However, when it comes to
dental applications it is also important to note that color changes of the dentin might occur
depending on the different staining properties of the photosensitizer [341]. In root canal treatments,
sterility of the root canal is of paramount importance to avoid reinfection consequently leading to
better healing [342,343]. Compared to the conservative use of bleach for disinfection, photodynamic
inactivation with methylene blue has shown to be at least as efficient [344,345]. A typical but severe
disease pattern in dentistry is also periapical periodontis, which consecutively leads to cyst
formation as the inflammation is often without symptoms and therefore only diagnosed by chance
in most patients [346]. While the therapy gold standard is repeatedly applied calcium hydroxide
rinsing [345], photodynamic inactivation has been shown to be efficient in a clinical study with 20
patients [347]. Caries is a disease of the teeth based on increased rates of demineralization [348,349],
mostly caused by S. mutans [350,351]. The disease begins as dental plaque that then slowly
penetrates deeper regions of the infected dental material. Therefore, the removal of dental plaque
and consequently also the caries causing bacteria mostly organized in biofilms is the main treatment
approach [352,353]. It has been shown that S. mutans biofilm formation can be efficiently inhibited
by the application of toluidine blue after irradiation with 18 J cm™ [354]. Although implants in
dentistry are often used, sometimes inflammatory responses due to bacterial contamination occur,

possibly leading to severe complications [355]. While conservative treatment includes several
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decontamination techniques [356], photodynamic inactivation might complement the toolbox in
treating such infections. A clinical study on 15 patients with inflammatory complications derived
from implants investigated on the efficacy on toluidine blue, in which a significant reduction of
bacteria was reported [357]. Indeed, concerning the usefulness of photodynamic inactivation there
is also another study that contradicts the findings latter mentioned. In this study, the researchers
could not report on a more positive outcome when patients were subjected to a commercially
available system utilizing photodynamic inactivation compared to conventional treatment options
[358].

However, while these results from other researchers seem to be very promising for future approaches
there is still tremendous potential for optimization as in vivo experiments do not reach efficacies of
in vitro studies. Photodynamic inactivation in the vicinity of teeth must cope with various
substances like calcium ions or saliva which contains proteins and different ions and up to date, it
is still not known how for instance different ions interact with photodynamic processes, especially
as in vitro experiments most often use phosphate buffered saline as solvent. The research, which is
presented in this thesis, tries to clarify especially the role of calcium and magnesium ions in the
light of photodynamic inactivation and aims for an optimization under high calcium and magnesium

ion concentrations.

The effective action of photodynamic inactivation against standard skin bacteria has been shown
in vitro to a vast extent with various photosensitizers. Typical bacteria causing skin infections
include S. aureus, Streptococci, P. aeruginosa [359] and members of the genus Propionibacterium
[360]. Against all these pathogens in vitro data exist demonstrating that these bacteria are readily
inactivated [361-366]. However, most studies on skin or wound treatment were conducted using
animal models. Probably the first in vivo study investigating photodynamic inactivation on skin
was published by Berthiaume and colleagues. The researchers used chlorine e6 anti- Pseudomonas
monoclonal antibodies as described by Xiao-Ming et al. [367] and injected this conjugate i.c. intro
Pseudomonas aeruginosa infection sites introduced before. The researchers finally reported an
bacterial reduction of around 86 to 88% [253]. A similar study from the Wellman Laboratories of
Photomedicine introduced wounds in mice and infected those wounds with bioluminescent FE. coli
cells. The treatment was then carried out with 100 pmol I chlorine e6 dissolved in PBS with a

total fluence of 160 J cm™, the success of the method was measured as luminescence intensity of
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the wounds of the mice. The photodynamic inactivation in this study led to a reduction of the
luminescence signal by 99% and was therefore considered to be effective by the authors, additionally
the wound healing was not inhibited in the treated wounds [254]. Of cause, in vivo studies were
also conducted with one of the most important pathogens for the human skin: MRSA. To study
this organism, Zolfaghari et al. introduced excisional wounds in mice and infected those wounds
with MRSA. Subsequently, 312 pmol I'* MB and 360 J cm™ were applied as treatment which was
able to reduce the median cell count of around 1.5 logio steps. Furthermore, it should be noted that
the researchers were not able to detect any histological changes of the treated skin [368]. Recently,
wound models in mice were also found to deliver effective inactivation with curcumin-based
photosensitizers. At an applied light dose of 60 J cm?, the commercially available curcumin
formulation S. aureus were reduced between 2 and 4 logyo steps [369]. Qui and co-workers were able
to manufacture highly complex gold nanoparticles with chlorin e6 as photosensitizer that showed
good efficacy in a murine wound model against S. aureus as well as E. coli. While the concentration
of the photosensitizer was around 250 pmol 17, the researchers applied tremendously high light
doses of 480 J cm™ to the mice. Additionally to a photodynamic effect, the researchers also described
a so-called photothermal effect, which might lead to additional killing of the bacteria [370].
Curcumin based photodynamic inactivation was also reported recently to be efficient against VRSA
in an in vivo rat model [371].

Besides those mentioned studies investigating on mechanically introduced wounds, there are also
several studies that deal with thermally introduced burn wounds. A group of Chinese scientists
used a cationic porphyrin conjugate to treat infected burn wounds in rats. The burn wounds were
infected with either MRSA, E. coli or P. aeruginosa and treated with 500 pmol 1! of the conjugate
and 60 J cm™ light dose. Over the course of 17 days, the rats that were treated with photodynamic
inactivation showed a significantly higher wound healing rate than the control group [372]. Similar
has also been demonstrated for methylene blue and P. aeruginosa [373,374], chlorine e6 conjugates
and A. baumanii [375], TMPyP and S. aureus [101], and many more in various combinations and
modifications [376-379].

While animal models were investigated quite frequently providing a good database, evidence for
research on the human skin are scarce. One of the few studies dealing with the effects of
photodynamic inactivation of bacteria on the human skin is a work from a research group at the
University Hospital Regensburg. In the respective study, human as well as porcine skin was used

er vivo to analyze the potential of a phenalenone-based photosensitizer. For concentrations of 500
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to 1000 pmol 1! of the PS and up to 60 J cm? applied energy, a logarithmic reduction of around 3
to 4 log steps for MRSA was measured. Interestingly, the researchers did not find any changes in
mitochondrial activity based on an NBTC histological staining of the skin, which indicated that
PDI did not provoke collateral damage in skin cells [99]. However, also PDT methods have been
proven to be efficient on the human skin. There are several clinical reports, in which the application
of 5-ALA — which was initially used for treatment of actinic keratosis as mentioned earlier — was
successful in acne treatment caused by P. acnes [380-384]. A recently published case report suggests
that 5-ALA might also be used as treatment against infections with fungi of the genus Candida
[385].

In sum, only few evidence exists about the efficacy of photodynamic inactivation on human skin
although in wvitro evidence against common skin pathogens are frequently reported. However, in
vitro experiments with skin pathogens were mostly carried out in artificial solvents such as PBS or
culture medium. These experimental environments do not reflect the situation on the human skin
as there is mostly sweat present. Additionally, in vitro experiments are most often carried out in
aqueous environments and not on dry surfaces such as the human skin. Therefore, the effects of
synthetic sweat on photodynamic inactivation as well as the photodynamic inactivation on human

skin are up to date still open questions, which will be tackled within this thesis.

The first report, in which water treatment with photodynamic inactivation was demonstrated longs
back to the year 1977 where Gerba et al. used methylene blue to reduce viral and bacterial load in
waste waters. Successfully, they were able to reduce the coliform load of up to 8 logio steps and the
viral load of up to 2 log steps in their study [386]. However, especially photosensitizers with their
absorption maximum around 400 nm are pristine photosensitizers for their use in water as blue
light penetrates water much deeper than red light [387]. With an efficacy of up to 8 logio steps it
was possible to remove FE. coli, P. aeruginosa, A. baumannii as well as S. aureus from hospital
waste waters with TMPyP [388]. Interestingly, the researchers also analyzed the antibiotic profile
of the waste water as such substances might interfere with the proper usage of photodynamic
inactivation [388]. Similar reduction was also observed in waste waters in combination with TMPyP
and E. coli as well as Enterococcus sp. [389]. Furthermore, the photodynamic inactivation could
also reduce the concentration of chemical pollutants in waste water such as phenol [389]. Other

porphyrin-based derivatives have also been shown to be efficient against coliforms by nearly 3 logio
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steps [390] and T4 like phages by over 6 logio steps [391]. Beyond, the photodynamic inactivation
of wastewater has also already been optimized with the addition of potassium iodide and a
combination of five different cationic porphyrins towards their efficacy in viral inactivation [392].
A commercially available cationic porphyrin, AquaFrin, has been successfully used to reduce
Edwardsiella ictaluri and Flavobacterium columnare [393], two major pathogens in catfish
aquaculture [394,395]. The same photosensitizer and method was used to reduce the load of
Saprolegnia parasitica in trout aquaculture [396]. The fact that artificial light is not always
necessary in photodynamic inactivation was proven in studies conducted in Tunisia where AquaFrin
was able to reduce the coliform count of 5 logiy steps as well as significant amounts of parasitic
worm eggs in wastewater under the influence of sunlight [397,398]. Last but not least, cationic
porphyrins might also find its use in the control of algae, at least in aquaristic uses [399].

This thesis tries to investigate the impact of several, common ions which are found in water and
their impact on photodynamic inactivation. While the beforehand mentioned literature clearly
shows that notable efficacies with photodynamic inactivation can be achieved in water treatment

applications, the impact of ions or water itself was not closely investigated yet.

It is recognized recently that hospital acquired infections might be closely entwined with
contaminated environmental surfaces [102-104]. When inanimate surfaces are touched, they might
become contaminated and might then subsequently be transferred to other individuals [104,400].
Bacteria, fungi and viruses can persist on contaminated inanimate surfaces for prolonged periods of
several days and months [401-405] without proper disinfection. Therefore, hygiene measures
targeting contaminated fomites in hospitals are inevitable and of great importance. Standard
hygiene measures include various physical and chemical interventions [110,406] but the success of
those measures are greatly depending on the compliance and execution of the implementing staff
[407,408]. It was reported that the hand hygiene compliance among health care workers is around
41% [409] and for hygiene interventions on surfaces 48% [410]. Furthermore, disinfection measures
are only active to the time they are applied and the surfaces become recontaminated again [126].
Antimicrobial coatings in general might therefore be capable of permanently reducing the microbial
burden on inanimate surfaces leading to the closing of hygiene gaps occurring due to low compliance
or incorrect execution [411-414]. It is in general important to note that such antimicrobial coatings

do not intend to replace standard hygiene but rather fulfils complementing function in order to
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decrease potential transmission risks [126,415]. While there are quite some reports on antimicrobial
coatings based on copper [416-420], silver [137,421,422] or quaternary ammonium compounds
[135,415], reports for photodynamically active coatings are quite scarce. In a field study that was
conducted over three months in two different hospitals, photodynamically active antimicrobial
coatings were implemented at frequently touched surfaces. The study showed that the
implementation of such a coating was able to reduce the risk of high microbial load by 48% for
values above 2.5 colony forming units per cm? and even by 67% for 5 colony forming units per cm?
and above [147]. Further, there are reports on a methacrylated hyaluronic acid coating with
embedded methylene blue but the coating was until now only tested in vitro with S. aureus [423].
In the light of the COVID-19 pandemic, researchers also developed a polyvinyl alcohol-based
coating with TMPyP, methylene blue or rose bengal and could efficiently eradicate viruses as well

as S. aureus [424]. However, also for the latter study just in vitro studies were performed [424].

Food waste is another major task of the upcoming decades humanity must face. It is estimated that
a quarter of all produced food worldwide is lost due to microbial spoilage [425]. To reduce such
losses, to improve overall food quality and microbial safety as well as potential development of
antibiotic resistances [426], photodynamic inactivation might also represent an important
cornerstone in the future. Although food processing often has sophisticated protocols in cleaning
which are also implemented in HACCP concepts, the contamination of environmental surfaces is a
critical concern [427], pathogen load on surfaces should be reduced to minimal levels [428]. A major
advantage of photodynamic inactivation in the context for example of meat is that this method is
likely to avoid detrimental changes in sensory and nutritional properties [426,429]. In vitro studies
of several researches and colleagues demonstrated an efficacy of several logi steps of photodynamic
inactivation towards typical food associated pathogenic bacteria with a variety of photosensitizers
[430-436]. However, when talking about contaminated food, viruses should also be considered as
those are in most cases pathogens of paramount importance [437]. Concerning food related
pathogenic viruses, the literature is scarce with only one major study published by Randazzo et al.,
successfully inactivating murine norovirus as well as feline calicivirus with curcumin [438].

In food industry, experimental data exist for the successful application of photodynamic inactivation
on various fruits and vegetables such as strawberries [439,440], tomatoes [298,441], cucumbers

[298,442,443], peppers [442], papaya [444], pineapples [445], lettuce [298] and blueberries [446].
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Besides this, E. coli contaminated fenugreek seeds as well as mung beans could be successfully
decontaminated with a curcumin derivative [298]. As an alternative to pasteurization of milk,
photodynamic inactivation with methylene blue in milk has been carried out successfully by
Srimagal and coworkers [447]. On the contrary, there are also reports that photodynamic
inactivation in milk is drastically hindered [448]. Furthermore, the importance of the turbidity of
the medium to be treated was pointed out, problems are here rather caused by the penetration
depth of light [432,449]. Photodynamic inactivation has also been applied to smoked salmon with
riboflavin as a photosensitizer [450] or oysters and curcumin [451] in terms of seafood. Further,
poultry meat — more specifically chicken thighs — have been efficiently decontaminated from S.
aureus with curcumin based photosensitizers [442]. Now, just as mentioned in the section that dealt
with the application of photodynamic inactivation in hygiene, surfaces are also in food industry
critical key points. Most studies that deal with photodynamic inactivation of surfaces in food
industry dealt with polyolefins such as PP or PE. Experiments here were successful with sodium
chlorophyllin as a photosensitizer and B. cereus [452,453] as well as L. monocytogenes [454]. A
recent study also reported on the successful fabrication of a biodegradable chitosan-riboflavin
composite packaging material that could hinder spoilage and therefore potentially prolong the shelf-
life of products [455]. However, it is to be welcomed in food industry that novel, innovative
approaches are in the pipeline. This is especially important, as standard techniques such as
quaternary ammonium compounds in sublethal concentrations might lead to more tolerant or even
resistant strains of L. monocytogenes [456-458] or Salmonella sp. [459]. Moreover, sanitizers or
inappropriate UV treatment might lead to further undesired dissemination of antimicrobial

resistance genes [460,461].

Aims of the present work
We can now conclude that photodynamic inactivation is a potentially suitable method for solving

certain problems caused by bacteria, antibiotic resistances, or HAIs. Moreover, in a modern,
technological world, the method can contribute to increasing the quality and safety of various
products. As can be seen from the previously mentioned findings, photodynamic inactivation has
been extremely well studied, both in in wvitro studies and in the actual field of application. What
strikes the attentive reader of the literature, however, is the enormous discrepancy in the physical,
biological, and chemical parameters that the individual studies reveal. In table 2, some of these

discrepancies exemplarily for methylene blue and TMPyP are listed as those provided the best
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database for this comparison. To provide sufficient comparability of the following table, only studies
were included that used comparable light sources. Additionally, logarithmic bacterial reduction
should be taken with a grain of salt as the outcome of this measurement greatly depends on the
number of bacteria that are applied in the experiment. Similar divergence was also demonstrated
for experiments that were conducted with a phenalenone-based photosensitizer in vitro and on the
human skin [99]. The tests in this study were conducted with two S. aureus strains as well as E.
coli and P. aeruginosa. While in vitro experiments clearly showed a reduction of 5 logio steps with
50 pmol I photosensitizer and 0.2 J cm™ for the Gram-positive organisms and 1.2 J em™ for the
Gram-negative organisms, in vivo experiments needed up to 2000 pmol 1! photosensitizer and 60 J

cm? light intensity to achieve logio reductions from 3.5 to 5 [99].

Table 2: Examples of studies and their applied physical, biological and chemical parameters of methylene blue and

TMPyP as examples.

Methylene blue

Organism ¢ [pmol 11] Dose [J ecm?]  logi reduction ~ Medium Ref.
S. aureus 42 15 6.8 0.45 % saline [462]
S. aureus 27 15 7.9 0.45 % saline [462]
E. coli 180 40 7.8 0.45 % saline [462]
P. aeruginosa 200 40 3.5 0.45 % saline [462]
S. aureus 5 30 1.2 0.9 % saline [463]
E. coli 20 30 3.5 0.9 % saline [463]
E. coli 6.25 11.2 1.4 Phosphate buffer  [464]
E. coli 35.2 6 3.5 0.85% saline [465]
S. aureus 35.2 6 4.0 0.85% saline [465]
S. aureus 312 360 1.5 skin [368]
E. faecalis 10 4.54 5.8 teeth [326]
TMPyP

E. coli 11 6 6 PBS [466]
E. coli 10 0.5 6 O [467]
B. atrophaeus 5 0.5 6 H,0 [467]
E. coli 3.7 5 9 Culture medium [468]
A. baumannii 3.7 9 9 Culture medium [468]
S. aureus 5 30 1 Culture medium [469]
S. aureus 5 30 1 Culture medium [469]
S. aureus 10 10 6 PBS [436]
E. coli 100 10 1 PBS [436]
B. atrophaeus 1 10 6 PBS [436]
E. faecalis 10 2.4 6.5 teeth [326]
S. aureus XEN 8.1 1.56 1.5 4.8 PBS [101]
S. aureus XEN 8.1 500 200 1.7 Burn wounds [101]
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Based on these findings in literature, initial experiments were conducted that indicated a certain
influence of the ions contained in the reaction. These findings represent a clear hurdle for the
implementation of PIB in practical, especially clinical application. It is therefore hypothesized that
ions as well as small organic molecules might inhibit the photodynamic inactivation, especially as
based on the evidence presented in table 2 on some photosensitizers indicate that the efficiency of
PIB can be significantly influenced or even blocked by the simultaneous presence of different
substances.

It was the first aim of this thesis to implement a high-throughput method and a set of experiments,
which allow an investigation of the chemical, physical and biological parameters of PIB. Such an
efficient method to analyze the photodynamic system in certain environments is urgently needed
as a variety of parameters with different concentrations need to be analyzed and current
experimental flows are too time consuming.

Second, with an established methodology it was aimed to investigate on the efficacy of PIB under
high sodium chloride concentrations. As an organism living in such high sodium chloride
concentrations Halobacterium salinarum — an archaeon — was used as up to date no report on
photodynamic inactivation towards this domain of life was reported.

At present, it can be assumed that cationic photosensitizers interact with other ions, which led to
the third aim of the thesis, which was the investigation of the impact of phosphate and carbonate
ions on flavin based photosensitizers and the consequences of potential interactions on
photodynamic inactivation efficacy.

Fourth aim was then to evaluate the chemical, physical and biological impact of calcium and
magnesium ions towards several photosensitizer classes (phenalenones, phenothiazines, flavins,
porphyrins), which are used as photosensitizers for PIB partly in vitro or already clinically in
humans (methylene blue).

As such divalent cations can react with sequestering agents, it was the fifth aim to try to optimize
the efficacy of PIB using citrate in solutions containing different concentrations of calcium and
magnesium. Many of these ions that were mentioned in this chapter are ubiquitous under real
environmental conditions and are present in high concentrations on the skin. Not only there, but
also in other potential application areas (aqueous environments), they could significantly hinder
the efficiency of PIB.

Therefore, the sixth aim of the project was to transfer the results obtained for the optimization

with citrate in calcium and magnesium ion containing solvents to more realistic solvents, namely
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tap water and synthetic sweat. In case of synthetic sweat, it was also tried to evaluate the influence
of amino acids like histidine, which are well-known singlet oxygen quenchers.

Lastly, as demonstrated in table 2, the skin seems to be one of the most daunting tasks
photodynamic inactivation can cope with now. Therefore, the obtained results were used to optimize
the photodynamic process for applications on the human skin. The preclinical project aims to show
that it is possible to effectively kill bacteria on the skin surface using PIB (decolonization) without
damaging the epidermis underneath. For this purpose, skin surfaces were inoculated ex vivo with
various bacteria and treated photodynamically with a hydrogel that contains a photosensitizer. To
optimize decolonization, all results from the previous work is considered. The investigations in the
present project form the important basis for future projects, namely the first clinical testing of PIB

for the decolonization of pathogenic bacteria on human skin.
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Manuscripts

Overview
This dissertation contains 5 manuscripts. 2 manuscripts were already published, 2 have been

submitted to the Journal of Photochemistry and Photobiogy and Photochemistry and Photobiology,
respectively. The last manuscript is available as a preprint on the preprint sever bioRxiv. All
manuscripts printed in the following were authored by the PhD candidate Daniel B. Eckl as first
author. The work contains the manuscripts printed with figures and tables as submitted. The digital
appendix of this work (Supplementary data and supplementary figures) can be accessed at
https://drive.google.com/drive/folders/1-on6u7rIlgvbJoWiDoO0dmHgHkCeil WKIu?usp=sharing.

For convenience reasons, the style of the references was changed to provide a uniform picture within
the dissertation itself and are identical with the ones cited in the published manuscripts. Further,
the indexing of the figures and tables was adjusted to the style of this dissertation. The author roles

are indicated at the end of each chapter according to CRediT [470].
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Abstract
Archaea are considered third, independent domain of living organisms besides eukaryotic and

bacterial cells. To date, no report is available of photodynamic inactivation (PDI) of any archaeal
cells. Two commercially available photosensitizers (SAPYR and TMPyP) were used to investigate
photodynamic inactivation of Halobacterium salinarum. In addition, a mnovel high-throughput
method was tested to evaluate microbial reduction in wvitro. Due to the high salt content of the
culture medium, the physical and chemical properties of photosensitizers were analyzed via
spectroscopy and fluorescence-based DPBF assays. Attachment or uptake of photosensitizers to or
in archaeal cells was investigated. The photodynamic inactivation of Halobacterium salinarum was
evaluated via growth curve method allowing a high throughput of samples. The presented results
indicate that the photodynamic mechanisms are working even in high salt environments. Either
photosensitizer inactivated the archaeal cells with a reduction of 99.9% at least. The growth curves
provided a fast and precise measurement of cell viability. The results show for the first time that
PDI can kill not only bacterial cells but also robust archaea. The novel method for generating high-
throughput growth curves provides benefits for future research regarding antimicrobial substances

in general.
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Introduction
At the very beginning of the 20th century, Oskar Raab and Hermann von Tappeiner discovered

that Paramecium cells can be inactivated by simultaneous application of light and acridine dyes by
a process called photodynamic mechanism [153,154,156]. Now, it is well known that light is absorbed
by such a photosensitizer molecule, which thereby generates reactive oxygen species (ROS). These
ROS can destroy cells via oxidation of various cellular structures. Meanwhile, the photodynamic
mechanism found its way into different medical fields termed photodynamic therapy of tumors
(PDT) [471].

Another promising application of the photodynamic mechanism is PDI of microorganisms that has
been proven efficient against viruses, bacteria and fungi. In PDI, a cationic photosensitizer is usually
attached to the surface or taken up by the cell and ROS kill the cells or viruses via oxidative
mechanisms [309]. A variety of molecules were successfully tested as photosensitizers to be used in
PDI like porphyrins, phthalocyanines, phenalenones, phenothiazines or flavins [309].
Photodynamic inactivation (PDI) is efficient in killing bacteria regardless their types or resistances
to antibiotic substances [280,472]. The photodynamic inactivation of antibiotic-resistant bacteria
like methicillin-resistant Staphylococcus aureus (MRSA) was successfully shown on human skin ez
vivo [99]. When immobilizing photosensitizers as antimicrobial coating, a clinical study provided
evidence that generated singlet oxygen can kill bacteria on near-patient surfaces [147]. PDI was
also successfully applied to inactivate different viruses [473-478]. Also, fungi [479-483] can be killed
with ease with different photosensitizers. Furthermore, photodynamic inactivation is capable of
efficiently treating certain protozoa [484].

Thus, PDI can be applied to various pathogenic and non- pathogenic organisms spanning nearly all
parts of known living matter. However, the scientific literature remains without any prove that this
principle applies to archaea. This might be explained by the fact that there are no discrete
pathogens within the archaea so far. However, scientists start to understand the importance of a
healthy human microbiome that also contains archaea [485-487] although archaea are typically
found in various extreme environments such as black smokers or hydrothermal vents. These
organisms are called hyperthermophiles with optimal growth temperatures above 80°C. Some
archaea have also been reported to be extremely tolerant to ionizing radiation such as the anaerobic
Euryarchaeon Thermococcus gammatolerans [488]. Picrophilus oshimae on the other hand is an
organism that was isolated from a solfataric field in Hokkaido, Japan, that naturally has a pH of

2.2 and is therefore considered an acidophilic organism [489]. Recently, archaeal signatures have
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been discovered on board the international space station that is the latest prove for archaea in
artificial, human-inhabited environments [490].

Since PDI requires oxygen to generate ROS, such research in archaea is hampered since the majority
of these organisms is considered anaerobic. Aerobic archaea usually require pH values at which
photosensitizers are chemically destroyed [491].

Therefore, in this study the extremely halophilic organism Halobacterium salinarum [492], which
grows aerobically at neutral pH values was investigated. Cells of the genus Halobacterium are rods
or disk-shaped cells that stain Gram-negative and often contain gas vacuoles [493]. The present
study shows PDI of an Archaeum (Halobacterium salinarum) for the first time. Another goal of
this study was the application of growth curves in order to evaluate the logarithmic reduction of
viable cells like archaea. The application of growth curves allows a much higher throughput of
samples compared to other methods such as pour plate, spread plate or drop plate methods

[494,495].
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Materials and Methods

The Photosensitizer TMPyP was purchased from Sigma-Aldrich with a minimum dye content of
97%, while SAPYR, an exclusively singlet oxygen producing photosensitizer, was purchased from
TriOptoTec GmbH, with a minimum dye content of 97%. Photosensitizer solutions were prepared

in adequate concentrations of 2, 10, 20, 50 and 100 pmol 17! in sterile sodium chloride solution (10%

w/v).

For inactivation, Halobacterium salinarum®™ DSM 3754 was used. It was cultivated at 37°C for 48
h in a modified Halobacterium medium containing per liter 5 g yeast extract (Becton, Dickinson
and Company, Sparks), 5 g casamino acids (Becton, Dickinson and Company), 1 g sodium
glutamate (Merck KGaA, Darmstadt, Germany), 2 g potassium chloride (Carl Roth GmbH+Co.
KG, Karlsruhe, Germany), 3 g sodium tetra citrate (Merck KGaA), 20 g magnesium sulfate
heptahydrate (Merck KGaA) and 200 g sodium chloride (Carl Roth GmbH+Co. KG). Besides the
organic compounds, all substances were provided in analytic grade. The medium was autoclaved at

121°C for 20 min in 50 mL Erlenmeyer flasks containing 20 ml medium.

Cells were harvested via centrifugation of 10 ml medium transferred into sterile 15 ml reaction
tubes. Centrifugation took place for 7 min at 4,500 g. The supernatant was discarded, and the pellet
was suspended in 5 mL of sterile sodium chloride solution (10% w/v). These steps were repeated
thrice in order to remove remaining culture medium. After harvesting, the optical density measured

at 600 nm of the cells was adjusted to 0.6.

The assays were conducted in 96-well plates. Column 1 of the plate contained 25 pl of archaeal cells
with 25 pl of sodium chloride solution (10% w/v). Next five columns contained TMPyP as a
photosensitizer in ascending concentration, namely 1, 5, 10, 25 and 50 umol 17! and 25 ul of archaeal
cells. Columns 7-12 were prepared accordingly with SAPYR. Experiments were conducted at low
ambient light conditions as described elsewhere [496]. The assays were illuminated beneath a
commercial blue light source (blue_v, Waldmann GmbH, Villingen-Schweningen, Germany) with

a radiant exposure of 10.8 J cm™2. Additionally to the illuminated sample, a dark control was
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treated in the same manner without irradiation for dye concentrations of 0 and 50 pmol 171, After
illumination, 20 ul of the cell suspension were immediately transferred into 180 ul of prewarmed
(37°C) culture medium in 96-well plates. Twelve wells of the well plate contained medium without
cells and served as blank control. These so prepared well plates were placed in a spectral photometer
(CLARIOStar, BMG LABTECH GmbH, Ortenberg, Germany). Internal incubator was set to 37°C,
while the internal shaker was turned on every 5 min shaking at 200 rpm for 30 s. After every 5
min, the spectral photometer measured the optical density at 600 nm of all wells. In total, the
measurement was carried out for 2245 min with an additional last measurement carried out at 4115
min in order to increase the limit of detection to around 3 orders of magnitude. As each experiment
was performed in triplicates, mean values of the optical density values were calculated and plotted

via SigmaPlot against the incubation time.

The method used in this report for calculation of the microbial reduction was performed in
accordance with another report in a modified manner [497]. Therefore, doubling time of the archaeal
cells was calculated as Atp between an optical density of 0.1 and 0.2 in early exponential growth
phase. The doubling times were calculated for the untreated control. The time difference in reaching
the optical density of 600 nm of 0.1 of the control and illuminated cells was calculated and is further
on called At. The logarithmic reduction shortly called p was subsequently calculated as described

in the formula below.

At
p = log22tp

In order to investigate the attachment of the photosensitizer to the cell surface, a culture grown as
mentioned before was centrifuged at 4,500 g for 7 min and final optical density at 600 nm was
adjusted to 0.6. The supernatant was discarded and the cells were suspended in 500 pl of 10% (w/v)
NaCl and 500 pl of 20 umol 17! of photosensitizer solution. Cells were mixed thoroughly and
centrifuged again. The supernatant was measured in a photometer at a wavelength of 421 nm for
TMPyP and 370 nm for SAPYR, resembling the corresponding absorption maxima. As blank, a

10% (w/v) NaCl solution was used. Control consisted of 5 pmol 1™ in a 10% (w/v) NaCl solution.
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For analyzing the production of singlet oxygen production under high salt concentrations,
photosensitizer in final concentrations of 1, 5, 10, 25 and 50 pmol 17! and sodium chloride (20%
w/v) were mixed and resuspended with the DPBF reagent with MeOH as a solvent to a total
volume of 200 ul. Final concentrations were 1, 5, 10, 25 and 50 umol 17!, 500 pmol 1! DPBF and
10% (w/v) NaCl. DPBF was excited in a spectral photometer (CLARIOStar, BMG LABTECH
GmbH) at 411 nm while emission was detected at 451 nm. Relative fluorescence was calculated

Fluorescencepg

from a control without PS as . Data were plotted via SigmaPlot V14. Control

Florescencecontrol

measurement was performed with a nonilluminated sample. The generation of singlet oxygen was
then initiated via illumination beneath the light source blue_ v applying a fluence of 0.018 J cm™2,
and fluorescence was measured as mentioned above. The illumination and measurements were
repeated four times with the same sample. A final illumination with the same sample was performed

applying another 0.09 J cm~2. The applied fluence was equal to 1, 2, 3, 4, 5 and 10 s of illumination

time in total.

Photosensitizer concentrations were prepared and mixed with an equal volume of 10% (w/v) NaCl
solution in 96-well microreaction plates with a total volume of 100 pl. Spectra were recorded from
300 to 700 nm. Measurements took place with the illuminated and nonilluminated samples. The

applied radiant exposure was 10.8 J cm™2 corresponding to 10 min of illumination.
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Results
Under high salt concentrations (10% [w/v] NaCl), no alterations of TMPyP absorption spectrum

were detectable after irradiation (10.8 J cm™?) (Fig. 16a). In contrast, SAPYR showed photo-
bleaching after an applied radiant exposure of 10.8 J cm™ (Fig. 16b). The data of the reference
spectra with the photosensitizer dissolved in ultrapure water are not shown, as the curves did not

differ from the nonirradiated sodium chloride controls.
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Figure 16: Transmission spectra for TMPyP (a) and SAPYR (b) dissolved in 10% (w/v) NaCl. Red lines refer to
the nonilluminated control, while blue lines refer to photosensitizer solution after illumination at a radiant exposure

of 10.8 J cm™2.
Attachment assays showed that TMPyP binds much more efficient to the tested archaeal cells than
SAPYR does. 73 % of TMPyP (3.62 pmol L) attached to cells at a concentration of 5 pmol L.

In case of SAYPR, only 14 % (0.70 pmol L!) attached to the cells.
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DPBF assays indicate that the production of singlet oxygen takes place with both dyes under high
sodium chloride concentrations (Fig. 17). TMPyP generated more singlet oxygen when compared
to SAPYR under the experimental conditions. For the highest concentration of 50 umol L=, the
same fluorescence is observed, indicating that either the same amount of oxygen was produced or
all the available oxygen was depleted within the reaction. After 10 s of illumination, 50 pmol L™
TMPyP (Fig. 17a) yielded a relative fluorescence of 10.3% and 11.0% for 50 pmol L' SAPYR (Fig.
17b), respectively. 25 pumol L~! of photosensitizer showed a relative fluorescence of 10.2% for
TMPyP and 55.6% for SAPYR, respectively. At 10 umol L}, barely reduced relative fluorescence
for TMPyP after 10 s was detected (10.5%) while SAPYR exhibited a tremendously higher relative
fluorescence with 80.3%. 32.9% for 5 pmol L= TMPyP and 75.1% for 5 pumol L~! SAPYR were the
measured relative fluorescence values for mentioned concentration. 1 umol L' of photosensitizer
led to a relative fluorescence of 80.7% for TMPyP and 102.4% for SAPYR. Water controls after 10
s of illumination for SAPYR (data not shown) showed values of 22.6% for 50 pmol L™, 39.9% for
25 pmol L7, 64.2% for 10 pmol LY, 76.9% for 5 pmol L' and 107.4% for 1 pmol L~'. Water
controls for TMPyP showed after 10 s of illumination: 10.2% for 50 pmol L=, 10.3% for 25 umol
L1, 10.5% for 10 pmol L, 16.5% for 5 pmol L~ and 84.5% for 1 pmol L~!. Fig. 17c compares the
relative fluorescence for SAPYR and TMPyP after 10 s of illumination in dependence of the

concentration of the photosensitizer.
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Figure 17: DPBF assays for TMPyP (a) and SAPYR (b) carried out in a 10% NaCl solution. Relative fluorescence
is displayed logarithmically on the y-axis, and illumination time in seconds is plotted on x-axis. A comparison of
the relative fluorescence (y-axis) for different photosensitizer concentrations (x-axis) is shown after 10s of

illumination equal to a total applied radiant exposure of 0.018 J cm™2 (c).
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The growth curves displayed in Fig. 18a clearly show that for the highest concentrations of SAPYR
(25 and 50 pmol L), no growth of H. salinarum was detected. Even after 4115 min of incubation,
optical density values have not reached values above 0.1 (data not shown). The calculated logio
reductions for SAPYR are displayed in Fig. 18b. Significant logiy reductions were obtained for
photosensitizer concentrations of 25 and 50 pmol L~!'. The illuminated control without

photosensitizer exhibited a logarithmic reduction of 0.05.
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Figure 18: (a) Growth curves of H. salinarum after PDI treatment with SAPYR as photosensitizer. Different colors
reflect the different SAPYR concentrations used for PDI treatment. Y-axis indicates the optical density measured

at 600 nm. X-axis indicates the time in minutes. (b) Calculated logio reduction displayed as bar chart diagram.
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When using the same concentrations of TMPyP and radiant exposure, the inactivation of H.
salinarum was more efficient as shown by the growth curves in Fig. 19a compared to SAPYR (Fig.
18). The lowest photosensitizer concentration was 5 pmol L™! to achieve maximal logarithmic
reduction of 3.22. At 4115 min, TMPyP concentrations from 5 to 50 pmol L~ showed that optical
density did not exceed values above 0.1 resulting in a microbial reduction of at least 3 orders of
magnitude. Dark control for TMPyP at 50 umol L~! showed no relevant logarithmic reduction with

a calculated value of 0.09. The logarithmic reduction values are displayed as a bar chart in Fig.

19b.
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Figure 19: (a) Growth curves of H. salinarum after PDI treatment with TMPyP as Photosensitizer. Different colors
reflect the different photosensitizer concentrations used for PDI treatment. Y-axis indicates the optical density
measured at 600 nm. X-axis indicates the time in minutes. (b) Calculated logio reduction displayed as bar chart

diagram.
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Discussion
The presented results clearly show that the Archaeum Halobacterium salinarum can be efficiently

inactivated (>99.9%) using PDI with either photosensitizer at low concentrations. The results also
show that high concentrations of sodium chloride, for example, 10%, did not lead to a chemical
alteration of the photosensitizers used. The loss of concentration after illumination for SAPYR is a
general feature of the molecule, observed even in water without further substances present.

The structure of archaeal cells shows significant differences when compared to eukarya or bacteria.
One of the most striking differences is their outer structure. Besides an S-Layer, which is also known
for some bacteria, archaea are characterized by their extraordinary membrane structure. The
phospholipid bilayer membrane consists of side chains of 20 carbon atoms built from isoprene
attached with an ether linkage to glycerol compared to eukarya and bacteria that form ester bonds
with fatty acids [498,499]. Another obvious feature of halophilic archaea is the pink-to-purple color
of the cells due to retinal bound to rhodopsin-like molecules named bacteriorhodopsin [500].
Bacteriorhodopsin is an integral membrane protein with seven near-parallel alpha helices, whereas
between the helices a retinal molecule is integrated as ligand forming a trimer composed of 21
helices and three retinal molecules [501]. This protein functions as a light-driven proton pump
contributing to the formation of a pro- ton gradient for energy conservation [502]. As rhodopsin
and bacteriorhodopsin are structurally and chemically very similar, the singlet oxygen-quenching
rate constant for rhodopsin should be quite similar to bacteriorhodopsin, at least within the same
order of magnitude. The reported value for the quenching rate is 1.1 x 109 L mol~! s~!, therefore
being similar to the ones found in literature for the azide ion [503-506]. The presented results clearly
show that archaeal structures compared to bacteria should have an impact on the efficiency but do
not lead to a certain resistance or tolerance. Recently, van der Oost and coworkers engineered an
E. coli cell capable of producing and incorporating archaeal lipids into the cell membranes [507].
The impact of archaeal lipids concerning the susceptibility toward ROS could be studied in a
sophisticated manner in future research utilizing the mentioned E. coli with the hybrid membrane.
This study also showed that archaeal structures like S-layer, rhodopsin or ether lipids did not
prevent binding of the photosensitizer. It should be noted that the present investigation cannot
differentiate whether photosensitizer molecules are taken up by the archaeal cells or are attached
to the cellular wall only. The amounts of photosensitizer bound to the cells differ for both
photosensitizers used. This difference might be explained by the different charges of the

photosensitizers. SAPYR molecule exhibits only one positive charge while TMPyP four. Thus,
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TMPyP should attach much better to negatively charged outer structures of cells in general. As for
bacterial cells, the S-layer of Halobacterium is negatively charged as the charge also maintains the
lattice of the S-layer [508-510].

DPBF assays in general are sufficient to detect the generation of singlet oxygen. Our data suggest
that under the experimental conditions, TMPyP produced more singlet oxygen than SAPYR.
However, the different extinction coefficients along with emission spectrum of the light source and
the photosensitizer concentrations must be considered. The impact of the absorbed photons on
photosensitizers was thoroughly investigated elsewhere [511]. According to that publication, the
amounts of absorbed photons per second were compared. Additionally, the different singlet oxygen
quantum yields were considered which are 0.77 for TMPyP [512] and 0.99 for SAPYR [230]. Under
present experimental conditions, SAPYR generates 94% or 62% less singlet oxygen than TMPyP
for 1 or 50 umol L~! photosensitizer concentrations, respectively. These data should explain to some
extent the difference in singlet oxygen production (DPBF assays; Fig. 2) and consequently also in
PDI of Halobacterium salinarum for both photosensitizers (Figs. 3 and 4). Nevertheless, a reduction
of viable cells is achieved for both photosensitizers with more than 3 logy at 5 pmol L™ (TMPyP)
or 25 pmol L™ (SAPYR). Our study showed that photodynamic inactivation of archaea works well
and efficiently even at high salt concentrations. However, when compared to other model organisms
like E. coli, B. atrophaeus or E. faecalis, Halobacterium salinarum seems to be less susceptible to
PDI [230,496,511].

Various studies concerning photodynamic inactivation focus primarily on pathogenic bacteria
causing severe skin infection [99,297,513,514]. Nevertheless, the contribution of archaea to the
human health in general is highly debated and highlighted [515-517]. Up to date, there are no
representatives known within the archaea that can cause pathogenic infections. However, it is
known that archaea are able to colonize the human body [486,515,518-520]. The role of
Methanobrevibacter oralis in gingivitis and brain abscesses has been described [521,522].

When looking at the second goal of the present study, the data indicate that the presented method
for high-throughput measurement of the antimicrobial potential can be applied to any
microorganisms in liquid medium. The presented method offers several advantages compared to
other methods like spread plating, pour plating or drop plating. First, the method offers huge time
saving as the process of measuring and partly evaluation is automated. Compared to plating
methods, a dilution series is not necessary, as well as plating is obviously not performed.

Furthermore, the method is much cheaper than plating methods as no agar medium is necessary
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and the experiments can be performed within the microvolume range. Drop plating methods have
some issues like accuracy and limitations to certain cells; however, the problems were mentioned

and tried to optimize elsewhere [495].

The presented results are the first record for the photodynamic inactivation of archaea, therefore
proving the applicability of PDI toward all domains of life. The novel method for generating high-
throughput growth curves will prove useful in the future concerning research of antimicrobial
substances in general, as the method is applicable for all organisms that grow in liquid media. Our
future research concerning photodynamic inactivation of archaea will focus on the role of archaeal

lipids concerning photodynamic inactivation.
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Abstract
Photodynamic inactivation (PDI) of pathogenic bacteria is a promising technology in different

applications. Thereby, a photosensitizer (PS) absorbs visible light and transfers the energy to
oxygen yielding reactive oxygen species (ROS). The produced ROS are then capable of killing
microorganisms via oxidative damage of cellular constituents. Among other PS, some flavins are
capable of producing ROS and cationic flavins are already successfully applied in PDI. When PDI
is used for example on tap water, PS like flavins will encounter various ions and other small organic
molecules which might hamper the efficacy of PDI. Thus, the impact of carbonate and phosphate
ions on PDI using two different cationic flavins (FLASH-02a, FLASH-06a) was investigated using
Staphylococcus aureus and Pseudomonas aeruginosa as model organisms. Both were inactivated in
vitro at a low light exposure of 0.72 J cm™. Upon irradiation, FLASH-02a reacts to single substances
in the presence of carbonate or phosphate, whereas the photochemical reaction for FLASH-06a was
more unspecific. DPBF-assays indicated that carbonate and phosphate ions decreased the
generation of singlet oxygen of both flavins. Both microorganisms could be easily inactivated by at
least one PS with up to 6 logiy steps of cell counts in low ion concentrations. Using the constant
radiation exposure of 0.72 J cm?, the inactivation efficacy decreased somewhat at medium ion
concentrations but reached almost zero for high ion concentrations. Depending on the application
of PDI, the presence of carbonate and phosphate ions is unavoidable. Only upon light irradiation
such ions may attack the PS molecule and reduce the efficacy of PDI. Our results indicate
concentrations for carbonate and phosphate, in which PDI can still lead to efficient reduction of

bacterial cells when using flavin based PS.
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Introduction
Flavins in general are based on a heterocyclic 7,8-dimethylisoalloxazine and appear as yellow

substances with excellent water solubility [275,276]. The most important flavin taken up by the
animal digestive tract is riboflavin, also known as vitamin Bs or as food additive E101 [523]. Unlike
riboflavin, FMN (flavin mononucleotide) and FAD (flavin adenine dinucleotide) are commonly
associated to proteins as cofactors. The first isolation of a flavin, called lactochrome, was executed
in 1879 from cow’s milk by the English chemist A. W. Blyth [275,524].

FMN fulfills for example important functions in biochemical pathways [277] as a coenzyme for
oxidoreductases [276] and plays a major role in aerobic cellular respiration. FMN functions as an
electron carrier in the complex I of the respiratory chain [278]. In addition, flavins play an important
role in the bioluminescence of Aliivibrio fischeri [279]. In 1949 Arthur W. Galston discovered that
riboflavins are capable of oxidizing indolacetic acid in plants by the requirement of oxygen and
light, which also led to growth deficits in plants [282].

Flavins are also well known for forming several redox states. They either occur in oxidized form, as
semiquinone or hydroquinone. Each redox state of the flavins has a distinct absorbance spectrum
that can be used to differentiate between each state [275]. Flavin semiquinones as well as
hydroquinones are likely to react with molecular oxygen resulting in the oxidized form that is known
to be stable in standard atmospheric condition [275].

The oxidation of flavin molecules via generation of a light-induced triplet state was shown elsewhere
[284] as well as singlet oxygen generation of riboflavin [285]. Eichler et al. observed that endogenous
flavins are capable of producing ROS intracellularly [283]. In this case, the authors could not detect
harmful effects and discussed a protective effect of flavin binding proteins. Although such
endogenous flavins like riboflavin are capable of efficiently producing singlet oxygen [286-289], a
sufficient inactivation of bacteria was not observed [290,291].

The measurement of the quantum efficiency of singlet oxygen generation (®a) of riboflavin, FMN
and FAD by Baier et al. in 2006 [288] paved the way for the application of riboflavin as a new
photosensitizer (PS) in photodynamic inactivation of microorganisms (PDI).

Thus, the same research group decided to change the disadvantage of riboflavin, namely the lack
of a positive net charge hampering the attachment of riboflavin to bacterial cells. The synthesis of
cationic riboflavin molecules enabled a highly effective PDI for different bacterial strains [225,280].
A close cell attachment or cellular uptake of a PS is mandatory because singlet oxygen shows a

short diffusion range of less than 100 nm in cellular environments [219,226].
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Flavins, either cationic or not, are molecules with interesting properties as PS. These molecules are
biodegradable and therefore considered safe for human use [280,281]. Limited water solubility
hinders gastrointestinal uptake [525] and high doses do not lead to side effects [526]. These
properties allow flavins to be used in a wide range of applications ranging from humans to animal
products as well as applications in the environment. However, potential fields of application for
flavin PS like the human skin, the oral cavity, water disinfection and inanimate surfaces show the
presence of different cations such as sodium ions as well as potassium ions and anions like chloride,
carbonate and phosphate.

Thus, the present study aimed to investigate PDI with cationic flavin PS, exemplarily regarding
the potential impact of sodium carbonate and sodium phosphate in four different concentrations.
To unveil the potential effects of such ions, the experiments were performed at low light exposure
of 0.72 J cm™. Biological logarithmic reduction data were supplemented with assays of PS

attachment towards cells, chemical analysis and physical measurements.
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Material and methods

Bacterial strains were purchased from the German Collection of Microorganisms and cell culture
lines (DSMZ, Braunschweig, Germany). As a Gram-positive representative Staphylococcus aureus
DMZ 1104 was used, as Gram-negative model organism Pseudomonas aeruginosa DSMZ 1117. All

organisms were grown on Mueller-Hinton-Agar [527] at 37" C.

Solutions were prepared as stock solutions with a concentration of 150, 15, 1.5 and 0.15 mmol 1.
As a solvent ultra-pure water with a conductance > 18 €} was used, hereafter called H.O. After
preparation, solutions were stored in plugged, sealed, gas tight serum bottles under nitrogen
atmosphere in the dark at room temperature. pH value was adjusted to 7 with phosphoric acid for
sodium phosphate solutions while for sodium carbonate HCl was used for adjustment. Sodium
phosphate (NasPOs) was obtained from Merck KGaA, Darmstadt, Germany while sodium

carbonate (Na,COs) was bought from Sigma-Aldrich, St. Louis, MO, USA, both in analytical grade.

The PS were flavin derivatives designated as FLASH-02a and FLASH-06a [26]. Both PS were
purchased from the TriOptoTec GmbH (Regensburg, Germany) with a minimum dye content of
97%. The structure of the PS is displayed in Fig 20A for FLASH-02a and Fig 20B for FLASH- 06a,
FLASH-02a is a doubly charged cation with a rather small side chain compared with the fourfold
charged cationic PS FLASH-06a with remarkably larger side chains. The positive charge of both

PS allows the molecules to be located in the vicinity of bacteria enabling efficient inactivation.
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Figure 20: Structure of the used PS. (A) shows the structure of FLASH-02a, (B) shows the structure of FLASH-

06a. The counterions of the substances were in both cases chloride anions.

In order to investigate the chemical interactions of ions and PS at various concentrations,
absorption spectroscopy in the visible spectral range (VIS) was performed. Assays were composed
out of a total volume of 200 pl with PS concentrations ranging from 0 to 50 pmol 1! and ionic
solutions in concentrations of 0.075 mmol 1! to 75 mmol 1"!. Spectra measurement took place in 96-
well plates utilizing a BMG Labtec plate reader (BMG Labtec, Ortenberg, Germany). Spectra were
measured prior and after irradiation with up to 10.8 J cm, equivalent to 10 min of irradiation.
The obtained percentage transmission was plotted with OriginLab 2019b (Northampton, USA). In

order to analyse isosbestic points, the apparent coefficient of variation was calculated as follows

o)
CV = 255 X 100

CV: Apparent coefficient of variation

o(A): Standard deviation at wavelength A

A(A): Absorption at wavelength A

Whenever an intersection of the spectra occurred and the apparent coefficient was below 2.5% [528],

an isosbestic point was assumed.
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DPBF-assays aimed for a qualitative statement whether the photophysical properties of the dye
are hindered in the presence of ions. 1,3-Diphenylisobenzofurane (DPBF) was purchased from
Sigma-Aldrich with a minimum dye content of 97%. Each assay was composed as follows:

200 pl in dark 96-well plates (Sarstedt AG & Co. KG, Nuembrecht, Germany) contained a con-
centration of 0 to 50 pumol I'* PS, 75, 7.5, 0.75 or 0.075 mmol I of the corresponding ion and 500
pmol I DPBF (dissolved in 99% methanol, analytical grade). The DPBF solution was prepared
immediately before each experiment. Controls consisted out of 100 ul ionic solution in appropriate
concentration and 100 pl methanol. Internal references contained 100 pl HoO and 100 pl methanol
with 500 umol I DPBF. Each value for each condition was obtained as the mean value of three
independent replicates. The assays were measured after 0, 1, 2, 3, 4, 5 and 10 s of irradiation with
the beforehand mentioned light source utilizing a fluorescence plate reader, purchased from BMG
Labtech. Excitation wavelength was set to 411 nm while emission was detected at 451 nm. Values
obtained for the internal reference were set to 1, relative fluorescence was calculated as ratios to
the control and displayed in per cent via OriginLab 2019b. A statistical analysis of the retrieved

values was performed afterwards as explained in S1 File.

Irradiation of all samples was performed with a blue light emitting prototype containing a neon
tube with an emission range from about 380470 nm (BlueV, Medizintechnik Herbert Waldmann
GmbH & Co. KG, Villingen-Schwenningen, Germany). Intensity was measured with a thermal
sensor (Nova 30 A-P-SH, Ophir-Spiricon, North Logan, UT, USA). All irradiation steps were carried

out at a light irradiance of 18 mW cm™.

Bacteria were taken from the agar plates and suspended in H2O. Optical density was adjusted to
0.6 at 600 nm utilizing a photometer (Ultrospec 10, Amersham Biosciences, Little Chalfont, UK).
After density adjustment, 1 ml of the bacterial suspension was transferred to 1.5 ml reaction tubes
and centrifuged at 13,000 x g for 7 min. Subsequently, supernatant was discarded and the pellet
was resuspended in HO. Centrifugation was repeated and mixed thoroughly with 1000 pl of ionic
solution prepared as mentioned above. 25 ul of the prepared suspension were then mixed with 25

ul of PS-solution in ascending concentrations, incubated for 10 min in absolute darkness and
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irradiated with a constant energy of 0.72 J cm™ (corresponding to an illumination time of 40 s)
afterwards.

20 pl of this reacting solution were transferred to 180 pl preheated Mueller-Hinton bouillon and
cultivated at 37 C for 48 h. A plate reader measured the optical density at 600 nm which was used
to calculate the bacterial reduction as described in detail elsewhere [467]. In principle, the applied
method concerning cultivation and evaluation of the microbial reduction is a adaption of a method
initially described by Bechert and co-workers [497] and has been successfully used for example by
Bruenke et al. [529]. Doubling time was calculated for an optical density of 0.2 and 0.4. All light
sensitive parts of the procedure were conducted at low light conditions as investigated elsewhere
[496]. Obtained inactivation values, which were obtained from three independent measurements,

were analyzed statistically as mentioned in S2—-S4 Files.

To investigate binding of flavins to bacteria, optical density at 600 nm was adjusted to 0.6. 500 pl
cell suspensions were placed in 1.5 ml reaction tubes, centrifuged as mentioned before and washed
in H2O. The pellet was suspended in 500 pl of ionic solution and 500 pl of PS with a concentration
of 100 pmol I'* and incubated for 10 min in the dark. After incubation, the cells were centrifuged
at 4,500 x g for 10 min. The supernatant was transferred into a cuvette and measured against a
control. Measurements were carried out at 444 nm for FLASH-02a and 446 nm for FLASH-06a,
respectively. Each condition was tested independently thrice leading to three independent values.

A statistical analysis of the binding assays was performed and is shown in S5 File.

Data from DPBF-assays were collected in three independent replicates, while values of the binding
assays and logarithmic reduction rates from the photodynamic inactivation experiments were
obtained from three biological replicates of each tested condition. In order to investigate the data
statistically the values of the replicates were compared between the tested conditions and p-values
were calculated via unpaired, two-tailed t-tests assuming normal distribution. Events were
considered statistically significant for p < 0.05. When p was < 0.01, events were considered highly
significant, p < 0.001 indicated extremely significant events. The calculated p-values are given in

S1-S5 Supporting information, the values of the replicates are given in the S3—S7 Datasets.
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Results
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Figure 21: Transmission spectra of FLASH-02a. Y axes indicate the transmission in per cent, x axes the wavelength

in nm. Various colors of the spectra indicate different irradiation times. (A) shows the results for H.O, (B) for 75

mmol I'' sodium phosphate and (C) for 75 mmol I sodium carbonate.

FLASH-02a showed photodegradation upon light exposure as indicated by measuring the
transmission of the PS in H,O after the application of 10.8 J cm™ (equal to 10 min of irradiation),
equivalent to a loss of concentration of about 17% (Fig 21A). The presence of phosphate and

carbonate ions in solutions caused an alteration of the spectra depending on ion concentration and
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irradiation time. The photochemically changed flavins show isosbestic points at 339 nm (CV =
1.55%), 389 (CV = 0.96%), 440 (CV = 2.25%) and 503 nm (CV = 1.24%) for isosbestic points at
348 (CV = 1.24%), 389 (CV = 0.68%) and 405 nm (CV = 0.83%) (Fig 3B). Interestingly, the
isosbestic points for carbonate were about the same wavelength as for phosphate with 346 nm (CV
= 1.17%), 393 nm (CV = 1.75%) and 402 nm (CV = 1.95%) (Fig 22C). However, chemical reaction

was more pronounced with less light exposure for carbonate. The transmission data are shown in

the S2 Dataset.
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Figure 22: Transmission spectra of FLASH-06a. Y axes indicate the transmission in per cent, x axes the wavelength
in nm. Various colors of the spectra indicate different irradiation times. (A) shows the results for H.O, (B) for 75

mmol I'' sodium phosphate and (C) for 75 mmol I sodium carbonate.
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The singlet oxygen production was monitored by relative fluorescence of DPBF. Without the
addition of ions, relative DPBF fluorescence decreased after 10 s of irradiation with 18 mW cm™
(equal to 0.18 J cm™) and reached values below 1% for the maximum concentration of 50 pmol 1!
FLASH-02a (Fig 23A). The results for the HoO control of the DPBF assays carried out with
FLASH-02a diverge all significantly from each other—except for a comparison of the highest two PS

concentrations (detailed results are displayed in S1 File).
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Figure 23: Results for the DPBF assays. Relative fluorescence in presence of FLASH-02a is shown in (A) and
FLASH-06a in (B) after 10 s of irradiation. Different colors of the lines and symbols indicate the used environment.
In this experiment, 75 mmol 1! of sodium phosphate or sodium carbonate were applied. Y axes indicate the relative
fluorescence in percent referenced to the DPBF control, X axes indicate the PS concentration in pumol I't. Error bars

display the calculated standard deviation of the triplicates.

However, with increasing concentrations of sodium phosphate or sodium carbonate, less singlet
oxygen was generated as indicated by the constant relative DPBF fluorescence. The statistical
analysis also showed in nearly all compared conditions non-significant events, whereas the detailed
results are given in S1 File. When using FLASH-06a without the addition of ions, relative DPBF
fluorescence decreased after 10 s of irradiation with 18 mW c¢m™ (0.18 J cm?) and reached minimum
values below 7% for the maximal concentration of 50 pmol I FLASH-06a (Fig 23B). Again, a
comparison of all tested conditions showed that all values were significantly distinct from each
other, with the comparison of the highest two PS concentrations being the only exception. With
increasing concentrations of sodium phosphate, less singlet oxygen was generated. However, the
obtained values for 1 and 5 pumol ' of FLASH-06a differ from the other PS concentrations

significantly (S1 File). The same result was observed for increasing concentrations of sodium
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carbonate, in which none of the tested conditions does vary significantly from each other (S1 File).
Values above 100% indicate that the photobleaching effect due to residual light of the control
exceeded the decrease in fluorescence caused by singlet oxygen production of the photosensitizer.

Measured values, means and standard deviation are shown in the S3 Dataset.

PDI experiments in H,O revealed a higher inactivation efficiency for Pseudomonas aeruginosa (Fig
24C and 24D) compared to Staphylococcus aureus for both PS (Fig 24A and 24B). In general,
FLASH-06a was less efficient in the inactivation of bacterial cells, for S. aureus the inactivation did
not exceed four orders of magnitude (Fig 24B). However, besides the treatment of S. aureus with
FLASH-06a, both bacteria could be inactivated to the lower limit of detection of six orders of
magnitudes. Each obtained logarithmic reduction value for each experiment is displayed in the S4
Dataset. All tested conditions diverge significantly from each other except for concentrations of

FLASH-06a below 5 pmol I'* for P. aeruginosa. Detailed statistics are given in S2 File.
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Figure 24: Results for the photodynamic inactivation without the application of ions.

Logarithmic reduction values of S. aureus with FLASH-02a (A) and FLASH-06a (B) compared to the logarithmic
reduction of P. aeruginosa treated with FLASH-02a (C) and FLASH-06a (D). Y axis of the graphs indicate the
decadic logarithmic reduction while the x axis displays the different concentrations of the applied PS with DC
indicating the dark control (no irradiation, 50 umol I PS). As each experiment was carried out by n = 3, each dot

represents one single value from a single experiment.
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When comparing the photodynamic inactivation for S. aureus in H»O, sodium carbonate and
sodium phosphate, dark control (DC), light control (0 umol 1') and 1 pmol 1! of any PS, no
noteworthy reduction of the number of viable bacterial cells was obtained. Even with increasing PS
concentrations up to 50 umol 1!, no efficient inactivation was achieved for 75 and 7.5 mmol 1! of
the ions at the constant light exposure of 0.72 J cm™ (40 s of irradiation). Only if concentrations of
sodium phosphate were reduced to at least 0.75 mmol 1! and

5 pmol I'* of FLASH-02a (Fig 25A) or FLASH-06a (Fig 25C), logarithmic reduction started to
exceed one order of magnitude. For sodium carbonate and FLASH-02a, this critical point was
reached for 10 pmol I'! of respective PS with 0.75 mmol 1! of sodium carbonate. Therefore, PDI had
a better efficiency with phosphate, while carbonate seemed to have a much more detrimental effect
on the system (Fig 25A and 25C vs. Fig 25B and 25D). For S. aureus, the best inactivation results
were obtained when ion concentrations were as low as possible with PS concentrations from 25 to
50 pumol I'. A statistical analysis of the logarithmic reduction values of the various applied
conditions is given in S3 File. Measured logarithmic reduction values for each experiment are

displayed in the S5 Dataset.
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Figure 25: Logarithmic inactivation for S. aureus data obtained for each experiment displayed as scatter plot.

(A) shows results for sodium phosphate and FLASH-02a, (B) displays the results for sodium carbonate and FLASH-
02a. Obtained values for FLASH-06a are displayed in (C) for sodium phosphate and (D) for sodium carbonate. Y
axes indicate the decadic logarithmic reduction and x axes indicate the PS concentration in pmol 1! or the dark

control (DC). Different colors of the dots indicate the various sodium carbonate or sodium phosphate concentrations.
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The observations were quite similar for the Gram-negative organism P. aeruginosa. H.O, sodium
carbonate and sodium phosphate did not lead to a reduction of the dark control (DC), light control
(0 pmol I'") and 1 umol I'! exceeding one order of magnitude. Again, increasing PS concentrations
did not result in an efficient inactivation exceeding three orders of magnitude for 75 and 7.5 mmol
I't of both tested solutions. In contrast to the results obtained for S. aureus, the Gram-negative
strain was eradicated with more than 6 orders of magnitude for 0.075 mmol 1" of sodium phosphate
(Fig 26A and 26C) with PS concentrations as low as 10 pmol 1. The results of the statistical
analysis of the obtained logarithmic reduction values for P. aeruginosa are included in S4 File.
Inactivation of P. aeruginosa in the presence of sodium carbonate was less efficient than for sodium
phosphate which was in good agreement with results obtained for S. aureus (Fig 26B and 26D). In
general, inactivation with FLASH-02a was more efficient (Figs 25A, 25B, 26A and 26B) than with
FLASH-06a (Figs 25C, 25D, 26C and 26D). Measured logarithmic reduction values for each

experiment are deposited in the S6 Dataset.
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Figure 26: Logarithmic inactivation for P. aeruginosa data obtained for each experiment displayed as scatter plot.
(A) shows results for sodium phosphate and FLASH-02a, (B) displays the results for sodium carbonate and FLASH-
02a. Obtained values for FLASH-06a are displayed in (C) for sodium phosphate and (D) for sodium carbonate. Y
axes indicate the decadic logarithmic reduction and x axes indicate the PS concentration in pmol 1! or the dark

control (DC). Different colors of the dots indicate the various sodium carbonate or sodium phosphate concentrations.
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Additionally, the presence of carbonates and phosphates did not alter the binding behavior of the

PS in a detrimental manner, the amount of PS attached to bacterial cells did either not diverge

significantly from the H.O control or was in some cases significantly higher when ionic solutions

were applied. The results of a statistical analysis are included in S5 File. The mean calculated

amounts and the corresponding standard deviation of bound PS to the respective cells are shown

in Table 3. The results of each measurement are included in the S7 Dataset.

Table 3: Results of the binding assays.

PS Ions | c(salt) [mmol 1] | ¢(PS) bound to S. aureus [umol 1"'] | Standard deviation | c¢(PS) bound to P. aeruginosa [pmol 1] | Standard deviation
FLASH- H,0 31.29 0.91 30.90 0.29
022 | Na,COs 75 3177 1.72 2851 1.09
Na,CO;3 0.075 33.11 1.41 35.40 0.66
Na;PO4 75 31.39 0.35 39.68 0.50
Na;PO, 0.075 32.67 1.38 35.60 0.42
FLASH- H,0 25.76 1.02 27.71 1.13
06a Na,CO, 75 27.53 1.41 28.29 0.49
Na,CO3 0.075 29.11 0.98 29.96 0.75
Na;PO, 75 28.12 1.01 27.64 1.93
Na;PO, 0.075 29.76 0.97 31.28 0.32

https://doi.org/10.1371/journal.pone.0253212.1001
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Discussion
The results of the present investigation show some obstacles as ions like carbonate and phosphate

can hamper PDI of flavin PS. Ions in combination with the herein used PS change the mechanism
in chemical, physical and biological manners.

The spectra without ions showed a photobleaching effect that was more pronounced for FLASH-
06a compared to FLASH-02a, most likely due to the chemical nature of the molecules due to larger
side chains of FLASH-06a. Degradation effects without involvement of ions have been described for
other flavins previously [530,531].

However, the presented study showed that phosphate and carbonate react by a light-based
mechanism with the used flavin PS altering the chemical structure. Time dependent spectra showed
isosbestic points under addition of carbonate and phosphate. Isosbestic points in general are strong
hints at mass conservation, indicating a variety of compounds, most likely even the involvement of
just two substances [532].

Even though all ion treated PS with isosbestic points meet the requirement according to the
definition of Thomas and Burgess [528] the isosbestic points are not sharp and clearly defined in a
strict sense. Shifts in isosbestic points are either caused by different molar extinction coefficients
due to the experimental condition or the contribution of a third, unknown substance [533],
experimentally shown by Harris and Bashford [534].

It is known that riboflavin derivatives undergo chemical changes upon light irradiation, resulting
in several isosbestic points in the absorption spectra [535-537]. We tentatively assume that
degradation of FLASH-02a in the presence of phosphate occurs via cleavage of the side chain to
lumichrome [530] possibly followed by an unspecific degradation as observed for example in dairy
products [538]. However, for carbonate the transmission spectra are quite distinct from the ones of
phosphate, indicating the involvement of more than one substance. Therefore, it is speculated that
in this specific case after the side chain cleavage additionally to lumichrome lumiflavin is produced.
Neither of the both assumed molecules are capable of producing singlet oxygen. Organisms
encounter such degradation products on a daily basis without being harmed, as shown for example
for human keratinocytes where no [280] or very low [281] toxicity was found. Although the
structural discussion of FLASH-02a is more of a speculative nature, FLASH-06a presents with a
clearer situation. It is hypothesized that the ester bonds of the side chains are at least partially
hydrolyzed. The remaining scaffold of the former PS might then undergo a cyclization comparable

to cyclodehydroriboflavin CDRF-similar to the photoaddition of riboflavin [530,539]. It has been
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described elsewhere that both carbonate and phosphate facilitate such processes [539]. However,
carbonate promotes the cyclisation more than phosphate, which is also supported by the data shown
in this publication. The work of Vaid et al. shows that the cyclization of riboflavin is depending on
the ionic concentration of are in good consistency with the results presented here. The proposed
CDRF-like end product is just as lumichrome or lumiflavin no longer capable of producing singlet
oxygen as it was observed in this study by DPBF assays. Again, we observed a less detrimental
effect of phosphate for singlet oxygen production compared to carbonate which is also supported
by work from other researchers [539)].

Additionally, this publication may impact PDI in general as well. Ubiquitous ions as well as other
small molecules are frequently present when PDI is applied outside a laboratory setting. These
substances may initiate photochemical reactions of the PS leading to the usage of the absorbed
light energy for chemical reactions rather than for singlet oxygen production. Such effects decrease
the efficacy of killing bacteria as shown here for flavin PS by reducing the amount of generated
singlet oxygen. However, e.g. Kainz et al. demonstrated the formation of zinc(II)-cyclen-flavin
complexes in combination with Fe/C nanoparticles [540]. The use of such methods could protect
flavins from harmful effects caused by ions.

It is crucial to understand how ions influence PDI since a major aim is the application of
photodynamic inactivation in environments outside the laboratory. Future fields of application
include the treatment of wastewater [390,398], the disinfection of drinking water [541,542],
decontamination of food [298], the reduction of the bacterial load on surfaces [147] or the
decolonization of skin [99]. However, ions are not only included in environmental photodynamic
inactivation, but sometimes even in wvitro studies often use phosphate buffered saline or culture
medium for PDI experiments that contain various ions or inhibitory substances [543-545]. Tap
water or wastewater may contain various ions like Na*, Ca’f, Mg*, and HCO;~ with a
concentration to a few mmol I'!; whereas these ions can also be found on animal or human skin, in
particular HCO;~ with concentrations of up to 4 mmol I'' [546,547]. A literature screening
concerning PS concentration and applied fluence reveals divergent parameters that were chosen for
efficient inactivation. On the one hand, PDI was efficient of up to four orders of magnitude at low
light doses and low porphyrin PS concentrations under ambient light conditions [496]. Yang et al.
successfully inactivated Propionibacterium acnes with a curcumin PS by applying 0.09 J cm™ and
PS concentrations as low as 1.5 pmol I'! [548]. Efficient inactivation was also shown with flavin PS

at a concentration of 10 pmol I" and a light exposure of 1.5 J cm™ [280]. Jemli and co-workers
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showed an efficient reduction of five orders of magnitude by using 10 pmol I' of methylene blue,
rose bengal or TMPyP with a light dose of 0.13 J ¢cm™ in an wastewater environment [398].

On the other hand, some studies used elevated PS concentrations and/or high light exposures
[230,549,550]. Bactericidal action in wastewater for example was achieved with different PS in the
pmol I'' range at high light exposures up to a few hundred J cm? [388,398,541]. Carvalho et al.
studied the application of PDI in the context of wastewater treatment, achieving a logarithmic
reduction of three orders of magnitude. The study used a porphyrin PS at a concentration as low
as 5 pmol 1" and a light dose of 145.8 J cm™ [390].

A review article [100] listed 19 animal studies in which bacteria were treated in wounded skin using
different PS. Tt is striking that the light exposure shows high values ranging from 6-423 J cm™ with
a mean value of 163 J cm™. Another study showed the difference of in vitro and in vivo application
of PDI. When using a cationic Zn(II) phthalocyanine PS, MRSA was efficiently inactivated in vitro
using PS concentrations of less than 1 pmol 1! and a 48 J cm™ light exposure [551]. For inactivation
of MRSA in an animal wound model in vivo the authors had to increase PS concentration to 7.8
umol I't and light exposure to about 300 J em™2. Another research group showed the inactivation of
clinically relevant organisms with polycationic PS in nutrient broth. Possibly due to inhibitory
substances in the culture medium, light doses of up to 40 J cm™ had to be applied [549].

In a publication concerning a phenalenone PS, organisms with importance in dentistry like
Enterococcus faecalis, Actinomyces naeslundii or Fusobacterium nucleatum were efficiently
inactivated. These experiments were carried out in PBS buffer with PS concentrations of 100 umol
I'' and light doses of 72 J cm™ [230]. Another study used quite similar organisms and PS in
concentrations of up to 250 pmol I* applying light doses of up to 150 J ecm™ [550].

Therefore, the major problem behind these studies is that all used different PS, bacteria, PS
concentrations, light sources, light irradiance and light doses. Although some adaptions are
necessary when using different photosensitizers or bacteria, it is obvious that there are further
elements impacting PDI. Higher light exposure and PS concentrations might be applied to
counteract detrimental effects of various substances that are inevitably present in environmental
settings. Four studies also assumed a connection between the presence of inhibitory substances and
reduced inactivation efficacy [299,448,552,553]. Besides only inhibitory effects there are also
enhancing substances known such as EDTA [448], sodium azide [554] and potassium iodine

[555,556].
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The success of PDI as a new treatment against pathogens requires a successful application beyond
standardized laboratory experiments. The impact of ubiquitous ions on the photodynamic
mechanism may complicate the application under environmental conditions. As shown in this study,
carbonate and phosphate alter the chemical structure of the PS leading to less singlet oxygen
generation and hence reduced inactivation of bacteria. The lower the amount of additional material
in PDI and the higher the applied light dose is, the better the inactivation. This study provides
practical advice for future studies with flavin PS in the presence of phosphate and carbonate.
Furthermore, this study stresses the inevitable importance of chemical analysis, physical
measurements and investigations concerning bacterial inactivation prior to the application outside

the laboratory.
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Abstract
Photodynamic inactivation of microorganisms (PDI) finds use in a variety of applications. Several

studies report on substances enhancing or inhibiting PDI. In this study, we analyzed the inhibitory
potential of ubiquitous salts like CaCly and MgCl2 on PDI against Staphylococcus aureus and
Pseudomonas aeruginosa cells using five cationic photosensitizers methylene blue, TMPyP,
SAPYR, FLASH-02a and FLLASH-06a.

TMPyP changed its molecular structure when exposed to MgCl,, most likely due to complexation.
CaCl, substantially affected singlet oxygen generation by MB at small concentrations. Elevated
concentrations of CaCl; and MgCly, impaired PDI up to a total loss of bacterial reduction, whereas
CaCl; is more detrimental for PDI than MgCl,. Binding assays cannot not explain the differences
of PDI efficacy. It is assumed that divalent ions tightly bind to bacterial cells hindering close
binding of the photosensitizers to the membranes. Consequently, photosensitizer binding might be
shifted to outer compartments like teichoic acids in Gram-positives or outer sugar moieties of the
LPS in Gram-negatives, attenuating the oxidative damage of susceptible cellular structures.

In conclusion, CaCl; and MgCl, have an inhibitory potential at different phases in PDI. These
effects should be considered when using PDI in an environment that contains such salts like in tap

water or different fields of food industry.

78



Inhibitory Effects of Calcium and Magnesium Ions

Introduction
PDI nowadays has a wide range of possible applications. There is plenty of experimental

applications in development for example in wastewater treatment [386,388-390,392,398,542,557],
implementation in antimicrobial coatings [147,558], lowering the microbial load of food and crops
[298,299,559,560], decolonization of human skin [99] or in dentistry [326,561,562]. Furthermore,
Majiya and colleagues demonstrated sunlight driven water disinfection with a porphyrin
immobilized in a chitosan membrane. The researchers successfully reduced the bacterial load by
three orders of magnitude and therefore demonstrate a cost-efficient and sustainable method for
drinking water disinfection [563]. Further successful advances in the application of PDI were
recently made using an ex vivo human skin model. A successful decolonization of the human skin
concerning methicillin-resistant Staphylococcus aureus could be achieved with a phenalenone based
photosensitizer SAPYR [99].

The herein cited examples for applied PDI make use of several photosensitizer classes, ranging from
well-known photosensitizers such as methylene blue (MB), porphyrins (5,10,15,20-Tetrakis(1-
methyl-4-pyridinio)-porphyrin tetra(p-toluene sulfonate, briefly called TMPyP), new substances
that exclusively produce singlet oxygen (SAPYR [230]) to curcumins or flavins (FLASH-02a and
FLASH-06a [564]). Especially curcumins are considered safe for food applications [298].

The efficacy of PDI is frequently studied under laboratory conditions using media like PBS, which
are rather uncommon when considering PDI applications under real life conditions. Thus, when
comparing PDI efficacies of environmental photodynamic applications with ones from in wvitro
laboratory studies, it is not surprising that the results of such studies seem to diverge tremendously
in some cases.

As mentioned, several fields of application are conceivable for photodynamic inactivation, in which
a wide variety of substances, including divalent ions, will inevitably be present. An example of a
potential future application outside the laboratory is the antimicrobial treatment of water
[399,563,565,566]. Exemplarily for tap water, water hardness is calculated based on the
concentration of calcium carbonate and has the following definition according to the US Geological
Service. A concentration of 0 — 0.6 mmol 1! is considered as soft water, 0.61 — 1.2 mmol I
moderately hard water, 1.21 — 1.80 mmol I hard water, and above 1.8 mmol 1! very hard water
[567]. In Germany, water hardness is divided in three categories termed soft for <1.5 mmol I,
medium from 1.5 to 2.5 mmol I' and hard is > 2.5 mmol I" measured as total CaCOs [568].

Worldwide, concentrations of calcium and magnesium ions vary greatly depending on the geological
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background the water originates from. The concentration of calcium ions in drinking water derived
from ground water generally ranges from about 0.025 mmol 1! to 2.5 mmol 1! with values reported
up to nearly 10 mmol 1" [569-574]. Magnesium in drinking water is found all around the world and
varies greatly depending on the geographical region. Studies from Sweden found magnesium ion
concentrations in drinking water of around 0.065 up to 0.62 mmol 1" [575-577], reports from Norway
mentioned concentrations up to 0.1 mmol I'' [578] with a median of around 0.2 mmol I'' [579].
Research from England measured values up to 4.56 mmol 1! [580] and another study from South-
Africa reported on magnesium concentrations up to 2 mmol I'! [581].

Another application of PDI is the inactivation of microorganisms in food production and processing
[682-584]. Approaches of applying PDI towards milk [448] should be taken into focus as divalent
ions are inevitably present. The calcium content of milk depends to a certain extent also on the
breed of the milked cow [585] or the diet of the cow itself [586]. The various milks commercially
available today have quite similar calcium concentrations between 29.5 and 31.56 mmol I'!. Yoghurt
on the other hand varies in a range of 34.62 to 45.62 mmol I'!. The calcium concentration of raw
cheese varies between 98.02 to 299.40 mmol I'! [587].

A future promising approach is the treatment of the human skin based on photosensitizer solutions.
Although this has been proven to show good initial results, the obtained inactivation values are
still lower than when experiments are conducted in controlled liquid environment with H,O. For
example, within this study, good efficacy of at least 6 orders of magnitude was achieved for SAPYR
for 0.72 J cm™? and 50 pmol I't. However, on ez vivo skin experiments at least 100 pmol 1! were
applied in combination with at least 30 J cm™ in order to achieve sufficient inactivation [99]. Similar
was found by another research group where harsher parameters for efficient inactivation had to be
applied in an in vivo model [588]. The differences in the efficacy of these experiments are to a
certain extent based on slight experimental differences. However, experiments on skin in general or
sweat in particular are by no means similar to pure water. Much more, they resemble complex
environments with a variety of substances, even in literature, the found compositions vary greatly
[589,590]. Sweat also contains various amounts of calcium and magnesium that inhibit the PDI at
least to a certain extent.

Even though the commercial application of PDI in various environments is one of the major aims,
it is frequently not sufficiently explored whether or to which extent various ubiquitous substances
in these environments may hamper PDI efficacy when using such photosensitizers. Among others,

up to date the effects of abundant substances such as calcium or magnesium ions or complex
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biological molecules remain mostly uninvestigated. Of course, it is known for some photosensitizer
that certain chemicals inhibit [564,591] or enhance [554-556] the photodynamic process. One of the
most prominent molecules in this context is sodium azide acting as a potent physical singlet oxygen
quencher [591]. In contrast, there are also studies investigating on effects that promote the
photodynamic action in presence of sodium azide [554]. Furthermore, it was recently shown that
carbonate and phosphate ions, which are two prominent molecules in most environments, have
detrimental effects on the chemical structure of flavin based photosensitizers [564]. Additionally,
some research data concerning the photodynamic treatment of milk suggested that calcium and
magnesium ions pose some issues in efficacy [448].

Therefore, we hypothesize that ubiquitous bivalent ions might affect the photodynamic process at
different stages. In this study, we investigated five different cationic PS with various chemical
structures such as a porphyrin, a phenothiazine, two flavins and a phenalenone. The biocidal
potential of the different photosensitizers towards several bacteria was evaluated under the influence
of various aqueous solutions containing calcium and magnesium in ascending concentrations

resembling concentrations found in possible areas of future applications.
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Material and Methods

Methylene blue was purchased from SERVA Electrophoresis GmbH with a minimum dye content
of 96%. Methylene blue has a singlet oxygen quantum yield of around 0.50 depending on the applied
measurement method [232], providing a mixture of ROS and singlet oxygen that is generated.
TMPyP was brought from Sigma-Aldrich with a minimum dye content of 97%. The quantum yield
of the porphyrin based photosensitzer is around 0.77 [250], producing chiefly singlet oxygen with
minor amounts of other ROS. Besides, an exclusive singlet oxygen producing photosensitizer shortly
called SAPYR with a quantum yield of 0.99 [230] was purchased from the TriOptoTec GmbH..
Additionally, two different flavin based photosensitizers were included with a quantum yield of
around 0.75 that was also purchased from TriOptoTec GmbH, the chemical structure of the
molecules has been published elsewhere [564]. In general, all light sensitive parts of the procedures
were conducted at low light conditions with a maximum radiant flux of 55 pW c¢m? as described

elsewhere [496].

The used bacterial strains were obtained from the German Collection of Microorganisms and cell
culture lines DSMZ (Braunschweig, Germany). As a Gram-positive representative Staphylococcus
aureus F-182 (DSM 13661) was used. The strain was derived from a clinical isolate from Kansas
and exhibits resistance towards methicillin and oxacillin, therefore also considered as MRSA. The
Gram-negative organism tested in this study was Pseudomonas aeruginosa Boston 41501 (DSM
1117) initially isolated from a blood culture. As universal culture medium Mueller-Hinton-Bouillon

[527] was used on which the bacteria grew over night at 37°C at 100 rpm.

Stock solutions of calcium chloride (CaCly) and magnesium chloride (MgCl,) were prepared with
stock concentrations of 150, 15, 1.5 and 0.15 mmol 1"'. As a solvent and control served ultra-pure
H,O with a conductance of 0.056 nS cm™ (Milli-Q® Water Treatment System, Merck KGaA,
Darmstadt, Germany). The stock solutions were stored in plug-sealed, gas tight glass serum bottles
under nitrogen atmosphere in the dark at room temperature. pH was adjusted to 7 using HCI or
NaOH. CaCl, as well as MgCl, were purchased from Carl Roth GmbH + Co. KG (Karlsruhe,

Germany) in analytical grade.
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For TMPyP, SAPYR, FLASH-02a and FLASH-06a a blue light source (blue_ v, Waldmann GmbH,
Villingen-Schwenningen, Germany) was used, while MB was irradiated under a red light source
(PDT 1200, Waldmann GmbH, Villingen-Schwenningen, Germany). The applied irradiance for the
blue light source was 18 mW cm? and for the red light source 20 mW cm™. The final radiant
exposure depended on the time of the application and is represented the product of the applied
irradiance in W cm™ times the application time in s resulting in J cm?, which are the values given

throughout the following.

To investigate if aqueous solutions alter the chemical structure of the used photosensitizers,
spectroscopic analysis was performed from 300 to 700 nm in a photometer (BMG Labtec, Ortenberg,
Germany) with a 96-well microtiter plate (SARSTEDT AG & Co. KG, Niimbrecht, Germany). To
rule out light induced reactions, the spectra were recorded before and after illumination with an
appropriate light source with defined energy up to 5.4 J cm2 Each reaction was composed out of
a total volume of 200 pl with PS concentrations ranging from 0 to 50 pmol 1! and ionic solutions
in concentrations of up to 75 mmol I't. The obtained transmission was then plotted with OriginLab

2019b (Northampton, USA).

To evaluate singlet oxygen production in qualitative manners, DPBF (1,3-Diphenylisobenzofurane)
assays were carried out. DPBF was purchased from Sigma-Aldrich with a minimum dye content of
97%. DPBF reactions were composed in total as follows: a total volume of 200 nl contained either
no PS (internal reference) or 1 to 50 pmol I* PS, 75 mmol 1! CaCl, or MgCl, and 500 pmol 1!
DPBF which was dissolved in analytic grade ethanol. Assays were conducted as triplicates and
measured after a total applied energy of 0, 0.018, 0.036, 0.054, 0.072, 0.09 and 0.18 J cm? with
either the blue_v light source or the respective red light source. DPBF fluorescence was then
measured utilizing a fluorescence plate reader from BMG Labtech with the excitation wavelength
of 411 nm and emission detection at 451 nm. Values obtained for the internal reference (DPBF
without PS) were set to 1, relative fluorescence was calculated as rations to the internal reference

and the sample (DPBF with PS) and displayed in per cent using OriginLab 2019b software.
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Bacterial cultures were harvested via centrifugation at 13,000 x g for 7 min. Afterwards, ODgy was
adjusted to 0.6 with a cell density meter (Ultrospec 10, Ammersham Biosciences, Little Chalfont,
UK). 1 ml of the cell suspension was transferred to 1.5 ml reaction tubes and centrifuged at 13,000
x g for 7 min. Supernatant was discarded and the remaining pellet was washed in HyO three times.
After the last washing step, the cells were mixed with 1 ml of either CaCl,, MgCl, or H.O in
concentrations of 75 to 0.75 mmol I't. 25 pl of the bacterial cell suspension were mixed with the
same volume of PS solutions in ascending concentrations, incubated for 10 min at room temperature
under dark conditions with a maximum of 3 pW cm? and afterwards irradiated with a constant
energy of 0.72 J cm™.

20 nl of the reaction were transferred into 180 pl Mueller Hinton bouillon after irradiation and
cultivated at 37°C for 48 h. Optical density was measured at 600 nm using a plate reader. The
obtained values were then used to calculate bacterial reduction as described elsewhere [467]. The
method presented here was initially described as proliferation assay [497] and was adapted in the
here presented study for liquid bacterial cultures. Doubling times were calculated for ODgg at 0.2

and 0.4.

To exclude interactions hindering photosensitizer attachment to bacterial cells, the bacterial cell
suspensions were initially adjusted to an optical density of 0.6 at 600 nm. 500 pl thereof were
transferred into 1.5 ml reaction tubes, centrifuged, and washed in water as described before. The
washed pellet was mixed with 500 pl of the ionic solution and 500 ul of PS in a concentration of
100 pmol It. The mixture was incubated for 10 min in absolute darkness and centrifuged at 4,500
x g for 10 min. The supernatant was collected and transferred into a cuvette and measured at 444
nm for FLASH-06a, 446 nm for FLASH-02a, 370 nm for SAPYR, 520 nm for TMPyP and 575 nm

for MB.
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Results

Photosensitizers dissolved in H,O did not show alterations in the transmission spectra after
application of up to 5.4 J cm? radiant exposure, only a marginal loss of concentration of the
photosensitizer was observed. (Supplementary Figure 1, Supplementary File 1). The transmission
spectra for photosensitizers dissolved in 75 mmol 1! CaCly were also not altered after irradiation
besides minor concentration losses (Supplementary Figure 2, Supplementary File 2). The
concentration decreased in similar amounts as for the water controls. Photosensitizers dissolved in
MgCly solutions again showed low photodegradation not exceeding 2 % compared to the non-
irradiated controls. Also, the photosensitizers maintained their chemical integrity (Supplementary
Figure 3, Supplementary File 3), except for TMPyP as a bathochromic shift was observed. The
transmission minimum (Soret band) was shifted to 435 nm and the Q bands were located at 520 to

521 nm and at 562 to 564 nm(Fig 27, Supplementary File 3).
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Figure 27: Transmission spectrum of TMPyP resuspended in 75 mmol 1! MgCl..
The Y-axis indicates the transmission in %, the X-axis displays the corresponding wavelength in nm. The different

line colors indicate the applied fluences.
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Figure 28: Results of DPBF assays for MB
Relative fluorescence is displayed on the Y-axis in dependence of the photosensitizer concentration shown on the X-
axis in pmol I''. Blue lines and squares indicate H2O as solvents, purple lines and dots CaCl; and yellow lines and

triangles indicate MgCls.

As mentioned before, singlet oxygen production was measured as relative fluorescence of DPBF.
The data are additionally given as a table in Supplementary File 4. Lower relative fluorescence
hints at more efficient singlet oxygen production while values above 1 are measured, when the
photobleaching effect of the reference exceeds the loss of the fluorescence caused by the
photosensitizer. Relative fluorescence of DPBF for MB decreased at 10 pmol I already to values
around 0.2 for H,O and MgCl; solution, while the same relative fluorescence value was achieved for
CaCl; solution at the highest concentration of PS applied (Fig 28).

DPBF assays of TMPyP showed already drastically lowered relative fluorescence for 1 pmol 1" of
TMPyP. Application of concentrations as low as 5umol 11 of TMPyP already led to a relative
fluorescence of around 0.1, indicating that all DPBF present in the reaction was readily depleted
in all cases independent of the used solvents (Supplementary Figure 4B).

DPBF assays for SAPYR (Supplementary Figure 4C), FLASH-02a (Supplementary Figure 4D) and
FLASH-06a (Supplementary Figure 4E) showed a similar reduction of the relative fluorescence
mostly independent of the used solvents reaching minimal values of 0.1 to 0.2 for 50 pmol 1! of

applied PS.
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Figure 29: Binding assays of Staphylococcus aureus.
The graphs show the bound concentration of the PS to MRSA cells for (A) MB, (B) TMPyP, (C) SAPYR, (D)
FLASH-02a and (E) FLASH-06a. The X-axis displays the various tested categories named accordingly, the Y-axis

indicates the concentration of PS bound to MRSA cells in pmol 11, Error bars were calculated as standard error.

MB showed good binding behavior towards S. aureus cells in the presence of H,O. However, the
binding efficiency decreased with increasing ion concentration (Fig 29A). The measured
concentrations for S. aureus are also given as a table in Supplementary File 5. The use of TMPyP
showed a comparable but less pronounced effect (Fig 29B). The binding of SAPYR (Fig 29C),
FLASH-02a (Fig 29D) and FLASH-06a (Fig 29E) was almost unaltered in the presence of divalent
ions.

The highest amounts of bound PS were measured for FLASH-02a with or without 0.75 mmol I
MgCly showing around 96 pmol It or 95 pmol 17, respectively. MB bound with 86 pmol 1! to S.
aureus cells in the case of H,O as a maximum value, followed by TMPyP with 81 pmol I for H,O.
Most SAPYR was bound for the application of HxO with 78 pmol I' and the least amount of PS
was found for FLASH-06a with 76 pmol I for 0.75 mmol 1! CaCly not differing significantly from

the other measured values for the other experimental conditions.
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Figure 30. Binding assays of Pseudomonas aeruginosa.

The graphs show the bound concentration of the PS to P. aeruginosa cells for (A) MB, (B) TMPyP, (C) SAPYR,
(D) FLASH-02a and (E) FLASH-06a. The X-axis displays the various tested categories named accordingly, the Y-
axis indicates the concentration of PS bound to MRSA cells in pmol 1. Error bars were calculated as standard

error.

The measured concentrations for P. aeruginosa are additionally displayed in Supplementary File 6
as a table. Again, MB bound well to P. aeruginosa cells in the presence of HxO. As shown for S.
aureus, CaCly and MgCl, solutions inhibited the binding of MB to the cells drastically (Fig 30A).
Descending ionic concentrations led to higher amounts of bound photosensitizer. Furthermore,
TMPyP (Fig 30B) showed a similar effect but only in insignificant amounts. As observed for MRSA,
the binding of SAPYR (Fig 30C), FLASH-02a (Fig 30D) and FLASH-06a (Fig 30E) did not change
in the presence of CaCly; and MgCl, solutions. FLASH-02a showed the most PS bound to the cells
with 97 pmol I for 0.75 mmol 1! MgCl, with minor fluctuations for the other applied ionic solutions
indicating that nearly all used PS bound to the cells. The concentration of MB in the presence of
H>O was measured with 90 pmol 1! and for TMPyP 85 pmol I''. SAPYR and FLASH-06a showed
similar binding behavior with a maximum of 78 pmol 1! for SAPYR in H,O and 77 pmol 17! for

FLASH-06a in H»O, respectively.
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Figure 31: Diagrams of the calculated logarithmic reduction of Pseudomonas aeruginosa resuspended in CaCls
solutions in different concentrations.

The logarithmic reduction is displayed on the Y-axis while the dark control (DC) and applied PS concentrations
are displayed on the X-axis. The different concentrations of the ions are symbolized by various colors indicated in
the right corner. Panels A shows results for MB, B for TMPyP, C for SAPYR, D for FLASH-02a, E for FLASH-

06a.

The mean logarithmic reduction values for P. aeruginosa resuspended in CaCl, are additionally
provided as table in Supplementary File 7. PDI at 0.72 J cm? for MB in HyO led to bacterial
reduction of at least 6 logyy steps at a PS concentration as low as 10 pmol 1. 0.75 mmol ' CaCly
inhibited the PDI of MB and the PDI effect almost disappeared (< 1 logio step) for concentrations
of 75 or 7.5 mmol I CaCl, (Fig 31A). In H2O 5 pmol I' TMPyP and above led to a bacterial
reduction of 6 logyy steps. CaCl, inhibited the photodynamic mechanism for 5 and 10 pmol 1! as
only a logarithmic reduction around 2 logiy steps was measured for 7.5 and 0.75 mmol 1! CaCl..
However, in none of the cases for 75 mmol 1" CaCl, the efficacy exceeded 1 logi step (Fig 31B).
The application of SAPYR led to an efficient inactivation at concentrations as low as 10 pmol I
in HyO. For 75 mmol I' CaCl; (Fig 31C) almost no bacterial reduction was observed. Lower

concentrations of CaCly led to an inactivation of 6 logi steps for the application of 50 pmol 1
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SAPYR. 10 pmol I FLASH-02a and above led to an inactivation of 6 logy steps (Fig 31D). Addition
of 75 or 7.5 mmol I* CaCl: led to no efficient inactivation when FLASH-02a was applied under
mentioned conditions, only 0.75 mmol 1" showed similar efficacy to the water control (Fig 31D). In
H,0, concentrations of 10 pmol I FLASH-06a and above yielded an efficacy of 6 logiy steps. The

application of CaCl, did not lead to a reduction that exceeded 2 log steps in any cases (Fig 31E).
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Figure 32: Diagrams of the calculated logarithmic reduction of Pseudomonas aeruginosa resuspended in MgCls
solutions in different concentrations.

The logarithmic reduction is displayed on the Y-axis while the dark control (DC) and applied PS concentrations
are displayed on the X-axis. The different concentrations of the ions are symbolized by various colors indicated in
the right corner. Panels A shows results for MB, B for TMPyP, C for SAPYR, D for FLASH-02a, E for FLASH-

06a.

A table of the mean logarithmic reduction of P. aeruginosa resuspended MgCl, is provided in
Supplementary File 8. The application of MgCly had slightly less inhibitory effects on the PDI with
MB (Fig 32A) than CaCl,. Results obtained for TMPyP with bacteria resuspended in MgCl,
solutions (Fig 32B) did not differ much from the beforehand presented results for CaCl,. The

application of 50 pmol I SAPYR in 75 mmol I MgCls led to a maximum bacterial reduction of
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about 1 logiy step. Lower MgCl, concentrations led to a maximum inactivation of around 4 logio
steps for 7.5 mmol I MgCl, and 6 logiy steps for 0.75 mmol I MgCls, respectively (Fig 32C). P.
aeruginosa suspended in 7.5 mmol 1! MgCly solution were inactivated with an efficacy not exceeding
1 logio step, 0.75 mmol It MgCl, solution showed a bacterial reduction of around 4 logio steps for
50 pmol I FLASH-02a. 6 logiy steps were observed for 25 pmol 1! FLASH-02a and above in 0.75
mmol I MgCl, (Fig 32D). The experimental outcome of the application of MgCl, in combination
with FLASH-06a showed a slightly higher inactivation efficacy for 75 mmol 1! compared to CaCls.
However, for 7.5 mmol I MgCl, the efficacy did not exceed 2 logi steps. 0.75 mmol 1t MgCl,

restored an efficacy of 6 logio steps for 25 and 50 pmol I FLASH-06a (Fig 32E).
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Figure 33: Diagrams of the calculated logarithmic reduction of Staphylococcus aureus resuspended in CaCls solutions

in different concentrations.

The logarithmic reduction is displayed on the Y-axis while the dark control (DC) and applied PS concentrations

are displayed on the X-axis. The different concentrations of the ions are symbolized by various colors indicated in

the right corner. Panels A shows results for MB, B for TMPyP, C for SAPYR, D for FLASH-02a, E for FLASH-

06a.

Additionally, to the mentioned experiments with P. aeruginosa, the same set of conditions were

tested for a methicillin resistant S. aureus strain (MRSA). A tabular presentation of the results is
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provided in Supplementary File 9. The application of MB in H»O led to an efficacy of 6 logio steps
for 25 and 50 pmol I''. 5 and 10 pmol I led to an efficacy < 3 logi steps (Fig 33A). In general,
inactivation in the presence of CaCly solution did not show any relevant reduction for 1 pmol I
The application of 5 pmol I MB showed a reduction < 2 logig steps for 0.75 mmol 1! CaCls. For
10 pmol It MB, the application of 7.5 mmol 1! CaCl; led to an efficacy of 3.5 logyy steps. 0.75 mmol
It CaCly showed a reduction for 10 pmol I MB with 3.1 logyy steps. 25 pmol I MB achieved for
7.5 mmol I'' CaCly an efficacy of around 3 logiy steps at most. 50 pmol I'* MB did not increase the
efficacy for 75 and 7.5 mmol I'* CaCly while the application of 0.75 mmol It CaCl; showed an efficacy
of 6 logio steps (Fig 33A). The photosensitizer TMPyP showed excellent efficacy in H,O for 10 pmol
I'' and above with an efficacy 6 logio steps (Fig 33B). 75 mmol 1! CaCl, did not lead to efficient
inactivation, 7.5 mmol 1! CaCly solution showed a reduction of 1.3 logiy steps for 5 pmol 1! and 6
logio steps for 10 pmol 11 and above. Application of 0.75 mmol It CaCl, showed better efficacy
compared to the water control for 1 and 5 pmol I TMPyP. 25 and 50 pmol 1" restored the efficacy
of the PDI with 6 logio steps. (Fig 33B). SAYPR in H,O was capable of an inactivation of 6 logio
steps for 25 pmol It and above. However, the application of 75 mmol 1! CaCly led to no noteworthy
reduction in bacterial viability (Fig 33C). The water control of FLASH-02a showed a reduction of
6 logi steps for 25 and 50 pmol I'' (Fig 33D), only minor efficacy was achieved for lower
concentrations. However, when CaCls solutions were applied, in none of the applied concentrations
a noteworthy reduction was achieved (Fig 33D). While the water control for FLASH-06a (Fig 33E)
did not differ in significant manners from the data for FLASH-02a, the addition of CaCl;aggravates

the problems even more, no measurable reduction could be achieved (Fig 33E).
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Figure 34: Diagrams of the calculated logarithmic reduction of Staphylococcus aureus resuspended in MgCls solutions
in different concentrations.

The logarithmic reduction is displayed on the Y-axis while the dark control (DC) and applied PS concentrations
are displayed on the X-axis. The different concentrations of the ions are symbolized by various colors indicated in
the right corner. Panels A shows results for MB, B for TMPyP, C for SAPYR, D for FLASH-02a, E for FLASH-
06a.

The obtained results for S. aureus resuspended in MgCl, are also displayed as a table in
Supplementary File 10. MB in the presence of MgCl, solutions had mediocre inactivation efficacy
between 2 and 4 logy steps for 5 to 25 pmol 1! MB. 6 logio steps of bacterial reduction were achieved
for 0.75 mmol 1"' MgCl, for the highest applied MB concentration (Fig 34A). S. aureus resuspended
in MgCl, solutions with TMPyP led to a good overall efficacy as 6 logiy steps were achieved even
for the highest MgCl, concentration applied (Fig 34B). For the application of MgCl, solution in
combination with SAPYR the maximum efficacy obtained was around 2 logio steps for the highest
SAPYR concentration (Fig 34C). Most dramatically influenced by the application of MgCl, were
both FLASH-06a and FLASH-02a. For FLASH-02a, the only mentionable observed reduction was
that at least for 0.75 mmol I MgCl, at a concentration of 50 pmol I FLASH-02a a reduction of
around 4 logy steps (Fig 34D). FLASH-06a in combination with MgCl, solutions led to no relevant

observable reduction (Fig 34E).

93



Inhibitory Effects of Calcium and Magnesium Ions

Discussion
The presented results paint quite a clear picture concerning the role of CaCly and MgCl, when

performing PDI against the bacteria and photosensitizers used. Firstly, the absorption spectra
showed that all photosensitizers in pure water were stable upon irradiation with up to 5.4 J cm™2.
Even the addition of the divalent ions at different concentrations showed no negative effect on
photostability of photosensitizers, except for TMPyP in the presence of MgCl, (Fig 1). This is not
surprising because a porphyrin structure is a pristine chelating agent for divalent ions [592]. The
fact that the complexation of bivalent metal ions causes alterations in the spectrum of porphyrins
has been described in literature before [593-595]. However, such chelating reactions of the porphyrin
group are often influenced by specific reaction parameters such as defined pH [596-598] or
temperatures [599,600]. This might also lead to incomplete complexation reactions, which could
also be influenced upon light exposure explaining the different transmission spectra after irradiation.
Further possible explanations of this change in absorption behavior in the Q bands might be
potential partial cleavage of the methylpyrimidinum groups of TMPyP especially as the side chains
of porphyrins seem to rather influence the absorption of the Q bands than of the Soret band
[601,602]. The DPBF assays showed an efficient generation of singlet oxygen by all photosensitizers
in combination with both divalent ions, except for MB in the presence of CaCl, (Fig 2). The singlet
oxygen production of TMPyP is even at 1 pmol I* due to its high absorption coefficient so efficient
that the relative fluorescence of DPBF dropped by nearly 0.5 for H;O or even more for CaCl, and
MgCl, solutions (Supplementary Figure 2B).

These two exceptions might not automatically reduce the efficacy of PDI. TMPyP has a rather
high extinction coefficient [603] that even low amounts of functional PS can lead to efficient
inactivation which is also reflected by the shown results for the biological inactivation as TMPyP
showed the best inactivation efficacy under the given experimental conditions. It is also known that
TMPyP with complexed metals is still capable of singlet oxygen production [582]. One of the
possible explanations is that the complexation reaction might not be a process that takes place for
all TMPyP molecules. Further, a change in pH value in the adjacency of bacterial cells might have
stopped or even reverted the complexation.

In most of the PDI applications, the generation of singlet oxygen plays the major role in cell killing
[309]. However, the photosensitizers may have the potential to generate not only singlet oxygen, as
proven by DPBF assays in the present study. SAPYR shows a singlet oxygen quantum yield with

a value of ® = 0.99 [230], TMPyP ® = 0.77 [604], the flavins ® = 0.75 to 0.78 [280], and MB ® =
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0.52 [605]. In particular, the of MB could allow a simultaneous generation of other reactive oxygen
species (ROS) that may also yield cell killing. A fact one should keep in mind is especially the
potential photodemethylation of diaminomethylgroups as observed for example for photosensitizers
like nocathoacin I [606] or methylene blue [607]. For the case of methylene blue, a degradation
occurs to azure a or b, leading to reduced singlet oxygen yields and the potential increase of type I
reactions [605,608]. However, it seems that calcium and magnesium ions do not favor such
demethylation processes in an excessive manner as there are no hints that the spectra of the herein
used methylene blue are altered in such ways.

At a glance, the microbial inactivation data, in the absence of the ions, showed an efficient PDI of
all tested photosensitizers with a respective concentration of 25 pmol 1! yielding a reduction of 6
logio steps at low radiant exposure of light (Figs 5-8). Except for TMPyP, the efficacy of all
photosensitizers is clearly lower in the presence of elevated concentrations of calcium and
magnesium ions (Figs 5-8). A general observable trend was that increased concentrations of CaCl,
and MgCl, led to inhibited inactivation. The effects were most severe for the tested flavins which
are also affected by other ions such as carbonate or phosphate [564].

The applied concentrations of CaCl; and MgCl, resemble the concentrations present in several fields
of application. The two lower CaCl, concentrations applied within this work, namely 7.5 and 0.75
mmol 1! cover the usual calcium concentration in tap water [567-574,609]. Within this mentioned
ranges, TMPyP is most efficient against Gram-negatives, followed by SAPYR and FLASH-02a.
However, the findings in this study leads to an exclusion of FLASH-06a and MB from its potential
use in such water applications. Gram-positives seem to be mostly inhibited by TMPyP again, but
now followed by MB. SAPYR and the flavin based PS did not yield sufficient efficacy under the
influence of calcium and magnesium ions. However, concerning drinking water applications, Gram-
negatives such as Shigella sp., Vibrio sp., Salmonella sp. or Escherichia coli are the more crucial
organisms as one of the main causes of contaminated drinking water [610].

The concentrations of magnesium ions usually present in drinking water [35—41] suggest that the
magnesium ions poses less of a problem compared to calcium ion concentrations. Especially Gram-
negatives might be readily inactivated in magnesium concentrations below 0.75 mmol 1.
Concerning food applications, potential use in dairy products are the most crucial applications in
the light of the herein presented results due to their elevated calcium content [448,585,586]. Based
on the results of this work, the use of TMPyP might show sufficient success concerning the reduction

of the bacterial load while the other PS used here seem to be less promising. However, a publication
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already observed reduced efficacy of applied PDI and the authors speculated that calcium and
magnesium might take a part in the reduced efficacy besides further substances such as proteins or
fatty acids [448].

Many researchers have already reported that the outermost layers of bacteria seem to be the target
of PDI or at least play a major role in the uptake of the PS. A study by George, Hamblin and
Kishen from 2009 revealed for MB that the PS showed lower uptake in the presence of divalent
ions [611]. Although this study confirms the findings concerning MB, the other PS show no relevant
difference in their uptake or binding behavior. Therefore, the sole differences in uptake and binding
behavior of the PS do not explain the drastic differences observed in the microbial efficacy.
Concerning cationic photosensitizers it is highly likely that negatively charged LPS molecules in
the outer membrane that need calcium and magnesium ions for stability [612] form a positively
charged layer surrounding the cell that electrostatically hinder the penetration of the PS up to the
outer membrane but bind to outer sugar moieties of the LPS. Especially the fact that ions have a
stabilizing effect has been reviewed extensively concerning the use of EDTA [613]. Further, this
stability hypothesis is strengthened by a study demonstrating an efficacy-promoting effect of EDTA
with zinc phthalocyanine against Gram-negative cells, which are without EDTA not effected by
negatively or neutrally charged photosensitizers [614]. Similar might be true for Gram-positive cells
as teichoic acids and wall teichoic acids have a certain metal ion binding capacity [615-617].

However, these calcium and magnesium ion interactions seem to be not fully understood yet [617].

Although the divalent ions calcium and magnesium have no direct effects on the investigated PS
such as chemical degradation their levels for an application in PDI must be kept as low as possible.
Therefore, appropriate dilution of the treated liquids or rinsing of surfaces like the human skin with
distilled water prior to PDI treatment is highly recommended for future research. Furthermore,
several suggestions for the application of photodynamic processes can be given: First, based on
several studies that were performed under various conditions, it becomes clear that increased light
intensity helps to overcome inhibitory processes, even those of calcium or magnesium ions. Second,
higher PS concentrations seem to support the PDI in general. Under these predictions, PDI is an
extremely promising antimicrobial treatment for the future, independently on the type of

microorganisms or their antibiotic resistances.
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Abstract
Many laboratory studies show that photodynamic inactivation (PDI) in general is a powerful tool

in tackling multi resistant bacteria and in closing hygiene gaps in sensitive environments. However,
the studies were frequently performed under standardized in vitro conditions comprising artificial
laboratory settings. In contrast, applications of PDI under real life conditions will expect diverse
settings that exhibit substances like ions, proteins, amino acids, and fatty acids, which may hamper
PDI to an unpredictable extent.

Thus, PDI was investigated in the presence of calcium and magnesium solutions as well as synthetic
sweat solutions to approach real life conditions like in tap water and on skin surface. The role of
chelating citrate was studied that may counteract such ions.

The results indicate that the application of citrate can enhance PDI for certain ionic concentrations
(e.g. CaCl, or MgCl, in concentrations of around 7.5 to 75 mmol 1) especially against Gram-
negative bacteria. Citrate also improved PDI efficacy in tap water (especially for Gram-negative
bacteria) and in synthetic sweat solution (especially for Gram-positive bacteria).

In conclusion, citrate is a potent agent that may antagonize effects, which hamper PDI in

applications under real life conditions.
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Introduction
Pathogenic viruses and antibiotic-resistant bacteria are serious threats to our society. Part of the

dissemination of dangerous diseases are inter alia nosocomial infections. They can be defined as
hospital-acquired infections (HAIs), occurring during or after hospital residence. Examples include
surgical wound, primary bloodstream or urinary tract infections [618].

In Europe, roughly 63.5% of infections with antibiotic-resistant bacteria are originating from
hospital and health care settings, resulting in 72.4% of attributable deaths [53]. With regards to its
impact on the economy, these types of infections are causing significant losses of approximately
EUR 7 billion per year for the EU [63]. Typical examples are infections with methicillin-resistant
Staphylococcus aureus (MRSA), which were estimated to be responsible for costs up to EUR 1.55
billion in 2011 in Germany alone [64]. In the light of antibiotic resistances, multi-drug-resistant
bacteria account for a prevalence of 5.7 to 19.1 per 100 patients concerning HAIs [619].

In health care settings, various measures against HAIs are designed such as adequate hand hygiene,
proper usage of gloves and face masks, and standardized procedures for cleaning and disinfection of
patient-near surfaces [620]. However, the compliance of hand hygiene (41 %) [409] and surface
disinfection (48 %) [410] are persistently insufficient, contributing to HAIs and the spread of
resistant pathogens. Another important topic is the hesitant implementation of the antimicrobial
stewardship by which the use of antibiotics should be optimized [621]. Thus, the ongoing fight
against HAIs and the increasing resistance of bacteria against antimicrobials requires new
antimicrobials but also new technologies.

Photodynamic inactivation (PDI) offers a viable alternative to conventional disinfectants and
medical drugs in many relevant application fields, and could thus slow the pace of resistance
development [153,155,309]. PDI requires three harmless components, a photosensitizer (PS), visible
light and molecular oxygen. Upon light absorption in the PS molecule, energy or charge may be
transferred to adjacent molecules to generate reactive oxygen species (ROS), among which singlet
oxygen should play an important role. In case the PS is in close contact with a bacterial cell, singlet
oxygen can attack chemical double bonds of biomolecules like in lipids and proteins leading to cell
killing [622]. Owing to its mechanisms of action, PDI should not contribute to bacterial resistance
[309].

PDI should be considered a valuable component of new antimicrobial strategies, but PDI is
inherently complex when compared to standard biocidal technologies. In contrast to a single, ready

to use biocidal molecule, singlet oxygen and other ROS are produced in situ by the combined action
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of light, photosensitizers and oxygen. The photosensitizers at different concentrations, with different
absorption coefficients and quantum yields of ROS production are exposed to light at different
wavelengths, intensities and times yielding different radiant exposures.

Firstly, that complexity of biocidal ROS generation in situ frequently hampers the comparison of
laboratory experiments, exemplarily described for the well-known photosensitizer TMPyP. PDI of
E. coliresuspended in HO led to 3 logio steps of cell reduction in the presence of 10 pmol I TMPyP
at a very small radiant exposure of 0.079 J cm™ [496]. On contrary, TMPyP immobilized on a
chitosan membrane required a radiant exposure of up to 172.8 J cm™ to achieve the same effect
with E. coli resuspended in PBS [563]. Another study applied 0.73 pmol 1! TMPyP only, which
was exposed to 2,052 J cm™ of light in order to reduce the cell count significantly [623]. Furthermore,
for a study targeting several organisms in wastewater, 5 pmol I TMPyP and 14.4 J cm™? were
applied to reach an inactivation of about 4 logi steps [388].

Secondly, the situation may worsen when it comes to PDI applications beyond laboratory tests.
The step from laboratory settings to real life frequently may unfold additional, technological
problems, however, that step is necessary and worthwhile to leverage PDI, at least in some fields
of environmental and medical applications.

Such a step was recently performed for a new application of PDI to act as an antimicrobial coating
of frequently touched surfaces in health care settings and beyond [146,147,624]. After extensive and
successful laboratory tests, a field study should verify whether that PDI technology keeps its efficacy
under real life conditions. The field study was performed in two hospitals for several months and
the results of the study clearly proved that the novel photodynamic coating significantly reduced
the bacterial burden on patient-near surfaces, which may reduce the risk of nosocomial transmission
of pathogens [147]. Unfortunately, despite the advantages of PDI coatings and its proven efficacy
in field studies [146-148,625], the use of silver, copper and quaternary ammoniums are reported to
be the major technologies so far, whereas the role of PDI is almost unmentioned [415,626].

For potential applications of PDI in environmental and medical fields, we developed three new
classes of photosensitizers in the past years, which comprised some phenalenones, flavins, and
curcumins. These photosensitizers showed a clear antimicrobial efficacy against various bacteria
independent of their type and resistance profile [147,230,281,297,467,550,627-629]. The
photosensitizers offer features, which are important when it should come to application in the

environment and medicine. The molecules were patentable and its synthesis is economic. The usual
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tests showed that the molecules have no toxic or mutagenic potential being bio-degradable and safe
for the environment.

After the first successful tests of these photosensitizers in bacterial solutions, the use of phenalenones
was tested as a potential skin antimicrobial, which might be applied in future to decontaminate
large areas of human skin. The use of PDI to reduce the bacterial load in skin wounds was already
studied using other photosensitizers [254,368,588]. Ex wvivo skin was inoculated with S. aureus,
MRSA, E. coli, or P. aeruginosa. The subsequent irradiation yielded a reduction of bacterial cells
of up to 5 logy steps [99]. However, the ez vivo study revealed that the photosensitizer concentration
and the radiant exposure were clearly higher when compared to experiments in solution. Obviously,
the skin surface may exhibit substances that hamper the photodynamic mechanisms to some extent
and among others, different ions like Ca?", Mg?", and HCOs;~ might play a role [546,547,564].
Noteworthy, these ions are also ubiquitous in other environments like tap or waste water, in both,
PDI was already studied to reduce their bacterial contamination [386,388,389,392,541,630].

Thus, for the present study, we focused on two potential applications of PDI, which still requires a
better understanding of the parameters under real life conditions, skin decolonization and water
disinfection. Decolonization of skin and mucosa is an important measure to reduce cross-
contamination and surgical site infections [631]. The decolonization of skin usually involves biocidal
substances like chlorhexidine, triclosan and iodine leading frequently to insufficient results [632].
The mucosa requires the use of antibiotics like mupirocin. Unfortunately, most of those substances
already evolved a reduced sensitivity or resistance against typical skin pathogens [633].

Also the availability of safe tap water including its disinfection is an increasing challenge and the
United Nations World Water Development Report stated that nearly 6 billion peoples will suffer
from clean water scarcity by 2050 [634]. While water disinfection has effectively prevented
waterborne diseases, an unintended consequence is the generation of disinfection byproducts [635],
which may open the door to new and safe technologies like PDI.

Both potential application fields of PDI have in common that ions like Ca?* and Mg?*" are ubiquitous
in tap water and on skin surface. Some ions already showed a detrimental effect on PDI that was
applied to inactivate Pseudomonas aeruginosa or Staphylococcus aureus [636]. It is assumed that
such ions interact with the outer environment of the bacteria [636—-638] possibly resulting in a
protective layer.

To overcome the detrimental effects of ions, citrate was tested as chelating agent in bacterial

solutions. VIS-spectroscopy and measurements of oxygen concentration in solutions was applied to
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investigate any negative effect of citrate on the used photosensitizers. Subsequently, the results of
the optimization with citrate obtained for calcium and magnesium ion solutions were transferred
to solutions reflecting possible future fields of application for PDI. With citrate, an optimized PDI

of E. coli and S. aureus was therefore targeted in tap water and in synthetic sweat solution.
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Material and Methods

Escherichia coli (DSM 1103) as Gram-negative and Staphylococcus aureus (DSM 1104) as Gram-
positive model organisms for this study were purchased from DSMZ (German Collection of
Microorganisms and Cell Culture Lines, Braunschweig, Germany). All organisms were cultivated
on Mueller-Hinton-Medium [527] (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) at 37°C and

100 rpm overnight.

Calcium chloride and magnesium chloride, both purchased from Carl Roth GmbH & Co. KG,
Karlsruhe, Germany, were prepared in stock concentrations of 150, 15 and 1.5 mmol I"t. Synthetic
sweat solution [639,640] contained 85.56 mmol 1! sodium chloride (Carl Roth GmbH & Co. KG,
Karlsruhe, Germany), 0.72 mmol 1" calcium chloride (Carl Roth GmbH & Co. KG, Karlsruhe,
Germany), 0.13 mmol 1! magnesium chloride (Carl Roth GmbH & Co. KG, Karlsruhe, Germany),
0.02 mmol I"! zinc chloride (Merck KgaA, Darmstadt, Germany), 9.39 mmol 1" L-histidine (Sigma-
Aldrich Cooperation, St. Louis, Missouri, USA), 6.84 mmol 1" sodium lactate (Carl Roth GmbH &
Co. KG, Karlsruhe, Germany) and 19.65 mmol " urea (Carl Roth GmbH & Co. KG, Karlsruhe,
Germany). Additionally, the synthetic sweat solution was also prepared without histidine. In all
cases, ultra-pure water was used as a solvent, hereafter simply referred to as H,O. The pH value of
calcium chloride and magnesium chloride solutions was adjusted to seven. Then, the solutions were
filled into serum bottles, plugged, sealed, degassed and gassed with N. thrice and autoclaved at
121°C for 20 min at 2 bar. The solutions were then stored in the dark at room temperature.
Synthetic sweat was produced freshly and sterile-filtered using 0.22 pm mixed cellulose ester based
filters (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) and stored at 4°C for a maximum of 2
days. Tap water was supplied by REWAG, Regensburg, Germany [641] and sterile filtered as

mentioned before. The ionic composition of the tap water is provided in supplementary table 1.

SAPYR [230] — a phenalenone based photosensitizer with a quantum yield of at least 99% — was
purchased from TriOptoTec GmbH Regensburg, Germany. The photosensitizer was dissolved in
H,0 yielding concentrations of 10, 20 and 100 pmol I''. When experiments with sodium citrate
(Merck KgaA, Darmstadt, Germany) were conducted, the photosensitizer was dissolved in sodium

citrate solution (pH = 7) in concentrations of 3, 30 and 300 mmol 1.
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To investigate the effect of the chelating agent in combination with different ion solutions on the
PS SAPYR, chemical assays via vis-spectroscopy were conducted. 100 pl of 100 pmol I PS dissolved
in 300 mmol 1" sodium citrate were mixed with 100 pl of 150 mmol I of CaCly or MgCls solution,
tap water, or synthetic sweat and pipetted into wells of a 96-well-plate. The absorption spectrum
of the specimens at a wavelength range from 300 to 550 nm was determined using a spectral
photometer (CLARIOStar, BMG, LABTECH GmbH, Ortenberg, Germany). The measurements
were implemented once without exposure to light and subsequently after 30 s, 60 s, 300 s, and 600
s of illumination. For this process, a blue light source (blue_v, Waldmann GmbH, Villingen-
Schweningen, Germany) with a radiant exposure of 18 mW cm™ was used, resulting in a total

applied energy of 0.54, 1.08, 5.4 and 10.8 J cm™.

To examine, whether the chelating agents alone or in combination with different ion solutions
influenced the singlet oxygen production of SAPYR, oxygen-concentration measurements were
carried out. The samples were prepared as described in 2.4 with the exception that 1 pl of 5 mol I
! imidazole, which served as a chemical singlet oxygen quencher, was added [642]. Additionally, to
study oxygen consuming chemical processes, the measurements were also carried out without the
addition of imidazole. This method ensured that produced singlet oxygen was readily depleted and
the change of the oxygen concentration in the medium was detected with an optical sensor (Microx
4, Presens Precision Sensing GmbH, Regensburg Germany). After 1 min of measuring, the sample
was illuminated with a blue light source (blue v, Waldmann GmbH, Villingen-Schweningen,
Germany) with a radiant exposure of 18 mW cm? for 40 s equal to 0.72 J cm™. Then, the
quantification was continued for 540 s. The result was recorded as the relative oxygen saturation

before and after illumination [%)].

The cells were harvested via centrifugation (13,000 x g, 7 min) and suspended in H,O. The cells
were washed twice and resuspended in ion solution, tap water, or synthetic sweat. The optical
density of the specimens was measured using a photometer (Ultrospec 10, Amersham Biosciences,
Little Chalfont, UK) at a wavelength of 600 nm and adjusted to an ODgy of 0.6. 25 pl of the

bacterial suspension were subsequently mixed with 25 pl of PS solution in the desired concentration.

105



The Influence of Citrate

The mixture incubated for 10 min in absolute darkness and was later irradiated with the
aforementioned light source at 18 mW cm™? for 300 s, equal to 5.4 J cm™. 20 ul of the treated
samples were transferred to 180 pl of prewarmed liquid MH-medium and incubated at 37°C for 48
h at 150 rpm. The optical density was monitored in a plate reader at 600 nm in 5 min intervals

with subsequent calculation of the bacterial reduction as described in previous literature [467,564].
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Results

To figure out, whether CaCly or MgCl, solutions chemically modify the PS SAPYR, a mixture of

ions and SAPYR was examined using vis-spectroscopy and oxygen concentration measurements.

The obtained results show that CaCl, or MgCl, solutions slightly influence the absorption spectrum

of the PS, independent on the duration of illumination (Fig. 35A-B). After 600 s of illumination,

the loss of PS concentration is around 7.0 % for PS in 75 mmol I'' CaCl, solutions and 9.3 % for 75

mmol I MgCl,. The change in oxygen concentration was likewise not strikingly altered by the

addition of ions. Due to the production of singlet oxygen by SAPYR, the oxygen concentration

decreased by approximately 40% after illumination (Fig. 35C-D). However, the oxygen depletion is

solely based on singlet oxygen reacting with imidazole in the

measurements without addition of a singlet oxygen quencher
concentration in none of the cases where CaCly or MgCl, was

(Supplementary File Fig. S1-S4). This also indicates that the

experimental setup, as control
showed no decline in oxygen
tested with or without citrate

chemical reactions behind the

observed PS concentration depletion described beforehand does not involve oxygen.
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Figure 35: Effect of bivalent cations on the PS SAPYR. Absorption spectrum of SAPYR with CaClz (A) or MgCl,

(B) after different intervals of illumination. Change of the oxygen concentration after illumination of SAPYR with

CaCl: (C) or MgCls (D). The time in which the illumination was carried out is displayed as yellow datapoints.
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For the optimization of the PDI, the subsequent setup of experiments was carried out with citrate.
As shown in Fig. 36 the combination of citrate with CaCl, or MgCls solutions had some detrimental
effect on the absorption spectrum of the PS (Fig. 36A-B) as again a loss in PS concentration of
around 6.8 % and 9.3 % were observed for CaCl, solutions and MgCl,, respectively. The singlet
oxygen production of SAPYR was not strikingly altered as compared to experiments conducted
without citrate (Fig. 36C-D). Again, the oxygen depletion is only present when imidazole is added
(Fig S3 and Fig S4).
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Figure 36: Effect of citrate in combination with bivalent cations on the PS SAPYR. Absorption spectrum of SAPYR
with citrate and CaClz (A) or MgCls (B) after different intervals of illumination. Change of the oxygen concentration
after illumination of SAPYR with citrate in combination with CaCly (C) or MgCla (D). The time in which the

illumination was carried out is displayed as yellow datapoints.

Citrate might be a promising chelating agent to optimize PDI as exemplarily investigated in F. coli
as a Gram-negative and S. aureus as a Gram-positive bacterium. Therefore, PDI was performed in
vitro at different concentrations of citrate and CaCly or MgCl,. For 0.75 mmol It CaCl,
concentration, SAPYR concentrations of 5 and 10 pmol 1! led to a reduction of less than 3 logio
steps without citrate, while the addition of citrate increased the efficacy by approximately 3 logio
steps (Fig. 37A). When increasing the SAPYR concentration to 50 pmol I SAPYR, reduction of

E. coli viability was 6 logio steps, independent of the presence of citrate.
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The 7.5 mmol 1! CaCly concentration revealed a clearer inhibition of the photodynamic inactivation
E. coli. SAPYR concentrations of 5 and 10 pmol I led to a reduction of less than 1 logiy steps
without citrate, while the addition of citrate again increased the efficacy of PDI (Fig. 37B). The
application of 50 pmol I'* SAPYR led to an efficient inactivation of up to 6 logi steps.

The highest CaCl; concentration of 75 mmol I'* clearly hampered PDI for all SAPYR concentrations
yielding a maximum of about 1.7 logi steps for 50 pmol 1! PS, while addition of citrate caused an
increased efficacy of up to 3.2 logio steps (Fig. 37C).

The use of MgCl, instead of CaCls showed similar results of PDI against E. coli. However, the
addition of citrate clearly increased the PDI efficacy (Fig. 37D-E). MgCl, in a concentration of 75
mmol 1! again lowered the efficacy and experiments without citrate did not result in sufficient
inactivation efficacies. On the contrary, experiments with added citrate achieved cell reductions of
4.5 logio steps with 50 pmol 1! of SAPYR. 10 pmol I of the PS led to a bacterial reduction of at
least 2.5 logio steps, while lower concentrations did not result in noteworthy logarithmic reductions
(Fig. 37F). Therefore, in all cases where E. coli was resuspended in MgCl, solutions the application

of citrate and PS led to an enhanced photodynamic efficacy.
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Figure 37: Calculated logi reduction after the PDI of E. coli in presence of bivalent cations in different
concentrations. PDI of E. coli with and without citrate in presence of CaCly (A-C) or MgCly (D-F). Blue bars
indicate results obtained without the addition of citrate, yellow bars indicate the addition of the corresponding
citrate concentration. A and D represent a salt concentration of 0.75 mmol 1!, B and E 7.5 mmol 1! and C and F

75 mmol 1.
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In experiments using S. aureus cells quite different results were obtained. Even the lowest applied
CaCl, concentrations of 0.75 mmol 1! caused a bacterial reduction of 6 logi steps for 50 pmol I
SAPYR, while the addition of citrate surprisingly reduced the efficacy and led to a reduction of
only 4 logio steps. The small PS concentrations resulted in small reductions of viability (Fig. 38A).
Again, for 7.5 mmol I CaCly, 5 and 10 pmol I SAPYR did not lead to relevant bacterial reduction
and a slightly increased efficacy was observed for 10 pmol 1! when adding citrate. 50 pmol I of
SAPYR resulted in an efficient reduction of about 6 logiy steps without citrate and at least 6 logo
steps with citrate (Fig. 38B). For a CaCl, concentration of 75 mmol I'! and without citrate, the
bacterial reduction was below logio step for all SAPYR concentrations. The addition of citrate
clearly improved bacterial reduction, especially for the highest PS concentration, an increase in
efficacy with over 5 logi steps of bacterial reduction was observed (Fig. 38C).

When 0.75 mmol 1! of MgCl, was added to S. aureus suspensions, the addition of citrate did not
improve the PDI effect (Fig. 38D). For 7.5 mmol I'! and 75 mmol 1 MgCl,, PDI improved in the

presence of citrate (Fig. 38E-F).
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Figure 38: Calculated logio reduction after the PDI of S. aureus in presence of bivalent cations with different

concentrations. PDI of S. aureus with and without citrate in presence of CaCly (A-C) and MgCls (D-F). Blue bars

indicate results obtained without the addition of citrate, yellow bars indicate the addition of the corresponding
vd=

citrate concentration. A and D represent a salt concentration of 0.75 mmol 1", B and E 7.5 mmol 1! and C and F

75 mmol 1.
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A combination of different ions in solution could potentially inhibit the application of PDI outside
any laboratory experiments and under real life conditions. These conditions were gradually
approached by investigating how tap water might influence the process, since it contains a variety
of ions. Vis-spectroscopy showed only small loss of concentration (9.3 %) in the spectrum of SAPYR
when tap water was applied (Fig. 39A). However, when citrate was added to tap water the PS
concentration decreased by 20.45 %. (Fig. 39B). Concerning the change of oxygen concentration
after illuminating SAPYR in tap water, there is also no striking alteration without (Fig. 39C) or
with citrate (Fig. 39D). Measurements conducted without the addition of the artificial singlet
oxygen quencher imidazole show that the oxygen depletion is based on reactions of the produced
singlet oxygen with imidazole, which does not occur in measurements without imidazole
(Supplementary File Fig. S5 and S6). PDI against E. coli, being previously suspended in tap water,
showed a better effect in the presence of citrate, achieving 6 logy steps for 10 and 50 pmol I
SAPYR (Fig. 39E). With S. aureus as test organism, the result was similar except when 10 pmol
I't of SAPYR were applied. Here, the antibacterial effect was partly less efficient when citrate was

added. No difference was detected for the highest PS concentration. (Fig. 39F).
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Figure 39: Investigation of the effect of tap water on the PDI. Absorption spectrum of SAPYR with tap water (A)
or tap water combined with citrate (B) after different intervals of illumination. Change of the oxygen concentration
after illumination (indicated by yellow data points) of SAPYR with tap water (C) or tap water combined with
citrate (D). Calculated logio reduction after the PDI of E. coli (E) and S. aureus (F) in tap water with or without

the addition of citrate.
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To further explore a potential clinical use of PDI on skin, the experiments were conducted in a
synthetic sweat solution consisting of agents, which are typically present on human skin. The
spectroscopic results indicate that the synthetic sweat severely interferes with the SAPYR, since
its absorption spectrum is dramatically altered after illumination independent of whether citrate
was added or not (Fig. 40A-B). The spectra do not form isosbestic points as the measured values
do not meet the criteria described elsewhere [528]. The change of oxygen concentration after
illuminating SAPYR was not altered (Fig. 40C-D). However, the decline in oxygen concentration
is partly caused by the present histidine in the reaction as measurements without imidazole showed
(Fig. S7 and S8). The PDI of E. coli suspended in synthetic sweat was not effective since the logio
reduction did not exceed 1 logiy step, independent of whether citrate was added or not (Fig. 40E).
With S. aureus suspended in synthetic sweat, the bacterial reduction was slightly higher and with
the addition of citrate more efficient than without (Fig. 40F). In none of the cases a bacterial

reduction exceeding 3 logi steps was measured.
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Figure 40: Investigation of the effect of synthetic sweat on the PDI. Absorption spectrum of SAPYR with synthetic
sweat (A) or synthetic sweat combined with citrate (B) after different intervals of illumination. Change of the
oxygen concentration after illumination (indicated by yellow data points) of SAPYR with synthetic sweat (C) and
synthetic sweat combined with citrate (D). PDI of E. coli (E) and S. aureus (F) in synthetic sweat with and without

the addition of citrate.
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To determine which component of the synthetic sweat solution was responsible for the inhibiting
effect, histidine as a known chemical singlet oxygen quenching molecule was omitted from the
mixture. Then, the experiments shown above were repeated accordingly. The absorption spectrum
of SAPYR was not strikingly altered by the addition of synthetic sweat without histidine (Fig.
41A). When citrate was added, a slight loss of PS concentration occurred (Fig. 41B). The change
of oxygen concentration after illuminating the PS was not influenced by the addition of synthetic
sweat without histidine with or without citrate (Fig. 41C-D). In oxygen depletion measurements
without imidazole no decline in relative oxygen concentration was measurable (Fig. S9 and S10).
The PDI of E. coli suspended in synthetic sweat without histidine was effective with achieving at
least 6 logio steps of bacterial reduction with or without citrate at a PS concentration of 50 pmol I
!, The addition of citrate improved the bacterial inactivation only slightly with a PS concentration
of 5 pmol I'' (Fig. 41E). When the PDI was conducted with S. aureus, cell reduction was enhanced
when citrate was added to the highest concentrations of SAPYR achieving around 5.5 logi steps

of bacterial reduction (Fig. 41F).
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Figure 41: Investigation of the effect of synthetic sweat without histidine on the PDI. Absorption spectrum of
SAPYR with synthetic sweat without histidine (A) or synthetic sweat without histidine combined with citrate (B)
after different intervals of illumination. Change of the oxygen concentration after illumination of SAPYR with
synthetic sweat without histidine (C) or synthetic sweat without histidine combined with citrate (D). Calculated
logio reduction after the PDI of E. coli (E) and S. aureus (F) in synthetic sweat without histidine with and without

the addition of citrate.
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Discussion
As it is known from several investigations, different ubiquitous ions like Ca?* can hamper the

effectiveness of the PDI [636—638]. Thus, the aim of this study was to investigate the influence of
these ions in the presence of chelating molecules like citrate. The intention was that these agents
generate complexes with bivalent cations, hence impeding their interaction with the outer
membrane in the case for Gram-negative bacteria or the outer cell components for Gram-positive
organisms.

For E. coli, the efficacy of PDI increased with increasing SAPYR concentrations to a maximum of
6 logiy steps in the presence of the low or moderate ion concentrations. However, PDI yielded less
than 2 logiy steps in the presence of the high ion concentrations. The addition of citrate clearly
improved PDI in all these settings.

For S. aureus, the efficacy of PDI also increased with increasing SAPYR concentrations and was
less than 2 log steps in the presence of high ion concentrations. However, PDI yielded a maximum
in the range of about 4 to 6 logi steps in the presence of the low or moderate ion concentrations.
In addition, the use of citrate showed now diverse results for low and moderate ion concentrations
and only a clear improvement of PDI in case of the high ion concentrations.

All in all, higher concentrations of CaCl; and MgCly solutions are more detrimental for the
photodynamic inactivation in both cases for E. coli as well as for S. aureus. However, a clear
tendency for enhanced photodynamic inactivation under the influence of citrate is only true for F.
coli. In this case, citrate can increase the efficacy especially when cells are suspended in MgCl,
solutions.

The results of the present study generally confirmed that PDI is hampered by the presence of
calcium or magnesium ions, but the results were different for F. coli and S. aureus. Based on the
findings here in combination with previous studies, PDI is most effective when the concentration
of such divalent ions is low or is kept low by using chelating substances like citrate.

In the past, several attempts are published by which PDI efficacy should be enhanced using different
substances. One of the most prominent examples for enhancing the photodynamic process is the
addition of EDTA. The enhancing effect of EDTA was shown e.g., for Burkholderia cepacia by the
application of a curcumin based PS [643]. Similar results were recently obtained by another research
group with Streptococcus mutans [644]. An increase in efficacy with the application of EDTA was
not only shown for curcumins but also for the commercially available PS Photosan [645]. Moreover,

EDTA in general is often used to facilitate the uptake of other antimicrobial substances such as

114



The Influence of Citrate

antimicrobial peptides [646—648], chlorhexidine [649,650] or quaternary ammonium compounds [651]
in several bacterial species. But optimization with EDTA seems not to be favorable in all cases
[614,652].

The improved uptake by using chelating agents is due to the fact that they can destabilize the
bacterial membrane [653,654]. On the other hand, calcium and magnesium ions are known as
stabilizing factors of the outer membrane. Magnesium ions for example are also well known to bind
to LPS and are the major stabilizing component [655,656]. Similar observations were made for
calcium ions [657]. Both divalent ions are known to be necessary to a certain extent to the
thermodynamic stability of the outer membrane of Gram-negative bacteria [612]. The outer
environment of Gram-positive cells is also capable of binding magnesium or calcium ions to (wall)
teichoic acids [617,658,659]. Based on the presented results, it is obvious that the effect of citrate
in presence of magnesium leads to slightly more enhanced photodynamic inactivation compared to
calcium chloride. This is further supported by the complex formation constants which were found
to be 1.88 x 10 for calcium citrate complexes and 2.19 x 10 for magnesium citrate complexes
[660].

Since the LPS is one of the outermost parts of a Gram-negative bacterial cell, electrostatic repulsion
of the positively charged photosensitizer should be taken into consideration as well. It seems that
membrane stability seems to be a major factor in Gram-negatives when it comes to the binding or
the uptake of the PS. For Gram-positives on the other hand it seems more likely that electrostatic
repulsions, caused by accumulation of divalent ions at teichoic acids, hinder the PS to efficiently
damage the cells. Further attempts in optimizing photodynamic inactivation of bacteria were
carried out by Hamblin and co-workers demonstrating a beneficial effect of iodide, thiocyanate,
azide, and nitrite [554-556,661]. The addition of antimicrobial peptides in combination with
photosensitizers has proven to be effective as well [662,663]. Nonetheless, the findings concerning
the inhibitory effect seem not to be ubiquitous as some PS (especially negatively charged ones)
appear to have increased antimicrobial efficacy in the presence of divalent ions [553].

The results of PDI in tap water clearly showed the potential of SAPYR to inactivate Gram-negative
bacteria like E. coli that was additionally enhanced when using citrate (Fig. 5). Noteworthy, most
of bacterial contaminants in drinking water are Gram-negative representatives [610,664]. In
addition, the use of chelating substances allows the use of rather low SAPYR concentrations (e.g.
5 pmol 1) yielding about 3 logiy steps for E. coli although the applied tap water contained

significant amounts of calcium and chloride ions. Typically, drinking water contains calcium ions
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in a concentration of 0.03 to 10 mmol 1" [570,573,574,609] and magnesium ions in a concentration
of 0.065 to 0.62 mmol™ [575-577].

These differences, compared to the experiments carried out in calcium chloride solutions, could be
explained by concurring effects of the other ions in tap water. They might bind to spaces around
the bacterial envelope, consequently leading to diminished detrimental effects of the calcium ions
in tap water. The efficient inactivation of microorganisms in drinking water was already shown by
several researchers, however in most studies higher light doses were applied. Lesar et al. for example
demonstrated efficient photodynamic inactivation towards Legionella pneumophila with porphyrin
based photosensitizers applying light doses of around 12 J cm™ [566,665] which is more than twice
the light dose compared to our study (5.4 J cm?).

In case of PDI on skin, the photosensitizer and the singlet oxygen produced inevitably encounter
not only bacteria on the skin surface but also other substances like sweat residues and terminally
differentiated keratinocytes (corneocytes). These substances may comprise different ions, residual
proteins, and amino acids. The results of the present study indicate that citrate can enhance PDI
in the presence of synthetic sweat substances containing different ions, sodium lactate, urea, and
amino acids in case of S. aureus (up to 2.5 logio steps) but not E. coli (Fig. 6). Additionally, the
presence of histidine in combination with SAPYR leads to a destruction of the photosensitizer when
illuminated. When removing the singlet oxygen quencher histidine from the synthetic sweat
solution, PDI effect clearly increased with increasing SAPYR concentration comparable to solutions
with magnesium or calcium ions (Fig. 3 and 4) up to 6 logio steps and the citrate showed again an
enhancing effect. Noteworthy, the results were achieved with rather low radiant exposure (5.4 J
cm?) and low SAPYR concentration (< 50 pmol 1'!). Published studies already showed that PDI
in vivo mouse models [588] or ex vivo human skin models [99] required higher radiant exposures
and higher PS concentrations to accomplish efficient inactivation of bacteria. Nevertheless, the
present results provide clear evidence that chelating substances like citrate should be added to PDI

on skin to improve the antibacterial effect.

The presented results indicate that the application of citrate can enhance the photodynamic
inactivation influenced by certain concentrations of ionic solutions. Especially when the most
abundant species are expected to be Gram-negative and concentrations of around 7.5 to 75 mmol

It CaCly or MgCl, are present, the application of citrate in PDI might be beneficial. Furthermore,
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photodynamic treatment of tap water is efficiently feasible even without the presence of citrate. In
synthetic sweat, the main inhibitory substance is not represented by ions but rather by singlet
oxygen quenching amino acids. In the absence of amino acids in synthetic sweat an addition of

citrate is beneficial if Gram-positive organisms are targeted.
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Abstract
The antibiotic crisis increasingly threatens the health systems world-wide. Especially as there is an

innovation gap in the development of novel antibiotics, treatment options for bacterial infections
become fewer. The photodynamic inactivation (PDI) of bacteria appears to be a potent, new
technology that may support the treatment of colonized or infected skin. In photodynamic
inactivation, a dye — called photosensitizer — absorbs light and generates reactive singlet oxygen.
This singlet oxygen is then capable of killing bacteria independent of species or strain and their
antibiotic resistance profile. In order to provide a practical application for the skin surface, the
photosensitizer was included in an aqueous hydrogel (photodynamically active hydrogel). The
efficacy of this gel was initially tested on an inanimate surface and then on the human skin ez vivo.
NBTC staining and TUNEL assays were carried out on skin biopsies to investigate potential
harmful effects of the surface PDI to the underlying skin cells. The photosensitizer in the gel
sufficienly produced singlet oxygen while showing only little photobleaching. On inanimate surfaces
as well as on the human skin, the number of viable bacteria was reduced by over or nearly up to 4
log10 steps, equal to 99.99% reduction or even more. Furthermore, histological staining showed no
harmful effects of the gel towards the tissue. The application of this hydrogel represents a valuablel
method in decolonizing human skin including the potential to act against superficial skin infections.
The presented results are promising and should lead to further investigation in a clinical study to

check the effectivity of the photodynamically active hydrogel on patients.
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Introduction
Bacteria resistant to multiple antibiotics are on their rise and pose a major threat to livestock,

health, and health-care systems as well as economy. So-called multidrug-resistant bacteria — in brief
MDR. — were responsible for around 30,000 deaths and over 850,000 disability-adjusted life years
according to an estimation by Cassini et al. [53]. However, a study by Abat et al. contradicts this
estimations, terming it “alarmist predictions” [666]. When addressing economic losses, a report from
the world bank group paints a dystopic picture where the GDP reduction caused by MDR bacteria
might exceed the ones from the financial crisis 2008/2009 [667].

The reasons for emergence of these MDR bacteria are rather multifactorial [668] but might be
deducted for example to the excessive use of antibiotics [669-671] as well as the lack of new
innovations in antibiotic R&D; Several authors have come up with the catchphrase that the
“antibiotic pipeline is dry” [65,67,672,673]. However, novel methods to circumvent the upcoming
crisis are on their way such as vaccines against MDRs [74-77], bacteriophage therapy [92,93], or
antimicrobial peptides [94,96-98] just to mention a few. It has been known for a long time that
another method called photodynamic inactivation is capable of killing bacteria independent of their
resistances [388,674—676]. Photodynamic inactivation is a method which requires essentially three
components, namely a dye molecule — also termed photosensitizer, (visible) light, and oxygen. The
absorption of a photon by the photosensitizer leads in its last consequence to the formation of either
reactive oxygen species via a so-called type-I-reaction which subsequently can destruct organic
matter [208-211] or singlet oxygen via a type-ll-reaction being highly reactive towards organic
matter [212,213]. Photodynamic inactivation might find its possible use in several fields of
application from dentistry [313-317,645,677] over waste water disinfection [389,390,398] to food
industry [430,435,439] or antimicrobial surfaces [147,148,424] but also in the treatment of infections
or colonization of bacteria [99-101]. More in detail, in vivo evidence in mice exist describing the
efficient inactivation of burn wounds infected with S. aureus. As a photosensitizer, the researches
applied a cationic porphyrin derivative [101]. Also in an in vivo burn wound mouse model similar
was shown for the critical germ Acinetobacter baumannii with chlorin e6 embedded in
polyethylenimine [678]. Ex wivo experiments on the human skin with aqueous photosensitizer
solution based on a cationic phenalene-1-one derivative yielded good efficacy of at least 3 logio steps
for S. aureus [99]. The photosensitizers used in aforementioned study are well known as pristine

singlet oxygen generators with quantum yields of nearly 100% [220,230].
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Based on the mentioned in vivo and ex vivo studies, it is known that photodynamic inactivation of
bacteria works out quite well on the human skin based on an aqueous solution, past research has
hinted at some problems that arise. Meanwhile, it is well known that certain ions can, sometimes
even independent of the used photosensitizer, inhibit the photodynamic inactivation. The most
important ions that must be mentioned here are calcium and magnesium. Both seem to accumulate
in the vicinity of the bacterial cells producing a shielding effect that does not allow proper binding
of cationic photosensitizers to the cells. It should be taken into account that such ions are present
also on skin surface at certain concentrations due to sweat that may hamper bacteria killing on
skin. Furthermore, other substances like amino acids, proteins and unsaturated lipids naturally
occur on skin surface that may quench generated singlet oxygen and thereby affect photodynamic
efficacy. Additionally, an aqueous solutions containing the photosensitizer are impractical for
application on an usually dry skin surface. Therefore, the present study also tested the use of an
amphiphilic gel suspension containing the photosensitizer at different concentrations. With the
gained knowledge concerning inhibitory substances, the presented work anticipated for an

optimization of the application.
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Material and Methods

Initially, 100 ml of a solution containing 100 pmol I' SAPYR and 30 mmol I* sodium citrate was
prepared; Ultrapure, MilliporeTM filtered HoO (hereafter called H,O) served as a solvent. The pH
was adjusted to 5.5 to mimic the pH value of the human skin. The aqueous solution was sterile
filtered using 0.22 pm mixed cellulose ester-based filters (Carl Roth GmbH & Co. KG, Karlsruhe,
Germany) into a sterile container. The hydrogel was then prepared by slowly adding 5 g hydroxy
ethyl cellulose (Sigma Aldrich, St. Louis, Missouri, USA) under constant, slow stirring at 60 rpm
to avoid the formation of air inclusions. The gel was stored in the dark at 4°C no longer than 14
days. For experiments concerning oxygen concentration measurements, the gel contained an
additional 100 pl of 9 mol I imidazole solution which was used as an artificial singlet oxygen
quencher. Additionally, a gel without photosensitizer was manufactured and used as a control for

experiments with bacteria.

The chemical properties of the gel were investigated via vis spectroscopy before and after
illumination with 10.8 J c¢cm™? with a blue light source (blue_v, Waldmann GmbH, Villingen-
Schweningen), corresponding to 600 s of illumination at 18 mW cm™. The gel was slowly poured
into a single use cuvette and the spectrum was recorded from 350 to 475 nm with a photometer
(Spectrocord 50 plus, Analytik Jena GmbH, Jena, Germany).

The relative singlet oxygen concentration measurements were conducted with the imidazole
supplemented gel as to indirectly detect singlet oxygen production, potentially produced singlet
oxygen needs to be removed chemically from the gel. The detection was carried out with an oxygen
concentration microsensor according to the manufacturer’s instructions (PreSens GmbH,

Regensburg, Germany). The illumination conditions were as described beforehand.

As test organisms, Staphylococcus aureus DSM 13661 as well as Pseudomonas aeruginosa DSM
1117 were used, purchased from the Leibniz Institute DSMZ - German Collection of Microorganisms
and Cell Cultures GmbH, Braunschweig, Germany. Bacteria were cultivated overnight in Mueller
Hinton (MH) medium [527] at 37°C and harvested via centrifugation at 13,000 x g for 7 min. The
supernatant was discarded, and the pellet was washed with Millipore-filtered H.O and centrifuged

again. This process was repeated thrice to remove any remaining material from the culture medium.

122



On a Photodynamically Active Hydrogel

After the washing process, the pellet was resuspended in the solvent the experiment was carried
out, the optical density at 600 nm of the reaction was adjusted to 0.6. corresponding to 10° cells

per ml; For dilutions, the corresponding solvent was used.

Bacteria were either resuspended in H2O, tap water, synthetic sweat solution, or synthetic sweat
solution without histidine. H,O was sterilized via autoclaving while tap water and both synthetic
sweat solutions were sterile filtered. All solutions were stored at 4°C in the dark for no longer than
7 days. The composition of the tap water from the local water supplier is provided in [641], the
composition of the synthetic sweat with and without histidine was as follows: Synthetic sweat
solution according to literature values [639,640] contained 85.56 mmol 1! sodium chloride (Carl
Roth GmbH & Co. KG, Karlsruhe, Germany), 0.72 mmol 1! calcium chloride (Carl Roth GmbH &
Co. KG, Karlsruhe, Germany), 0.13 mmol I magnesium chloride (Carl Roth GmbH & Co. KG,
Karlsruhe, Germany), 0.02 mmol I"! zinc chloride (Merck KgaA, Darmstadt, Germany), 9.39 mmol
I'' L-histidine (Sigma-Aldrich Cooperation, St. Louis, Missouri, USA), 6.84 mmol I' sodium lactate
(Carl Roth GmbH & Co. KG, Karlsruhe, Germany) and 19.65 mmol 1! urea (Carl Roth GmbH &

Co. KG, Karlsruhe, Germany).

Prior to experiments on the human skin, the efficacy of the photodynamically active gel was checked
on glass slides. 50 pl of the bacterial suspension prepared as described above were placed on glass
slides and kept at 37°C for 60 min in complete darkness until the droplet was macroscopically dried.
Then, a sterile swab was used to apply a thin layer of gel to the surface covering the spot with the
dried bacteria. After 10 min in complete darkness, the slide with the dried bacteria and the gel was
illuminated for 10 min at 18 mW cm resulting in an applied light dose of 10.8 J cm™. After the
illumination process, the bacteria were recovered with a sterile swab into sterile MH broth, a tenfold
dilution series was produced and subsequently plated with the drop-plate method. After 12 h of

incubation, the colonies were counted, and the logarithmic reduction was calculated.

Tissue samples and annotated data were obtained and experimental procedures were performed
within the framework of the nonprofit foundation HTCR, including the informed patient's consent

[679]. The skin was of abdominal origin, arrived after a maximum of 12 h after surgical treatment

123



On a Photodynamically Active Hydrogel

and was kept on ice during shipment. Immediately after arrival, the skin was thoroughly cleaned
with H,O to remove excess blood and cut into 2 x 2 cm large pieces with a surgical lancet. Any
present adipose tissue was removed. The follow-up procedure was the same as described for

inanimate surfaces.

To check for alterations in the human tissue, two different histological stainings were applied. To
check for damage of skin cells, the viability of its mitochondria were perfomed, a NBT staining was
performed as described elsewhere with minor adaptions [680]. As stock solutions, NADH was
produced in a concentration of 2.5 mg ml!, aliquoted in 1 ml reaction tubes and stored at -20°C for
further use and NBT stock solution was produced in a concentration of 2.0 mg ml* and stored in
the dark at 4°C. The staining reaction was prepared immediately before the staining process was
carried out as follows: 1 ml of NADH stock solution were mixed with 1 ml phosphate-buffered
saline, 0.5 ml Ringer solution, and 2.5 ml NBT staining stock. The skin was submerged after the
bacteriological processing in the staining solution for 30 min. Afterwards, the supernatant was
discarded, and the skin was fixed in formaldehyde. For a positive control, skin was heated up for
10 min to 100°C and treated afterwards as described above.

All skin samples, either NBT stained or not, were fixed in 4 % formaldehyde solution for 18 h.
Afterwards, an ascending isopropanol series was carried out in a tissue followed up by embedding
in paraffin (Medite TES Valida, Burgdorf, Germany). After the paraffin hardened, sections were
produced using a microtome (Rotation microtome HM 350 SV, MICROM Laborgeridte GmbH,
Oberkochen, Germany), and the sections were placed on microscope slides (SuperfrostTMPlus
Adhesion Microscope Slides, Gerhard Menzel GmbH, Braunschweig, Germany), followed by a xylol
treatment and a descending ethanol row.

To evaluate apoptotic processes, an APO-BrdU-TUNEL assay was conducted. For this, the sections
were placed on glass slides. The staining was then carried out according to the manufacturer’s
instructions. In brief, the sections were washed twice with the provided washing buffer and
subsequently covered with reaction buffer, TdT enzyme, BrdUTP solution and H>O prepared freshly
before staining. The sections incubated with the staining solution for 60 min at 37°C, rinsed twice
and stained with anti-BrdU-Alexa Fluor 488 for 30 min at room temperature protected from light.

Propidium iodide was used to detect the cell nuclei for 30 min. The samples stained this way were
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microscopically (Zeiss Axio Imager Z1, Carl Zeiss AG, Oberkochen, Germany) analyzed within

three hours after staining.
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Figure 42: (A) Vis spectrum of the developed photodynamically active hydrogel with citrate before (blue) and after
(yellow) light application of 10.8 J cm™. The Y-axis indicates the absorbance, and the wavelength is displayed by
the X-axis in nm. (B) Oxygen concentration inside of the photodynamically active hydrogel in the process of

illumination. Y-axis indicates the relative oxygen concentration, X-axis the time in seconds.

The vis spectroscopy of the developed photodynamically active hydrogel with citrate revealed that
a certain photobleaching of the photosensitizer occurs (Fig. 42A). After the application of 10.8 J
cm?, the concentration of the PS declined by around 8.2 %. Besides a loss in concentration, the
spectrum is not drastically altered and the absence of hypsochromic or bathochromic effects as well
as the lack of isosbestic points indicate that the chemical integrity of the remaining photosensitizer
not subjected to photobleaching effects is not drastically altered.

The oxygen concentration measurements inside the gel hint at the fact that singlet oxygen is
constantly generated efficiently throughout the illumination of the gel itself. Interestingly, nearly
all oxygen is depleted in the reaction after the application of 10.8 J cm?, a relative oxygen
concentration of around 7.5 % compared to the starting concentration remained in the gel (Fig.

42B).
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Figure 43: Results obtained for the photodynamic inactivation with the gel on S. aureus cells on inanimate surfaces.
The Y-axis indicates the logarithmic reduction of the bacterial cells referenced to the reference surface where bacteria
as well as a gel without the photosensitizer were applied and recovered subsequently. Blue bars indicate the
logarithmic reduction determined for the dark control (DC, with photosensitizer, without light), pink bars represent
the logarithmic reduction measured for the light control (LC, without photosensitizer, with light) and the yellow
bars indicate the logarithmic reduction for the sample (P, with photosensitizer, with light). Error bars represent the
calculated standard deviation based on three biological replicates. (A) depicts the result obtained for bacteria

resuspended in H20, (B) shows the results for tap water, (C) for sweat and (D) for sweat without histidine.

Prior to an application of the gel to the human skin, experiments were conducted on inanimate
surfaces to evaluate the gels antimicrobial potential . For S. aureus, in none of the tested controls,
dark toxicity or reduction from light alone exceeded values above 1 logio step. For H,O (Fig. 43A),
tap water (Fig. 43B) as well as sweat without histidine (Fig. 43D), logarithmic reduction exceeded
4 logy steps, equal to 99.99% of inactivated bacteria corresponding to the reference sample. Only
for the experiments with the artificial sweat solution (Fig. 43C) that contained histidine, the
logarithmic reduction did not exceed 4 logy steps on average. With the given conditions the bacteria
were resuspended in, one can see that the antibacterial efficacy of the gel decreases for cells that
were suspended in tap water or synthetic sweat. The detrimental effect was not present in sweat

without histidine as reductions like those in HoO were obtained.
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Figure 44: Results obtained for the photodynamic inactivation with the gel on P. aeruginosa cells on inanimate
surfaces. The Y-axis indicates the logarithmic reduction of the bacterial cells referenced to the reference surface
where bacteria as well as a gel without the photosensitizer were applied and recovered subsequently. Blue bars
indicate the logarithmic reduction determined for the dark control (DC, with photosensitizer, without light), pink
bars represent the logarithmic reduction measured for the light control (LC, without photosensitizer, with light)
and the yellow bars indicate the logarithmic reduction for the sample (P, with photosensitizer, with light). Error
bars represent the calculated standard deviation based on three biological replicates. (A) depicts the result obtained
for bacteria resuspended in H2O, (B) shows the results for tap water, (C) for sweat and (D) for sweat without

histidine.

The results obtained for P. aeruginosa cells (Fig. 44) do not differ in noteworthy manners from the
ones for S. aureus, except for the logarithmic reduction for P. aeruginosa cells resuspended in
synthetic sweat solution with histidine which still achieved a logarithmic reduction of at least 4
logio steps (Fig. 44D). Again, all controls in all cases did not lead to a logarithmic reduction
exceeding 1 logiy step. The lowest inactivation efficacy was measured for cells resuspended in

synthetic sweat containing histidine, yet still leading to good inactivation results.
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Figure 45: Results obtained for the photodynamic inactivation with the gel on S. aureus cells on the human skin.
The Y-axis indicates the logarithmic reduction of the bacterial cells referenced to the reference surface where bacteria
as well as a gel without the photosensitizer were applied and recovered subsequently. Blue bars indicate the
logarithmic reduction determined for the dark control (DC, with photosensitizer, without light), pink bars represent
the logarithmic reduction measured for the light control (LC, without photosensitizer, with light) and the yellow
bars indicate the logarithmic reduction for the sample (P, with photosensitizer, with light). Error bars represent the
calculated standard deviation based on three biological replicates. (A) depicts the result obtained for bacteria

resuspended in H»O, (B) shows the results for tap water, (C) for sweat and (D) for sweat without histidine.

On the human skin, the measured logarithmic reduction did not diverge greatly from the
observations made on artificial surfaces for S. aureus. With exception of experiments with bacteria
resuspended in tap water in which a logarithmic reduction of over 3.5 logiy steps was measured
(Fig. 45B), the efficacy was determined to exceed 4 logio steps. The application of synthetic sweat
without histidine (Fig. 45D) led to a similar efficacy compared to H.O (Fig. 45A). The means of all
controls did not exceed 1 logyo step in reduction, therefore neither photosensitizer gel nor light alone
have an antibacterial effect.

For inactivation experiments of P. aeruginosa on the human skin, a logarithmic reduction in the
treated sample exceeded 4 logo steps for experiments where bacteria were resuspended in H,O (Fig.
46A) or synthetic sweat without histidine (Fig. 46D), while the mean logarithmic reduction was
slightly below 4 logio steps for tested conditions with tap water (Fig. 46B) and synthetic sweat (Fig.
46C).
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Figure 46: Results obtained for the photodynamic inactivation with the gel on P. aeruginosa cells on the human
skin. The Y-axis indicates the logarithmic reduction of the bacterial cells referenced to the reference surface where
bacteria as well as a gel without the photosensitizer were applied and recovered subsequently. Blue bars indicate
the logarithmic reduction determined for the dark control (DC, with photosensitizer, without light), pink bars
represent the logarithmic reduction measured for the light control (LC, without photosensitizer, with light) and the
yellow bars indicate the logarithmic reduction for the sample (P, with photosensitizer, with light). Error bars
represent the calculated standard deviation based on three biological replicates. (A) depicts the result obtained for

bacteria resuspended in H»O, (B) shows the results for tap water, (C) for sweat and (D) for sweat without histidine.
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Figure 47: Results of the TUNEL assay. The left column displays the histological sample in the light microscope,
the middle column indicates the anti BrdU staining which detects apoptosis when clearly present in the nucleus,
and the right column displays the DNA specific staining corresponding the nuclei of the skin cells. The first line was
a sample where apoptosis was induced as described earlier, second line displays an untreated control, the dark
control sample (gel with photosensitizer, without light) is shown in the third line, fourth line shows a sample that
was subjected to light and a gel without photosensitizer, and the last line depicts the results obtained for a treated

sample (with light, with photosensitizer). The white scale bar in the lower right corner equals 25 pm.

The skin used for the experiments showed the typical cross section of a sample of abdominal skin.
The results obtained for the TUNEL assay (Fig. 47) show that induced apoptosis leads to a clear,
green staining of the nuclei in the histological sample that correlates with the DNA staining that
was applied. The untreated reference lacks this specific staining of the nuclei but shows a certain —
most likely unspecific — staining of the cytoplasm and possible membrane components. Similar is

true for all other tested controls and the sample. An unspecific staining of the cytoplasm of Stratum

131



On a Photodynamically Active Hydrogel

spinosum cells therefore does not indicate apoptosis, especially as the staining does not strictly
accumulate as in the sample with induced apoptosis. Overall, the photodynamic killing of bacteria
on the skin surface does not reach the underlying skin cells to induce apoptotic processes in any of
the tested conditions.

Similar observations were made concerning the NBTC staining which indicates viability of
mitochondria by the formation of an intracellular, deep blue precipitate. The inactivated skin
sample showed no blue staining (negative control) (Fig. 48A), while the untreated reference sample
(positive control) (Fig. 48B) as well as the dark control (Fig. 48C), light control (Fig. 48D) and the

treated sample (Fig. 48E) clearly show viable mitochondria in the epidermis as well as in the dermis.

Figure 48: Micrographs of histological sections of the NBTC staining. A depicts the skin sample, which was heated,
B shows a piece of untreated skin, C was skin treated with photosensitizer gel but without illumination (dark
control), D displays a sample where the skin was treated with light and gel without photosensitizer (light control)
and E shows a sample treated with light (10.8 J cm™) and the photodynamically active hydrogel. The scale bar in

the upper right corner equals 100 pm.
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Discussion
The present study impressively shows that the use of photosensitizer in the hydrogel clearly

inactivated typical skin pathogens upon light activation with about 4 - 5 logio steps, even in the
presence of inhibitory substances like ions and sweat ingredients. The chemical structure of the
photosensitizer was almost not affected and the action of singlet oxygen against the bacteria was
obviously not hampered by the ingredients of the hydrogel. The observed loss in concentration
might rather occur due to photobleaching effects [467]. This fact is also supported by the oxygen
concentration measurements of the gel as the oxygen concentration declines due to quenching
reactions of singlet oxygen in combination with the added imidazole. Importantly, the integrity of
the human skin cells is almost not affected by the photodynamic bacteria killing on top of the skin.
The studied photodynamic process along with the hydrogel represents an interesting addition to
routine methods for skin decolonization and disinfection but should not replace them. When using
the irradiation parameters of the present study, photodynamic inactivation currently required a
treatment time of 10 min to achieve a bacteria inactivation of up to 5 logiy steps. At present, this
somewhat hampers a fast disinfection process as compared to routine disinfectants but provides an
opportunity of skin decolonization or the treatment of superficial skin infection. However, compared
to conventional disinfectants, the photodynamic method shown here provides some major
advantages. First of all, it should be mentioned that the hydrogel presented here is a water-based
system. This means that excessive stress on the skin can be reduced compared with conventional
disinfectants or decolonizing agents, as these are often relatively aggressive substances for human
skin [632]. Furthermore, patients colonized with MDR bacteria could be additionally subjected to
the treatment with the photodynamically active gel as it is known that photodynamic inactivation
is highly unlikely to provoke resistances in bacteria [681] as shown by several researchers which
exposed different organisms to sublethal photodynamic treatment [545,682,683]. However, this
seems to be true at least for photosensitizers that mainly produce singlet oxygen, as there are
observations that sublethal treatment with methylene blue might at least provoke a certain
tolerance [684]. Additionally, photodynamic inactivation is also a method capable of killing bacteria
independent of their antibiotic resistances [280,388,674].

Besides that, ethanol based disinfection for example are not capable of killing bacterial endospores
efficiently — some species can even persist for months in such solutions [685]. Furthermore,

alkylating agents, glutaraldehyde, formaldehyde, and peroxides do not pose much of a threat to
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endospores [686-693]. Contrary to that, photodynamic inactivation performs well in the inactivation
of bacterial endospores [281,694,695].

Meanwhile, there are also (hydro)gels available, which use silver ions as causative agent to kill
bacteria [696-699]. While these aqueous formulations surely provide inactivation efficacies
comparable with those provided in this work, one must consider the development of cross-
resistances. It was for example shown for P. aeruginosa that the presence of silver also leads to a
resistance towards carbapenem [700]; In various FEnterobacter isolates resistances towards
norfloxacin, imipenem, meropenem, ertapenem, gentamicin, ciprofloxacin, and tigecycline emerge
under the influence of silver ions [701], and for Escherichia coli and S. aureus ampicillin resistance
development was observed in combination with silver treatment [702]. Furthermore, plenty of
reports exist on silver resistance in various microorganisms [703-706]. As antimicrobial zinc based
hydrogels are also becoming more popular [707-709], one should also consider the possible
development of antibiotic cross-resistances there against antibiotics like erythromycin, clindamycin,
or carbapenem [710-712].

In general, the developed gel might impact the treatment of several medical conditions, one that is
to mention is acne vulgaris, caused by Propionibacterium acnes. The topical treatment options at
the moment mainly include the application of antimicrobial substances like clindamycin [713-716]
or erythromycin [714,717-720]. More commonly, benzoyl peroxide formulations are used to treat
acne [721-723], several commercial prescription free formulations are on the market, like Clerasil®
distributed by Reckitt. The use of benzoyl peroxide is also favored when the P. acnes present on
the skin show antibiotic resistance towards clindamycin or erythromycin. Furthermore, retinoids or
azelaic acid may be used to treat acne vulgaris. However, as all of the mentioned methods have
their very own drawbacks, the photodynamically active gel might represent an additional,
supplementary pillar in treating severe acne vulgaris conditions, especially as it is known that
photodynamic inactivation is successful against P. acnes in vivo with 5-ALA [381]. A methylene
blue based hydrogel was also already shown to be effective against P. acnes [724] as well as other
photosensitizers in in vitro experiments [725,726].

Another highly interesting field of application already mentioned is the treatment of burned skin.
The undamaged human skin is an essential barrier to protect the human body against
microorganisms and viruses. Any damage of this barrier frequently leads to skin infections and even
beyond [727]. Burn wound sepsis is one of the main causes of burn wounds associated deaths [728].

Antimicrobial treatments for extensive burns are thus a highly interesting field for research, as
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especially drug-resistant germs make it difficult to properly disinfect this type of wounds. As has
already been shown, PDI might embody an efficient new method in this field of treatment [101,678].
A photodynamic active hydrogel with HEC as one of its main components, which is already used
in well-established burn gels such as ocentilin® [729], should be considered as a possible
pharmaceutical form in this context.

The analyzed gel used here contains 4 substances: H-O, hydroxyethyl cellulose, sodium citrate and
the phenalene-1-one based photosensitizer. Hydroxyethyl cellulose is well known and frequently
used in cosmetics [730], pharmaceutical industry [731], and other industrial applications [732-735].
Sodium citrate is an approved food additive in the European Union, also known as E331 and might
therefore considered to be safe for the use on the human skin if the pH is kept skin neutral. As
shown in the ez vivo skin experiments, the hydrogel does not seem to have a detrimental influence
on the human skin. However, experiments as requested by authorities would have to be conducted
in the future to provide the photodynamically active gel for potential application on the human

skin in vivo.

In general, the application of a hydrogel might represent an additional approach in disinfecting the
human skin, not only for decolonization of the healthy skin but also when the skin barrier is
damaged including burn wounds. The photodynamic approach is able to inactivate pathogenic
bacteria regardless of their type and antibiotic resistance as well as dormant endospores. With the
herein tested microorganisms, up to 5 logiy steps were achieved on human skin ex wvivo. The
presented results are promising and should lead to further investigation in a clinical study to check

the effectivity of the photodynamically active hydrogel on patients.
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Brief Summary
The first manuscript of this thesis describes a new methodology in high-throughput manners to

analyze the antimicrobial efficacy. It was the first step of this thesis to develop a quick and easy
method that allows a high-throughput screening in the spotlight of antimicrobial efficacy in general
as well as the photochemical and photophysical properties of a photosensitizer in various solutions
in special. The proposed methodology was then analyzed with Halobacterium salinarum, which
simultaneously was the first demonstration in literature that Archaea are affected by photodynamic
inactivation as well.

Based on the published methodology that enables researchers for thorough investigation of the
parameters applied in photodynamic inactivation, a screening of flavin based photosensitizers was
conducted. The obtained results revealed that carbonate as well as phosphate led to a chemical
destruction of the flavins when excitation by photons is given. The reaction product is consequently
neither capable of producing singlet oxygen nor killing bacteria. The observed reaction is very
specific for flavins and was not observed with other photosensitizers in combination with phosphate
or carbonate and the inhibitory effects are not universal for other photosensitizers.

Other than for flavins in combination with carbonate or phosphate, it is striking that calcium and
magnesium ions hamper photodynamic inactivation with methylene blue, TMPyP, FLASH-02a,
FLASH-06a and SAPYR neither in chemical nor physical ways. Additionally, no changes in the
binding behavior of the photosensitizer towards the bacterial cells were observed. It rather seems
that these divalent ions accumulate in the vicinity of the bacterial envelope forming a positively
charged area around the cell membrane forcing the photosensitizer to bind to distant cell structures
such as antigen O moieties or teichoic acids.

However, further results indicate that this effect can be circumvented by a certain extent with the
use of chelating agents especially for Gram-negative organisms. The application of citrate to calcium
and magnesium ion solutions led in parts to better inactivation results, especially against Gram-
negative bacteria. Furthermore, the impact of citrate was also investigated in more realistic
environments like tap water or synthetic sweat. In these realistic environments, the addition of
citrate improved PDI efficacy in tap water and in synthetic sweat solution.

Based on the results obtained in witro, the last manuscript dealt with a more application-based
theme. Results obtained in vitro were transferred to an ex vivo human skin model. The human skin

was inoculated with bacteria resuspended in synthetic sweat solution containing numerous ions and
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small organic molecules. In addition, to improve applicability, a hydroxyethyl cellulose gel was
used, which contained a phenalene-based photosensitizer as well as citrate. The application of the
hydrogel led to a bacterial reduction of up to 5 logio steps on human skin ex vivo. Furthermore, no
apoptotic processes of the human skin were observed, and mitochondrial activity was maintained.

Overall, the manuscripts provided within this thesis investigated on important factors in respect of
photodynamic inactivation outside of the laboratory and might serve as guidance for future

researchers and companies to improve their applications and products.

Potential impact on methodological concepts and test norms

Nowadays, we see the trend that the platform technology photodynamic inactivation is transferred
more and more outside of the wet lab bench into environmental and medical applications. However,
such environmental and medical applications often require a lot of effort in planning the
experiments, in most cases additional engineering is needed to provide an appropriate treatment
environment [541,561,565,736]. To minimize failure of such attempts, a quick and easy set of
experiments that should be performed prior to application is proposed in the following.

First, the chemical integrity of the photosensitizer should be checked via spectroscopy or other even
more accurate methods like HPLC. However, for an application it is extraneous what exact chemical
alterations of the photosensitizer occur. Most importantly, dramatic loss of concentration as well
as hypsochromic or bathochromic effects or the occurrence of isosbestic points serve as potential
red flags for successful future application. Nevertheless, a differential look should be taken at some
of these factors that do not necessarily exclude photosensitizers from their use in a specific field.
Elevated photobleaching for example might not be of a great concern when the application time of
the photosensitizer is only limited. For example curcumin derivatives bleach very fast but are still
successfully used as photosensitizers [737], even in food applications [298,435]. Now whenever long
lasting effects are desired, the photosensitizer needs to be extraordinary stable even in the presence
of light to maintain the potential to kill bacteria [146,148]. Even hypsochromic or bathochromic
effects especially for photosensitizers on a porphyrin base caused by chelation effects [593-595] may
not necessarily be exclusive for future use as singlet oxygen is still produced.

Second, singlet oxygen production rates need to be investigated. Most of the techniques used to
directly detect singlet oxygen are expensive and require highly specific components [215-221].

However, DPBF assays seem to represent an easy and sufficient alternative [738-741], especially
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when supplemented with oxygen depletion assays. Of cause, the system comes with weaknesses on
its own like the photobleaching of DPBF in the presence of light, specifity issues under certain
conditions, or its limited water solubility [738,739]. Nevertheless, due to the affordability and the
ease-of-use DBPF was used in the shown studies. In general, there are plenty of singlet oxygen
detection molecules which could be used instead of DPBF, for example the commercially available
Singlet Oxygen Sensor Green® [742], DPAX [743], ADPA [744], and many more which were
reviewed in depth by You [745]. A direct measurement of singlet oxygen production is possible by
detecting the phosphorescence that occurs when the singlet oxygen relaxes back to its triplet state
at 1270 nm, which is a unique characteristic [512,746-751]. Nevertheless, this direct measurement
method will not be easily implementable in R&D processes as due to the low intensity and the near
infra-red wavelength a detection is highly complicated and requires refined apparatuses [752].
However, the photophysical quick check of the system seems to be very important, as in some cases
even a chemically altered photosensitizer might still be capable of producing enough singlet oxygen
as demonstrated in this work when TMPyP with a complexed magnesium ion was still capable of
producing nearly the same amounts of singlet oxygen as the non-complexed counterpart.

Lastly, the growth curve method used to measure the bacterial logarithmic reduction potential is a
great method to briefly scan through various parameters of the desired application for functionality
such as light intensity, photosensitizer concentration, various bacteria, and different experimental
environments. This comes in handy as parameters that need to be investigated quickly start to
differentiate in an applied environment, thereby a certain automated high-throughput method will
prove to be tremendously helpful. Considered a future application, the growth curve method cannot
be implemented with ease as most applications will have fluctuating and complex bacterial
populations. A constant doubling time, which is only given in defined bacterial monospecies
solutions, is vital for the method itself. Therefore, conservative microbial analysis such as pour-
plating, spread-plating [753], drop-plating [494], dilution series as well as the often commercially
used dip slides by non-trained personnel [754] will still find its use. However, novel methods to
investigate bacterial populations on a molecular basis on site or with little delay in the laboratory
such as nanopore sequencing that also allow conclusions about the microbiome present in the
investigated field of application should be taken into consideration in the future.

Up to date, most studies attempting to apply the antimicrobial photodynamic technology in
aqueous environments already include parts of the prior mentioned set of experiments, especially

chemical assays, and not so much singlet oxygen or ROS production analysis of the system
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[101,386,389,439,440,755,756]. A study was recently published by Vecchio and colleagues that
showed a thorough investigation on those factors, which may influence PDI [379].

By utilization of this proposed set of experiments, it was capable to demonstrate an optimized
photodynamic inactivation on the human skin. Especially the use of a hydrogel as well as the
addition of citrate led to an improved efficacy. However, in the context of surfaces it should be
noted that inhibitory substances might play a minor role compared to experiments in solution,
possibly due to precipitation of the salts as the water evaporates and in return are no longer able
to bind as ions to the bacterial cells. This hypothesis is also strengthened by findings in field-study
reports that document the activity of antimicrobial coatings in a realistic environment which are
inevitably contaminated with ions and small organic molecules [147,148]. Although inhibitory
substances seem to play only a minor role on surfaces, research that was not conducted in aqueous
solution but rather on skin often misses out on these inhibitory problems. The chemical properties
as well as the potential to generate singlet oxygen are investigated scarcely, even cultivation-based
microbial methods are sometimes not applied [101,379,588,678]. Bacterial counting for example on
skin experiments in photodynamic inactivation often uses fancy detection methods like measuring
the relative fluorescence of genetically modified pathogens where one should be aware of the pitfalls
of such experiments like limited detection sensitivity [101,379,588,678]. This problem might be
closely entwined with a certain recovery problem that occurs for Gram-negative organisms. Without
a sufficient methodology the organisms sometimes cannot be recovered from the surface anymore,
thus, researchers have relied on other detection methods which are by no means as accurate when
it comes to high logarithmic reductions compared to culture-based methods such as growth curves
or plating [101,379,588,678].

The growth curve method for quantification of the microbial reduction rates was successfully proven
within this work. This procedure allows a fast and precise assessment of the antimicrobial potential
of a substance. The upcoming antibiotic crisis will intensify the need for the search of novel
compounds that sufficiently can kill pathogenic bacteria. While nowadays in silico methods may
greatly help in finding novel antibiotics [757,758] and therefore also help to reduce the amount of
substances to be tested, it is still up to the wet lab scientists to demonstrate the antimicrobial
efficacy. The growth curve method therefore has great advantages as it can save costs in human
resources as well as in material. But besides the advantages of the growth curve method, some
disadvantages should be mentioned, too. Obviously, anaerobic microorganisms cannot be

investigated with ease as a plate reader would have to be placed inside an anaerobic chamber.
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While from an engineering perspective this would be potentially possible, the limitations are more
of practical nature as the process would have to be drastically altered. Therefore, anaerobic
pathogens, especially such relevant in dentistry like Porphyromonas gingivalis [759] or Prevotella
melaninogenica [760] are not accessible by the herein described method. Furthermore, the growth
curve method is not applicable for organisms tending to heavy agglomeration or biofilm formation

as this interferes with optical density measurements.

Especially in vitro test procedures which are described throughout the scientific literature use highly
artificial experimental surroundings for photodynamic inactivation that do not properly reflect
reality and similar is true for some test norms. In the present work, the efficacy of PDI was
investigated on skin surfaces, beforehand tested on inanimate surfaces. In 2000, the Japanese
industrial standard JIS Z 2801-1 was introduced to evaluate antimicrobial properties of non-porous
surfaces [761]. Seven years later, the standard became internationally recognized by the
International Organziation of Standardization as ISO 22196 [762]. Now, taken into consideration
that the method seeks to evaluate the efficacy of an antimicrobial surface, the test standard faces
a major downside. The test is conducted constantly in wet conditions which do not reflect reality.
Under real life conditions, inanimate surfaces are dry in nearly all cases and only exposed to the
relative humidity of the air. Further, the experiment is conducted in diluted nutrient broth which
may lead to the possibility of false-negative results in respect of the efficacy as depending on the
doubling times of the used bacteria (S. aureus or E. coli) and the incubation time on the surface.
The bacteria will metabolize the present nutrients, grow, and therefore distort the results. However,
based on the manuscripts presented within the scope of this thesis, the ISO 22196 standard does
not seem to represent a proper alternative for testing the antimicrobial properties of inanimate or
skin surfaces in combination with photodynamic inactivation. A drying step should additionally be
included in such testing. In general, it seems that parts of the scientific community are aware of
the pitfalls the ISO22196 is bearing as it was found that there are also some critical points that,
when modified, can have a huge impact on the outcome of the test [763]. Another possible test
norm for surfaces, which reflects reality a little better than ISO 22196 is the German and European
norm DIN EN 13697:2019-10 for non-porous surfaces [764,765]. Instead of using wet conditions, the

bacterial suspensions are dried to the surface and additionally use high or low soiling conditions
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mimicked by the addition of 0.03% albumin for low soiling as well as 0.3 % albumin and 0.3 %
sheep erythrocytes for high soiling [764,765].

In this work, a rather scientific than normative approach was chosen to determine the antimicrobial
efficacy of the photodynamic inactivation on the human skin — especially as the ex vivo experiments
served for histology after photodynamic treatment. In order to check for the antimicrobial efficacy
of any given substance on the human skin under real life conditions, there are some norms available
like DIN EN 1500:2013-07 [765]. Thereby, 18 to 20 voluntary subjects are split up in two groups,
one treated with a reference method and the other one with the actual substance to be tested. The
controlled contamination is conducted by dipping the subjects’ hands into an F. coli strain DSM
11250 suspension with casein soy broth containing around 108 colony forming units per ml. After a
drying step, the reference treatment with 60% (v/v) isopropanol is compared to the actual
treatment. While this experiment per se is well thought through, the procedure has a major
downside from a photodynamic perspective: the resuspension of the bacteria in casein soy broth.
By no means, casein soy broth reflects the real conditions on the human skin, as it contains way
too much protein to resemble human sweat with in total 20 g peptone per 1000 ml. Further, the
only salt present is NaCl with 0.5 % (w/v) in the inoculation medium. Further weaknesses especially
from an accuracy point of view of tests like these have also already been discussed in literature
[766].

For future test norms it might therefore be advisory to rethink the inoculation medium towards
some more realistic solvents. In table 4 some proposed crucial points are listed that need
consideration when it comes to creating novel normative test procedures. In a first step, the
experiments should be carried out with no other solvent than ultrapure H.O to exclude any
interference caused by other substances. Additionally, the test should always include a realistic
medium. While for example experiments targeting future applications in meat processing plants
albumin and erythrocytes still might serve as a sufficiently realistic test medium, this is not true
for the human skin or wastewater or other parts of food industry. As it is hard to provide a “carved-
in-stone” like soiling solution to all fields of applications that sufficiently reflects reality, potential
future norms and experimental procedures should include soiling protocols that are sufficient for
the respective use. In addition, normative bodies should ensure that they are composed of a
sufficiently broad range of experts so that the interests of all areas that are to be affected by the

relevant standard are safeguarded. At least for applications on the human skin, the use of the herein
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tested synthetic sweat solution as soiling reagent for future normative work is proposed on anything
directly linked to antimicrobial action on the human skin.

Furthermore, in a second step it is advised to use an appropriate test surface, especially for testing
on inanimate surfaces. Some normative procedures like USP 1072 testing for disinfection efficacy
use stainless steel coupons submerged in liquid medium [767]. Stainless steel is a generic term for
several different alloys that in their majority contain iron, but also various other substances like
nickel, chromium, copper or molybdenum and it has been shown by several colleagues that
especially high copper contents might already lead to a antibacterial effect caused solely by the
stainless steel [768-770].

In a third step, it needs to be assured that the antimicrobial action of the respective technology is
stopped at the end of the given exposure time. For photodynamic inactivation this might include
turning off the used light source and reducing the ambient light conditions or highly inhibitory
medium quenching potential singlet oxygen. For other antimicrobial substances, neutralization
procedures need to be carried out, too. However, in literature there are some good existing concepts
suitable for neutralization like Dey and Engley neutralizing broth effective against for example
benzalkonium chloride or quaternary ammonium compounds [771,772]. Some other researchers also
suggested the use of medium containing very high amounts of organic matter [773].

If tests are conducted on surfaces, it is also important to shed a light on the recovery of the
microorganisms. A control sample of the solution applied to a surface needs to be compared to the
bacteria dried to the surface without any antimicrobial substance to find out if bacteria cannot be
recovered from the surface or die in the drying process. Lastly in the counting and calculation step,

the researcher should consider the appropriate medium as well as the appropriate plating method.

Table 4: List of crucial steps in performing antimicrobial susceptibility tests in suspension and on surfaces

Step 1 Remarks
Choosing the right suspension medium Tests for HoO as well as more realistic media

Step 2 (if surfaces are tested)

Using appropriate test surface Inert test surfaces (glass, certain plastics)
Step 3 (if surfaces are tested)

Drying the bacteria Inanimate surfaces mostly not moist or wet
Step 4

Applying the treating condition Treatment should be stoppable
Step 5 (if surface is tested)

Retrieving bacteria Via swabs, potentially sonification
Step 6

Counting and calculation Appropriate medium and plating method
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In addition, based on artificial laboratory test, many antimicrobial substances claim several orders
of magnitude in reduction of the bacterial burden. It should be clear to the environmental
microbiologist that these numbers do not reflect the real situation of human-made settings. While
high bacterial counts are convenient for laboratory procedures as they allow a good estimation on
the efficacy of antimicrobial substances, the microbial burden is in reality by several magnitudes
lower. For example, only a few phones exceeded a bacterial load of 5 CFU cm, whereat the majority
had a lower microbial burden [774,775]. Keyboards on the other hand have bacterial loads of up to
430 CFU cm? [776]. In hospital settings, the average bacterial load on surfaces was found in one
study to be at around 6 CFU c¢m™ with values spanning from 0 to 480 CFU cm™ [147]. Another
study in buses determined the mean microbial burden to be at around 13 CFU cm™?, whereas the
values scattered from 0 to 209 CFU cm™ [148]. Although various other studies report on slightly
different values, these values represent the microbial load one can expect when sampling in human-
built environments.

Therefore, it becomes obvious that the logarithmic detection limit is around 2 to 3 logio steps, which
is way lower than values achievable in the lab as most test norms for example use bacterial
concentrations that allow a logarithmic detection limit of around 7 logiy steps [764,765]. This
underlines the utter importance of real-life studies or field studies in addition to antimicrobial
testing in suspension or laboratory surface testing [146]. This difference in logarithmic reduction
however does not hint at the fact that the field test or the laboratory test is insufficient but rather
it should be considered as two different measures which need to be evaluated separately from each

other.

Right now, for testing of antimicrobial substances, several other methods besides culture-based
methods are additionally available for evaluating the antimicrobial efficacy but are far from being
implemented into internationally recognized test norms. One of the most used methods is the ATP
measurement present in a certain sample. The method is in principle based on the detection of a
luminescence signal which is generated by a luciferase by converting ATP to AMP. However, ATP
seems to possess only limited validity as ATP values and findings based on bacterial culture do not
correlate [777-781], but the advantages of this methodology should be kept in mind for everyday
usage by non-trained personnel especially as commercially available and simple to use systems are

available on the market.
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While ATP measurements might be used as rough estimates concerning the antimicrobial potential
of substances when references are conducted in a sufficient manner, especially nucleic acid-based
methods can help to gain tremendously deep insights into the microbial world before and after
exposure to antimicrobial substances. One of the most advantageous methods is nanopore
sequencing [782]. Briefly, in nanopore sequencing a DNA or RNA strand is translocated by an
enzyme trough a MspA pore in a voltage-biased membrane. Current changes can then be used to
identify the different bases that are being translocated through the membrane [783].

Using these methods in combination with photodynamic inactivation might account for one of the
most important experiments in the upcoming years in photodynamic inactivation especially when
photodynamic inactivation is applied in systems with vastly unknown microbial composition.
Upcoming molecular methods such as nanopore sequencing might help to bridge the gap of
knowledge between laboratory experiments and applications in different environments [784,785] or
the skin [786,787].

Such methods provide insight into the abundance of microorganisms present in a specific sample
(taking a certain bias into account, of cause), but also help in investigating how photodynamic
inactivation will reshape the microbiota prior and after photodynamic treatments. Especially the
microbiome analysis of the human skin could reveal which organisms are more affected by singlet
oxygen or ROS than others, which would help to gain insight into important yet unknown processes.
Furthermore, such a screening could help to solve the question of the potential emergence of
resistance towards singlet oxygen, as a comparison of the genes found before and after a
photodynamic treatment could possibly reveal some differences. A similar approach that could be
used to study these differences was already found to be efficient for the identification of antibiotic
resistance genes [788,789]. Besides, it should also be mentioned that nanopore sequencing might
facilitate the investigations on the antiviral potential of antimicrobial substances as contrary to
those commonly used methods nowadays are still based on culture-dependent analysis methods
which are time-consuming and complex in their methodology.

In sum, especially for surface testing, it might be important to move away from highly artificial
test procedures to more realistic protocols. Dry testing needs to be established in combination with
inhibitory substances that mimic the environment of the targeted application better than current
protocols. This includes the application of a synthetic sweat solution that in addition to the
proposed one in this thesis might also include either amino acids or proteins as well as fatty acids.

The addition of amino acids or fatty acids to a standardized synthetic sweat solution might also be
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used as a differentiation between low and high soiling. However, a testing of both conditions — in
suspension and on surfaces is highly recommended as demonstrated here. Suspension experiments
with synthetic sweat and histidine clearly showed a strong inhibition of the photodynamic process,
while experiments on artificial surfaces as well as the human skin still led to sufficient inactivation

efficacy.

Future improvements for applied photodynamic inactivation
The herein demonstrated forms of optimization with citrate were by no means the first optimization

attempts of its kind. Researchers have for example already used other chelators such as EDTA
which is the most common one found in literature. Curcumin as a photosensitizer yielded for
example a logarithmic reduction of around 0.4 while addition of 0.5% EDTA could increase the
efficacy of up to 4 logy steps [643]. Comparable results were obtained with S. mutans and curcumin
[644]. Besides curcumins, an optimization via the addition of EDTA was also achieved for various
bacteria relevant in dentistry in combination with a hematoporphyrin based photosensitizer [645].
Another study reported on the use of three different porphyrin based photosensitizers and were
capable of showing an increased efficacy in the presence of EDTA [553]. All in all, the use of EDTA
as well as related chelators such as EGTA should be carefully investigated as these chemicals might
face degradation processes due to the singlet oxygen produced [790]. In consequence, such chelators
would in return lead to increased light doses or elevated photosensitizer concentrations in order to
circumvent the degradation effect at least to a certain extent. In preliminary screenings of this
work, heavy degradation of the photosensitizers SAPYR (Fig. 49A) and TMPyP (Fig. 49B) were
observed upon irradiation, which was the major reason why these chelating agents were excluded
for further studies.
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Figure 49: Absorption spectrum of SAPYR with EDTA (a) and TMPyP with EDTA (b) after different intervals of
illumination indicated by differently colored lines. The Y-axis indicates the absorbance and the X-axis the

wavelength in nm (Landgraf 2021, unpublished)
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Further recent attempts in optimizing photodynamic inactivation include the addition of potassium
iodide. It is speculated that potassium iodide most likely independent of the photosensitizer may
enhance the generation of ROS due to a variety of reactions involving radicals [379,555,791,792].
Surprisingly, a similar effect occurs in the presence of sodium azide during photodynamic
inactivation. This discovery from Michael Hamblin's lab is remarkable in two respects. First, sodium
azide serves as a singlet oxygen quencher, so it should inhibit photodynamics. Secondly, this
discovery also allows oxygen-independent photodynamic inactivation [554,661]. Especially with the
emerging trend of photothermal therapy, this report could prove to be significant.

Besides the addition of ions, the chemical optimization of various photosensitizers is still a major
topic within the photodynamic community. Just recently, a preprint reported on potential chemical
alterations of flavin photosensitizers [292]. These researchers showed best success with a brominated
flavin derivative containing a guanidino group. Bromine enhanced the efficacy of the intersystem
crossing in the photosensitizer via the heavy atom effect while the guanidino moiety led to increased
cellular uptake [292]. Also in the optimization of curcumins, a lot of research was done to optimize
this chemical class for medical applications [297,793] or food associated treatments [298].
Furthermore, combinations between photodynamic inactivation and photothermal therapy — in
brief PTT — are on the way right now. In photothermal therapy, a molecule or particle is illuminated
and converts the absorbed light energy to thermal energy, which leads to a heating of the adjacency
of such molecules or particles. The subsequent rise of temperature causes protein denaturation
potentially leading to cell death or thermal lysis. Common nanoparticles (NP) used for PTT are
Au-NPs [794-796], Ag-NPs [797], Pd-NPs [798,799], and graphene based NPs [800-803]. The
photothermal reaction contrasts with the photodynamic inactivation independent of oxygen in the
environment. While such coupling of both mechanisms has mostly been studied in tumor cells [804],
antibacterial applications remain mostly underinvestigated [805], although synergistic effects
probably fostered by Forster resonance energy transfer [741] might exist between the two
mechanisms. Especially under certain conditions like tremendously high ion concentrations, when
due to biological reasons photodynamic inactivation does not show sufficient efficacy, the
combination with PTT systems might prove very beneficial. However, the fact that PTT has only
little experience with bacterial inactivation makes it hard to predict how the method would perform
under real-life conditions in for example wastewater applications. Nevertheless, the coupling of PDI

and PTT should be intensified in the future.
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Potential in medicine

When PDI should be increasingly applied in clinical practice, the procedure must fulfil a set of
prerequisites like harmless photosensitizers, checked by standard OECD norms (being e.g. non-
toxic, non-mutagenic), and subsequently clinical trials involving patients with colonized or infected
tissue. A routine use of PDI in humans requires then a clinical approval of the whole process, either
as medical drug or as medical device. However, photodynamic applications on the human subject
also have two major limitations, one of legal nature and another one due to the intrinsic properties
of the photosensitizer. The first one, the legal limitation, is based on the German Technical Rules
for the Occupational Health and Safety Ordinance on Artificial Optical Radiation, briefly called
TROS [806]. Although visible light is present in our everyday lives, high doses of visible light can
impact the human skin. Visible light, depending on the wavelength can even reach deeper tissue
layers like the pulpa of the teeth or the dermis of the human skin. Although the energy of photons
of visible light is too small to have ionizing properties, covalent bonds may be broken up by
wavelengths of up to 550 nm. Further, high doses of visible light might also lead to a heating of
tissue as radiation energy can be converted to heat energy by several tissue constituents like melanin
or hemoglobin. Additionally, light dermatosis might be induced, leading to itching, burning, redness
and wheals. However, these effects come into play when several mW cm™ are applied over a short
time. For example, the TROS defines exposure limits to be 598 mW cm™ for 5 s, 351 mW cm? for
10 s and 87.5 mW cm™ for 10 min of irradiation time. In this work, 18 mW cm? were used at
highest for a maximum of 10 min and were therefore below this given exposure limits. As a side
note, it should be mentioned that the risk for the human eye is higher, which includes thermal as
well as photochemical effects which may lead to a loss of vision over time.

The second limitation factor is based on the physical and chemical properties of the photosensitizer.
Due to the reaction principle, the photosensitizer needs to absorb light and therefore, most
photosensitizers can do this quite efficiently. This property leads to a self-inhibiting effect as with
an increasing thickness of photosensitizer deposit (e.g. in a hydrogel) on tissue surface, reduced
light intensity reaches the bacteria in or under such a hydrogel deposit. In Fig 50 several TMPyP
concentrations are plotted as layer thickness in cm against the transmission in per cent. For
concentrations of around 50 pumol I}, the applied light is almost completely absorbed by a layer of
a few mm and PDI is unlikely to happen for bacteria that are located under such a layer. (Fig.

50A). The effect for the Q band (Fig. 50B) is not that severe but in this case, it needs to be taken
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into account that this is entwined with lower singlet oxygen production rates compared to the Soret
band. Therefore, the concentration of a photosensitizer and the thickness of the gel should be

adapted accordingly to avoid such negative effects.
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Figure 50: The transmission of light into the samples in the well plates using Lambert Beer law. The values are

calculated for A light at 421 nm (Soret band) and for B 520 nm.

Photodynamic inactivation of bacteria is nowadays already applied in dentistry. Of cause, in this
context the results are of great importance, especially as the environment in the oral cavity is
generally wet. Therefore, photodynamic inactivation must deal with the exocrinically secreted
saliva, which contains various chemical substances. When for example dentin becomes
demineralized by for example cariotic processes, the release of calcium and phosphates is observed
[807].

Due to this both mentioned potentially interfering factors, many studies clearly involve no rinsing
process of the treatment area prior to photosensitizer application [677,808-819] or insufficient
rinsing with ion containing solvents [820-824]. Only one study include rinsing with distilled water
[825]. Interestingly, some studies included rinsing in their protocols after the photosensitizer was
administered to prevent self-shielding effects due to the high extinction coefficients of the used
photosensitizers [677,809,811,812,816,818,819]. While this rinsing might help in improving the
efficacy concerning inhibitory amino acids or proteins, it is not likely that calcium and magnesium
ions are flushed away by this rinsing procedure. As proposed in the discussions of two manuscripts

presented here, calcium and magnesium stabilize the outer bacterial structures prior to

photosensitizer exposure. Even the manual of a commercially available system, HELBO®, includes
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only in two applications a rinsing, namely in endodontitis treatment and mucus membrane
treatment [826]. Treatment of periodontitis, periimplantitis, alveolar disinfection, bone necrosis,
and caries do not recommend rinsing steps currently [826]. The potential consideration of these
interfering factors might improve the treatment success in dentistry greatly. Simple protocol
optimizations involving chelating agents and rinsing steps could drastically boost the efficacy.
However, this protocol changes would need to be specifically optimized for the different application
fields in dentistry and would have to be checked for their successfulness in randomized double-blind
clinical trials.

Two things must be addressed by dentists in the photodynamic field in the future: First, dentists
should consider exchanging the intensively blue colored dyes such as phenothiazines used for
photodynamic inactivation as these dyes do not only lead to microbial inactivation but also to
potentially undesired staining of tissue or teeth in the oral cavity. Potential photodynamically
active dyes which could be used as substituents are the flavins and phenalene-1-one derivatives.
Both of the mentioned photosensitizer classes are of yellow color [220,230,276,280], which causes
much less undesired staining than phenothiazines or porphyrins. Second, a change in the application
form a formulation with a rather low viscosity to one with a higher viscosity will help to keep the
photosensitizer in place while being applicated, therefore also allowing prolonged incubation times,
which consequently might favor the inactivation process as this possibly might lead to more
photosensitizer bound to the cells to be treated. Besides the photodynamically active gel based on
hydroxy ethyl cellulose, the usage of so-called micro emulsions as drug delivery system might also

be within the scope of applicability [827].

While these points clearly have an implication on clinical practice as the method is already in-use,
the following points are rather of a proposing nature as photodynamic inactivation of bacteria is
not in clinical use on the human skin so far. However, the gained knowledge concerning ion-
photosensitizer-bacteria interactions as well as in the light of the developed hydrogel are
tremendously important in a variety of other medical fields. Probably the brightest future the
photodynamic inactivation might face is in the light of skin and soft tissue infections (SSTIs) as
well as surgical site infections (SSIs) and patient decolonization. For SSTIs, the photodynamic

inactivation approach must be seen rather from an interventional point of view while the impact of
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photodynamic inactivation for SSIs is rather of a preventive nature, which includes the
decolonization of patients from MRSA [632,828].

From a microbiological point of view, SSTIs are most often caused either by S. aureus or Strep.
pyogenes, whereas some SSTI risk factors also favor other microbial species causing SSTIs such as
P. aeruginosa in the case of intravenous drug abuse or Pasteurella multocida in the case of cat and
dog bite wounds [829]. Although only few evidence exist for the rational use of topic antibiotics
[633,830], they are still prescribed by physicians especially in young and elderly patients [831]. In
the following, some of the potential topic antibiotics are discussed which are state of the art right
now, against all of which resistances are a frequently observed phenomenon.

P. fluorescens produces mupirocin as a secondary metabolite [832] which finds its use in topical
application since the 1980s [833-837]. Up to date, the use of mupirocin is mostly indicated for S.
aureus infections [838], scientific evidence clearly indicate also good efficacy against a variety of
bacterial genera such as Staphylococcus, Streptococcus, Haemophilus, Neisseria and Morazella [839].
The mode of action of the substance is based on interactions with the isoleucyl-tRNA synthetase
due to structural similarities with isoleucine that consequently lead to the inhibition of the bacterial
protein synthesis [840,841]. Resistance against mupirocin is either mediated by point mutations in
the isoleucyl-tRNA synthetase gene (ileS) [841] or the mupA gene encoding for a new type of
isoleucyl-tRNA synthetase [842,843].

In similar ways, sodium fusidate is used as a topic treatment option against Staphylococcus and
Streptococcus SSTIs at it binds to EF-G and stalling the EF-G-GDP complex at the bacterial
ribosome. Also for this substance, the occurrence of resistance is reported, either due to several
point mutations [844-848] or acquired resistance genes [849-852].

Similarly, neomycin [853,854], bacitracin [855,856] and retapamulin [857,858] are used as
antimicrobial substances. More novel substances like antimicrobial peptides seem promising for
topical applications [859] and have been proven efficient clinical studies [860,861]

However, as already extensively elucidated in the introduction, antibiotic treatments pose a
problem. Therefore, nowadays other biocidal substances find broad application in the treatment of
SSTIs and the prevention of SSIs, representing major corner stones in the clinical routine.

One of the most prominent and broadly applied topical biocides is chlorhexidine, also abbreviated
CHX, in various forms of application [862-864]. Side effects of chlorhexidine use are for example
skin irritations or allergic reactions [865,866]. However, chlorhexidine is included in disinfecting

hand washes [867], surgical site disinfectants [868] as well as in body washes for decolonization
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[869,870] where it efficiently inactivates most bacteria by causing a leakage of potassium ions of the
cells and the disruption of respiratory processes [871]. Bacterial endospores [689] as well as the
genus Mycoplasma [872] are intrinsically resistant to the substance and biofilm formation leads to
a certain tolerance at least [873]. Acquired resistance against CHX is mediated by the so-called gac
genes which represent a group of efflux pumps that enable the cell to remove the toxic component
[874], with qacA being the most important one [875,876]. The fact that CHX is a rather sub-optimal
approach for decolonization of patients has also been demonstrated in randomized clinical trials
where no treatment success could be demonstrated [828].

Another substance mainly used in the prevention of SSIs and in decolonization of patients is
octenidine dihydrochloride [632]. Octenidine has a structural similarity to CHX [877] and is effective
against bacteria [878,879] and several fungal species [880,881]. Until now, no resistance development
was observed [882], contrary to CHX. However, the results from observational studies as some trials
report on good decolonization efficacy of octenidine [883,884] while another trial did not report
sufficient decolonization [885].

Further alternatives as topical disinfectants include also triclosan, which is broadly used in hand
washes, oral hygiene [886] and sometimes even in several non-medical everyday objects [887]. From
a mode-of-action point of view, triclosan interacts with Fabl (the enoyl-acyl carrier protein
reductase) of the fatty-acid biosynthesis pathway [888-890], which over time leads to defects in the
bacterial membrane [891]. Unsurprisingly, also against triclosan resistances are known in several
bacterial species such as E. coli [889], S. aureus [892], and A. baumannii [893], either due to point
mutations in the upstream promotor region [893,894] or by horizontal gene transfer of genes
encoding for alternative enzymes [895,896].

Since a long time, it is also known that iodine has a certain potential as topic antimicrobial [897,898].
Formulations nowadays consist out of complexed iodine in a PVP matrix [899] and is frequently
used for disinfection prior to surgical treatment [900], or with far less importance in wound
management [901,902], especially as the usefulness is debated [903]. Iodine has strong oxidizing
potential of biological structures, consecutively leading to death of the bacterial cells, but the full
set of actions have not been fully elucidated yet [633,689,900]. The substance has a tremendously
broad activity spectrum [689,693,904,905] and the fact, that up to date no resistances were observed
[906], makes it a very promising candidate for topical applications. Referring to that it needs to be
stated, that scientific consensus is lacking on how to potentially detect resistances in this specific

case [907].
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Alcohol based formulations are nowadays often implemented in standard hygiene procedures in
health care [908,909]. Although the chemical class of alcohols are effective against all bacteria,
endospores are not or only little affected by the denaturation properties of alcohols [689], which
yield optimal inactivation results in concentrations from 60 to 90 % [910]. While a certain tolerance
against alcohols has been reported [911-913], up to date no true resistance is known. Additionally,
biofilm formation might be triggered in increased manners in several clinically relevant organisms
[914-916].

Lastly, there is also the use of 3 to 6 % hydrogen peroxide solution [917] for topical treatment to
mention, which has from all the latter mentioned the most in common with the photodynamic
inactivation. Similarly to photodynamic inactivation, hydrogen peroxide acts against all known life
forms [918-922]. Hydrogen peroxide generates radicals intracellularly that inevitably lead to the
destruction of all organic molecules [923,924]. However, due to the fact that reactive oxygen species
always occur in normal metabolic processes [925,926], bacteria have developed mechanisms to cope
with radicals and therefore certain tolerances exist in the microbial world.

In this list of treatment options for SSTIs and prevention techniques for SSIs, the photodynamic
inactivation could be considered an innovative method that allows the reduction of pathogens on
live skin. However, it should be stated here again that photodynamic inactivation does not aim for
a complete substitution of the other substances for topical application, but PDI may support to
close the gap of anti-infective procedures. Rather, discriminate use of the full set of possibilities will
be the future way to go for medical staff. This will of cause increase the workload for the staff as
single case decisions need to be made based on the individual microbiological situation of the
patient. However, to prevent the spreading of resistances in the population as well as to provide
the best possible outcome for the patient, a combination of at least two methods might be necessary
— especially as no method is free of drawbacks. One major advantage of the method is that contrary
to the long list of treatment options described before, no resistances exist and are also unlikely to
develop. Nevertheless, photodynamic inactivation will not completely be capable of representing
the gold standard for superficial infections one day but surely might find its use in a combinatory

treatment of several options available.

Conclusions
This thesis clearly showed that PDI is a powerful tool to inactivate bacteria regardless of their

species and resistance to antiseptics or antibiotics. The work elucidated the obstructive effects of
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ions and amino acids hampering the efficacy of PDI in environmental and medical applications.
However, it was also demonstrated that these inhibitory effects can be circumvented. Besides
universal inhibitory processes observed for Ca?* and Mg?*, specific interactions were described
between flavins and PO.* or COs*.

Effects like these must be elucidated for real life applications by a screening of the photosensitizer
and solvent on a chemical and physical basis. Especially the growth curve method helps to quickly
scan plenty of variables relevant for PDI. However, on surfaces, inhibitory substances — especially
divalent ions or histidine - might be of a minor problem. First, because the efficacy is still
maintained on the surface and second, especially cleaning protocols can be adapted to render the
surfaces more useful. However, the findings presented here make it inevitable to re-think current
test norms concerning the antimicrobial efficacy as such methods are often integrated in highly
artificial methodologies that cannot reflect the reality properly. Overall, the method itself is
probably not capable of completely substitute certain measures but can help to close gaps between
existing ones.

In sum, this work helps to improve existing PDI protocols in dentistry as some critical steps might
be improved. A photodynamically active gel might prove as a versatile supplementary treatment
of superficial skin infections especially with bacteria less susceptible or even resistant to several
antibiotics. Due to the simple yet effective approach, the deployment of a photodynamically active
gel in medical applications might prove tremendously useful in the future helping to face the dauting

challenges of a post-antibiotic era.
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Figure 1: Important cornerstones of antibiotic research and first emergence of an antibiotic resistance. The years are derived
from either the first report of the antibiotic from the respective class or from the first scientific report of the emerged resistance.

Figure 2: Detailed WHO Priority List of Pathogens for the research and development of antibiotics. The list is comprised out
of three categories, namely critical, high, and medium.

Figure 3. Jablonski-Scheme of the underlying physical processes of photodynamic inactivation. Initial excitation of the
photosensitizer from Sp to Si1 occurs due to the absorbance of a photon, the Si state either decays via internal conversion or
fluorescence or undergoes intersystem crossing to Ti. The triplet state photosensitizer then returns to the So ground state either
via non-radiative processes, phosphorescence, type I or type II reactions. Both latter mentioned produce the biocidal substances.

Figure 4: (A) displays the cationic dye methylene blue containing a positively charged sulfur atom and two dimethylamine
groups. (B) shows the chemical structure of toluidine blue, which differentiates from methylene blue by its side chains. Both
latter mentioned belong to the class of the phenothiazines. (C) displays the chemical structure of acridine orange, which does
not contain a sulfur atom in contrary to (A) and (B). Additionally, acridine orange is neutrally charged. (D) depicts a typical
absorption spectrum of the phenothiazines, here the spectrum for methylene blue is shown. It is a major characteristic of
phenothiazine dyes that Amax is at the upper end of the visual spectrum.

Figure 5: (A) displays the chemical structure of Cy3 and (B) of Cy5, two dyes commonly used as fluorescence-based dyes. (C)
depicts the chemical structure of the photosensitizer merocyanine 540.

Figure 6: The porphin molecule. This is the basic structure that all porphyrins have in common. The porphin molecule consists
out of 4 pyrrole rings and is capable of complexing different divalent ions.

Figure 7: Absorption spectrum of a commercially used porphyrin-based photosensitizer, in this case TMPyP. Typically, the
spectrum of a porphyrin has its global absorption maximum in a range of around 400 to 436 nm. This global maximum is also
named Soret band after the French scientist Jaques-Louis Soret, initially describing this band in diluted blood samples. Besides
this maximum caused by So to S» transition, the local maxima are derived from Sy to Si transitions and are termed Q bands,
most likely somewhere between 490 and 650 nm.

Figure 8: Chemical structure of TMPyP (a,B,y,8-Tetrakis(1l-methylpyridinium-4-yl)porphyrin p-toluenesulfonate). The molecule
is based on a porphyrin structure but has four cationic charges due to its methylpyridinium moeites which enable close
attachment to bacterial cells.

Figure 9: Basic structure of phthalocyanine. Potential alterations such as cationic charges are often introduced at the nitrogen
atom in the crosslinking region.

Figure 10: A C60 Buckminsterfullerene. At one of the various carbon atoms of the molecules, side chains can be introduced that
improve their applicability for attachment or embedding in several media.

Figure 11: (A) shows the chemical structure of 1-H-phenalen-1-one which is neutrally charged and (B) displays the molecule
SAPYR with a positively charged pyridinyl moiety.

Figure 12: Absorption spectrum of SAPYR. Clearly visible is the large maximum of the photosensitizer from around 360 to 425
nm.

Figure 13: (A) Riboflavin, also known as vitamin B2 comprised out of a ribityl moiety and the isoalloxazine scaffold. (B)
shows the structure of FLASH-02a two positive charges located at the end of two side chains to avoid steric hinderance and
(C) displays the photosensitizer FLASH-06a with four positive charges

Figure 14: Chemical structure of curcumin. The molecule itself is neutrally charged and therefore only capable of killing Gram-
positives.

Figure 15: (A) Displays the BODIPY molecule, (B) shows a cationic BODIPY derivative as reported elsewhere

Figure 16: Transmission spectra for TMPyP (a) and SAPYR (b) dissolved in 10% (w/v) NaCl. Red lines refer to the
nonilluminated control, while blue lines refer to photosensitizer solution after illumination at a radiant exposure of 10.8 J cm—2.

Figure 17: DPBF assays for TMPyP (a) and SAPYR (b) carried out in a 10% NaCl solution. Relative fluorescence is displayed
logarithmically on the y-axis, and illumination time in seconds is plotted on x-axis. A comparison of the relative fluorescence
(y-axis) for different photosensitizer concentrations (x-axis) is shown after 10 s of illumination equal to a total applied radiant
exposure of 0.018 J cm (c).
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Figure 18: (a) Growth curves of H. salinarum after PDI treatment with SAPYR as photosensitizer. Different colors reflect the
different SAPYR concentrations used for PDI treatment. Y-axis indicates the optical density measured at 600 nm. X-axis
indicates the time in minutes. (b) Calculated logio reduction displayed as bar chart diagram.

Figure 19: (a) Growth curves of H. salinarum after PDI treatment with TMPyP as Photosensitizer. Different colors reflect the
different photosensitizer concentrations used for PDI treatment. Y-axis indicates the optical density measured at 600 nm. X-
axis indicates the time in minutes. (b) Calculated logi reduction displayed as bar chart diagram.

Figure 20: Structure of the used PS. (A) shows the structure of FLASH-02a, (B) shows the structure of FLASH-06a. The

counterions of the substances were in both cases chloride anions.

Figure 21: Transmission spectra of FLASH-02a. Y axes indicate the transmission in per cent, x axes the wavelength in nm.
Various colors of the spectra indicate different irradiation times. (A) shows the results for H.O, (B) for 75 mmol I'! sodium
phosphate and (C) for 75 mmol I'! sodium carbonate.

Figure 22: Transmission spectra of FLASH-06a. Y axes indicate the transmission in per cent, x axes the wavelength in nm.
Various colors of the spectra indicate different irradiation times. (A) shows the results for H.O, (B) for 75 mmol I'! sodium
phosphate and (C) for 75 mmol I'! sodium carbonate.

Figure 23: Results for the DPBF assays. Relative fluorescence in presence of FLASH-02a is shown in (A) and FLASH-06a in (B)
after 10 s of irradiation. Different colors of the lines and symbols indicate the used environment. In this experiment, 75 mmol I
! of sodium phosphate or sodium carbonate were applied. Y axes indicate the relative fluorescence in percent referenced to the
DPBF control, X axes indicate the PS concentration in pmol I''. Error bars display the calculated standard deviation of the
triplicates.

Figure 24: Results for the photodynamic inactivation without the application of ions.

Logarithmic reduction values of S. aureus with FLASH-02a (A) and FLASH-06a (B) compared to the logarithmic reduction of
P. aeruginosa treated with FLASH-02a (C) and FLASH-06a (D). Y axis of the graphs indicate the decadic logarithmic reduction
while the x axis displays the different concentrations of the applied PS with DC indicating the dark control (no irradiation, 50
pmol I'' PS). As each experiment was carried out by n = 3, each dot represents one single value from a single experiment.

Figure 25: Logarithmic inactivation for S. aureus data obtained for each experiment displayed as scatter plot.

(A) shows results for sodium phosphate and FLASH-02a, (B) displays the results for sodium carbonate and FLASH-02a. Obtained
values for FLASH-06a are displayed in (C) for sodium phosphate and (D) for sodium carbonate. Y axes indicate the decadic
logarithmic reduction and x axes indicate the PS concentration in pmol 1! or the dark control (DC). Different colors of the dots
indicate the various sodium carbonate or sodium phosphate concentrations.

Figure 26: Logarithmic inactivation for P. aeruginosa data obtained for each experiment displayed as scatter plot.

(A) shows results for sodium phosphate and FLASH-02a, (B) displays the results for sodium carbonate and FLASH-02a. Obtained
values for FLASH-06a are displayed in (C) for sodium phosphate and (D) for sodium carbonate. Y axes indicate the decadic
logarithmic reduction and x axes indicate the PS concentration in pmol 1! or the dark control (DC). Different colors of the dots

indicate the various sodium carbonate or sodium phosphate concentrations.

Figure 27: Transmission spectrum of TMPyP resuspended in 75 mmol 1! MgCl..
The Y-axis indicates the transmission in %, the X-axis displays the corresponding wavelength in nm. The different line colors
indicate the applied fluences.

Figure 28: Results of DPBF assays for MB
Relative fluorescence is displayed on the Y-axis in dependence of the photosensitizer concentration shown on the X-axis in pmol
I'l. Blue lines and squares indicate H20 as solvents, purple lines and dots CaCls and yellow lines and triangles indicate MgCls.

Figure 29: Binding assays of Staphylococcus aureus.

The graphs show the bound concentration of the PS to MRSA cells for (A) MB, (B) TMPyP, (C) SAPYR, (D) FLASH-02a and
(E) FLASH-06a. The X-axis displays the various tested categories named accordingly, the Y-axis indicates the concentration of
PS bound to MRSA cells in pmol I'l. Error bars were calculated as standard error.

Figure 30. Binding assays of Pseudomonas aeruginosa.

The graphs show the bound concentration of the PS to P. aeruginosa cells for (A) MB, (B) TMPyP, (C) SAPYR, (D) FLASH-
02a and (E) FLASH-06a. The X-axis displays the various tested categories named accordingly, the Y-axis indicates the
concentration of PS bound to MRSA cells in pmol I''. Error bars were calculated as standard error.

Figure 31: Diagrams of the calculated logarithmic reduction of Pseudomonas aeruginosa resuspended in CaCly solutions in
different concentrations.

The logarithmic reduction is displayed on the Y-axis while the dark control (DC) and applied PS concentrations are displayed
on the X-axis. The different concentrations of the ions are symbolized by various colors indicated in the right corner. Panels A
shows results for MB, B for TMPyP, C for SAPYR, D for FLASH-02a, E for FLASH-06a.

53

54

63

66

67

68

69

70

71

85

86

87

88

89

159



List of Figures

Figure 32: Diagrams of the calculated logarithmic reduction of Pseudomonas aeruginosa resuspended in MgCly solutions in
different concentrations.

The logarithmic reduction is displayed on the Y-axis while the dark control (DC) and applied PS concentrations are displayed
on the X-axis. The different concentrations of the ions are symbolized by various colors indicated in the right corner. Panels A
shows results for MB, B for TMPyP, C for SAPYR, D for FLASH-02a, E for FLASH-06a.

Figure 33: Diagrams of the calculated logarithmic reduction of Staphylococcus aureus resuspended in CaCls solutions in different
concentrations.

The logarithmic reduction is displayed on the Y-axis while the dark control (DC) and applied PS concentrations are displayed
on the X-axis. The different concentrations of the ions are symbolized by various colors indicated in the right corner. Panels A
shows results for MB, B for TMPyP, C for SAPYR, D for FLASH-02a, E for FLASH-06a.

Figure 34: Diagrams of the calculated logarithmic reduction of Staphylococcus aureus resuspended in MgCly solutions in different
concentrations.

The logarithmic reduction is displayed on the Y-axis while the dark control (DC) and applied PS concentrations are displayed
on the X-axis. The different concentrations of the ions are symbolized by various colors indicated in the right corner. Panels A
shows results for MB, B for TMPyP, C for SAPYR, D for FLASH-02a, E for FLASH-06a.

Figure 35: Effect of bivalent cations on the PS SAPYR. Absorption spectrum of SAPYR with CaCly (A) or MgCl: (B) after
different intervals of illumination. Change of the oxygen concentration after illumination of SAPYR with CaClz (C) or MgCla
(D). The time in which the illumination was carried out is displayed as yellow datapoints.

Figure 36: Effect of citrate in combination with bivalent cations on the PS SAPYR. Absorption spectrum of SAPYR with citrate
and CaCly (A) or MgCly (B) after different intervals of illumination. Change of the oxygen concentration after illumination of
SAPYR with citrate in combination with CaCls (C) or MgCls (D). The time in which the illumination was carried out is displayed
as yellow datapoints.

Figure 37: Calculated logi reduction after the PDI of E. coli in presence of bivalent cations in different concentrations. PDI of
E. coli with and without citrate in presence of CaCly (A-C) or MgCl, (D-F). Blue bars indicate results obtained without the
addition of citrate, yellow bars indicate the addition of the corresponding citrate concentration. A and D represent a salt
concentration of 0.75 mmol I'!; B and E 7.5 mmol I'! and C and F 75 mmol I\,

Figure 38: Calculated logio reduction after the PDI of S. aureus in presence of bivalent cations with different concentrations.
PDI of S. aureus with and without citrate in presence of CaCly (A-C) and MgCl, (D-F). Blue bars indicate results obtained
without the addition of citrate, yellow bars indicate the addition of the corresponding citrate concentration. A and D represent
a salt concentration of 0.75 mmol 1!, B and E 7.5 mmol 1! and C and F 75 mmol 1'%

Figure 39: Investigation of the effect of tap water on the PDI. Absorption spectrum of SAPYR with tap water (A) or tap water
combined with citrate (B) after different intervals of illumination. Change of the oxygen concentration after illumination
(indicated by yellow data points) of SAPYR with tap water (C) or tap water combined with citrate (D). Calculated logio
reduction after the PDI of E. coli (E) and S. aureus (F) in tap water with or without the addition of citrate.

Figure 40: Investigation of the effect of synthetic sweat on the PDI. Absorption spectrum of SAPYR with synthetic sweat (A)
or synthetic sweat combined with citrate (B) after different intervals of illumination. Change of the oxygen concentration after
illumination (indicated by yellow data points) of SAPYR with synthetic sweat (C) and synthetic sweat combined with citrate
(D). PDI of E. coli (E) and S. aureus (F) in synthetic sweat with and without the addition of citrate.

Figure 41: Investigation of the effect of synthetic sweat without histidine on the PDI. Absorption spectrum of SAPYR with
synthetic sweat without histidine (A) or synthetic sweat without histidine combined with citrate (B) after different intervals of
illumination. Change of the oxygen concentration after illumination of SAPYR with synthetic sweat without histidine (C) or
synthetic sweat without histidine combined with citrate (D). Calculated logio reduction after the PDI of E. coli (E) and S. aureus
(F) in synthetic sweat without histidine with and without the addition of citrate.

Figure 42: (A) Vis spectrum of the developed photodynamically active hydrogel with citrate before (blue) and after (yellow)
light application of 10.8 J cm™. The Y-axis indicates the absorbance, and the wavelength is displayed by the X-axis in nm. (B)
Oxygen concentration inside of the photodynamically active hydrogel in the process of illumination. Y-axis indicates the relative
oxygen concentration, X-axis the time in seconds.

Figure 43: Results obtained for the photodynamic inactivation with the gel on S. aureus cells on inanimate surfaces. The Y-axis
indicates the logarithmic reduction of the bacterial cells referenced to the reference surface where bacteria as well as a gel without
the photosensitizer were applied and recovered subsequently. Blue bars indicate the logarithmic reduction determined for the
dark control (DC, with photosensitizer, without light), pink bars represent the logarithmic reduction measured for the light
control (LC, without photosensitizer, with light) and the yellow bars indicate the logarithmic reduction for the sample (P, with
photosensitizer, with light). Error bars represent the calculated standard deviation based on three biological replicates. (A)
depicts the result obtained for bacteria resuspended in H2O, (B) shows the results for tap water, (C) for sweat and (D) for sweat
without histidine.
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Figure 44: Results obtained for the photodynamic inactivation with the gel on P. aeruginosa cells on inanimate surfaces. The Y-
axis indicates the logarithmic reduction of the bacterial cells referenced to the reference surface where bacteria as well as a gel
without the photosensitizer were applied and recovered subsequently. Blue bars indicate the logarithmic reduction determined
for the dark control (DC, with photosensitizer, without light), pink bars represent the logarithmic reduction measured for the
light control (LC, without photosensitizer, with light) and the yellow bars indicate the logarithmic reduction for the sample (P,
with photosensitizer, with light). Error bars represent the calculated standard deviation based on three biological replicates. (A)
depicts the result obtained for bacteria resuspended in H2O, (B) shows the results for tap water, (C) for sweat and (D) for sweat
without histidine.

Figure 45: Results obtained for the photodynamic inactivation with the gel on S. aureus cells on the human skin. The Y-axis
indicates the logarithmic reduction of the bacterial cells referenced to the reference surface where bacteria as well as a gel without
the photosensitizer were applied and recovered subsequently. Blue bars indicate the logarithmic reduction determined for the
dark control (DC, with photosensitizer, without light), pink bars represent the logarithmic reduction measured for the light
control (LC, without photosensitizer, with light) and the yellow bars indicate the logarithmic reduction for the sample (P, with
photosensitizer, with light). Error bars represent the calculated standard deviation based on three biological replicates. (A)
depicts the result obtained for bacteria resuspended in H2O, (B) shows the results for tap water, (C) for sweat and (D) for sweat
without histidine.

Figure 46: Results obtained for the photodynamic inactivation with the gel on P. aeruginosa cells on the human skin. The Y-
axis indicates the logarithmic reduction of the bacterial cells referenced to the reference surface where bacteria as well as a gel
without the photosensitizer were applied and recovered subsequently. Blue bars indicate the logarithmic reduction determined
for the dark control (DC, with photosensitizer, without light), pink bars represent the logarithmic reduction measured for the
light control (LC, without photosensitizer, with light) and the yellow bars indicate the logarithmic reduction for the sample (P,
with photosensitizer, with light). Error bars represent the calculated standard deviation based on three biological replicates. (A)
depicts the result obtained for bacteria resuspended in H2O, (B) shows the results for tap water, (C) for sweat and (D) for sweat
without histidine.

Figure 47: Results of the TUNEL assay. The left column displays the histological sample in the light microscope, the middle
column indicates the anti BrdU staining which detects apoptosis when clearly present in the nucleus, and the right column
displays the DNA specific staining corresponding the nuclei of the skin cells. The first line was a sample where apoptosis was
induced as described earlier, second line displays an untreated control, the dark control sample (gel with photosensitizer, without
light) is shown in the third line, fourth line shows a sample that was subjected to light and a gel without photosensitizer, and
the last line depicts the results obtained for a treated sample (with light, with photosensitizer). The white scale bar in the lower
right corner equals 25 pm.

Figure 48: Micrographs of histological sections of the NBTC staining. A depicts the skin sample, which was heated, B shows a
piece of untreated skin, C was skin treated with photosensitizer gel but without illumination (dark control), D displays a sample
where the skin was treated with light and gel without photosensitizer (light control) and E shows a sample treated with light
(10.8 J em?) and the photodynamically active hydrogel. The scale bar in the upper right corner equals 100 pm.

Figure 49: Effect of the chelating agent EDTA on the PS SAPYR and TMPyP. Absorption spectrum of SAPYR with EDTA
(a) and TMPyP with EDTA (b) after different intervals of illumination indicated by differently colored lines. The Y-axis indicates
the absorbance and the X-axis the wavelength in nm (Landgraf 2021, unpublished)

Figure 50: The transmission of light into the samples in the well plates using Lambert Beer law. The values are calculated for A
light at 421 nm (Soret band) and for B 520 nm.
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Table 1: Brief summary of some of the most important characteristics of the different photosensitizer classes. Min. MW indicates 30
the minimum molecular weight of the respective photosensitizer class, the absorption represents a range in which most of the
molecules used as photosensitizers have their maximum and @ is showing the singlet oxygen quantum yields for photosensitizers

in the corresponding class. However, especially the both latter mentioned values given within this table should only be used as

rough indications as they are at least to a certain extent depending on the solvent the measurements were conducted in.

Table 2: Examples of studies and their applied physical, biological and chemical parameters of methylene blue and TMPyP as 40

examples.
Table 3: Results of the binding assays 72
Table 4: List of crucial steps in performing antimicrobial susceptibility tests in suspension and on surfaces 143
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