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Thousands of years ago, phototherapy or heliotherapy was performed by ancient
Egyptians, Greeks, and Romans. However, from the mid-19th century onward, names
such as Arnold Rikli, Niels Ryberg Finsen, Downes and Blunt, Oscar Raab, and Hermann
von Tappeiner started to appear and paved the way for current experts in the field of
photodynamic therapy (PDT), such as Wainwright, Maisch, and Hamblin. Still, only a tiny
fraction of PDT’s potential has been realized in the clinical practice guidelines [1].

This Special Issue of Pharmaceutics commemorates the tremendous influence Michael
Weber’s work had on the use and practical applications of PDT. Looking back after his 70th
birthday, in addition to his inventions, patents, and publications, he always found room
for hands-on experience as a practicing doctor. He pioneered the clinical use of lasers and
photodynamic therapy for nearly 25 years in Germany and several other countries.

Multiple contributions from all over the world emphasize the importance of PDT and
signal that there is much more to expect. The mechanism of PDT generally relies on three
main components, i.e., light, a photosensitizer (PS), and molecular oxygen; however, it can
be subdivided into different applications, which sometimes leads to confusing abbrevia-
tions and definitions. When applied against bacteria and fungji, it is often referred to as
antimicrobial photodynamic therapy (aPDT) or photodynamic antimicrobial chemotherapy
(PACT); against viruses, it is called antiviral photodynamic therapy (aPDT); against cancer
cells, most researchers use the unmodified term photodynamic therapy (PDT). To simplify
this matter, we divide photodynamic therapy into two parts, i.e., cancer treatment (PDT) or
antimicrobial and antiviral therapy (aPDT).

The most extensive section in this Special Issue is aPDT, which comprises five articles
and one communication covering bacteria treatment, three articles focusing on wound
healing, and one article each looking at antifungal and antiviral therapy. Gonzalez et al. and
Nufiez et al. used transition metal complexes, i.e., a homo-bimetallic Re(I) complex [2] and
a polypyridine Ir(Ill) complex [3]. Both proved that these complexes could be effectively
used in aPDT. Whereas the first showed an enhanced effect by combining the PS with
cefotaxime, the latter successfully used imipenem. Garcia et al. applied Fotoenticine®,
a new PS derived from chlorin e-6, on a microcosm biofilm [4]. In this ex vivo model,
which is closer to the complex in vivo conditions, a qualitative and quantitative reduction
in bacterial viability was shown. Regarding biofilms, Battisti et al. highlighted the new
fluorescence lifetime imaging, which might offer more insights into the biofilm dynamics
and facilitate treatment optimization [5].
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Cuadrado et al. and Ayoub et al. used a more technological approach and processed
the PS. They incorporated their PS (i.e., zinc menthol-phthalocyanine or parietin) into
magnetic nanocomposites [6] or cyclodextrin-inclusion complexes [7].

Additionally, three articles took bacteria treatment one step further and focused more
on wound healing. They bridge the gap between in vitro and in vivo conditions [8] and
show new in vivo quantification methods [9,10].

Pérez-Laguna et al. assessed the effect of combination therapy against different
strains of Candida spp. using methylene blue as PS and chlorhexidine [11]. They achieved
a reduction in methylene blue concentration while maintaining the same photodynamic
efficacy. Another study by Sadraeian et al. compared the effects of UV-C light and aPDT
with photodithazine against SARS-CoV-2 pseudovirus [12].

The PDT section consists of five articles covering different aspects. Chai et al. syn-
thesized a new PS that showed beneficial properties (i.e., tracking and ablation) against
HepG2 human hepatocellular carcinoma cells [13]. Dobre et al. investigated the gene
expression pattern of HT29 cells treated with a new porphyrin derivate that they had
previously synthesized and analyzed [14]. Nanosized drug delivery systems are vital when
applying the most PS in PDT. Thus, Lehmann et al. and Yeh et al. incorporated their PS
in liposomes and lipid-calcium phosphate nanoparticles, respectively [15,16]. While the
first group reported the feasibility of liposome nebulization and pulmonary drug delivery,
the second successfully treated SCC4 and SAS cells in vitro and in a xenograft model
with a combination therapy using EGFR siRNA and PDT. Bartosifiska et al. compared
three different forms of 5-aminolevulinic acid in treating actinic keratosis and showed
that 5-aminolevulinic acid phosphate was superior to the other forms at present due to its
higher tolerability and lesser pain [17].

Two articles covering immunomodulatory therapy extended the scope of the two defined
sections, PDT and aPDT. Dorst et al. assessed the efficacy of IRDye700DX-loaded liposomes
in the treatment of arthritis and provided insights into the difficulties of these treatment
regimens [18]. Christensen et al. presented the first-in-human study of 5-aminolevulinic
acid against chronic graft-versus-host disease [19]. They used extracorporeal photopheresis
combined with photoactivation of the generated protoporphyrin IX and proved the tolerability
and safety of the procedure. Apart from these captivating research articles, seven profound
review articles deal with different fields in PDT and aPDT. A broad overview of PDT,
from history to future perspectives, was given by Correia et al. [20]. They summarized
the essential parameters, discussed advantages and limitations, and emphasized that PDT
is a promising therapeutic option. Lange et al. and Ailioaie et al. focused on the use of
cyanine-derived dyes and curcumin in PDT, respectively [21,22]. Whereas the first group
thoroughly described all used dyes, the second included all technological advances and
presented the use of curcumin against different cancer types in detail. Fahmy et al. focused
their article on liposomal formulations in PDT, highlighted the versatility of liposomes,
and listed an astonishing number of the most recent state-of-the-art studies [23]. The
comprehensive review by Piaserico et al. deals with the possible applications of PDT
against actinic keratoses. They provided important information on the benefits of post- and
pre-treatment strategies that improve the therapeutic efficiency of PDT [24].

A systematic review by Dalvi et al. on using aPDT against periodontitis demanded
more robust and well-designed studies due to the substantial flaws limiting their repro-
ducibility [25]. Starting from single PS, along with their different classes and drug-delivery
systems, Youf et al. continued to thoroughly describe all possible combinations with
aPDT [26].

Overall, photodynamic therapy is a lively topic that can be used in various fields. In
2017, despite some breakthroughs, the world did not seem prepared for PDT and aPDT.
We look forward to the changes in clinical practice in the upcoming years.

We thank Pharmaceutics (MDPI) and their excellent team for permanently staying by
our side and helping us to produce this Special Issue.



Pharmaceutics 2022, 14, 1786

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Wainwright, M.; Maisch, T.; Nonell, S.; Plaetzer, K.; Almeida, A.; Tegos, G.P.; Hamblin, M.R. Photoantimicrobials—Are we afraid
of the light? Lancet Infect. Dis. 2017, 17, e49-e55. [CrossRef]

Gonzalez, I.A.; Palavecino, A.; Nufiez, C.; Dreyse, P.; Melo-Gonzélez, E; Bueno, S.M.; Palavecino, C.E. Effective Treatment
against ESBL-Producing Klebsiella pneumoniae through Synergism of the Photodynamic Activity of Re (I) Compounds with
Beta-Lactams. Pharmaceutics 2021, 13, 1889. [CrossRef] [PubMed]

Nufiez, C.; Palavecino, A.; Gonzélez, I.A.; Dreyse, P; Palavecino, C.E. Effective Photodynamic Therapy with Ir(III) for Virulent
Clinical Isolates of Extended-Spectrum Beta-Lactamase Klebsiella pneumoniae. Pharmaceutics 2021, 13, 603. [CrossRef] [PubMed]
Garcia, M.T.; Da Ward, R.A.C.; Gongalves, N.M.F,; Pedroso, L.L.C.; Da Neto, ].V.S,; Strixino, ].E; Junqueira, J.C. Susceptibility of
Dental Caries Microcosm Biofilms to Photodynamic Therapy Mediated by Fotoenticine. Pharmaceutics 2021, 13, 1907. [CrossRef]
Battisti, A.; Morici, P.; Sgarbossa, A. Fluorescence Lifetime Imaging Microscopy of Porphyrins in Helicobacter pylori Biofilms.
Pharmaceutics 2021, 13, 1674. [CrossRef]

Cuadrado, C.F; Diaz-Barrios, A.; Campana, K.O.; Romani, E.C.; Quiroz, F.; Nardecchia, S.; Debut, A.; Vizuete, K.; Niebieskikwiat,
D.; Avila, C.E.; et al. Broad-Spectrum Antimicrobial ZnMintPc Encapsulated in Magnetic-Nanocomposites with Graphene
Oxide/MWCNTs Based on Bimodal Action of Photodynamic and Photothermal Effects. Pharmaceutics 2022, 14, 705. [CrossRef]
Ayoub, A.M.; Gutberlet, B.; Preis, E.; Abdelsalam, A.M.; Abu Dayyih, A.; Abdelkader, A.; Balash, A.; Schéfer, J.; Bakowsky, U.
Parietin Cyclodextrin-Inclusion Complex as an Effective Formulation for Bacterial Photoinactivation. Pharmaceutics 2022, 14, 357.
[CrossRef]

Chan, B.C.L.; Dharmaratne, P.; Wang, B.; Lau, KM.; Lee, C.C.; Cheung, D.W.S.; Chan, ].Y.W,; Yue, G.G.L.; Lau, C.B.S.; Wong, C.K,;
et al. Hypericin and Pheophorbide a Mediated Photodynamic Therapy Fighting MRSA Wound Infections: A Translational Study
from In Vitro to In Vivo. Pharmaceutics 2021, 13, 1399. [CrossRef]

Zuhayri, H.; Nikolaev, V.V.; Knyazkova, A.IL; Lepekhina, T.B.; Krivova, N.A.; Tuchin, V.V; Kistenev, Y.V. In Vivo Quantification of
the Effectiveness of Topical Low-Dose Photodynamic Therapy in Wound Healing Using Two-Photon Microscopy. Pharmaceutics
2022, 14, 287. [CrossRef]

Zuhayri, H.; Nikolaev, V.V.; Lepekhina, T.B.; Sandykova, E.A.; Krivova, N.A ; Kistenev, Y.V. The In Vivo Quantitative Assessment
of the Effectiveness of Low-Dose Photodynamic Therapy on Wound Healing Using Optical Coherence Tomography. Pharmaceutics
2022, 14, 399. [CrossRef]

Pérez-Laguna, V.; Barrena-Lopez, Y.; Gilaberte, Y.; Rezusta, A. In Vitro Effect of Photodynamic Therapy with Different Lights and
Combined or Uncombined with Chlorhexidine on Candida spp. Pharmaceutics 2021, 13, 1176. [CrossRef] [PubMed]

Sadraeian, M.; Junior, EEP,; Miranda, M.; Galinskas, J.; Fernandes, R.S.; da Cruz, E.F; Fu, L.; Zhang, L.; Diaz, R.S.; Cabral-Miranda,
G.; et al. Study of Viral Photoinactivation by UV-C Light and Photosensitizer Using a Pseudotyped Model. Pharmaceutics 2022, 14,
683. [CrossRef] [PubMed]

Chai, C.; Zhou, T.; Zhu, J.; Tang, Y.; Xiong, ].; Min, X.; Qin, Q.; Li, M.; Zhao, N.; Wan, C. Multiple Light-Activated Photodynamic
Therapy of Tetraphenylethylene Derivative with AIE Characteristics for Hepatocellular Carcinoma via Dual-Organelles Targeting.
Pharmaceutics 2022, 14, 459. [CrossRef] [PubMed]

Dobre, M.; Boscencu, R.; Neagoe, 1.V.; Surcel, M.; Milanesi, E.; Manda, G. Insight into the Web of Stress Responses Triggered
at Gene Expression Level by Porphyrin-PDT in HT29 Human Colon Carcinoma Cells. Pharmaceutics 2021, 13, 1032. [CrossRef]
[PubMed]

Lehmann, J.; Agel, M.R,; Engelhardt, K.H.; Pinnapireddy, S.R.; Agel, S.; Duse, L.; Preis, E.; Wojcik, M.; Bakowsky, U. Improvement
of Pulmonary Photodynamic Therapy: Nebulisation of Curcumin-Loaded Tetraether Liposomes. Pharmaceutics 2021, 13, 1243.
[CrossRef]

Yeh, C.-H.; Chen, J.; Zheng, G.; Huang, L.; Hsu, Y.-C. Novel Pyropheophorbide Phosphatydic Acids Photosensitizer Combined
EGEFR siRNA Gene Therapy for Head and Neck Cancer Treatment. Pharmaceutics 2021, 13, 1435. [CrossRef]

Bartosiniska, J.; Szczepanik-Kulak, P.; Raczkiewicz, D.; Niewiedziol, M.; Gerkowicz, A.; Kowalczuk, D.; Kwasny, M.; Krasowska, D.
Topical Photodynamic Therapy with Different Forms of 5-Aminolevulinic Acid in the Treatment of Actinic Keratosis. Pharmaceutics
2022, 14, 346. [CrossRef]

Dorst, D.N.; Boss, M.; Rijpkema, M.; Walgreen, B.; Helsen, M.M.A; Bos, D.L.; van Bloois, L.; Storm, G.; Brom, M.; Laverman,
P; et al. Photodynamic Therapy Targeting Macrophages Using IRDye700DX-Liposomes Decreases Experimental Arthritis
Development. Pharmaceutics 2021, 13, 1868. [CrossRef]

Christensen, E.; Foss, O.A.; Quist-Paulsen, P; Staur, L; Pettersen, F.; Holien, T.; Juzenas, P.; Peng, Q. Application of Photodynamic
Therapy with 5-Aminolevulinic Acid to Extracorporeal Photopheresis in the Treatment of Patients with Chronic Graft-versus-Host
Disease: A First-in-Human Study. Pharmaceutics 2021, 13, 1558. [CrossRef]

Correia, ]. H.; Rodrigues, J.A.; Pimenta, S.; Dong, T.; Yang, Z. Photodynamic Therapy Review: Principles, Photosensitizers,
Applications, and Future Directions. Pharmaceutics 2021, 13, 1332. [CrossRef]



Pharmaceutics 2022, 14, 1786

21.

22.

23.

24.

25.

26.

Lange, N.; Szlasa, W.; Saczko, J.; Chwitkowska, A. Potential of Cyanine Derived Dyes in Photodynamic Therapy. Pharmaceutics
2021, 13, 818. [CrossRef] [PubMed]

Ailioaie, L.M.; Ailioaie, C.; Litscher, G. Latest Innovations and Nanotechnologies with Curcumin as a Nature-Inspired Photosensi-
tizer Applied in the Photodynamic Therapy of Cancer. Pharmaceutics 2021, 13, 1562. [CrossRef] [PubMed]

Fahmy, S.A.; Azzazy, HM.E.-S; Schaefer, J. Liposome Photosensitizer Formulations for Effective Cancer Photodynamic Therapy.
Pharmaceutics 2021, 13, 1345. [CrossRef] [PubMed]

Piaserico, S.; Mazzetto, R.; Sartor, E.; Bortoletti, C. Combination-Based Strategies for the Treatment of Actinic Keratoses with
Photodynamic Therapy: An Evidence-Based Review. Pharmaceutics 2022, 14, 1726. [CrossRef]

Dalvi, S.; Benedicenti, S.; Salagean, T.; Bordea, L.R.; Hanna, R. Effectiveness of Antimicrobial Photodynamic Therapy in the
Treatment of Periodontitis: A Systematic Review and Meta-Analysis of In Vivo Human Randomized Controlled Clinical Trials.
Pharmaceutics 2021, 13, 836. [CrossRef]

Youf, R.; Miller, M.; Balasini, A.; Thétiot, F.; Miiller, M.; Hascoét, A.; Jonas, U.; Schonherr, H.; Lemercier, G.; Montier, T.; et al.
Antimicrobial Photodynamic Therapy: Latest Developments with a Focus on Combinatory Strategies. Pharmaceutics 2021, 13,
1995. [CrossRef]



pharmaceutics

Article

Effective Treatment against ESBL-Producing
Klebsiella pneumoniae through Synergism of the Photodynamic
Activity of Re (I) Compounds with Beta-Lactams

Ivan A. Gonzalez !, Annegrett Palavecino 2, Constanza Niifiez 2, Paulina Dreyse 3, Felipe Melo-Gonzalez 4,

Susan M. Bueno *

Citation: Gonzalez, I.A.; Palavecino,
A.; Nunez, C,; Dreyse, P.,;
Melo-Gonzilez, E.; Bueno, S.M.;
Palavecino, C.E. Effective Treatment
against ESBL-Producing Klebsiella
pneumoniae through Synergism of the
Photodynamic Activity of Re (I)
Compounds with Beta-Lactams.
Pharmaceutics 2021, 13, 1889.
https://doi.org/10.3390/
pharmaceutics13111889

Academic Editors: Udo Bakowsky,
Matthias Wojcik, Eduard Preis and
Gerhard Litscher

Received: 14 September 2021
Accepted: 1 November 2021
Published: 8 November 2021

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

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Christian Erick Palavecino

2,%

Departamento de Quimica, Facultad de Ciencias Naturales, Matemadtica y del Medio Ambiente,
Universidad Tecnolégica Metropolitana, Las Palmeras 3360, Nufioa, Santiago 7800003, Chile;
igonzalezp@utem.cl

Laboratorio de Microbiologia Celular, Instituto de Investigacién e Innovacion en Salud, Facultad de Ciencias
de la Salud, Universidad Central de Chile, Lord Cochrane 418, Santiago 8330546, Chile;
annegrett.palavecino@alumnos.ucentral.cl (A.P.); constanza.nunezc@alumnos.ucentral.cl (C.N.)
Departamento de Quimica, Universidad Técnica Federico Santa Maria, Av. Espafia 1680, Casilla,
Valparaiso 2390123, Chile; paulina.dreyse@usm.cl

Departamento de Genética Molecular y Microbiologia, Millennium Institute on Immunology and
Immunotherapy, Facultad de Ciencias Biologicas, Pontificia Universidad Catélica de Chile,
Santiago 8330025, Chile; famelo@bio.puc.cl (EM.-G.); sbueno@bio.puc.cl (5S.M.B.)

*  Correspondence: christian.palavecino@ucentral.cl; Tel.: +56-225851334

Abstract: Background: Extended-spectrum beta-lactamase (ESBL) and carbapenemase (KPC") pro-
ducing Klebsiella pneumoniae are multidrug-resistant bacteria (MDR) with the highest risk to human
health. The significant reduction of new antibiotics development can be overcome by complementing
with alternative therapies, such as antimicrobial photodynamic therapy (aPDI). Through photosensi-
tizer (PS) compounds, aPDI produces local oxidative stress-activated by light (photooxidative stress),
nonspecifically killing bacteria. Methodology: Bimetallic Re(I)-based compounds, PSRe-uL1 and
PSRe-ulL2, were tested in aPDI and compared with a Ru(II)-based PS positive control. The ability of
PSRe-pL1 and PSRe-uL2 to inhibit K. pneumoniae was evaluated under a photon flux of 17 pW/ cm?.
In addition, an improved aPDI effect with imipenem on KPC* bacteria and a synergistic effect with
cefotaxime on ESBL producers of a collection of 118 clinical isolates of K. pneumoniae was determined.
Furthermore, trypan blue exclusion assays determined the PS cytotoxicity on mammalian cells.
Results: At a minimum dose of 4 ug/mL, both the PSRe-uL1 and PSRe-pL2 significantly inhibited in
3logig (>99.9%) the bacterial growth and showed a lethality of 60 and 30 min of light exposure, respec-
tively. Furthermore, they were active on clinical isolates of K. pneumoniae at 3-6 log1o. Additionally,
a remarkably increased effectiveness of aPDI was observed over KPC™* bacteria when mixed with
imipenem, and a synergistic effect from 3 to 6logjy over ESBL producers of K. pneumoniae clinic iso-
lates when mixed with cefotaxime was determined for both PSs. Furthermore, the compounds show
no dark toxicity and low light-dependent toxicity in vitro to mammalian HEp-2 and HEK293 cells.
Conclusion: Compounds PSRe-puL1 and PSRe-puL2 produce an effective and synergistic aPDI effect
on KPC*, ESBL, and clinical isolates of K. pneumoniae and have low cytotoxicity in mammalian cells.

Keywords: photodynamic therapy; multi-drug resistance; antibiotic synergy; Klebsiella pneumoniae

1. Introduction

Due to the emergence of multi-drug resistance (MDR) pathogenic bacteria, the deficit
of new antibiotics is one of the most pressing threats to human health in the 21st cen-
tury [1]. The world health organization has presented a ranking of the most relevant MDR
bacteria that require the urgent development of new antimicrobial therapies. Strains of
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Klebsiella pneumoniae producing extended-spectrum (3-lactamase (ESBL) and carbapene-
mase (KPC) are among the most relevant [2,3]. K. pneumoniae is a Gram-negative bacil-
lus associated with pneumonia and urinary tract infections (UTI) [4,5]. Additionally,
K. pneumoniae is one of the most relevant agents of healthcare-associated infections (HAIs) [6].
The HAIs produced by K. pneumoniae can be severe, producing mortalities as high as 30
to 70% [7,8]. The use of polymyxins (colistin) or tigecycline antibiotics are the only ther-
apeutic options to treat severe KPC* infections [9]. The global increase in pan-resistant
Enterobacteriaceae has resulted in increased use of colistin, which has accelerated the onset
of resistance to polymyxins; the emergence of the mcr-1 gene is a good example [1,10].
Therefore, MDR-K. pneumoniae strains have a great potential to become a “superbug”;
therefore, they are an excellent model for discovering new antimicrobial treatments [8].

In this scenario, non-antibiotic therapeutic options with antimicrobial properties
should be explored. An alternative is the antimicrobial photodynamic inactivation (aPDI)
based on light-activated photosensitizer compounds (PS) [11-13]. The PSs are chemical
compounds that absorb and accumulate the quantized energy of a specific wavelength
accessing a triplet excited state by intersystem crossing processes [14]. The accumulated
energy is transferred to the molecular oxygen commonly present in biological solutions
through two mechanisms of action to produce reactive oxygen species (ROS): The Type I ef-
fect transfers energetic electrons that produce superoxide (O,®~); the O,*~ produces other
ROS, such as hydrogen peroxide (H,O,) and hydroxyl radical (HO®) [15,16]. The Type
II effect transfers the energy (with no electrons) to generate singlet oxygen (10,) [17,18].
ROS such as 'O, produces photooxidative stress by concerted addition reactions of alkene
groups in closer organic macromolecules such as protein alkylation, lipid carboxylation,
and DNA degradation [12,19,20]. Hence, photooxidative stress results in non-specific bac-
terial cell death produced by damage over bacterial structures such as plasma membranes
or DNA [17,21]. Many initiatives have developed PS compounds with aPDI properties for
bacteria such as K. pneumoniae [13,20,22-24]. PS with a longer-lived excited state lifetime im-
prove the probability of interacting with triplet oxygen and must produce more 'O, [25-28].
Moreover, it has been identified that cationic PSs produce more significant inhibition in
bacterial growth [29], probably due to a more intimate interaction with the negatively
charged bacterial envelope [30]. Therefore, cationic PSs may show a better photodynamic
effect on K. pneumoniae than anionic PSs [29-31]. Our laboratory has tested various cationic
Ir(Ill) organometallic PSs with antimicrobial properties against K. pneumoniae [23,29,32].
Other authors have also developed PS for K. pneumoniae [31,33-35], where some of these
are organic molecules able to inhibit bacterial growth in vitro [33]. The PS molecule must
show low levels of cytotoxicity to reduce the probability of adverse pharmacological effects.
In this regard, the PSs based on organic molecules should be less toxic [19]. Other coordina-
tion compounds based on transition metals into tetrapyrrole structures or 5-aminolevulinic
acids (ALA) have been successfully used for photodynamic treatment of cancer [36,37].
The Ru(Il) complex containing three phenanthroline ligands has shown highlighted antimi-
crobial activity [38]. Additionally, the Re(I) complexes have been used in vitro against a
broad spectrum of bacteria [39]. In this sense, the complexes with transition metals such
as Re(I) can be considered good options according to their photophysical properties to
produce reactive oxygen species useful for antimicrobial treatment [40].

Here we verify that PS compounds that absorb in a wide range of the visible spectrum,
such as bimetallic Re (I) bimetallic complexes with polypyridine bridging ligand, may be
helpful in aPDI over K. pneumoniae. These complexes have (Re(CO);Cl),u-N"N general
formula and here were evaluated with the following NN ligands: 2,3-Dicarboxypyrazino
[2,3-f] [4,7] phenanthrolinedicarboxylic (L1) and 2,3-Diethoxycarbonylypyrazino [2,3-f] [4,7]
phenanthroline (L2) to obtain the corresponding PSRe-uL1 and PSRe-pL2 compounds [41].
The photodynamic effect of the PSRe-uL1 and PSRe-uL2 compounds was tested in vitro
in two laboratory strains of K. pneumoniae: the carbapenem susceptible (KPC~) KPPR-1
and the carbapenem-resistant (KPC*) ST258 strain, and also in a previously characterized
population of 118 clinical isolates of K. pneumoniae, including 66 ESBL-producers [42]. In
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addition, the PSs capacity to inhibit bacterial growth was verified, as well as the pharmaco-
logical properties, such as minimum effective dose (MEC), lethality time, and synergy with
imipenem (Imp) and cefotaxime (Cfx) antibiotics. Finally, the low cytotoxicity in mam-
malian cells determined in vitro makes these PSs a promising alternative to complement
the treatment of complicated infections.

2. Materials and Methods
2.1. Synthesis of the Photosensitizer Compounds

Our group had previously synthesized and characterized the structure, photophysics,
and purity of the PSRe-uLL1 and PSRe-ulL2 compounds, published in Gonzélez et al.,
2020 [41]. The characterizations included nuclear magnetic resonance (NMR), Fourier
transforms infrared spectroscopy (FI-IR), elemental analysis TD-DFT calculations, and
cyclic voltammetry. Additionally, the absorption spectra measured in acetonitrile solution
were performed in a Shimadzu UV-Vis-NIR 3101-PC spectrophotometer. Finally, the
molar extinction coefficients of the characteristic absorption bands and the area under
the curve between 500-700 nm were determined. The complexes can be described using
the following general formula: (Re(CO)3Cl),u-N"N, where NN is 2,3-Dicarboxypyrazino
[2,3-f] [4,7] phenanthrolinedicarboxylic (L1) or 2,3-Diethoxycarbonylypyrazino [2,3-f] [4,7]
phenanthroline (L2). The Re(I) PSs obtained with both L1 and L2 are then designated as
PSRe-pL1 and PSRe-pL2, respectively.

2.2. Antimicrobial Activity of Photosensitizers Compounds

Stock solutions of 2 mg/mL of each photosensitizer compound were prepared in
dimethyl sulfoxide DMSO (Sigma-Aldrich, Saint louis, MO, USA), from which suitable
work concentrations were obtained by dilution in an aqueous medium. The imipenem
susceptible (KPC-) strain KPPR1 and the imipenem resistant strain ST258 (KPC*) of
K. pneumoniae were used for the antimicrobial assay. Additionally, 118 clinical isolates
of K. pneumoniae were used. Those clinical isolates were previously characterized for
sensitivity and pathogenicity patterns [42]. For photodynamic experiments, all bacteria
were grown as axenic culture in Luria Bertani medium and suspended at 1 x 107 colony
forming units (CFU)/mL cation-adjusted Muller Hinton broth (ca-MH). Bacteria were
mixed with each PS in 24-well plates, in a final volume of 500 puL and light-irradiated
immediately after adding the PS in a chamber with a white LED lamp at a photon flux of
17 uW /cm?. Controls plates with bacteria but no PS and with PS and no light were also
included. All plates, including controls, were incubated for 1 h or the indicated time, and
broth-micro dilution and sub-cultured on ca-MH agar plates were used to determine the
CFUs of the viable bacteria. The agar plates were incubated at 37 °C, and colony count was
recorded using a stereoscopic microscope after 16-20 h of incubation in the dark, following
the recommendations of the Clinical and Laboratory Standards Institute (CLSI 2017) [43].
Control wells with bacteria, with or without photosensitizer but not exposed to light, were
also included.

2.3. Determination of the Synergy between PSs and Cfx

To determine the fractional inhibitory concentration index (FIC) value, the following
formula was used [44,45]:

MICac MICbc

FIC Index =
ndex = Mic, T mic,

MICac is the MIC of compound A, combined with compound B, and MICbc is the
MIC of compound B combined with compound A. The MICa and MICb are the MIC of
the A and B compounds alone, respectively. Values in the FIC index < 0.5 are considered
synergistic, and values > 4 are considered antagonistic [44]. To determine the MIC- Cfx in
combination with each PS, 1 x 107 UFC/mL of ESBL-producing bacteria were aPDI treated
for 30 min with 4 pg/mL of each PSRe mixed with serial dilution (32-0.125 pg/mL) of
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Cfx in ca-MH broth, as stated above. To determine the modification in the PS-MEC when
combined with Cfx, 1 x 107 UFC/mL of ESBL-producing bacteria were added to 4 pg/mL
of Cfx and mixed with a serial dilution of each PS (32-0.125 pug/mL) in ca-MH broth, as
mentioned previously.

2.4. Cell Culture

The human cell lines from the American-type culture collection (ATCC), HEp-2
(CCL-23), and HEK293T (CRL-3216) were grown in DMEM with a mix of 1% strepto-
mycin/penicillin antibiotics. The medium was supplemented with 10% fetal bovine
serum (FBS), and the cultures were incubated in a 5% CO, atmosphere. Initial cultures of
5 x 10° cells per well were incubated for 24 to 48 h to a 70-90% confluence in triplicate in
24-well plates.

2.5. Cytotoxicity Tests in Eukaryotic Cells

The cytotoxic effect of PS compounds on HEp-2 and HEK293T cells was determined
by evaluating cell death by the exclusion of trypan blue. The 24-well plates with cells at
70-90% confluence were mixed with 4 pug/mL of PSRe-pL1 and PSRe-pL.2 compounds or
control with D-PBS and incubated for 1 h in the dark or light-activated in a white LED
light chamber with 17 uW/ cm? of photon flux. Subsequently, the PSs were removed by
washing twice with D-PBS, and the cells were incubated in the dark for an additional
24 h in DMEM supplemented with antibiotics + 10% FBS in a 5% CO, atmosphere. After
incubation, the cells were trypsinized, and the cell death was determined by trypan blue
exclusion in a hemocytometer chamber.

2.6. Statistical Analysis

The Prism version 9.0 Software (GraphPad Software, LLC, San Diego, CA, USA) was
used to perform the statistical analysis. Statistical significance was assessed using a two-tail
T-test for parametric pairing groups or one-way ANOVA followed by the Tukey post-test
for the lethality curves.

3. Results
3.1. Absorption Properties of the PSRe-uL1 and PSRe-uL2 Compounds

We previously showed that cationic Ir(Ill) are effective photosensitizers against
K. pneumoniae [29]. However, these compounds present absorption peaks below 400 nm,
limiting their excitation with wavelengths that better penetrate tissues [11]. Two bimetallic
Re (I) compounds have been tested to enhance the PS activation in deeper tissue infections.
Those bimetallic Re(I) complexes present polypyridine ligands (Figure 1A,B), they are
fully structurally characterized, and they are thermodynamically stable in acetonitrile
solution [41,46]. As shown in Table 1 and Figure 1D, the PSRe-uL1 and PSRe-puL2 present
similar absorption processes at 358 and 360 nm, respectively. However, they show dark
coloration attributed to a wide range of absorption bands in the visible range, with the
maximums at 587 and 588 nm (Figure 1C,D). As shown in Figure 1D, both PSRe-uL1 and
PSRe-uL2 compounds have an intense dark color, which shows their characteristic of
absorbing light with a significant molar extinction coefficient in a wide visible range. The
broad range absorption (500-700 nm) shows a significant area under the curve of 16.28 and
14.39 for PSRe-puL1 and PSRe-pL2, respectively. The compounds also present significantly
high molar absorption of 3384 and 5600 M~'cm ™! for the PSRe-uL1 and PSRe-uL2, respec-
tively (Table 1). The absorptions are attributable to the singlet metal-to-ligand (\MLCT) and
singlet ligand-to-ligand (LLCT) charge transfer transitions from the metal and chloride
ligand to ligand bridge (L1 or L2), following the behavior of analogous compounds and
the trends of cyclic voltammetry experiments and TD-DFT calculations [41]. In addition,
the cyclic voltammetry showed a first oxidation process at 1.51 and 1.70 for PSRe-uL1
and PSRe-uL2, respectively. A second oxidation process was obtained only for PSRe-puL1
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at 1.65 V (Table 1). The HOMO-LUMO energy gaps calculated for the PSRe-uL1 and
PSRe-pL2 complexes were of similar magnitude, 2.73 and 2.84 eV, respectively (Table 1).
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Figure 1. Chemical structure of the Re(I) bimetallic photosensitizer compounds and their L ligands
and absorption spectra. The chemical structure of Re(I) complexes show the L1 and L2 ligands
(A) and the (Re(CO)3Cl);u-N"N, whose replacement of Ry results in the PSRe-pL1 and PSRe-pL2
compounds (B). Macroscopic appearance of PSRe-uL1 and PSRe-uL2 compounds concentrated in
solution at 2 mg/mL (C). The absorption spectra for the PSRe-pL.1 and PSRe-uL2 compounds in
acetonitrile solution (D).

Table 1. Photophysical and electrochemical evaluation of photosensitizers.

Compounds Aabs/nm Area (500-700 nm) Eox1/V Eox2/V  (e/M~1lcm—1)
PSRe-uL1 358/587 16.28 1.51 1.65 3384
PSRe-uL2 360/588 14.39 1.70 5600

PS-Ru 550 0.83 1.29* 600 *

* Extracted from Campagna et al., 2007 [47]. A,ps, wavelength. Area, the area under the curve. Eyy, oxidation state.

¢, molar absorption.

The PS-Ru [Ru(bpy)3]1(PF¢), (bpy = 2,2"-bipyridine) compound was used as a con-
trol to compare the aPDI activity of the PSRe-uL1 and PSRe-uL2 compounds [38]. Ac-
cording to the literature, in acetonitrile, the PS-Ru shows a charge-transfer absorption
process at 450 nm [48] and a significantly low molar extinction coefficient at 550 nm of
~600 M~ lem ™1 [47]. In addition, we determine its area under the curve of 0.83 between
500-700 nm wavelength, which is significantly smaller than the PS-Re compounds (Table 1).

3.2. Antimicrobial Photodynamic Inactivation Activity of Compounds PSRe-uL1 and PSRe-uL2

The photodynamic antimicrobial capacity of the two new Re (I) compounds was
determined by inhibiting the bacterial growth of K. pneumoniae. PSRe-uL1 and PSRe-
ul2 at 16 pg/mL were then mixed with each K. pneumoniae strain, KPPR1 (KPC™) and
ST258 (KPC*) at 1 x 107 CFU/ml. The aPDI activity of the PSRe-uL.1 and PSRe-ul.2
compounds was compared with the reference PS-Ru antimicrobial activity as a positive
control [34,38,49]. Initial tests were performed with 16 pg/mL of each compound in an
aqueous solution (ca-MH). Figure 2 shows the photodynamic treatment with PSRe-puL.1
and PSRe-uL2 (Green bars), which inhibits in 3 logjg (<99.9%) the growth of both strains of
K. pneumoniae (* p < 0.05) compared to untreated control bacteria (Blue bars). The results
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show that the bactericidal effect produced by both PSs is dependent on light (Red bars)
(ns p > 0.05, compared to untreated control) because growth inhibition is observed after
light activation. Therefore, the PSRe-uL1 and the PSRe-uL2 compounds must be activated
by light to exhibit their bactericidal effect. Comparable results were obtained with the
16 pg/mL PS-Ru control, as the bacterial growth inhibition was observed only after light
activation (p < 0.05).

PSRe-pL1 PSRe-pL2 PS-Ru
KPPR1 ST258 KPPR1 ST258 KPPR1 57258
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Figure 2. The Photodynamic antimicrobial inhibition of PSRe-pL1 and PSRe-puL2 compounds. The
imipenem-sensitive strain (KPPR1) and the imipenem resistant strain (ST258) of K. pneumoniae were
used ata 1 x 107 CFU/mL and mixed in triplicate with 16 ng/mL of PSRe-pL1, PSRe-uL2, or PS-Ru
compounds. The mix was incubated for 1 h at 17 pW/cm? with light for aPDI (green bars) or in
the dark for controls (red bars). The results were compared to control of bacteria not combined
with the PSs (blue bars). Colony count enumerated viable bacteria on ca-MH agar after serial
micro-dilution. The CFU/mL values are presented as means & SD on a logjg scale. The + and —
signs indicate the presence or absence of a compound or condition. Not significant (ns) p > 0.05 by
Student’s t-test among bacteria treated with PS without light compared to untreated control bacteria;
* p <0.05 by Student’s t-test among bacteria treated with PS exposed to light compared to untreated

control bacteria.

3.3. Determination of the Minimum Effective Concentration and Lethality for the Compounds
PSRe-uL1 and PSRe-puL2

Because the PSRe-puLL1 and PSRe-uL2 compounds showed a significant aPDI effect on
the two K. pneumoniae strains, a further two pharmacologic parameters were determined:
the minimum effective concentration (MEC) and the minimum light exposition time (lethal-
ity) on the KPPR1 and the ST258 K. pneumoniae strains. The PS-MEC was determined by
exposition of 1 x 107 CFU/mL of each K. pneumoniae strain to serial dilutions (ranging
from 0 to 32 ug/mL) of each PS in ca-MH broth. The aPDI treatment was performed for 1 h
at a fluence rate of 17 pW/cm?2. After treatment, viable bacteria were enumerated as above
by serial micro-dilution. We established the MEC as the concentration where the bacterial
viability decreased in 3 logjg (99.9%). As shown in Figure 3, the MEC was determined at
4 ng/mL for both PSRe-uL1 (Figure 3A) and PSRe-pL2 (Figure 3B) (** p < 0.01, ** p < 0.001,
Student’s t-test comparing to control with 0 pg/mL). The MEC of 4 ug/mL of PSRe-uL1 or
PSRe-pL2 were used to determine the lethality time on 1 x 107 CFU/mL of each bacterial

10
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strain in ca-MH broth. The mix was exposed to 17 uW/cm? of a white LED light for 5,
15, 30, 60, and 120 min. Control wells with bacteria without PS were also included. For
each time, viable bacteria were enumerated by serial micro-dilution and colony counted in
ca-MH agar. We established the lethality when the bacterial viability decreased in 3 logg
(99.9%). As seen in Figure 3C, although PSRe-puL1 produced a significant reduction after
30 min of incubation (p = 0.013, compared to time 0), a 3logg reduction was observed
after 60 min of light exposure (p < 0.01, compared to time 0). In comparison, the PSRe-puL2
significantly (p < 0.01) reduced in 3logj( the bacterial viability after 30 min (Figure 3D).
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Figure 3. Determination of minimum effective concentration and time lethality. The minimum
effective concentration (MEC) and lethality of the PSRe-uL1 and PSRe-pL2 were determined using
the imipenem-sensitive (KPPR1) and the imipenem resistant (ST258) strains of K. pneumoniae. For
MEC determination, bacteria at 1 x 10 CFU/mL were incubated with increasing concentrations
(0-32 pg/mL) of the compounds PSRe-uL1 (A) or PSRe-uL2 (B) and exposed for 1 h to 17 uyW/ cm?
of white LED light. The time lethality was determined, mixing the bacteria with 4 pg/mL of
PSRe-pL1 (C) or PSRe-pL2 (D), and exposure for increasing times (5, 15, 30, 60, and 120 min) to
17 uW/cm? of white LED light. Colony count enumerated viable bacteria on ca-MH agar after
serial-microdilution. The CFU/mL values are presented as means =+ SD on a logjg scale (* p < 0.05,
**p <0.01, *** p < 0.001 by Student’s t-test among bacteria treated with PS exposed to light compared

to untreated control bacteria).

3.4. Increased Photodynamic Effect of PSRe-uL1 and PSRe-uL2 in Combination with Imipenem

The desired quality for photosensitizer compounds is to be used as adjunctive ther-
apy with antibiotics. The improvement in combined therapy of the compounds PSRe-
ulLl and PSRe-uL2 with imipenem was used to verify their usefulness in eradicating
carbapenemase-producing K. pneumoniae. The strains of K. pneumoniae susceptible to car-
bapenem KPC~ (KPPR1), and the resistant strain KPC* (ST258), were exposed to the
preparation of 4 ug/mL of imipenem mixed in aqueous solution with 4 pg/mL of each
PSRe-pL1, PSRe-puL2 (corresponding to their MECs), or the control compound PS-Ru [29].
Additionally, control bacteria exposure to light but without imipenem were included. As
expected, when mixed with imipenem, the PSRe-uL1 and PSRe-uL2 compounds showed
a significantly (*** p < 0.001) increased effect over bacterial viability, increasing from 3 to

11



Pharmaceutics 2021, 13, 1889

6logg the bactericidal effect for the KPC* strain (Figure 4). As seen previously, this behav-
ior was not observed when combining the imipenem with the PS-Ru control compound,
keeping the 3logg inhibitory effect (p < 0.05) [29].
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Figure 4. Increased photodynamic effect with imipenem. The effect of carbapenem on the PSRe-pL1
and PSRe-pL2 activity was determined in the strains of K. pneumoniae sensitive (KPPR1) or resistant
(ST258) to imipenem. The bacteria at 1 x 107 UFC/mL were exposed to a mixture of 4 ug/mL of
imipenem and with 4 pug/mL of each PS or the control PS-Ru. For aPDI treatment, the mixes were
incubated for 1 h at 17 pW/cm? of light (green bars) or in the dark (red bars). Control also includes
bacteria not treated (blue bars). Colony count enumerated viable bacteria on ca-MH agar after serial
microdilution. The CFU/mL values are presented as means + SD on a logg scale. The + and -
signs indicate the presence or absence of a compound or condition. Not significant (ns) p > 0.05 by
Student’s t-test among bacteria treated with PS + imipenem without light compared to untreated
control bacteria; * p < 0.05, ** p < 0.01 ** p < 0.001 by Student’s t-test among bacteria treated with
PS + imipenem exposed to light compared to untreated control bacteria.

3.5. Antimicrobial Photodynamic Inhibition of the PSRe-uL1 and PSRe-uL2 Compounds over
Clinical Isolates

We have in our laboratory a collection of 118 clinical isolates of K. pneumoniae from
patients who had an active infection [42]. We used these isolates to verify the photodynamic
activity of the PSRe-puL1 and PSRe-pul2 compounds on community bacteria and compared
them with PS-Ru positive control [49]. As seen in Figure 5, photodynamic treatment with
4 pg/mL PSRe-puL1 or PSRe-ul2 significantly (*** p < 0.001; compared to untreated control)
inhibits bacterial growth > 3logiy (>99.9%) of clinical isolates of K. pneumoniae. The results
show that the bactericidal effect produced by PSRe-puL1 and PSRe-pL2 is light-dependent
(ns = p > 0.05; compared to the untreated control). Those results are comparable with the
positive control PS-Ru (4 pg/mL) (*** p < 0.001). Because this collection of strains has been
characterized by its resistance profile and presents 66 ESBL-producing isolates, we analyzed
whether a synergic effect occurred with cefotaxime. It was first determined whether the
combined treatment with Cfx increases the inhibition of bacterial growth of aPDI with
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PSRe-uL1 or PSRe-puL2. The clinical isolates were exposed to the preparation of 4 ug/mL
of cefotaxime with 4 pg/mL of PSRe-uL1 or PSRe-pL2. As expected, the PSs compounds
mixed with cefotaxime significantly (*** p < 0.001) increased the bactericidal effect on the
clinical isolate population from 3 to 6logo reduction (Figure 5). No significantly increased
inhibitory effect was observed for the PS-Ru control combined with cefotaxime (ns p > 0.05).
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Figure 5. Antimicrobial photodynamic inactivation of clinical isolates of K. pneumoniae. (A) Growth
inhibition of 118 clinical isolates of K. pneumoniae subjected to antimicrobial photodynamic inacti-
vation (aPDI) with PSRe-uL1 and PSRe-pL2 compounds compared to control, PS-Ru. The bacteria
were utilized at 1 x 107 CFU/mL and mixed in triplicate with 4 ug/mL of PSRe-pL1 and PSRe-ulL2
compounds. For the aPDI, the mixture of bacteria with the PSs was exposed for 1 h at 17 uW/cm?
of white light. As a control, bacteria combined with the PSs not exposed to light and bacteria not
combined with the control PS-Ru were included. Colony count enumerated of viable bacteria on
ca-MH agar after serial micro-dilution. The CFUs/mL values are presented as means + SD on a logyg
scale. Not significant (ns) p > 0.05 by Student’s f-test among treated bacteria compared to control;
**p <0.01, ** p < 0.001 by Student’s t-test among treated bacteria compared to control.

3.6. Synergism between aPDI with Cefotaxime and FIC Index Determination

The fractional inhibitory concentration (FIC) index was determined to verify when
the PS and Cfx combination increases the bactericidal activity synergistically or additively.
We used the MEC determination for the photosensitizer compounds, and the results of
the mixture with antibiotics were tabulated as the MIC for simplicity. The set of 66 ESBL-
producing clinical isolates of K. pneumoniae [42] were mixed with 4 ng/mL PSRe-uL1,
PSRe-ul2, or PS-Ru and added to a serial log2 dilutions of Cfx (from 0 to 32 pg/mL). The
mixes were incubated for 1 h for aPDI or in the dark, and the Cfx-MIC was determined
16-20 h after. As seen in Figure 6A, compared to the aPDI untreated group, a significant
reduction (*** p < 0.001) from 8 pg/mL (8-8) to 0.17 pg/mL (0.09-0.34) with PSRe-pL.1 and
0.23 ug/mL (0.15-0.41) with PSRe-pL2 on Cfx-MIC was observed (Table 2). In addition,
the combined treatment also reduced the PSRe-uL1-MEC from 4 to 0.5 ug/mL and the
PSRe-uL2 MEC from 4 to 0.5 ng/mL (Figure 6B, Table 2). Both PSRe-uL1 and PSRe-uL2
compounds produced a significant change in Cfx-susceptibility with an FIC index of 0.15
for (Table 2). Figure 6B and Table 2 shows that the control compound, PS-Ru, did not
significantly change Cfx-susceptibility and shows an FIC index of 1.58. Given that synergy
is defined with an FIC index < 0.5 [44], the increase in the inhibitory effect shown by the
combination of PSRe-pL1 or PSRe-uL2 with Cfx is synergistic and not additive.
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Figure 6. Determination of FIC index using combined photodynamic inactivation and cefotaxime antibiotic. A population
of 66 ESBL-producing clinical isolates of K. pneumoniae was used to determine the modification on Cfx-MIC by the PSs
and the modification in PSs-MECs by cefotaxime. To determine the Cfx-MIC modification, 1 x 10”7 CFU/mL of bacteria
were mixed in triplicate with 4 ug/mL of PSRe-uL1, PSRe-uL2, or PS-Ru. The mix was added to serial dilutions of Cfx and
incubated for 1 h with 17 uW/cm? of white light or in the dark. The Cfx-MIC was then determined after 16-20 h at 37 °C
in the dark (A). The MEC for PSRe-uL1 and PSRe-uL2 were determined in combination with 4 pug/mL of Cfx, performed
in triplicate in ca-MH agar for 16-20 h (B). The MIC values are presented as median =+ SD of pg/mL on a log, scale. Not
significant (ns) p > 0.05 by Student’s t-test among treated bacteria compared to control; * p < 0.05, ** p < 0.01, *** p < 0.001 by
Student’s t-test among treated bacteria compared to control.

Table 2. FIC index calculation.

Compounds 2 MIC (ug/mL)  MIC Combined (ug/mL) FIC FIC Index

Cfx 8.00

PSRe-puL1 4.00 0.17 0.02 0.15
PSRe-pL1* 0.50 0.13

PSRe-pL2 4.00 0.23 0.03 0.15
PSRe-pulL2 * 0.50 0.13

PS-Ru 8.00 6.00 0.75 1.58
PS-Ru * 6.67 0.83

@ MIC values are the median for the ESBL-producing K. pneumoniae, n = 66. * The PS-MEC values modified
by Cfx.

3.7. The Cytotoxic Effect of PSRe-uL1 and PSRe-uL2 on Mammalian Cells

The PSRe-pL1 and PSRe-uL2 compounds were tested in vitro and found to be secure
for mammalian cells. This work tested the intrinsic cytotoxicity (dark cytotoxicity) and light-
dependent cytotoxicity of the PSs compounds in the human HEp-2 and HEK293 cell lines.
The trypan blue exclusion technique allowed us to determine cell death of 500,000 cells
in the presence of 4 pg/mL PSRe-uL1 or PSRe-pL2. The cells were incubated with PSs
for 1 h in the dark or activated with 17 uW /cm? of white LED light when the PSs were
removed. Fresh medium DMEM with 10% FBS without PS was replaced, and cells were
incubated 24 h more in the dark at 37 °C in a 5% CO, atmosphere. As shown in Figure 7,
when HEp-2 and HEK293T cells were exposed to 4 pug/mL of PSRe-uL1 or PSRe-pL2 in the
dark, no significant reduction in the cell survival was observed (ns = p > 0.05, Student’s
t-test, comparing treated cells with the control). Similarly, the light exposition induced no
significant cell death for HEp-2 cells, although a slight (12.5 & 5%) but significant (p > 0.05)
reduction in cell viability of PSRe-pL1 over HEK293T cells were shown.
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Figure 7. Cytotoxicity of the PSRe-uL1 and PSRe-uL2 compounds. Survival of 5 x 10° cells of HEp-2
and HEK293 human cell lines exposed to 4ug/mL of each PSRe-uL1 and PSRe-pL2 compounds were
normalized to control untreated cells and expressed as a percentage of dead cells. Dark cytotoxicity
was evaluated with cells exposed to the compound but not activated with light. Light-dependent
cytotoxicity was evaluated, exposing the cells for 1 h at 17 uW/cm? of white LED light. Not significant
(ns) p > 0.05, by Student’s t-test between cells exposed to each PS compared to control cells; * p < 0.05
by Student’s f-test cells exposed to each PS compared to control cells.

4. Discussion

Previously, we reported photosensitizing compounds based on Ir (III), which exhib-
ited absorption processes close to 400 nm wavelength [29]. Therefore, although those
compounds are microbicide in vitro, they may be more challenging to access exciting
light into the tissues [11]. In this sense, this work tested Re(I) PS compounds that exhibit
absorption processes at longer wavelengths, improving the possibility to access excited
states into the tissues. Considering the sustained decrease in antibiotic options, these SPs
could greatly complement the treatment of infections with MDR microorganisms such as
K. pneumoniae [1,3]. In this context, using aPDI as complementary therapy becomes viable
due to their usefulness as a rescue therapy for infections with MDR bacteria and reverse
resistance to antibiotics of choice, reducing the spread of MDR strains [50].

The effective microbial activity of the PSRe-uL1 and PSRe-uL2 photosensitizers rests
on the photophysical properties provided by their chemical structure. Although these
compounds are neutral (do not have positive charges in the coordination sphere), they
can easily polarize by absorption of light, as described in a previous report [41]. This
characteristic may improve their molecular proximity to the K. pneumoniae cell envelope.
Additionally, by exciting these high-rate light-absorbing dark compounds, they can produce
high-energy triplet states, which promote energy transfer to molecular oxygen [51]. At first
glance, the antimicrobial effect observed with PSRe-uL1 and PSRe-uL2 can be explained
by access to a triplet state, as reported [41]. It will then depend on the nature of the
Re (I) complex; the excited state responsible for the generation of the ROS producing
photooxidative stress could be states SMLCT, 3LC, or a mixture of both states [52]. Although
aPDI performance is similar for both PSs, the PSRe-uL2 requires less time exposition than
PSRe-pL1 to get the same effect. This difference could be associated with the higher
coefficients of molar extinction presented for the PSRe-uL2 compound. The difference in
the chemical structure of the L2 polypyridine ligand involving more complex hydrocarbon
chains may be related [52]. A more extensive photophysical characterization should be
carried out to corroborate these hypotheses, such as determining the bacterial cell envelope
damage by TEM or the production of reactive oxygen species.

At concentrations as low as 4 ug/mL, both the PSRe-puL1 and the PSRe-uL2 com-
pounds showed an effective aPDI activity, inhibiting the growth of K. pneumoniae (>3logjo).
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These results are comparable to using cyclometalated Ir (III) complexes as aPD], as pre-
viously reported [23,29]. Similar values have been reported for other PS compounds
against Gram-negative bacteria [53-56]. When combined with imipenem, the PSRe-
uLl and PSRe-uL2 compounds produced a similar effect, shown previously by Ir(III)
based cyclometalated compounds [29] and other photosensitizers such as rose bengal
for Acinetobacter baumannii [57]. Similarly, alternative compounds such as anti-biofilm
peptides mixed with conventional antibiotics reported good antimicrobial activity in an
in vivo model [58]. This behavior could be related, as was mentioned before, to the external
chemical structures of the polypyridine ligands. In the Re(I)-PSRs, polypyridine ligands
have heteroatoms, allowing dipole—dipole interactions that may weaken the bacterial cell
envelope facilitating the 3-lactam action. The synergism shown by these compounds with
B-lactams suggests that they damage the bacterial cell wall structure. Oxidative stress
is known to modify the membrane permeability of K. pneumoniae [59]. However, at the
moment, we have not carried out experiments, such as transmission microscopy, to confirm
this idea. Our results also show the capacity of the Re(I)-PSRs compounds to inhibit the bac-
terial growth of a collection of 118 clinical isolates of K. pneumoniae. We used this collection
of strains because its antibiotic resistance is characterized and presents a well-established
sub-population of ESBL-producing bacteria [42]. The aPDI was not only effective; the
FIC also demonstrates the synergic combination with Cfx over the total population and
a significant reduction in Cfx-MIC in an ESBL-producers subpopulation. The synergistic
effect exhibited by these compounds is one of their most remarkable qualities. The use
of photodynamic therapy may resolve the lost susceptibility of MDR bacteria. Therefore,
photodynamic therapy combined with more conventional antibiotics avoids the use of
rescue therapy [50,57]. Similar to Cfx-MIC being reduced in combination, PSs-MEC was
also reduced, indicating that lower concentration antibiotic/PS regimens could be used
effectively.

The antimicrobial activity of the PSRe-uL1 and PSRe-pL2 is photodynamic and, there-
fore, its activation is dependent on light. The dependence on light suggests that the PS
compounds themselves and in the dark are not toxic, as the results with mammalian cells
show us. The slight but significant light-dependent cytotoxicity exhibited by PSRe-uL1 on
HEK?293T cells reinforces the low intrinsic toxicity. However, it may imply potential dam-
age to the host tissues that must be considered and prevented with a better characterization
of the exposure times and concentration of the compound. Furthermore, the cytotoxicity
shown by the PSRe-puL1 and PSRe-puL2 compounds is of low significance compared to that
shown by the antitumor photosensitizer compounds [60]. However, these compounds
must be tested in vivo to establish whether a significant cytotoxic effect may arise, such as
an anaphylactic reaction [61]. A murine model may then probe if these compounds could
treat infectious diseases in vivo.

For now, it is difficult to accurately calculate the dose of light necessary to activate
these PSRe compounds fully; however, we observed in vitro that with photon flux as low
as 17uW/cm? of white light, they are bactericidal. Compounds with optimum absorbance
at higher wavelengths ranging from 450-750 nm would improve the exposure of PS to light
into the tissues, but being less energetic, the PSs must have a triplet excited state of easy
access to promote energy transfer [62]. The dark color of PSRe-uL1 and PSRe-uL2 may
imply that light of different wavelengths can also be absorbed by this Re-PS, increasing
the possibility for it to be excited into the tissues [51]. Therefore, we need to characterize
its antimicrobial activity better when activated with defined wavelengths before starting
in vivo studies in infection models [63].

5. Conclusions

The present study shows that the increased MICs of resistant bacteria could be re-
verted by aPDI, turning resistant strains into susceptible ones. Thus, aPDI would effectively
treat MDR bacteria, greatly complementing antibiotic therapy. Furthermore, therapeutic
regimens with lower doses of antibiotics and PS can be used effectively due to the synergis-
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resistance. In this work, two bimetallic Re(I) compounds were tested as PSs to be used in
the aPDI. According to their UV-vis absorption characterization, it was identified that the
absorptions at lower energies occur at wavelengths higher than 450 nm, improving its use
in infections compared to the PSs based on Ir(IlI), previously studied. The dark quality in
both powder solids and liquid solutions of the Re(I) compounds may imply that light of a
wide wavelength range can be absorbed [51], increasing the possibility of it being excited
into the tissues. Although its low excitation at more penetrating wavelengths, during
infections of internal organs such as UTI, optical fibers can be used through a catheter to
deliver the required light dose [64,65]. Furthermore, the bactericidal activity of these PSs
compounds occurred at similar concentrations to those used in antibiotic therapies (CLSI
2017). At these concentrations, the PSs showed no dark cytotoxicity or low light-dependent
toxicity on mammalian cells.
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Abstract: Background: The extended-spectrum beta-lactamase (ESBL) Klebsiella pneumoniae is one
of the leading causes of health-associated infections (HAIs), whose antibiotic treatments have been
severely reduced. Moreover, HAI bacteria may harbor pathogenic factors such as siderophores,
enzymes, or capsules, which increase the virulence of these strains. Thus, new therapies, such as
antimicrobial photodynamic inactivation (aPDI), are needed. Method: A collection of 118 clinical
isolates of K. pneumoniae was characterized by susceptibility and virulence through the determination
of the minimum inhibitory concentration (MIC) of amikacin (Amk), cefotaxime (Cfx), ceftazidime
(Cfz), imipenem (Imp), meropenem (Mer), and piperacillin-tazobactam (Pip-Taz); and, by PCR,
the frequency of the virulence genes K2, magA, rmpA, entB, ybtS, and allS. Susceptibility to innate
immunity, such as human serum, macrophages, and polymorphonuclear cells, was tested. All the
strains were tested for sensitivity to the photosensitizer PSIR-3 (4 pg/mL)ina 17 uyW/ cm? for 30 min
aPDI. Results: A significantly higher frequency of virulence genes in ESBL than non-ESBL bacteria
was observed. The isolates of the genotype K2+, ybtS+, and allS+ display enhanced virulence, since
they showed higher resistance to human serum, as well as to phagocytosis. All strains are susceptible
to the aPDI with PSIR-3 decreasing viability in 3log10. The combined treatment with Cfx improved
the aPDI to 6log10 for the ESBL strains. The combined treatment is synergistic, as it showed a
fractional inhibitory concentration (FIC) index value of 0.15. Conclusions: The aPDI effectively
inhibits clinical isolates of K. pneumoniae, including the riskier strains of ESBL-producing bacteria
and the K2+, ybtS+, and allS+ genotype. The aPDI with PSIR-3 is synergistic with Cfx.

Keywords: antibiotic resistance; virulence factors; Klebsiella pneumoniae; photodynamic therapy

1. Introduction

Klebsiella pneumoniae is one of the major health-associated infection (HAIs) producers
worldwide, including pneumonia, urinary tract, and bloodstream infections [1,2]. More-
over, HAI-producing K. pneumoniae strains progressively accumulate more multiple-drugs
resistance (MDR), including extended-spectrum f3-lactamases (ESBL) and carbapenemases,
such as KPC [3-5]. Treatment options for infections caused by MDR strains of K. pneumoniae
are severely reduced to colistin and tigecycline [6-8]. The high MDR shown by strains
of K. pneumoniae does not fully explain its notable success as one of the most important
agents of HAIs, suggesting the participation of other factors [9]. An increasing number of
authors suggest that increased bacterial survival during infections is related to virulence
factors [1,3,9-14].
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Virulence factors shown by Klebsiella pneumoniae strains are common to enterobacteria,
such as siderophores, enzymes, and capsules [9]. These factors may be part of genes
conserved amongst all K. pneumoniae, called the core set of genes, but other genes vary in
frequency between strains, and they are part of the accessory set of genes [9]. During colo-
nization and infection, K. pneumoniae requires the expression of several core and accessory
genes to deal with, for example, the nutritional stress due to nutrient sequestration or the
immune response of the host [15]. For instance, during lung infection, the acquisition of
iron is facilitated by the siderophores enterobactin (entB) and yersiniabactin (ybtS) genes en-
coded on the bacterial chromosome [1,16]. Like iron, during infections of the lungs, urinary
tract, and bloodstream, access to nitrogen is limited. The alIS gene allows K. pneumoniae
to use allantoin degradation as an alternative nitrogen source [17,18]. The polysaccha-
ride capsule is involved, among others, in resistance to death by complement-mediated
opsonophagocytosis [9], and inhibition of macrophages [19,20]. Some capsular varieties
(such as K2) may produce hypervirulent strains with characteristic phenotypes such as the
hypermucoviscous [19]. Some hypervirulent phenotypes are associated with the expression
of the mucoviscosity-associated gene A (magA) and the regulator of the mucoid phenotype
A gene (rmpA) [21]. Moreover, the rmpA gene increases the ability of ESBL-producing
strains to resist the bactericidal activity of serum and phagocytosis [22]. Since the virulence
factors increase bacterial survival and may influence antibiotic resistance expression, the
composition of the pool of the virulence gene of K. pneumoniae strains may be associated
with the antibiotic susceptibility pattern [9,13].

Due to the emergence of multi-drug resistance (MDR), the deficit of new antibiotics is
one of the most pressing threats to human health in the 21st century [23]. Given the high
risk to public health caused by the deficiency of new antibiotics, the use of complementary
antimicrobial therapies non-antibiotic-based, such as antibacterial photodynamic inacti-
vation (aPDI), emerges as a promising alternative [24]. The aPDI may support the lack of
antibiotic therapies against MDR and KPC strains [24,25]. The aPDI is a procedure based
on the use of photosensitizer (PS) compounds to produce light-activated local cytotoxicity
(photooxidative stress) [26]. The PSs work by energy absorbs of a specific wavelength in
the UV-Vis range, which is then transferred to molecular oxygen in solution to produce
reactive oxygen species (ROS) [27]. Molecular O, can accept this energy together with
electrons, or it can only undergo a one-electron reduction to produce superoxide anion
radical (O,°7), hydrogen peroxide (H,O;), and hydroxyl radical (HO®) [28,29]. The energy
transferred to the O, without one-electron reduction produces singlet oxygen (10y) [27].
The ROS production generates photooxidative stress induced by aPDI, which occurs mainly
due to the action of 1O,. The oxidative action of 1O, occurs on organic molecules close to
the PS through concerted addition reactions of alkene groups [30]. These organic molecules
can be structural proteins or lipids of the bacterial envelope; therefore, the damage occurs
to the cell wall plasma membrane or other bacterial structures, leading to nonspecific
cell death [27,31]. Previously, a PS compound based on a polypyridine Ir(Ill) complex
(PSIR-3, see Figure 4) demonstrated aPDI activity, inhibiting the bacterial growth of CKP
and synergism with imipenem [32,33]. In this work, we determine the frequency of the K2,
entB, ybtS, allS, rmpA, and magA virulence genes, in a population of 118 clinical isolates
of K. pneumonige and evaluate their association to the susceptibility pattern to several
antibiotics. Our data show that virulence factors K2+, ybtS*, and allIS* were associated with
a modification in the bacterial minimum inhibitory concentrations (MICs) and increased
ESBL production probability. These virulence genes significantly increased the survival of
the bacteria, to innate immunity. These more virulent ESBL bacteria were all susceptible to
the aPDI treatment with PSIR-3 and demonstrate synergism with cephotaxime.

2. Materials and Methods
2.1. Bacterial Isolates

The ethics committee of the Faculty of Health Sciences, Central University of Chile, and
the Central Metropolitan Health Service of Chile (MHSC), Act number: N 124/07, approved
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the study protocol and the informed consent form. The clinical isolates of K. pneumoniae
were obtained from 122 samples from unrelated patients, received in the bacteriology
laboratory of “Hospital el Carmen” (HEC) for a period of six months (2017/2018). The
HEC is a complex hospital with 412 beds and serving a population of more than 600,000
inhabitants. All clinical isolates were identified as K. pneumoniae following the protocols
of the Institute of Clinical and Laboratory Standards (CLSI) [34]. As controls, the virulent
strain (ATCC 43816 KPPR1) of susceptible K. pneumoniae (K2*, ybtS*, and alIS*) [35] and
the MDR KPC* ST258 (KP35) (K27, ybtS™ and allS™) [36] strains were also included.

2.2. Antimicrobial Susceptibility Testing

The MIC of the antimicrobial agents were determined in 96-well plates by micro-
dilution methodology in cations-adjusted Mueller-Hinton (ca-MHB) broth. Inoculum of
1 x 10° colony forming units (CFUs)/mL of each clinical isolate was mixed with decreasing
concentrations of each antibiotic and incubated overnight at 37 °C following the CLSI rec-
ommendations. The MIC for each antibiotic was determined as the last dilution in which no
bacterial growth occurred, and the susceptibility intervals were assigned based on the cut-
off points established by the CLSI (2018) for amikacin (Amk), cefotaxime (Cfx), ceftazidime
(Cfz), imipenem (Imp), meropenem (Mer), and piperacillin-tazobactam (Pip-Taz). Accord-
ing to the CLSI protocols [34], clinical isolates were strains considered ESBL-producing
when resistant to cefotaxime but susceptible to the combination of Cfx/clavulanic acid.
Values are presented as the median in mg/L and interquartile range (IQR).

2.3. DNA Extraction and PCR Amplification

The total DNA was obtained from stationary bacterial cultures in LB broth using the
phenol-chloroform methodology. In brief, pelleted bacteria were suspended in 300 pL
of PBS and mixed with 300 pL of phenol: chloroform (25:24 vol:vol); the final mix was
stirred well in a vortex and centrifuged at 13,000 x g at 4 °C for 15 min. The aqueous phase
was mixed 1:1 with chloroform and centrifuged as above. Genomic and plasmidial DNA
contained in the aqueous phase was precipitated in 0.6 vol of 2-propanol and sedimented
at 13,000x g at 4 °C for 20 min. The nucleic acids were washed twice with 70% ethanol and
resuspended in Tris-EDTA buffer (10 mM Tris-HCl, 1 mM disodium EDTA, pH 8.0). PCR
reactions were performed, using 0.5 uM of each specific primer pair listed in Table 1, in
1x master mix GoTaq (Promega). The amplification was carried out at a final volume of
20 pL in a Veriti (Applied Biosystem) PCR machine with an initial denaturation step of 10 s
at 95 °C, followed by 35 cycles of 10 s at 95 °C, 15 s at 58 °C, and 30 s of extension at 72 °C.
A final extension step of 7 min at 72 °C was included, and PCR products were visualized
on a 1.7% agarose gel.

2.4. K. Pneumoniae Survival to Innate Immunity

To evaluate the survival of K. pneumoniae to the innate immunity, the bactericidal
activity of normal human serum (NHS), as well as phagocytosis by human macrophages
(M®), and polymorphonuclear (PMN) cells was determined. Both serum and leukocytes
were obtained from blood samples of healthy voluntary donors who had not taken any
antibiotic or anti-inflammatory medication for at least ten days before the day of sampling.

2.4.1. Susceptibility to Normal Human Serum

Serum susceptibility was carried out as before [37]; in brief, 75 pL of pooled NHS were
mixed with 25 pL suspension containing 2 x 10° CFUs of each isolate in a 96-well plate.
As a control, bacterial cultures of each isolate were mixed with PBS. The mixtures were
incubated at 37 °C for 3 h, and viable bacteria were enumerated by serial micro-dilution
and colony counting on ca-MH agar plates. Serum resistance is expressed as viable bacteria
in CFUs/mL compared to untreated isolates controls.
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Table 1. Primers for genes encoding virulence factors of Klebsiella pneumoniae.

Gene Primers Gene Type Amplicon Size
GACGGAAACAGCACGGTAAA .
ybtS GAGCATAATAAGGCGAAAGA Siderophores 242
B GTCAACTGGGCCTTTGAGCCGTC Siderophores 400
ent TATGGGCGTAAACGCCGGTGAT P
maeA GGTGCTCTTTACATCATTGC Capsular serotype K1 and hypermucoviscosity 198
g GCAATGGCCATTTGCGTTAG phenotype
CATAAGAGTATTGGTTGACAG .
rmpA CTTGCATGAGCCATCTTTCA Regulator of mucoid phenotype A 461
K2 CAACCATGGTGGTCGATTAG Capsular serotype K2 and hypermucoviscosity 531
TGGTAGCCATATCCCTTTGG phenotype
CATTACGCACCTTTGTCAGC . .
allS GAATCTGTCGGCGATCAGCTT Allantoin metabolism 764
16S ATTTGAAGAGGTIGCAAACGAT Gene encoding the 16S ribosomal RNA 133

TTCACTCTGAAGTTTTCTTGTGTTC

2.4.2. Susceptibility to Phagocytosis by Macrophages and Polymorphonuclear Cells

The separation of mononuclear and polymorphonuclear cells was performed by
centrifugation in a gradient density column of Histopaque (Sigma-Aldrich, St. Louis,
MO, USA), following the manufacturer instructions. Monocytes were selected from other
mononuclear cells by incubation in RPMI-1640 medium (Sigma-Aldrich) without fetal
bovine serum (FBS) and differentiated into macrophages incubating during 7-9 days in
RPMI-1640 10% FBS at 37 °C with 5% CO; [38]. The macrophage monolayer was infected
with 2.5 x 107 CFUs with a multiplicity of infection (MOI) of 50:1 of each bacterial isolate
and centrifuged at 200x g for 5 min, to synchronize phagocytosis. After 2 h of incubation,
cells were washed and incubated for an additional 60 min in RPMI-1640 + 100 pg/mL
gentamicin. Macrophages were lysed with 0.1% saponin for 10 min at room temperature,
and viable bacteria were enumerated as above. For PMN assays [39], 5 x 10° cells were
combined with 5 x 10° CFUs of each isolate (MOI 10:1) in serum-free RPMI-1640 and
synchronize by centrifugation at 524 x g for 8 min at 4 °C. After 3 h, PMNs were lysed with
0.1% saponin, and viable bacteria were enumerated. Control groups of non-phagocyted
bacteria were included.

2.5. Synthesis of the PSIR-3 Compound

The structural and photophysical characterization of the PSIR-3 compound was de-
scribed previously [40]. The complex synthesized can be described by using the follow-
ing general formula: [Ir(C"N)>(N"N)](PF¢), where N"N is the ancillary ligand; and C"N
corresponds to a cyclometalating ligand. In this study PSIR-3 is [Ir(ppy)2(ppdh)]PFs
where ppdh is pteridino(7,6-f)(1,10)phenanthroline-1,13(10H,12H)-dihydroxy and ppy is
2-phenylpyridine [41]. The structure and purities of the compound were confirmed by
nuclear magnetic resonance (NMR), Fourier-transform infrared spectroscopy (FTIR), and
mass spectroscopy (MALDI-MS) measurements. The absorption spectra were measured
in acetonitrile (ACN) solutions using a Shimadzu UV-Vis Spectrophotometer UV-1900.
The molar extinction coefficients of the characteristic bands were determined from the
absorption spectra. Photoluminescence spectra were taken on an Edinburgh Instrument
spectrofluorimeter using ACN solutions of the compounds previously degassed with Ny
for approximately 20 min. The emission quantum yields (®em) were calculated according to
the description of the literature [42]. Fluorescence lifetimes were measured by using a time-
correlated single-photon counting (TC-SPC) apparatus (PicoQuant Picoharp 300) equipped
with a sub-nanosecond LED source (excitation at 380 nm) powered by a PicoQuant PDL
800-B variable (2.5—40 MHz) pulsed power supply.
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2.6. Antimicrobial Activity of Photosensitizer Compounds

Stock solutions of 2 g/L of the PSIR-3 compound solubilized in ACN were used to
prepare working solutions in distilled water. For the antimicrobial assay, the collection
of 118 clinical isolates of K. pneumoniae was used, and the control strains of susceptible
K. pneumoniae KPPR1 and the MDR strain ST258 were also included. All bacteria were
grown as axenic culture in Luria Bertani broth or agar medium as appropriate. PSIR-3 was
mixed in 24-well plates at a final concentration of 4 mg/L for photodynamic experiments,
with suspensions of 1 x 107 colony forming units (CFUs)/mL of each bacterium, in a final
volume of 500 pL of cation-adjusted Mueller-Hinton (ca-MH) broth. Exposure to light was
performed for 30 min in a chamber with a white LED lamp at a photon flux of 17 puW /cm?.
After exposure to light, the CFUs of the viable bacteria were determined by broth-micro
dilution and sub-cultured on ca-MH agar plates. Following the recommendations of the
Clinical and Laboratory Standards Institute (CLSI 2017) [34], the agar plates were incubated
during 16-20 h at 37 °C, in the dark, and colony count was recorded, using a stereoscopic
microscope. Control wells with bacteria culture with no photosensitizer or photosensitizer
but not exposed to light were also included.

2.7. Determination of the Synergy between PSIR-3 and Cfx

The fractional inhibitory concentration index (FIC) value was determined using the
following formula [43,44]. MICac is the MIC of a compound A, combined with a compound
B, and MICbc is the MIC of the compound B combined with the compound A. The MICa
and MICb are the MIC of the A and B compounds alone, respectively. Values in the FIC
index <0.5 are considered synergistic, and values > 4 are considered antagonistic [44].

MICac MICbc

FIC Index —
CIndex = Fre, T MG,

To determine the MIC-Cfx combined with each PSs, 1 x 107 UFC/mL of ESBL-
producing bacteria were aPDI treated for 30 min with 4 mg/L of each PS and mixed with
serial dilution (32-0.125 mg/L) of Cfx in ca-MH broth, as above. To determine the MIC-PSs
combined with Cfx, 1 x 107 UFC/mL of ESBL-producing bacteria was mixed with serial
dilution of each PSs (32-0.125 mg/L) and a fixed concentration of 4 mg/L of Cfx, and then
it was subjected to aPD], as above.

2.8. Statistical Analyses

Statistical analyses were performed by using the Systat 13.2 software (Systat Software,
Inc., San Jose, CA, USA) and GraphPad v6.01 (Prism) software. The X? test or Fisher’s exact
test for categorical variables and the Mann-Whitney U test for continuous non-parametric
variables were used. The risk of virulence genes to modify the MIC of the antibiotic was
established by determining the odds ratio with a CI: 95%.

3. Results
3.1. Demographic Characterization

This work seeks to demonstrate the capacity of aPDI to inhibiting the growth of clinical
isolates of K. pneumoniae, which are diverse in antimicrobial susceptibility, genotype, and
virulence. Phenotypic and genotypic characterization was conducted to determine the
frequency of genes encoding virulence factors, the MIC values determined for various
antibiotics, and susceptibility to innate immune components. From the clinical isolates
of K. pneumoniae received in the laboratory, 118 were selected from different unrelated
patients. The isolates were recovered mainly from urine samples, 113 (95.8%), and only
five from respiratory samples (three endotracheal aspirates (2.5%) and two expectorations
(1.7%)). As shown in Table 2, the samples were obtained from 78 (66%) females and 40
(34%) males, from 12 clinical services, with a higher contribution from the emergency room
41 (34.75%), secondly the unit of medicine 24 (20.34%), third ambulatory 16 (13.56%) and
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in the fourth place urology 14 (11.86%). Of the 118 clinical isolates, 114 came from adults
and 4 from pediatric patients. As shown in Figure 1A, the patient’s age fluctuated between
7 months and 94 years, with a median (IQR: 25-75%) of 69.5 (54.8-84) years for females,
and between 10 months and 92 years, with a median of 68.5 (60.3-80.8) years for males.
There are no significant differences in age between genders (p = 0.279 Mann-Whitney U
test). The results confirm the infections with MDR and not MDR K. pneumoniae mainly
affects the elderly population. The elderly are the most susceptible population to present
complications derived from infectious diseases [45].

Table 2. Frequency of K. pneumoniae isolation by hospital unit and genre.

Service Female Male Total Percent
Outpatient 12 4 16 13.56%
surgery 5 5 10 8.47%
Endocrinology 1 0 1 0.85%
Geriatrics 1 2 3 2.54%
Gynecology 2 0 2 1.69%
Home hospitalization 1 0 1 0.85%
Medicine 2 0 24 20.34%
Medical-surgical service 13 11 2 1.69%
Pediatrics 1 0 1 0.85%
Critical patient unit 2 1 3 2.54%
Emergency room 31 10 41 34.75%
Urology 7 7 14 11.86%
TOTAL 78 40 118 100%
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Figure 1. Characterization of patients and clinical isolates of K. pneumoniae. (A) Box plot for the age of patients stratified by
gender. Patients show a median of 69.5 years for females and 68.5 years for males. (B) Box plot showing the median in
the population of the minimum inhibitory concentration (MIC) of the seven antibiotics commonly used to treat infections
by Gram-negative bacteria. (C) Frequency of carrying of the six genes evaluated in the study population. (D) Frequency
distribution of carriers of three or more virulence factors stratified by extended-spectrum beta-lactamase (ESBL) production.
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3.2. Antibiotic Susceptibility

In the K. pneumoniage population, the median and IQR (25-75%) of the MIC were
determined and expressed in mg/L in a log, box plot. As shown in Figure 1B, the bacterial
population was mainly susceptible to Amk with a median (IQR) of 8 (4-20). Similar to
Amk, the population was mainly susceptible to carbapenem, Imp, and Mer with a median
of 1 (0.5-1) and 1 (0.5-2), respectively. In contrast, most of the population was resistant to
the cephalosporins, Cfx, and Cfz, with medians of 8 (8-8) and 32 (32-32). Finally, similar to
cephalosporin, almost the entire population was resistant to the Pip—Taz combination with
a median of 256 (64-256). From the population, 66 isolates resistant to Cfx were susceptible
to the combination Cfx/clavulanic acid. Those isolates were identified as ESBL-producing
bacteria.

3.3. Virulence Gene Frequency

In this work, we select certain virulence genes belonging to families with different
mechanisms of action. PCR determined the frequency of carrying genes encoding the
virulence factors rmpA, magA, K2, entB, allS, and ybtS for each isolate using specific primers
(Table 1). These genes were selected for being representatives of different families of
virulence factors. As shown in Figure 1C, the harboring frequency was; rmpA [2.54%
(3/118)], magA [0% (0/118)], K2 [39% (46/118)], entB [83.9% (99)], allS [11.2% 13/118)] and
ybtS [73.8% (87/118)]. The most frequent virulence factor was the entB gene, followed by
the ybtS gene. There were no isolates with the magA gene, and only three isolates harbor
the rmpA gene. No isolates showed the hypermucoviscosity phenotype (by string test) in
agar plates in the population of 118 unrelated isolates.

3.4. Correlation of Virulence Factors with Antibiotic Resistance

As shown in Figure 1D, there is a significantly higher frequency of ESBL strains that
harbor three or more virulence factors compared to non-ESBL strains (Fisher’s; p < 0.026).
The non-parametric Mann-Whitney U test (Systat 13 software) was used to determine
the association that each virulence gene has on the median MIC value assuming a null
hypothesis & = 5%. As shown in Table 3, the rmpA gene was not significantly associated
with a modification of the median-MIC of any of the antibiotics analyzed in this study
(p > 0.05). On the other hand, the allS gene significantly influenced the median-MIC of Cfx,
Cfz, and Pip-Taz (p < 0.05). Similarly, the K2 gene significantly influenced the median-MIC
of Cfx and Pip-Taz (p < 0.05). The entB gene significantly affected the median-MIC of
Amk and Imp (p < 0.05). The ybtS gene significantly influenced the median-MIC of Cfx
(p < 0.006). Finally, the allS gene significantly influenced the median-MIC of Cfx and
Cfz antibiotics (p < 0.05). The MIC of the antibiotics more sensitive to the presence of
virulence factors were the Cfx (sensitive to K2, ybtS, and allS genes) and Pip-Taz (sensitive
to the K2 and allS genes). These data show that, regardless of the patient’s conditions, the
multi-virulence is effectively an independent risk factor that promotes ESBL-production of
clinical populations of K. pneumoniae with a p < 0.026 Fisher’s exact test.

Table 3. Mann-Whitney U test p-values for modification of antibiotic MIC by virulence genes.

Amikacin  Cefotaxime Ceftazidime Imipenem Meropenem Pip-Taz

rmpA 0.285 0.051 0.432 0.363 0.527 0.411
K2 0.158 0.002 0.919 0.102 0.588 0.001
entB 0.009 0.918 0.117 0.015 0.291 0.072
ybtS 0.572 0.006 0.722 0.340 0.502 0.067
allS 0.326 0.024 0.001 0.086 0.537 0.013

Values in bold represent a p < 0.05, below the null hypothesis value with & = 5%, which means a significant
difference in MIC due to the presence of the virulence factor. Pip-Taz, piperacillin-tazobactam.

As shown in Figure 2, the box plot for each antibiotic stratified by the presence or
absence of virulence genes was constructed to verify if the influence is to increase or
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decrease the median of the MIC. The presence of the entB gene is associated with a decrease
in the median-MIC for Amk and Imp. On the other hand, the K2 gene is associated with
an increase in the median-MIC for Cfx and Pip-Taz. Similarly, the ybtS gene is associated
with an increase in the median-MIC for Cfx. Finally, the allS gene is associated with an
increased median-MIC for Cfz and decreased median-MIC for Cfx and Pip-Taz. Some of
the virulence factors studied here were associated with the median- MIC modification for
several antibiotics. In the K. pneumoniae population tested, the most influencing virulence
factors were entB, ybtS, and allS genes. The stratified MICs-box plot made it possible
to distinguish how virulence genes modulate antibiotic susceptibility by increasing or
decreasing. Remarkably, the sum of the genes of the K2*, ybtS*, and allS* genes contributes
to increasing the median-MICs to values higher than the clinical susceptibility breakpoint
established by the CLSI. These increased values occur similarly when efflux pumps are
activated in other Gram-negative bacteria [46]. For example, in a population of Pseudomonas
aeruginosa, the combined overexpression of the mexA and mexX efflux pump increased the
median MIC for ciprofloxacin and cefepime above the cutoff points [46,47].

3.5. Association of K2*, ybtS*, and allS* Virulence Genes to Survive the Innate Immunity

Our results show that the K2 and ybtS virulence genes are risk factors for the pro-
duction of ESBL and that the allS gene acts as a protective factor. Then, we selected two
groups of clinical isolates of K. pneumoniae, which harbor or not these three genes, to assess
their susceptibility to innate immunity components. Only three isolates, identified by the
numbers 81, 92, and 111, are of the K2*, ybtS*, and alIS* genotype, and unexpectedly all
of them are ESBL-producers. From the genotype K27, ybtS™ and allS™, the isolates 13, 21,
and 22 were selected as being non-ESBL. As controls, the susceptible but highly virulent
K. pneumoniae KPPR1 (K2*, ybtS*, and allS*) and the MDR but less virulent ST258 (K27,
ybtS™ and allS™) strains were also included.

To determine the bacterial susceptibility to normal human serum (NHS), they were
exposed for 3 h, and then the number of viable bacteria was determined by microdilution
and plate counting. As shown in Figure 3A, the presence of all three virulence genes, K2*,
ybtS*, and allS*, significantly (** = p < 0.003; two-way ANOVA) increases the survival of
ESBL-producing bacteria compared to non-ESBL bacteria lacking all three virulence genes.
On average, the serum resistance was improved by four orders of magnitude (4logj).
Similar to that observed with serum, ESBL-producing bacteria of the K2*, ybtS*, and allS*
genotype show a significant (**** = p < 0.0001) increase, 4logy, in the survival to the M®
activity, compared to no- ESBL bacteria that lacks these virulence genes (Figure 3B). Finally,
comparable to M®, survival to the activity of PMNs of the bacteria of genotype K2*, ybtS*,
and alIS* increased significantly (* = p < 0.02), at least one time on average, compared to non-
ESBL strains that lack the virulence genes (Figure 3C). As shown in Figure 3, the virulent
control KPPR1 strain was more resistant to serum (Figure 3D), macrophages (Figure 3E),
and PMN (Figure 3F) compared to the MDR ST258 K. pneumoniae strain. Consistently the
clinical control isolates have shown to be more susceptible to the bactericidal activity of
the serum (3D) and the phagocytic activity of M® (3E) and PMN (3F). The co-occurrence
of harboring multiple genes that encode virulence factors and the ESBL-production leads
to enhanced virulence. The ESBL-producing strains of K. pneumoniae of the genotype K2,
ybtS*, and allS* were more resistant to innate immunity, consistently with studies over MDR
populations of K. pneumoniae that increased their 30-day mortality over patients undergoing
bloodstream infections [1,48]. Moreover, virulence genes, such as siderophores, which
have an essential role in bacterial survival and virulence [49,50], have been previously
associated with the MDR-K. pneumoniae [16,51]. In this study, ESBL-producer K. pneumoniae
of the K2*, ybtS*, and aliS* genotype shown a survival improvement for killing by PMNss.
Previously, the PMN has demonstrated a limited binding and uptake capacity for MDR-
K. pneumoniae [39]. The activity of the PMN is the most important cellular component
of the innate immune response, essential as the first line of defense against bacterial
infections [52].
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Figure 2. Association of virulence genes in the measurement of median MIC. The box diagrams created with the Systat 13

software summarize the MIC measures for six commonly used antibiotics, stratified by the presence or absence of each of

the six virulence genes. The data are presented as mg/L in a Logy scale of MICs for each antibiotic stratified by the presence

(+) or absence (—) of each virulence gene. The horizontal lines represent the median and the frequency limits between
25 and 75% of the individuals, the hollow dots represent single individuals, and the asterisks represent small groups of
individuals.
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Figure 3. Effect of virulence genes on the susceptibility of ESBL or non-ESBL strains to components of innate immunity.
The susceptibility of ESBL-producing K. pneumoniae clinical isolates bearing the virulence genes ybtS*, K2*, and allS™ was
determined and compared with non-ESBL producing bacteria that lack the virulence genes. (A,D) Susceptibility to normal
human serum (NHS), (B,E) susceptibility to phagocytosis by macrophages (M®), and (C,F) susceptibility to phagocytosis
by polymorphonuclear cells (PMN). The results of two independent experiments performed in triplicate are shown (n = 6).
Viable bacteria were enumerated by colony count on ca-MH agar after serial micro-dilution. The colony forming units
(CFUs)/mL values are presented as means +/— SD, on a logjg scale of treated bacteria (black bars) compared to untreated
control bacteria (gray bars). *** = p < 0.0001, ** = p < 0.003 and * = p < 0.02 of two-way ANOVA comparing the proportion
of treated /untreated ESBL bacteria with non-ESBL bacteria.

3.6. Susceptibility of Clinical Isolates to aPDI with PSIR-3
3.6.1. Photophysical Properties of the PSIR-3 Compound

We have previously shown that Ir(IlI)-based compounds, such as PSIR-3, have photo-
dynamic antimicrobial activity against imipenem-resistant Klebsiella pneumoniae [32,33]. In
this work, we tested a coordination compound characterized by a positive charge in the first
coordination sphere (Figure 4B). The photophysical evaluation of the PSIR-3 performed in
acetonitrile solution [40] revealed absorption processes at 375 and 392 nm attributable at the
first instance of charge-transfer transitions (Figure 4C,D) [32]. When the PSIR-3 compound
was excited with a wavelength corresponding to the lowest charge-transfer absorption
energy, 375 nm, it showed maximum emission at 598 nm (Figure 4C,D). Figure 4C shows
the recorded lifetimes of excited states in 0.32 us and the calculated quantum yield (®ep) in
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0.011 [40]. The aPDI activity of the PSIR-3 compound was compared with the positive PS
control [Ru(bpy)3](PFs), (bpy = 2,2'-bipyridine) called PS-Ru. According to the literature,
the PS-Ru shows a charge-transfer absorption process at 450 nm with maximum emission
at 600 nm (excited in 450 nm) in acetonitrile [42], with ®¢p, of 0.095 [42], and a lifetime
registered of its excited state of 0.855 us (Figure 4C) [53]. The maximum absorption of
PSIR-3 occurs at wavelengths below 400 nm, that although it is more energetic, it penetrates
the tissues poorly. Therefore, this compound will activate better if it is directly irradiated,
such as in superficial wounds. However, UTI is one of the most common diseases caused
by K. pneumoniae, where probes that deliver the light dose within internal surfaces can
irradiate the epithelial lining of the bladder [54]. Certain kinds of fiber arrays or inflatable
balloons may provide a homogenous light power delivery [55,56]. This catheterization can
be applied for inpatients suffering UTI that does not respond to antibiotic treatment.
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Figure 4. The photophysical properties of the PSIR-3 photosensitizer. (A) schematic representation of the absorption—
emission process of photosensitizer molecules. Light excites external electrons to accede from a basal state Sy to a higher

energetic state 51—Sp. Suppose the electrons return to its ground state; the energy is then released as fluorescence. However,

when the excited electron enters an intersystem crossing process, the released energy excites molecular oxygen and
converts it to reactive oxygen species (ROS). (B) chemical structure of the Ir(IIT) compound (PSIR-3, [Ir(ppy), (ppdh)]PFg).
(C) Summary of the photophysical properties of the PSIR-3 and PS-Ru compounds, where A,,s = wavelength of absorbance,
Aem = wavelength of emission, Pem = emission quantum yield, and T = time in the excited state  Data for PS-Ru were
obtained from the literature. Adapted from [42], Elsevier, 2010; Adapted from [53], American Chemical Society, 1983.
(D) The absorption and the emission spectra of the PSIR-3 in acetonitrile (ACN).

3.6.2. Antimicrobial Photodynamic Inhibition of the PSIR-3 over Clinical Isolates

Photodynamic treatment was verified to produce the observed growth inhibition
of the 118 clinical isolates of K. pneumoniae compared to the untreated bacteria. The
photodynamic activity of the PSIR-3 compound was compared to the activity of the PS-Ru
reference compound as a positive control [41,57-59]. As seen in Figure 5, compared to
the control of untreated bacteria, photodynamic treatment with 4 ug/mL PSIR-3 inhibits
bacterial growth > 3 logyg (>99.9%) of clinical isolates of K. pneumoniae (**** p < 0.0001;
compared to untreated control). The results show that the bactericidal effect produced by
PSIR-3 is light-dependent (ns = p > 0.05; compared to the untreated control). These results
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are comparable with those obtained with the positive control compound PS-Ru, which has
shown that bacterial growth inhibition is light-dependent (**** p < 0.0001; compared to the
untreated control).
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Figure 5. Antimicrobial photodynamic inactivation of clinical isolates of K. pneumoniae. (A) Growth
inhibition of 118 clinical isolates of K. pneumoniae subjected to antimicrobial photodynamic inac-
tivation (aPDI) with PSIR-3. The bacteria were used at a concentration of 1 x 10 CFUs/mL and
mixed in triplicate with 4 mg/L of PSIR-3 or PSIR-4 compounds. For the aPDI, the mixture of
bacteria with PS was exposed for 1 h at 17 pW/cm? of white light. As a control, bacteria combined
with the photosensitizers (PSs) not exposed to light (PSIR-3 or PS-Ru) and bacteria not combined
with the PSs (control) were included. Colony count enumerated of viable bacteria on ca-MH agar
after serial micro-dilution. The CFUs/mL values are presented as means + SD on a logjg scale.
(B) From the clinical isolates, 66 ESBL-producing bacteria were exposed to aPDI, using PSIR-3 or
PS-Ru, and MIC for cefotaxime (Cfx) was performed in triplicate, in ca-MH broth, for 16-20 h. (C) For
ESBL-producing bacteria, the MIC for PSIR-3 or PS-Ru, were determined in combination with 4 mg/L
of Cfx, performed in triplicate in ca-MH agar for 16-20 h. The MIC values are presented as median +
SD of mg/mL on a log) scale. Not significant (ns) p > 0.05 by Student’s t-test among treated bacteria
compared to control; **** p < 0.0001 by Student’s ¢-test among treated bacteria compared to control.
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3.6.3. Synergism between aPDI with PSIR-3 and Cefotaxime

Since PSIR-3 showed synergism combined with imipenem [32], we analyzed whether
it shows synergism with cefotaxime in the population of clinical isolates. First, it was
determined whether the combined treatment with Cfx increases the inhibition of bacterial
growth of aPDI with PSIR-3. The 118 clinical isolates of K. pneumoniae were exposed to the
preparation of 4 pg/mL of cefotaxime with 4 ug/mL of PSIR-3 (its MIC). Control bacteria
without Cfx and exposure to light were included. As expected, the PSIR-3 compound
mixed with cefotaxime significantly (**** p < 0.0001) increased the bactericidal effect on
the clinical isolates population from 3 to 6 log;o reduction (Figure 5A). As seen before, a
significantly increased inhibitory effect was not observed when combining the cefotaxime
with the PS-Ru control compound (ns p > 0.05). Secondly, the set of 66 clinical isolates
characterized as ESBL-producing K. pneumoniae were treated with PSIR-3 aPDlIfor 1 h,
and serial dilutions determined the MIC for Cfx in ca-MH broth. As seen in Figure 5B, a
significant reduction (**** p < 0.0001) from 8 ug/mL (8-8) to 0.17 ug/mL (0.17-0.333) on
Cfx-MIC was observed compared to the untreated group. The combined treatment also
reduced the PSIR-3-MIC, from 4 to 0.5 mg/L (Figure 5C). Similar to previously shown
with imipenem [32], compound PSIR-3 produced a significant change in Cfx-susceptibility
with a fractional inhibitory concentration (FIC) index of 0.15 (Table 4). Figure 5C shows
the control compound, PS-Ru, did not significantly change Cfx-susceptibility with an
FIC Index 1.58 (Table 4). Because synergy is defined as an FIC index of <0.5 [44], the
increased inhibitory effect observed when combining PSIR-3 with Cfx is not summative
but synergistic.

Table 4. Fractional inhibitory concentration (FIC) index calculation.

Compounds MIC MIC Combined FIC FIC Index
Cfx 8.00
PSIR-3 4.00 0.17 0.02 0.15
PSIR-3 * 0.50 0.13
PS-Ru 8.00 6.67 0.83 1.58
PS-Ru * 6.00 0.75

MIC values are de median for the ESBL-producing K. pneumoniae, n = 66. * The MIC value modified by Cfx.

The behavior exhibited by PSIR-3 must be related, as mentioned in previous re-
ports [32,33], to the external substituents bonded to polypyridine ligand structures and
affinity to bacterial envelope [41]. This synergism is also comparable to other photosensi-
tizers; for example, rose bengal showed an increase in the susceptibility of Acinetobacter
baumannii for a range of antibiotics used along with aPDI [60]. In another example, con-
ventional antibiotics and alternative compounds reported synergism in a murine model
for pathogens of the ESKAPE group (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species) [61],
using anti-biofilm peptides [62]. For now, it is difficult to accurately calculate the dose of
light necessary to activate PSIR-3 effectively; however, we observed in vitro that with low
doses of energy (17 puW/cm? of white light), it is bactericidal. Compounds with optimum
absorbance at higher wavelengths, bordering the 630750 nm, would improve the exposure
of PS to light into the tissues, but being less energetic, the PSs must have a triplet excited
state of easy access to promote energy transfer [63]. We, therefore, need to perform a better
characterization of its antimicrobial activity when activated with defined wavelengths,
before starting in vivo studies, in urinary infection models and to evaluate the need to
deliver light through intraurethral catheters [64].

4. Conclusions

In this work, we saw that multi-drug resistance and virulence are significant factors
in clinical isolates of K. pneumoniae. However, the increase in MICs can be neutralized by
aPDI, turning resistant strains susceptible. APDI is effective in treating multidrug-resistant
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bacteria and more virulent strains, as well as strains that combine both characteristics.
The aPDI then becomes a great support to antimicrobial therapy in a shortage of new
effective antibiotics. The photophysical characterization of PS indicates that its maximum
absorption occurs at wavelengths lower than 400 nm, which could constitute a problem for
its use in infections of internal organs due to low penetration. In UTI, optical fibers can be
used through a catheter to deliver the dose of light [54,55]. Moreover, compounds with
optimum absorbance at higher wavelengths, bordering the 630-750 nm, would improve
the exposure of PS to light in the tissues.
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Abstract: Photodynamic therapy (PDT) mediated by Fotoenticine® (FTC), a new photosensitizer
derived from chlorin e-6, has shown in vitro inhibitory activity against the cariogenic bacterium
Streptococcus mutans. However, its antimicrobial effects must be investigated on biofilm models
that represent the microbial complexity of caries. Thus, we evaluated the efficacy of FTC-mediated
PDT on microcosm biofilms of dental caries. Decayed dentin samples were collected from different
patients to form in vitro biofilms. Biofilms were treated with FTC associated with LED irradiation
and analyzed by counting the colony forming units (logl0 CFU) in selective and non-selective
culture media. Furthermore, the biofilm structure and acid production by microorganisms were
analyzed using microscopic and spectrophotometric analysis, respectively. The biofilms from different
patients showed variations in microbial composition, being formed by streptococci, lactobacilli and
yeasts. Altogether, PDT decreased up to 3.7 log10 CFU of total microorganisms, 2.8 log10 CFU
of streptococci, 3.2 1og10 CFU of lactobacilli and 3.2 1og10 CFU of yeasts, and reached eradication
of mutans streptococci. PDT was also capable of disaggregating the biofilms and reducing acid
concentration in 1.1 to 1.9 mmol lactate /L. It was concluded that FTC was effective in PDT against
the heterogeneous biofilms of dental caries.

Keywords: photodynamic therapy; dental caries; oral biofilms; Fotoenticine; chlorine; methylene blue

1. Introduction

Dental caries is a multifactorial biofilm-mediated disease characterized by the mineral
loss of tooth hard tissues [1,2]. Caries development is a result of dental biofilm acidifica-
tion from carbohydrate consumption that alters the oral ecology, favoring the growth of
acidogenic and acid-tolerating species [2—4]. Despite the restorative treatments available
for dental caries, dentists commonly encounter failures in restorations associated with sec-
ondary caries [5]. Therefore, a proper disinfection of the dental cavity before the restorative
procedure is essential to avoid the growth of bacteria under restorative material and caries
recurrence [6,7]. In this context, alternative adjuvant methods to restorative treatment have
been extensively investigated, such as antimicrobial photodynamic therapy (PDT).

The antimicrobial effect of PDT is based on a photophysical reaction through the asso-
ciation of a photosensitizer, light at an appropriate wavelength (usually from the visible to
near infrared spectrum) and molecular oxygen [8-12]. In this process, the photosensitizer
is activated by light to produce reactive oxygen species (ROS) that kill the microbial cells
via an oxidative burst [8,13]. Therefore, the efficacy of PDT depends on the type of photo-
sensitizer, parameters of irradiation, and application site [14]. In the last decades, different
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photosensitizers have been investigated, including phenothiazines and chlorine deriva-
tives [8,9,15,16]. Phenothiazines, such as methylene blue (MB), are widely studied and
known, being already approved for clinical dental application in several countries around
the world [17]. Chlorines are tetrapyrrolic substances derived from chlorophyll that have
gained attention due to their photodynamic effects on a large number of pathogens [18].
Some derivatives of chlorines have been described as potential photosensitizers with high
absorption in the red region of the visible spectrum and mechanism of action predomi-
nantly via type I reaction, producing singlet oxygen [19]. Among them, Fotoenticine (FTC),
a new photosensitizer derived from chlorin e-6, has demonstrated strong photodynamic
activity against the cariogenic bacterium Streptococcus mutans [9,19,20].

Recently, Terra-Garcia et al. [9] and Nie et al. [19] verified that PDT mediated by FTC
was able to reduce the viability of biofilms formed by a reference S. mutans strain (UA159).
In both studies, the antimicrobial effects of PDT with FTC were greater than MB, suggesting
that FTC can be a useful photosensitizer in the control of S. mutans. Later, our research
group reported that photodynamic inactivation by FTC was extended to several clinical
strains of S. mutans isolated from patients with the active disease [20]. In all of these clinical
strains, FTC-mediated PDT was able to eliminate the viable cells and disrupt the dense
structure of S. mutans biofilms [20].

Although previous studies have suggested that PDT mediated by FTC can be a
promising strategy to prevent or treat caries, these studies were limited to monospecies
biofilms that do not represent the microbial complexity of dental biofilms. It is known that
dental biofilms are composed of different microbial species that form a highly complex
and organized structure on the tooth tissues, in which each microorganism has specific
positions and functions. More than 700 bacterial species have been identified from dental
biofilm, and approximately 40 species were already associated with caries [21]. In addition
to S. mutans, other acidogenic and aciduric microorganisms in the biofilm may play an
important role in dental caries, such as Streptococcus sobrinus, Lactobacillus spp., Veillonella
spp., Actinomyces spp. and Candida spp. [22].

To overcome the limitations of in vitro biofilm studies with one or three selected
species, many researchers have introduced different models of microcosm biofilms. Mi-
crocosms are more reliable models to simulate the in situ conditions of the oral cavity.
Microcosm biofilms consist of a set of microorganisms from the natural oral microbiota
that are formed in vitro using samples collected from the oral cavity, such as saliva or
biofilms [23]. Thus, microcosm biofilms are capable of reproducing the biodiversity, eco-
logical interactions, acid production and pH conditions of dental biofilms in the human
oral cavity [24]. Using a microcosm model, the objective of this study was to evaluate the
antimicrobial activity of PDT mediated by FTC on dental caries biofilm, investigating its
effects on the microbial cells, biofilm structure and acid production.

2. Materials and Methods
2.1. Collection of Dental Caries Samples

This study was approved by the Ethics Committee for Research in Human Beings of the
Institute of Science and Technology (ICT/UNESP) under protocol number 158617/2019, date of
approval: 13 November 2020). Three patients of the dental clinics in the city of Sao José dos
Campos were selected. Inclusion criteria were age between 20 and 40 years and presence of
at least one dentin caries lesion in a molar tooth. The non-inclusion criteria were the use of
antibiotics in the last 90 days and presence of caries lesions with pulp exposure.

The collection of samples from infected dentin was carried out after anesthesia and
absolute isolation with a rubber dam. The material was collected with a sterile curette,
transferred to brain heart infusion (BHI) broth with 20% glycerol and stored in a freezer at
—80 °C. Teeth were then restored according to pre-determined treatment for each patient.
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2.2. Preparation of Photosensitizer and Light Source

The photosensitizer Fotoenticine® (Nuevas Tecnologias Cientificas, NTC, Lianera Asturias,
Spain) obtained at a concentration of 6.89 mg/mL was sterilized by filtration on membranes
with pores of 0.22 pm (MFS, Dublin, Ireland) and stored in dark conditions. The chemical
structure and absorption spectrum of the Fotoenticine® are showed in Figure 1. The light
source was a LED at 660 nm (Irrad LED®, Biopdi, Sao Carlos, Brazil) with a power density of
42.8 mW /cm?, energy density of 30 J/cm? and exposure time of 700 s.
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Figure 1. Chemical structure [25] and absorption spectrum of Fotoenticine (200 pg/mL in 0.9% NaCl)
determined with a spectrophotometer (DS-11, Denovix, DE, USA).

2.3. Preparation of Bovine Tooth Specimens

Bovine teeth were employed as substrate to form in vitro biofilms following the
methodology described by Garcia et al. [9] with some modifications. Mandibular incisor
teeth were used to prepare specimens measuring 4 mm in diameter and 2 mm in thickness.
In summary, the crowns were separated from the roots using a straight handpiece with a
diamond disc. The crowns were attached to a circular sample cutter with the buccal side
facing upwards and cut with a trephine drill. Then, specimens were inserted into a metal
matrix (with the dentin surface positioned in its interior) and polished with sandpaper
discs of decreasing grain size in a low-speed water-cooling system (DP-10, Panambra
Industrial e Técnica, Sao Paulo, Brazil) (Figure 2). The final thickness was confirmed with
a digital caliper (Starrett, Sao Paulo, Brazil). Finally, the specimens were stored in a 0.1%
(v/v) thymol solution at 4 °C.
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Figure 2. (A) Representation of sample collection from infected dentin of patient. (B) Sample
transferred to brain heart infusion (BHI) broth with 20% glycerol. (C) Separation of crown from
the root of bovine tooth using a straight handpiece with a diamond disc. (D) Crown attached to
a circular sample cutter with the buccal side facing upwards. (E) Tooth cut with a trephine drill.
(F) Specimen inserted into a metal matrix for polishing. (G) Bovine specimen prepared. (H) Specimen
positioned in the metal wire and submerged in BHI broth to form the biofilms. (I) Biofilm formed on
bovine specimen. (J) Irradiation of biofilms with LED at 660 nm. (K) Colonies formed on BHI agar.
(L) Scanning electron microscope. (M) Lactic dehydrogenase LDH UV K014 (Bioclin) to determine
the acid production.

2.4. Formation of Microcosm Biofilms on Bovine Tooth Specimens

Microcosm biofilms were formed according to the methodology of Méndez et al.
with some modifications [24]. Dental caries samples stored in freezer were thawed and
homogenized. Then, 400 pL were transferred to 20 mL of BHI broth supplemented with
5% sucrose and incubated at 37 °C in 5% CO; for 48 h. The growth was centrifuged and
washed twice in phosphate buffered saline (PBS). The pellet was resuspended in 20 mL
of PBS. An inoculum of 225 pL of this microbial suspension was added in each well of
24-well microplates, containing the bovine tooth specimen suspended by a metal wire and
submerged in 2 mL of BHI broth with 5% sucrose. The plates were incubated at 37 °C
for 120 h to form the biofilms, under 5% CO, pressure since most cariogenic bacteria are
capnophilic [26]. Every 24 h, the wells were washed (2x) with PBS, and 2 mL of a fresh
BHI broth with 5% sucrose was replaced.

2.5. Application of Photodynamic Therapy on Microcosm Biofilms

After biofilm formation, the specimens were removed from the metal wire support,
transferred to a new well and submerged in 200 pL of photosensitizer or PBS. To obtain
an antimicrobial effect on biofilms, the photosensitizer was used at a concentration of
0.6 mg/mL that is considered able to diffuse through S. mutans biofilms [20]. The plates
were shaken for 15 min (pre-irradiation time) in dark conditions. After that, the plates
were taken to the Irrad LED® and irradiated according to the parameters described above.
The control groups not irradiated remained in dark conditions for the same period. Ac-
cording to these procedures, four groups of microcosm biofilms were established: treated
with FTC and irradiated (FTC + L+), treated with PBS and irradiated (P — L+), treated with
FTC in the dark (FTC + L—) and treated with PBS in the dark (P — L—).
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2.6. Analysis of Biofilms by Counting the Number of Viable Cells

The specimens containing the treated biofilms (five per group) were transferred to Fal-
con tubes containing 4 mL of PBS. The adhered biofilms were detached using an ultrasonic
homogenizer (Sonopuls HD2200, Bandelin Eletronic, Berlin, Germany) with a power of
7 W for 30 s. Serial dilutions of the biofilm suspension were performed and plated on BHI
agar for counting the total number of microorganisms, as well as on the following selective
culture media: Mitis Salivarius for counting streptococci, Mitis Salivarius Bacitracin Sucrose
(MSBS) agar for mutans streptococci, Rogosa agar for lactobacilli, and Sabouraud Dextrose
agar with chloramphenicol for yeasts. Next, the plates were incubated at 37 °C for 48 h to
determine the number of colony forming units (CFU).

2.7. Analysis of Biofilms by Scanning Electron Microscopy (SEM)

After the treatments, the specimens with biofilms (two per group) were submerged
in 1 mL of 2.5% glutaraldehyde (1 h) for cell fixation. After that, they were dehydrated
with 1 mL of increasing ethanol concentrations (10, 25, 50, 75 and 90%), remaining for
20 min at each concentration. Finally, the biofilms were added to absolute ethanol for 1 h.
The dehydrated biofilms were incubated at 37 °C for 24 h, and then placed in aluminum
stubs and covered with gold for 160 s at 40 mA (Denton Vacuum Desk II, Denton Vacuum,
Moorestown, NJ, USA). After metallization, the biofilms were analyzed in the scanning
electron microscope (JEOL JSM-7900, JEOL, Peabody, MA, USA).

2.8. Determination of Lactic Acid Production by the Microbial Cells in Biofilms

The specimens with the treated biofilms (5 per group) were transferred to Falcon tubes
containing 5 mL of PBS and incubated at 37 °C for 3 h. Then, 1 mL of each tube was placed
in a freezer at —80 °C for 5 min to stop the acid production. To verify the concentrations of
lactate, the enzymatic method of lactic dehydrogenase was used according to the manufac-
turer’s instructions (Lactic dehydrogenase LDH UV K014, Bioclin, Belo Horizonte, Brazil).
Absorbance was measured at 340 nm using a microplate spectrophotometer (Epoch, Biotek,
Winooski, VT, USA), and the obtained values were expressed as mmol lactate/L.

2.9. Statistical Analysis

The results obtained in the viable cell counts (logl0 CFU) and acid production were
analyzed by ANOVA and Tukey test using the GraphPad Prism 8.4.3 program (GraphPad
Software, Inc., San Diego, CA, USA). For statistical analysis, five biofilms per group were used.
The assays were repeated twice. Level of significance of 5% was adopted in all the analyses.

3. Results
3.1. Effects of FTC-Mediated PDT on Viable Cells of Microcosm Biofilms

In the viable cell counts of the non-treated biofilms (control group P — L—), the mi-
crobial growth in non-selective culture media (BHI) was 7.21 log10 CFU for patient 1,
8.09 log10 CFU for patient 2 and 10.31 log10 CFU for patient 3. These data showed that
the microcosm biofilm of patient 3 had the highest quantity of microorganisms, followed
by patient 2 and 1. In the selective culture media, all patients showed cariogenic biofilms
formed by streptococci (5 to 8 logl0 CFU), mutans streptococci (5 to 7 log1l0 CFU) and lac-
tobacilli (7 to 8 log10 CFU). However, the presence of yeasts was found only in microcosm
biofilms of patients 2 and 3 (9 log10 CFU) (Figure 3).
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Figure 3. Viable cell counts (log10 CFU) of microcosm biofilms from patients 1, 2 and 3 according to
the following culture mediums: brain heart infusion (total number of microorganisms), Mitis Salivar-

ius (streptococci), Mitis Salivarius Bacitracin Sucrose (mutans streptococci), Rogosa (lactobacilli), and
Sabouraud Dextrose with chloramphenicol (yeasts).

In relation to the viable cell counts of the biofilms treated with PDT (FTC + L+), we
observed statistically significant microbial reductions relative to the groups P — L— and
P — L+. These microbial reductions occurred in both selective and non—selective culture
media for all the patients studied. In the non-selective medium, the FTC + L+ caused
reductions from 1.8 to 3.7 log10 CFU for the total microorganisms compared to the P — L—
group. Significant microbial reductions were also found in the FTC + L+ group in all the
selective culture media, indicating that the FTC-mediated PDT was effective in inhibiting
the growth of different microorganisms associated with cariogenic biofilms, including
streptococci, mutans streptococci, lactobacilli and yeasts. In addition, the group treated
with FTC alone (FTC + L—) showed a reduction from 0.2 to 1.2 1og10 CFU in comparison
to the P — L— group, suggesting a slightly toxic effect of FTC in dark conditions (Figure 4).

Considering the biofilms of all patients, the mean of microbial reductions achieved by
FTC-mediated PDT (in comparison to the P — L— group) ranged from 2.1 to 2.8 log10 CFU
for streptococci, 1.8 to 3.2 log10 CFU for lactobacilli and 1.7 to 3.2 log10 CFU for yeasts.
Interestingly, mutans streptococci had a greater susceptibility to PDT relative to the other
microorganisms. FTC-mediated PDT caused a mutans streptococci reduction of 6.02 log10
CFU for the biofilm of patient 3 and a total eradication for patients 1 and 2 (Figure 5).

3.2. Effects of FTC-Mediated PDT on Microcosm Biofilm Structures

The SEM images confirmed that all the caries samples collected from patients were
able to provide an in vitro formation of microcosm biofilms on the surface of bovine dentin
specimens. However, the morphology and structure of the biofilms varied according to the
experimental groups. In all the patient samples, the P — L— and P — L+ groups presented a
dense and compact biofilm, forming a complex three-dimensional structure. These biofilms
were composed of a large quantity of microbial aggregates embedded in an extracellular
matrix, covering the entire dentin surface. Different morphologies of microorganisms
were found, including coccus, coccobacilli, filamentous bacilli, fusiform bacilli and fungal
hyphae, which represented the microbial diversity of cariogenic biofilms.

The FTC + L— group also showed a dense biofilm formed by a large number of
microorganisms; however, the biofilm density was lower than that in the P — L— and P
— L+ groups. When the microcosm biofilms were treated with PDT (FTC + L+ group), a
substantial reduction in the amount of microorganisms adhered to tooth surface was clearly
observed. The PDT was capable of disaggregating the biofilms, exposing the dentin surface
formed by several dentinal tubules. The microorganisms on dentin surface exhibited
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few cellular aggregates or isolated cells, allowing a more precise observation of microbial
morphologies (Figure 6).
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Figure 4. Means of log10 CFU and SD of microcosm biofilms (patients 1, 2 and 3) obtained in the following groups: treated
with PBS in the dark (P — L—), treated with PBS and irradiated (P — L+), treated with FTC in the dark (FTC + L—) and
treated with FTC and irradiated (FTC + L+). (A) Total microorganisms in brain heart infusion agar. (B) Streptococci in Mitis
Salivarius agar. (C) Mutans streptococci in Mitis Salivarius Bacitracin Sucrose (MSBS) agar. (D) Lactobacilli in Rogosa agar.

(E) Yeasts in Sabouraud Dextrose agar with chloramphenicol.
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Figure 5. Microbial reductions of streptococci, mutans streptococci, lactobacilli and yeasts expressed
in log10 CFU obtained in the group treated with FTC and irradiated (FTC + L+) in comparison to

the control group treated with PBS in the dark (P — L—). (A) Microcosm biofilm from patient 1.
(B) Microcosm biofilm from patient 2. (C) Microcosm biofilm from patient 3.
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Figure 6. Scanning electron microscopy images according to the groups: treated with PBS in the dark (P
— L—), treated with PBS and irradiated (P — L+), treated with FTC in the dark (FTC + L—) and treated
with FTC and irradiated (FTC + L+). (A-D) Microcosm biofilm from patient 1. (E-H) Microcosm biofilm
from patient 2. (I-L) Microcosm biofilm from patient 3.

3.3. Influence of FTC-Mediated PDT on Acid Production by the Microbial Cells
of Microcosm Biofilms

In the biofilms not treated with PDT (P — L—, P — L+ and FTC + L— groups), the
results of acid production ranged from 1.95 to 1.96 mmol lactate/L for patient 1, from 2.79
to 2.82 mmol lactate/L for patient 2, and from 3.80 to 3.84 mmol lactate/L for patient 3. As
with the results obtained in the viable cell counts, patient 3 showed the highest quantity of
acid production, followed by patient 2 and 1. These results indicated that the acidogenic
capacity of caries microcosm biofilms was related to the number of microbial cells.

The biofilms treated with PDT (FTC + L+ group) showed statistically significant
reductions of acid production when compared to the P — L— group for all patients studied.
The acid reductions caused by PDT were 1.28, 1.92 and 0.99 mmol lactate/L, respectively,
for patients 1, 2 and 3 (Figure 7). In general, it was possible to observe that PDT mediated
by FTC was able to kill the microbial cells with consequent disruption of biofilm structure
and decreased acidogenicity.
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Figure 7. Means and SD of lactic acid concentration (mmol lactate/L) for the groups: treated with
PBS in the dark (P — L—), treated with PBS and irradiated (P — L+), treated with FTC in the dark
(FTC + L—) and treated with FTC and irradiated (FTC + L+). (A) Microcosm biofilm from patient 1.
(B) Microcosm biofilm from patient 2. (C) Microcosm biofilm from patient 3.

4. Discussion

Cariogenic biofilms are active and complex ecosystems rich in organic acid [27], which
form a spatial and ordered organization of microbial communities on tooth surfaces [28].
The dental surfaces and the development of caries lesions provide different microenviron-
ments that allow the colonization of adapted microbial communities, leading to variations
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in the bacterial amount and microbial composition of cariogenic biofilms according to
the caries stage [29,30]. In addition, several individual factors can influence the biofilm
diversity, such as the host’s diet, oral hygiene habits, tooth morphology, saliva composition,
and discrepancies in the immune system [27,31]. Considering the variations in cariogenic
biofilms among different individuals, in this study we collected samples from three patients
with dentin caries to form in vitro microcosm biofilms and to investigate the potential of
FTC-medjiated PDT for the control of dental caries.

The microcosm biofilm obtained from patient 3 (10.31 log10 CFU) showed the highest
total microbial count, followed by patient 2 (8.09 log10 CFU) and 1 (7.21 log10 CFU). In the
three patients analyzed, the results were superior to those found by Mendéz et al. [24], who
obtained a total microbial count of approximately 6.5 log10 CFU in the microcosm biofilms
from dentin caries of children. Possibly, these differences can be attributed to the age of pa-
tients because in our study, only adults were included. However, Rudney et al. [32] did not
observe differences in the quantity of microorganisms between adult and pediatric patients
when microcosm biofilms were formed from saliva or dental plaque. The total microbial
count ranged from 8 to 10 log10 CFU, independently of the inoculum source. Although
the quantity of microorganisms formed in microcosm biofilms can vary depending on the
study in the literature, it is evident that the microcosm model is able to provide very dense
biofilms that can be useful for a large number of in vitro studies.

In this study, the microcosm biofilms from all patients were composed of streptococci,
mutans streptococci and lactobacilli. In addition, the microcosm biofilms of patients 2
and 3 presented yeasts as well. Indeed, caries is closely associated with high counts
of streptococci (particularly Streptococcus mutans), lactobacilli and yeasts of the genus
Candida [2,33]. Streptococcus spp. and Lactobacillus spp. exhibit special properties that make
them cariogenic bacteria, including the ability to adhere to dental surfaces, to produce a
high quantity of acids from fermentable sugars, and to survive in an acid environment [34].
Candida species have been frequently isolated from dental caries lesions and also display
acidogenic and aciduric properties. The presence of Candida albicans in cariogenic biofilms
seems to enhance the virulence of S. mutans and, consequently, the severity of dental
caries [35,36]. Many other bacterial genera have also been associated with cariogenic
biofilms, such as Actionomyces, Bifidobacteria, Veilonella, Prevotella [2,34], and more recently,
Scardovia [2]. However, the present study was limited to the identification of streptococci,
mutans streptococci, lactobacilli and yeasts in the microcosm biofilms. Therefore, additional
studies with a focus on other microbial groups are required, especially those that use
molecular tools.

The viable cell counts in the microcosm biofilms of patients ranged from 5 to 8 log10
CFU for streptococci, 5 to 7 logl0 CFU for mutans streptococci, 7 to 8 logl0 CFU for
lactobacilli and 0 to 9 1og10 CFU for yeasts. Similar results were found by Vertuan et al. [37],
Céamara et al. [38], and Mendéz et al. [24], who obtained bacterial counts between 6 to 7
log10 CFU for streptococci, 5 to 7 log10 CFU for mutans streptococci and 6 to 7 log10 CFU
for lactobacilli in microcosm biofilms from oral samples. Nonetheless, these authors did
not investigate the presence of yeasts in the microcosm biofilms formed in their studies.

When the FTC-mediated PDT was applied on microcosm biofilms, the viable cell
numbers of all microbial groups studied were significantly decreased. In general, the
microcosm biofilms from patients showed reductions between 2.1 to 2.8 log10 CFU for
streptococci, 6.0 log10 CFU to total inhibition for mutans streptococci, 1.8 to 3.2 log10 CFU
for lactobacilli and 1.7 to 3.2 log10 CFU for yeasts after the PDT treatment. Interestingly,
the antimicrobial effects of FTC observed in our study were more pronounced than other
photosensitizers cited in the literature. Using microcosm biofilms from dentin caries of
patients, some authors found microbial reductions of 1.5, 1.3 and 1.9 log10 CFU with the
photosensitizer methylene blue [24] and 1.5, 1.7 and 2.3 log10 CFU when curcumin was
used as photosensitizer [39]. Probably, the greater photodynamic activity of FTC can be
related to the positive charges of chlorins, action predominantly via type II mechanism
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with singlet oxygen quantum yields from 0.5 to 0.8 [8], and high capacity to penetrate into
the bacterial cells [13,19].

To our knowledge, this is the first study to investigate the effects of FTC-mediated
PDT on microcosm biofilms. Until now, this new photosensitizer has been studied in single
biofilms formed by S. mutans. Terra-Garcia [20] applied the FTC-mediated PDT on single
biofilms of S. mutans formed by the reference strain UA159 or clinical strains isolated from
dental caries, verifying microbial reductions between 5 to 6 log1l0 CFU for the clinical
strains and total inhibition for the reference strain. Using a similar photosensitizer also
derived from chlorin-e6, Nie et al. [19] found a bacterial reduction of 5 to 6 logl0 CFU
of S. mutans (UA159) in single biofilms treated with PDT. Promisingly, the results of the
present study using microcosm models showed that S. mutans remained susceptible to PDT
mediated by FTC even when mixed in a complex polymicrobial biofilm.

In addition to remaining susceptible to FTC-mediated PDT in microcosm biofilms,
mutans streptococci were the microorganisms most susceptible to this therapy, being totally
eradicated in the microcosm biofilms from patients 1 and 2. In relation to the biofilm of
patient 3, mutans streptococci were also more susceptible to PDT than lactobacilli and
yeasts. We hypothesized that the highest susceptibility of S. mutans to PDT mediated
by FTC could be associated with the growth rate, microbial cell composition, or spatial
organization of biofilms. The growth rates and generation times of S. mutans cells were
more elevated than those of Lactobacillus cells [40], which could influence the structure
and permeability of cell membrane. The cell composition of bacteria and yeast is also
considered an important factor in the susceptibility to PDT. Due to the presence of a cell
wall with porous layer of peptidoglycan, Gram-positive bacteria such as S. mutans are more
susceptible to PDT than fungal cells such as Candida spp. that present a cell wall of chitin
with a less porous layer of beta-glucan [41]. In addition, the spatial organization of S. mutans
cells with other microorganisms in polymicrobial biofilms can affect their susceptibility to
antimicrobial treatments [42]. Using dual-species model biofilms, previous studies showed
that S. mutans use Candida cells as support for their adherence [43,44]. According to these
authors, 5. mutans cells have affinity for the C. albicans hyphae, appearing positioned over
the hyphal surface in SEM images [43,44]. This fact may leave S. mutans more exposed
to PDT action. However, future studies are required to unveil the spatial structure of
cariogenic biofilms and to develop therapies targeting the biogeography of polymicrobial
infections [28].

The SEM analysis performed in the present study confirmed the capacity of microcosm
biofilms in reproducing the dental caries microbiome. The biofilms of non-treated groups
showed a spatial structure formed by heterogeneous and complex communities embedded
in an extracellular matrix. The FTC-mediated PDT was able to decrease the number of
microbial cells and to disaggregate the biofilm structure, exposing the dentin surface. In
a review article, Hu et al. [13] reported that PDT not only kills the bacterial and fungal
cells present in biofilms, but the ROS generated can concomitantly degrade the matrix
structure by attacking several biomolecules. During the PDT reaction, the burst of ROS
causes oxidative damage in multiple non-specific targets, such as amino acids, nucleic acid
bases, lipids, etc. Therefore, PDT can disaggregate the biofilms by a synergistic action on
microbial cells and extracellular matrix. These factors make PDT an attractive approach for
chronic biofilm infections [13].

Since the production of organic acids by microbial cells in biofilms is a determinant
of the development of dental caries [34], in this study we also evaluated the influence of
PDT on the acidogenicity of biofilms. The PDT mediated by FTC caused a substantial
reduction in lactic acid production for the three biofilms analyzed in this study, probably
as a consequence of the decrease in the number of acidogenic bacteria. On the other
hand, Mendez et al. [24,39] did not observe reductions in lactic acid production when the
dentin microcosm biofilms were treated with PDT mediated by methylene blue [24] or
curcumin [39]. These authors did not find correlations between the reductions in CFU
counts and lactic acid production, raising the hypothesis that the surviving cells could have
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increased their acid production capacity, which resulted in maintaining the acidogenicity of
the biofilms. However, we think that the bacterial reductions caused by PDT with MB [24]
or curcumin [39] may not have been enough to result in a decrease in acid production
because the CFU reductions were lower than the microbial reductions found in our study
using FTC.

In summary, we concluded that PDT mediated by FTC, a photosensitizer derived
from chlorin e-6, has antimicrobial activity against dental caries microcosm biofilms. FTC-
mediated PDT led to significant reductions in total microorganisms, streptococci, mutans
group streptococci, lactobacilli and yeasts. Mutans group streptococci were the microor-
ganisms most susceptible to PDT, showing total eradication after this therapy. In addition,
PDT with FTC was able to disaggregate the biofilm structure and to reduce the lactic acid
concentration. Promisingly, FTC can be an attractive photosensitizer for PDT targeted to
the control of cariogenic biofilms and dental caries.
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Abstract: Bacterial biofilm constitutes a strong barrier against the penetration of drugs and against the
action of the host immune system causing persistent infections hardly treatable by antibiotic therapy.
Helicobacter pylori (Hp), the main causative agent for gastritis, peptic ulcer and gastric adenocarcinoma,
can form a biofilm composed by an exopolysaccharide matrix layer covering the gastric surface where
the bacterial cells become resistant and tolerant to the commonly used antibiotics clarithromycin,
amoxicillin and metronidazole. Antimicrobial PhotoDynamic Therapy (aPDT) was proposed as
an alternative treatment strategy for eradicating bacterial infections, particularly effective for Hp
since this microorganism produces and stores up photosensitizing porphyrins. The knowledge of
the photophysical characteristics of Hp porphyrins in their physiological biofilm microenvironment
is crucial to implement and optimize the photodynamic treatment. Fluorescence lifetime imaging
microscopy (FLIM) of intrinsic bacterial porphyrins was performed and data were analyzed by
the “fit-free” phasor approach in order to map the distribution of the different fluorescent species
within Hp biofilm. Porphyrins inside bacteria were easily distinguished from those dispersed in the
matrix suggesting FLIM-phasor technique as a sensitive and rapid tool to monitor the photosensitizer
distribution inside bacterial biofilms and to better orientate the phototherapeutic strategy.

Keywords: porphyrins; fluorescence lifetime imaging miscroscopy (FLIM); antimicrobial photody-
namic therapy (aPDT); Helicobacter pylori biofilm

1. Introduction

Helicobacter pylori (Hp) can chronically colonize the human stomach where it plays an
essential role in the development of gastritis, gastroduodenal ulcers and gastric cancer [1].
A key contribution to the persistence and the recurrence of Hp infections is provided by
the bacterial ability to efficiently form a biofilm. Biofilms are matrix-enclosed bacterial
populations in close proximity to each other and adherent to surfaces or interfaces. Hp
biofilms are characterized by an extensive 3D network of highly hydrated exopolysaccha-
rides where extracellular DNA, extracellular proteins, and outer membrane vesicles are
embedded [2]. This extracellular matrix (ECM) protects the bacterial community from
immune system cells and antimicrobial drugs. As a matter of fact, conventional pharmaco-
logical therapies have become less effective and new alternative strategies to fight bacterial
infections are emerging. In this regard, one of the most promising approaches to overcome
the antibiotic resistance problems is the photodynamic therapy (PDT). PDT combines the
use of light irradiation with the presence of a photosensitizer molecule, able to generate
cytotoxic reactive oxygen species (ROS) upon illumination. When this strategy is directed
against microorganisms, the process is called antimicrobial photodynamic therapy (aPDT).
The in situ-generated ROS are able to destroy biomacromolecules thus causing cell death.
Typically, a photosensitizing drug is delivered to the area of interest before the treatment,
but PDT can be particularly effective when the target microorganism naturally produces
endogenous photosensitizers such as in the case of Hp porphyrins [3]. In previous studies
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we spectroscopically characterized the composition of Hp porphyrin extracts, showing that
protoporphyrin IX (PPIX) and coproporphyrin I (CPI) are two of the main endogenous
photosensitizing species [4,5]. Thanks to their presence, visible light irradiation conveyed
by an intragastric fiberoptic laser system or by a LED-based illuminator has been shown to
efficiently cause Hp photokilling without the administration of exogenous photosensitiz-
ers [6-8]. The correlation between photophysical properties and photosensitizing ability of
porphyrins makes it mandatory to carefully analyze their fluorescence properties when
they are closely associated with the biological target [9,10]. It has long been known that
the vast majority of bacterial pathogens produce fluorescing porphyrins emitting in the
red spectral region when excited by 405 nm violet light [11]. Thus, the assessment of red
fluorescence in biological samples can be a signal of bacterial infection. Fluorescence imag-
ing has recently emerged as a rapid and non-invasive technique for real-time visualization
of the occurrence of bacteria and of their spatial distribution in several biological tissues
and matrixes. The detection of the presence, location, and extent of fluorescent bacteria in
wounds, for example, can be exploited by clinicians for targeted sampling during biopsies
or to selectively treat the infected area [12,13]. Among the several fluorescence-based tech-
niques, FLIM brings about several advantages because, in contrast to fluorescence intensity,
the fluorescence decay time is independent of the local concentration of fluorophores and
of the experimental set up. The fluorescence lifetime is a specific molecular feature of the
fluorophore that can be sensitive to its surroundings. Fluorophores exhibiting the same
spectral distribution in emission and in excitation as well may have different lifetimes, in-
dicative of different molecular species or different conformations of the same molecule [14].
The analysis of FLIM data can be simplified by the phasor approach, a frequency domain
technique that allows the transformation of the signal from every pixel in the image to
a point in the phasor plot [15]. The FLIM-phasor approach has been used to create a
metabolic fingerprint of individual bacteria and pop-ulations by monitoring the lifetime
of the autofluorescent molecule reduced nicotinamide adenine dinucleotide phosphate
(NAD(P)H). While the fluorescence spectra of free and bound NAD(P)H are very similar,
their lifetimes differ significantly and depend on the metabolic state of bacteria. Phasor
fingerprints were generated for Lactobacillus acidophilus [16], Escherichia coli, Salmonella
enterica serovar Typhimurium, Pseudomonas aeruginosa, Bacillus subtilis, and Staphylococcus
epidermidis [17] in different metabolic state during the growth phase or under antibiotic
stress as well.

In this work, the phasor analysis coupled to FLIM was applied to Hp biofilms in order
to map the distribution of the bacterial porphyrins in different microenvironments. Our
findings show that it is possible to discriminate and image different average lifetimes for
porphyrins corresponding to different molecular states inside bacteria or dispersed in the
ECM. Therefore, this method can be used to provide a real-time assessment and a rapid
visualization of the photosensitizer distribution along with its degree of molecular packing
not only in Hp biofilms but also in all the situations where it is important to know the
uptake, localization pattern and interactions of the exogenously added dye to optimize
the PDT.

2. Materials and Methods
2.1. Bacterial Strains and Culture Conditions

Bacterial strains Hp ATCC® 43504™ (laboratory-adapted) and Hp ATCC® 700824™
(J99, virulent, cagA+ and vacA+), supplied by LGC Standards S.r.l. (Milan, Italy), were
selected for this study. Both strains were kept at —80 °C in Brucella Broth (BB, Thermo
Fisher Scientific Remel Products, Lenexa, KS, USA) supplemented with 20% (v/v) glycerol
and 10% (v/v) heat-inactivated fetal bovine serum (FBS, Gibco, Life Technologies, Carlsbad,
CA, USA). Thawed bacteria were grown in BB supplemented with 10% (v/v) FBS and
incubated in the dark at 37 °C in a microaerophilic atmosphere (CampyGen Compact,
Oxoid Hampshire, UK) under shaking (170 rpm).
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2.2. Biofilm Formation Assay

Hp strains from frozen stocks were cultured on Brucella agar plates supplemented
with 7% laked horse blood (Oxoid, Hampshire, UK) and incubated for 3 days at 37 °C
under microaerophilic conditions in accordance with previously published protocols [18].
A sterile cotton swab was used to harvest bacteria after incubation. Bacteria were then
suspended in brain heart infusion (BHI) broth (Oxoid, Hampshire, UK) additioned with
0.5% B-cyclodextrin (Sigma-Aldrich, St. Louis, MO, USA) and 0.4% yeast extract (Oxoid,
Hampshire, UK). Aliquots of 2 mL of this suspension, adjusted to 5 x 10° CFU/mL
concentration, were inoculated in the wells of 12-well culture plates (BD Falcon, Franklin
Lakes, NJ, USA), where sterilized round glass coverslips were placed vertically in order to
promote the adhesion of Hp cells at the air-liquid interface. BHI broth (without bacteria)
was the negative control. Plates were incubated for 4 days at 37 °C under microaerophilic
conditions. Biofilms grown on the glass coverslips were washed twice with phosphate-
buffered saline (PBS, Gibco, Life Technologies, Carlsbad, CA, USA) to remove excess
bacterial cells and immediately set for imaging at room temperature.

2.3. Extraction of Porphyrins from Hp Strains

According to a previously published protocol [19] with minor modifications, Hp cells
of different ages (1-4 days) were centrifugated at 4 °C (7000x g for 10 min), washed in
20 mL pre-cooled buffer (0.05 M Tris, 2 mM EDTA, pH 8.2) and resuspended in 10 mL of
the same buffer. An aliquot of 1.5 mL of a mixture of ethyl acetate and acetic acid (3:1, v/v)
was added to the suspension and bacterial cells were lysed by sonication in ice (6 cycles
as in the following: 30 s, stop, 60 s). Bacterial debris was removed by centrifugation at
4 °C (7000x g for 10 min), and the organic layer was washed twice with distilled water.
Por-phyrins were extracted from the organic phase by adding 150 puL of HCl 3M. After fast
vortexing, this solution was centrifuged for 5 min at 7000x g and then the bottom aqueous
layer was collected for chromatographic analyses.

2.4. High Performance Liquid Chromatography

The HPLC used for analyses was a Dionex Ultimate 3000 HPLC (ThermoFisher
Scientific Inc., Waltham, MA, USA), equipped with a fraction collector, PDA detector
and a (3 x 150 mm) Kinetex PFP column (Phenomenex Inc., Torrance, CA, USA) using
water/formic acid 100/0.1 v/v (A) and acetonitrile/formic acid 100/0.1 v/v (B) as mobile
phases, with a flow of 0.8 mL/min. Runs were performed in four steps as follows: 2 min at
25% B, 26 min with a linear gradient up to 95% B, 4 min purge step at 95% B and 8 min
re-equilibration step.

2.5. Fluorescence Lifetime Imaging (FLIM)

Standard porphyrins PPIX and CPI were either analyzed in methanol solution (about
1 x 107> M) or crystallized from solution on a glass coverslip by slow evaporation of
the solvent. The measurements were performed using a Leica TCS SP5 inverted confocal
microscope (Leica Microsystems, Wetzlar, Germany). An external pulsed diode laser
provided excitation at 405 nm and 640 nm, while a TCSPC acquisition card (PicoHarp 300,
PicoQuant, Berlin, Germany) connected to internal spectral photomultipliers allowed for
detection. On the basis on the lifetime values, laser repetition rate was fixed at 20 or 40 Hz.
Image size was set to 256 x 256 pixels and scan speed was modulated between 200 and
400 Hz (lines per second). The detection wavelength range was set between 580 and 720 nm
for Aex= 405 nm and between 650 and 750 nm for Aex= 640 nm thanks to the built-in AOBS
detection system. About 200-300 photons per pixel were collected for each measurement,
at a photon counting rate of 100-200 kHz. Data collected from different ROIs in the biofilms
images were averaged. Globals for Images—SimFCS v.2 (Globals Software by LFD-UCI,
Irvine, CA, USA, available at www.1fd.uci.edu, accessed on 1 September 2021) was used to
calculate phasors from the FLIM images.
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3. Results
3.1. Chromatographic Analysis of Hp Porphyrin Production

Bacterial extracts were obtained from Hp cultures of different ages (14 days) by means
of a specific protocol and characterized by HPLC analyses as described in Materials and
Methods. The main peaks in the chromatograms were attributed to fluorescent porphyrins
and flavins produced by bacteria, according to previously published results [5,6]. HPLC
allowed for a comparison between the concentrations of the fluorescent species at different
ages of the bacterial cultures in order to follow the production of these molecules with time
(Figure 1A). As shown by the increasing height of the peaks, the fluorophores accumulate
during the observed time span, suggesting a continuous production and accumulation. To
visualize changes in the global fluorophores concentration, the main known peaks in the
chromatograms (7.0-8.5 min and 15.7-16.7 min) were integrated and the total calculated
area was reported in Figure 1B as a function of culture age. After a 2-day lag phase, where
no significant change can be noticed, the global concentration of fluorophores starts to
grow reaching almost a tenfold increase after four days.
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Figure 1. (A) Chromatograms of the extracts after 1 up to 4 days. Insets: expansion of peaks between
7.0 and 8.5 min and between 15.7 and 16.7 min (rescaled for better visualization). (B) Total area under
the main peaks in the chromatograms (7.0-8.5 min and 15.7-16.7 min), corresponding to the global
concentration of fluorescent species in the extracts.

3.2. FLIM-Phasor Analysis of Porphyrins in Hp Biofilms

Fluorescence microscopy of Hp biofilms revealed that bacterial porphyrins are present
both inside bacterial cells and in the ECM [4], as they confer red fluorescence to the whole
system. Biofilms obtained from Hp after four days of incubation were then observed by
confocal laser scanning microscopy and analyzed by the FLIM-phasor technique developed
by Jameson et al. [15]. Figure 2A shows a false-color image of a fluorescent Hp biofilm
where bacteria can be easily distinguished from the matrix thanks to the higher fluorescence
intensity. Conversion of the FLIM data to the phasor plot produced a cloud of pixels inside
the universal circle (Figure 2B), revealing a multiexponential fluorescence lifetime decay.
The corresponding phasor image in Figure 2C clearly shows that different areas of the
biofilm (bacteria/ECM) are associated with different positions in the phasor plot. To inspect
the behavior of porphyrins lifetime in different contexts, PPIX and CPI were also analyzed
as monomers dissolved in methanol solutions and in their crystalline form. All these
samples gave strictly monoexponential decays, which fall on the edge of the universal
circle in the phasor plot (Figure 2B). As expected, crystalline porphyrins gave pixels clouds
falling in the bottom-right area of the plot, corresponding to very short lifetimes values
(<1 ns), while monomeric porphyrins in methanol solution produced pixels in the left part
of the phasor plot, with lifetimes exceeding 10 ns.
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Figure 2. (A) False-color intensity-based image of bacterial biofilm. (B top) Overlap of the phasor
plots of standard porphyrins PPIX (pink circle: methanol solution, green circle: crystal) and CPI
(cyan circle: methanol solution, blue circle: crystal) and biofilm sample (red circle: bacteria, yel-
low circle: biofilm matrix). (B bottom) Phasor images of the standards, color code as in the plot.
(C) Corresponding phasor image of the biofilm in A. Scale bar in A and C: 25 pum.

4. Discussion

Bacterial biofilms are composed of living cells embedded in an extracellular polymeric
matrix along with several exocellular molecules excreted by the cells or captured from the
environment. When bacterial cells die, they release substances in the ECM, mainly DNA
along with other endogenous cytoplasmic components. Dead cells can be a supplier for the
ECM because the leakage of cytoplasmic components due to bacterial cell lysis has been
shown to favor biofilm formation [20]. On this basis, it is not surprising to find endogenous
Hp porphyrins both inside the bacterial cells and dispersed in the ECM of Hp biofilms.

The chromatographic analysis performed on Hp extracts after different periods of
culture revealed that porphyrins are produced from the first day, but their concentration
drastically increases after 4 days of incubation. Although the planktonic and biofilm
growing conditions are rather different, after 4 days fully formed biofilms likewise provided
a sufficient concentration of porphyrins for analysis. Accordingly, Hp biofilms were grown
for 4 days and analyzed by FLIM coupled to the phasor approach.

It is known that intracellular lifetime measurements on porphyrins usually produce
three lifetime values, generally attributed to the monomeric (>10 ns), dimeric (1.5-3.0 ns)
and highly aggregated (<1 ns) forms [21], but these Hp biofilms do not show lifetimes
>10 ns, as if no porphyrin monomers were present [4]. Nevertheless, the positioning of
pixels inside the universal circle in the phasor plot matches with the presence of a combi-
nation of different lifetimes (Figure 2B). Monoexponential decays fall on the edge of the
universal circle, as in the case of monomeric (pink and cyan circles) or crystalline (blue and
green circles) porphyrins. The area where the biofilm pixels fall suggests that porphyrins
are mostly present in several aggregated forms, likely in a mixture of dimers and higher
oligomers, whose lifetimes are combined to produce the observed pixel cloud. Notably, the
phasor analysis applied to FLIM acquisitions of Hp biofilms reveals different average life-
times for porphyrins inside bacteria or dispersed in the ECM, as expressed by the slightly
different position of the red and yellow circles in the plot of Figure 2B, corresponding to
the red (bacteria) and yellow (matrix) areas in the phasor image (Figure 2C). This could
be attributed either to a different composition between the intracellular and extracellular
porphyrins mixture or to their different aggregation grade inside and outside the cells,
along with the different environmental interactions. It is worth noting how the phasor
approach allows for easy discrimination of the two different fluorescent areas.

5. Conclusions

To the best of our knowledge, in this work the FLIM-phasor approach was employed
for the first time to easily discriminate porphyrins located in different fluorescent areas of
Hp biofilms. This could be exploited to assess the extent of bacterial contamination and the
presence of a biofilm inside an infected tissue, suggestive of an advanced stage of infection,
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thus simplifying the choice of the best treatment. Our findings indicate that porphyrins
inside the cells and dispersed in the ECM show a slightly different global lifetime; likely,
on the basis of the position of the relevant pixels cloud in the phasor plot, intracellular
porphyrins may be organized in more packed structures. From the phototherapeutical
point of view, this knowledge can be of great importance because, due to the short diffusion
path of singlet oxygen and other cytotoxic reactive oxygen species, the more strictly the
photosensitizer is bound to the cellular target, the more effective its photokilling activity
will be. In addition, as the intracellular pigment concentration varies with the age of
bacteria, the detection and the spatial distribution pattern of porphyrin fluorescence in
Hp biofilm could provide some hints for the choice of the most appropriate therapeutical
time window to perform aPDT. In general, this kind of analysis could be considered to be a
useful and rapid tool for the exploration of fluorescent bacterial biofilms properties not
only to obtain new insights into the biofilm structure and dynamics but also to develop
and optimize novel antimicrobial strategies.
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Abstract: Microbial diseases have been declared one of the main threats to humanity, which is
why, in recent years, great interest has been generated in the development of nanocomposites
with antimicrobial capacity. The present work studied two magnetic nanocomposites based on
graphene oxide (GO) and multiwall carbon nanotubes (MWCNTs). The synthesis of these magnetic
nanocomposites consisted of three phases: first, the synthesis of iron magnetic nanoparticles (MNPs),
second, the adsorption of the photosensitizer menthol-Zinc phthalocyanine (ZnMintPc) into MWCNTs
and GO, and the third phase, encapsulation in poly (N-vinylcaprolactam-co-poly(ethylene glycol
diacrylate)) poly (VCL-co-PEGDA) polymer VCL/PEGDA a biocompatible hydrogel, to obtain
the magnetic nanocomposites VCL/PEGDA-MNPs-MWCNTs-ZnMintPc and VCL/PEGDA-MNPs-
GO-ZnMintPc. In vitro studies were carried out using Escherichia coli and Staphylococcus aureus
bacteria and the Candida albicans yeast based on the Photodynamic/Photothermal (PTT/PDT) effect.
This research describes the nanocomposites’ optical, morphological, magnetic, and photophysical
characteristics and their application as antimicrobial agents. The antimicrobial effect of magnetics
nanocomposites was evaluated based on the PDT/PTT effect. For this purpose, doses of 65 mW-cm 2
with 630 nm light were used. The VCL/PEGDA-MNPs-GO-ZnMintPc nanocomposite eliminated
E. coliand S. aureus colonies, while the VCL/PEGDA-MNPs-MWCNTs-ZnMintPc nanocomposite was
able to kill the three types of microorganisms. Consequently, the latter is considered a broad-spectrum
antimicrobial agent in PDT and PTT.
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1. Introduction

In recent years, the study of microorganisms has increased substantially due to their
ability to spread rapidly and adapt to different environments. For this reason, the World
Health Organization has declared microbial diseases as one of the main threats for hu-
manity [1]. Currently, there are antibiotic therapies that help fight infections caused by
microorganisms such as Klebsiella pneumoniae, Escherichia coli, Staphylococcus aureus and
Neisseria gonorrhoeae, among others. However, these have been losing their efficacy, which is
why the development of new treatments is necessary [2]. The generation of new nanocom-
posites that help eliminate microorganisms provides a new alternative for the fight against
infections caused by these pathogens [3,4].

Nanotechnology for the control of infectious diseases includes several strategies,
such as the use of metal oxides for the generation of reactive oxygen species (ROS),
nanocomposites capable of damaging membrane integrity or causing physical damage
to the bacterial wall [5], inhibiting DNA replication and adenosine triphosphate (ATP)
production in cells [6], use of graphene-family materials for the microbial elimination [7-10],
and others. In this regard, Romero et al., 2020 showed the ability of GO as an antimicrobial
agent to eliminate E. coli and S. aureus bacteria through the combination of Photodynamic
Therapy (PDT) and Photothermic Therapy (PTT) [11]. Mei et al., 2021, synthesized a
ZnPc-TEGMME@GO nanocomposite, which has a thickness between 1.47 and 2.61 nm,
using concentrations >25 pg-mL~! of the nanocomposite and irradiation with dual light
of 450 nm and 680 nm for 10 min. The nanocomposite increases its temperature to 100 °C
and rapidly promotes singlet oxygen generation, causing cuts in the membranes of bacte-
rial cells and, consequently, the death of Gram-positive and Gram-negative bacteria [12].
Yang et al., 2018, obtained the nonchemotherapeutic nanoagent Fe304-CNT-PNIPAM with
a diameter of around 200 to 400 nm, which at a concentration of 0.1 mg-mLfl, and under
808 nm laser irradiation, 3 W-cm~2, for 5 min is capable of killing S. aureus and E. coli by
PTT [13].

Photodynamic Therapy (PDT) is well known and studied for its use in cancer treat-
ments, producing minimum side effects compared to other therapies used for cancer. PDT
is an attractive operating modality based on the interaction of light with a photosensitizer
(PS) and oxygen [14,15], thus producing ROS and free radicals capable of causing cell and
microorganism death with high cytotoxicity [16-19]. This therapy has been used to treat
skin diseases and cancers such as prostate, neck, lung, breasts and bladder cancers [20-23].

PS generally are classified by their activation wavelength, duration, and tissue pen-
etration. One of the most widely used PS in PDT is the second generation PS, due to
its photophysical and photochemical properties. Within this group are phthalocyanines,
chlorins, and benzoporphyrins [24,25]. Phthalocyanines (Pcs) are hydrophobic compounds
whose activation wavelengths of 650 and 700 nm allow deep tissue penetration. Pc reaches
a high concentration in tumor tissue after 1 to 3 h of administration, and they are generally
used to treat skin and subcutaneous lesions [26].

Zinc Menthol-Phthalocyanine (ZnMintPc) is a hydrophobic drug derived from ph-
thalocyanine, whose structure is based on porphyrins but with a central Zinc atom with
four methoxy groups around it that allow PS to be soluble in certain organic solvents [27].
The use of ZnMintPc has been limited due to its hydrophobic nature. When encapsulated
by hydrogels, Pcs is soluble in aqueous media [28-30]. Pcs can also be combined with
nanoparticles (Np) to create hybrid nanostructures that increase the quantum yield of
singlet oxygen, cell uptake, and their therapeutic effectiveness [31,32].

Due to the hydrophobic nature of PS, several types of nanocarriers have been studied
that prevent them from adding to each other and losing their physicochemical charac-
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teristics [20,33,34]. Among these nanocarriers are carbon nanostructures such as carbon
nanotubes [35-37], graphene [33] and fullerenes [20,38,39], among others. These function-
alized nanocarriers have excellent optical and mechanical properties. These compounds
have cytotoxicity in biological systems, depending on their concentration, size, surface
property and functional groups [40]. The surface modification of these nanocarriers with
biomolecules such as polyethyleneimine, polyethylene glycol, and human proteins, im-
proves the cytotoxicity and biocompatibility for biological applications [41], in addition
to having other applications such as immunotherapy, imaging, and the development of
vaccines and antimicrobial agents [42-46].

Photothermal treatment (PTT) is a type of phototherapy that works by turning light
energy into heat through the use of photothermal agents (PTAs) [47]. There has been great
interest in applying PTT to eliminate pathogenic bacteria in recent years. PTAs, when
irradiated with near-infrared (NIR) light, generate much heat, causing protein denaturation,
rupture of the bacterial cell membrane, and death of microorganisms [13,48,49]. An ideal
PTA must meet specific requirements, such as high photothermal conversion efficiency,
biocompatibility, ease of synthesis, photostability, and rapid elimination [50,51]. The best
known PTAs are carbon-based nanomaterials, conjugated polymer-based nanomaterials,
inorganic, and small molecule-based nanomaterials [48,52].

PTT/PTT synergies are considered among the most effective methods for microbe
killing due to high specificity, minimal invasiveness, low risk of developing drug resistance,
and selectivity [53,54]. These phototherapy techniques have a dual mode of action in which
the PTT facilitates the absorption of PS because the increase in temperature will causes
an increase in the permeability of the microorganism. At the same time, by PDT, the PS
produces ROS, which can destroy proteins, lipids, and microbial DNA, causing the death of
the bacteria, and increasing the effectiveness of the PTT since they are capable of reducing
the heat resistance of bacteria [12,48].

CNTs were discovered by lijima in 1991 [55] and consist of quasi-one-dimensional
structures formed by several layers of graphene rolled up coaxially to form tubes. They
are classified into two types: those with a single layer known as single-wall carbon nan-
otubes (SWCNTs), and those with several layers known as multiwall carbon nanotubes
(MWCNTs) [56,57]. CNTs possess excellent optical, electrical, thermal, physical, and kinetic
properties, and excellent cell permeability [58,59]. For this reason, there is much interest
in their application as drug transport systems, electrochemical biosensors, and biological
markers, among others [60,61].

CNTs have been used as biosensors, biomarkers, and drug transporters with a high car-
rying capacity [62,63]. Hybrid compounds have been created to improve the effectiveness
of their action. Proteins, polymers, cell recognition ligands, nanoparticles, hydrophilic coat-
ings have been incorporated into these structures, which provide them with new functions
such as cell recognition, and controlled drug release, avoiding aggregations in aqueous
media during targeted transport [64-66].

Graphene is a two-dimensional nanostructure with sp? hybridization and strongly
cohesive carbons, which gives the structure excellent optical, electronic, mechanical, and
chemical properties, which vary depending on its lateral size [67]. Graphene is a material
with very high resistance and hardness. It is light and has low toxicity and increased
flexibility, making it an innovative material in construction, technology, medicine, and other
industries [43,68,69]. Because of its excellent physicochemical characteristics, graphene has
been used in the biomedical field to make biosensors, drug delivery systems, antibacterial
agents for early detection of cancer, gene therapy, and for cancer cell imaging/mapping,
among other uses [70].

In recent years, great interest has arisen in the synthesis of magnetic nanoparticles
due to their unique physicochemical properties. They can be used in PPT/PDT [71],
drug delivery, theranostics, and others [72-74]. Magnetic nanoparticles (MNPs), such
as magnetite and hematite obtained from iron oxides, are widely used in biomedicine
because they are biocompatible and have no cytotoxic effects at concentrations below
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100 ug~mL_1. For breast, glia, and normal cells with cancer [75], at higher concentrations, an
interaction between cell membrane phospholipids and iron nanoparticles occurs, resulting
in membrane failure [76-78]. MNPs can be anchored to carbon structures to obtain drug
nanocarriers and directed by an external magnetic field [79,80].

VCL/PEGDA is a biocompatible hydrogel that can be obtained by emulsion poly-
merization. This hydrogel is very promising since it responds to physiological changes
in the temperature of the human body [81,82]. Therefore, it can be used as a drug deliv-
ery system to encapsulate hydrophobic and hydrophilic agents. A study carried out by
Romero et al., 2021 showed the sustained release capacity of the drug colchicine encapsu-
lated in VCL/PEGDA [83].

PS must meet specific requirements for PDT strategy. They must be selective, disperse
well in tissue, and their photostability time must be adequate for the treatment. Due to these
needs, we developed two magnetic nanocarriers based on MWCNTs and GO materials
in this work. Both nanocarriers are decorated with Fe-MNPs, giving the compounds
superparamagnetic properties. These nanocarriers were functionalized with PS ZnMintPc,
a drug used in Photodynamic Therapy. A VCL/PEGDA hydrogel was used to help with
dispersion of the hydrophobic compounds ZnMintPc and MWCNTs in aqueous media
by providing them with a lipophilic envelope. Finally, the antimicrobial effect of these
nanocomposites was evaluated to eliminate the bacteria S. aureus, E. coli, C. albicans using
the PDT/PTT strategy.

2. Materials and Methods
2.1. Materials

For the synthesis and functionalization process, MWCNTs and GO were provided by
the Van de Graff Laboratory, Department of Physics PUC-RIO, Rio de Janeiro, Brazil. Zinc
Menthol-Phthalocyanine was provided by the Federal University of Sao Carlos, Sao Carlos,
Brazil; Fe(SO4), HySO4-7H,0O from MERCK, Rio de Janeiro, Brazil; NH4;OH, 14.8N and N,N
Dimethylformamide from Fisher Scientific, Princeton, NJ, USA; Fe;(SO4)3-H,O from Fisher
Scientific. HNOj3 from the Fermont, Monterrey, Mexico; saline solution Fisiol UB (pH =7)
from Lamosan, Quito, Ecuador and Tween80 from La casa del Quimico, Quito, Ecuador.

For VCL/PEGDA hydrogel synthesis by emulsion polymerization, the following
reagents were used. N-vinylcaprolactam (VCL; Sigma Aldrich, Darmstadt, Germany, 98%),
and Poly(ethylene glycol) diacrylate (PEGDA; Sigma Aldrich, Mn 250), the initiator am-
monium persulfate (APS; FMC Corporation, Philadelphia, PA, USA, >99%), the emulsifier
sodium dodecyl sulfate (SDS; STEOL®CS-230 Stepan, Northbrook, IL, USA) and a buffer of
sodium hydrogen carbonate (Sigma Aldrich, >99.7%) were used as provided.

Characterizations of MNPs-MWCNTs and MNPs-GO were carried out by FT-IR spec-
troscopy analysis in a JASCO FT/IR-4100 spectrometer, JASCO International Co., Ltd.,
Tokyo, Japan. ES (wavenumber range 7800 to 350 cm ™!, resolution of 0.7 cm~!) and Raman
spectroscopy analysis in a HORIBA Raman spectrometer LabRAM HR Evolution (Horiba,
Kyoto, Japan), where the samples were excited with a 2.33 eV (532 nm).

Magnetization (M) measurements were carried out using a Quantum Design Versalab
VSM, Quantum Design, Darmstadt, Germany. FR, magnetometer in the temperature range
between —210 and +60 °C with applied magnetic fields, poH, up to 3 T.

Stability over time of the PS magnetic nanocomposites was characterized by UV-VIS
spectroscopy analysis at a wavelength range of 280 to 780 nm (resolution better than 1.8 A),
using a UV-VIS Spectrophotometer model Evolution 220 from Thermo Fisher Scientific,
Waltham, MA, USA. DPBF photobleaching and thermic studies were carried out with home-
made equipment using an LED red light at 635 nm, 65.5 mW-cm~2. A DPBF photobleaching
study was characterized in a UV-VIS Specord 210 Plus. XRD analysis was performed on a
PANalytical brand EMPYREAN Diffractometer (Malvern Panalytical, Malvern, UK) operat-
ing in a 6-20 configuration (Bragg-Brentano geometry) equipped with a copper X-ray tube
(K radiation A = 1.54056 A) at 45 kV and 40 mA.
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2.2. Methods
2.2.1. Morphological Studies

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS)
evaluated morphology and semiquantitative elemental composition. For this, an aliquot of
the sample was fixed to an aluminum sample holder using a double layer of carbon tape.
The analyses were carried out on an SEM Tescan Mira 3 (Tescan, Brno, Czech Republic).
equipped with a Schottky field emitter (JEOL Ltd., Tokyo, Japan). EDS was performed
in the SEM chamber using a Bruker, X-Flash 6 | 30 detector (Bruker, Billerica, MA, USA)
with a resolution of 123 eV at Mn Ka. Tapping-mode atomic force microscopy was used to
determine the shape and thickness of GO (Bruker Dimension Icon AFM).

For Transmission Electron Microscopy (TEM), the samples were dispersed in a BRAN-
SON 1510 ultrasonic (Transcat, Rochester, NY, USA) bath for 30 min. Next, approximately
5 uL of the sample was placed on a TEM grid (formvar/carbon, 300 mesh), and the solvent
was removed with filter paper. The samples were observed in a TEM FEI, Tecnai G2 Spirit
Twin (ELECMI, Zaragoza, Spain) equipped with an Eagle 4k HR camera (Tronic Extreme,
Coventry, UK) at 80 kV.

For scanning transmission electron microscopy (STEM), 5 uL of the sample was placed
on a TEM grid (formvar/carbon, 300 mesh), and the solvent was removed with filter paper.
Staining was performed with 1% Phosphotungstic Acid for 1 s for S. aureus and 1 min for
E. coli, the solvent was removed, and the sample was observed in an SEM Tescan, Mira 3 in
transmission mode.

2.2.2. Synthesis of Graphene Oxide

GO was prepared according to Hummers’ method [84]. Graphite powder with 99%
purity was used for the synthesis of GO. Chemical products, including NaNO3, KMnOy,
H,S0y4, and aqueous solutions of HyO,, and HCl, were purchased from Sigma Aldrich. GO
powder was obtained after lyophilization of the suspected GO in deionized water.

2.2.3. Purification of MWCNTs

The purification of MWCNTs was carried out using an acid attack. A 5.3 mg sample of
MWCNTs was dispersed with 5% Tween 80 in 10 mL of distilled water stirred at 200 rpm
for 24 h to ensure that the MWCNTs were well dispersed. Then, in a solution of 4 mL of
HNO; and 12 mL of HySOy4 (1:3 ratio), the solution of MWCNTs previously treated was
allowed to cool, and then stirred magnetically for 3 h. Several washes of the MWCNTs
were performed using 0.22 pm pore micropore filtration until a neutral pH was obtained.

2.2.4. Synthesis of MNPs-MWCNTs and MNPs-GO

In 18 mL of pure water, the following were dispersed: purified MWCNTs, 225 mg of
FeSOy, 450 mg of (Fey (5O4)3), and 5% Tween 80. The sample was placed in a magnetic
stirrer for 3 h, then was added carefully to 150 mL of NH4OH. The mixture was exposed to
magnetic stirring in an inert atmosphere for 1 h at 200 rpm. Finally, several magnetic purifi-
cations of the MNPs-MWCNTs nanocarrier were carried out, until the pH was neutralized,
and allowed to dry.

The same process was used to synthesize of MNPs-GO, using 5.3 mg of GO instead
of MWCNTs.

As a control sample for the magnetic measurements, free-standing iron nanoparticles
were prepared using the same co-precipitation method but without GO or MWCNTs.

2.2.5. Synthesis of Polyethylene Glycol Diacrylate-Vinylcaprolactam (VCL/PEGDA)
Hydrogel synthesis was carried out by emulsion polymerization of 2 g of VCL, 0.08 g
of PEGDA, STEOL CS-230, and 0.08 of NaHCOj3 dispersed in 235 mL deionized water.
The mixture was slowly placed in the chemical reactor with stirring at 350 rpm and a
temperature of 70 °C, maintaining a stream of Nitrogen for one hour. Then, the initiator
(0.03 g of Ammonium Persulfate dissolved in 15 mL of distilled water) was added to the
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solution, and the reaction was kept at 70 °C for 7 h. After this time, the mixture was allowed
to cool under stirring at 200 rpm and 25 °C to avoid aggregation for 12 h. Finally, the
hydrogel was dialyzed against DDI water to remove impurities and unreacted reagents [83].

2.2.6. Functionalization of MNPs-MWCNTs; MNPs-GO with ZnMintPc in the Presence
of VCL/PEGDA

In 10 mL of pure water, 2 mg of MNPs-MWCNTs were dispersed with 5% Tween, and
the sample stirred magnetically for 24 h at 200 rpm, then sonicated for 30 min. A volume of
10 mL of VCL/PEGDA was added to the mixture, and it was stirred magnetically for 4 h
at 200 rpm.

To 20 mL of the VCL/PEGDA-MNPs-MWCNTs solution, 0.67 mL of ZnMintPc solu-
tion (0.25 mM) were added, after which the mixture was sonicated for 4 h at 250 rpm. The
solution was covered with aluminum foil to avoid ZnMintPc photodegradation.

The same process was carried out with MNPs-GO, obtaining the VCL/PEGDA-MNPs-
GO nanocomposite.

2.2.7. Quenching Experiment of 1,3-Diphenyl Isobenzofuran

The fluorescence and absorption characteristics of 1,3-diphenylisobenzofuran (DPBF),
a singlet oxygen trapping chemical, are widely employed to detect and quantify singlet
oxygen [85]. This agent has an absorption range between 410420 nm, emitting blue
fluorescence. When DPBF interacts with oxygen, it produces o-dibenzoylbenzene, without
absorbing visible light. The amount of 'O, produced is shown by a reduction in DPBF
absorbance [11]. A sample of 5 mg of DPBF was dispersed in 1 mL of DMF to distribute in
the solutions with nanocomposites later.

For this experiment, a UV-VIS SPECORD 210 Plus spectrophotometer (resolution of
2.3-2.5 nm) in a range of 300 to 800 nm was used. A reference solution was prepared with
10 mL of deionized water and 10% Tween 80. Then, in 3 mL of this reference solution, 100 uL.
of VCL/PEGDA-MNPs-GO (0.1 mg/mL) was added. The same process was repeated with
the nanocomposites VCL/PEGDA-MNPs-MWCNTs (0.1 mg/mL), VCL/PEGDA-MNPs-
MWCNTs-ZnMintPc (0.1 mg/mL) and VCL/PEGDA-MNPs-GO-ZnMintPc (0.1 mg/mL).
After that, 20 pL of the DPBF (18.5 mM) solution was placed in each of them, and they
were irradiated at different times while observing a decrease in absorbance of 418 nm due
to DPBE.

2.2.8. Thermal Studies

Thermal studies were carried out by irradiating, in deionized water, VCL/PEGDA,
MNPs, GO, MWCNTs, VCL/PEGDA-MNPs-GO, and VCL/PEGDA-MNPs-MWCNTs,
with a red light of 630 nm and 65.5 mW-cm 2 and taking the temperature every 5 to 10 min
until it did not change.

2.2.9. Antimicrobial Studies

The antimicrobial study used cryovials with the microorganisms Staphylococcus aureus
ATCC: 25923, Escherichia coli ATCC: 25922, and Candida albicans ATCC: 10231 as test subjects.
Cryovials were thawed at room temperature, and the contents were inoculated in Mueller-
Hinton broth (Difco™). The culture medium was incubated overnight at 37 °C. After this
period, the absorbance of each medium was determined by spectrophotometry (Thermo
Scientific ™ Orion ™ AquaMate 8000 UV-Vis, Thermo Fisher Scientific, Waltham, MA,
USA) and diluted in Mueller-Hinton broth to reach the concentration established for the
bioassays: 107 CFUs mL~! for E. coli, 10° CFUs mL ! for S. aureus, and 10° CFUs mL~! for
C. albicans.

Upon reaching the indicated concentration, each medium was dispensed into mi-
crotubes: six aliquots of 1 mL per magnetic nanocomposites (VCL/PEGDA-MNPs-GO-
ZnMintPc, VCL/PEGDA-MNPs-MWCNTs-ZnMintPc, VCL/PEGDA-MNPs-GO, and VCL/
PEGDA-MNPs-MWCNTs) and six aliquots of 1 mL as control. Half of the aliquots were
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used to evaluate the activity of the magnetic nanocomposites under light irradiation, while
the other half was not exposed to these conditions.

The microtubes were centrifuged at 3000 rpm for 10 min. The supernatant was
discarded, and 1 mL of PBS was added to wash the cells and remove the remains of the
culture medium. The pellet was resuspended and recentrifuged under the same conditions.
PBS was discarded and 1 mL of the compound was dispensed into each microtube. In the
control microtubes, the cells were resuspended again with PBS. Each tube was vortexed to
dissolve the pellet again and incubated at 37 °C in the dark for 45 min.

At the end of the incubation period, three aliquots of each compound and three
controls were subjected to light irradiation using red light of 630 nm, 65.5 mW-cm 2. The
remaining tubes were not irradiated.

Serial dilutions of each aliquot were made in PBS. A 4 uL aliquot of each dilution was
inoculated into an 8-part Petri dish with Mueller-Hinton agar (Difco™). Each inoculum
was streaked for colony isolation. Petri dishes were incubated for 24 h at 37 °C, and after
this period the number of colonies was counted per dilution.

3. Results
3.1. Composition and Structure Characterization of Magnetic Nanocomposites

FT-IR spectroscopy was performed on the magnetic nanocomposites to study the
difference in oxygen-related functional groups (Figure 1). Figure 1a shows the FT-IR spectra
of MNPs-MWCNTs, which presents characteristic bands. As the literature indicates, the
band at 3373 cm ! is attributed to the vibration of the hydroxyl group (OH), the 1636 cm ™!
band corresponding to the FeOO and shows the successful decoration of MWCNTs with
iron nanoparticles through hydrogen bonds [86-88]. Other bands appear in the range
1400-1730 cm ™1, corresponding to the OH-C=0, -COO, -COOH groups added due to
acid treatment and functionalization with MNPs. Finally, the characteristic bands of the
MNPs appear at 709 and 623 cm ™!, which indicate the stretching vibration of Fe-O-Fe
characteristic of Fe-MNPs, which agrees with Abrinaei, Kimiagar and Zolghadr 2019 [89].
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Figure 1. FT-IR spectra: (a) MNPs-MWCNTs; (b) MNPs-GO.

Figure 1b presents the FI-IR spectra of the MNPs-GO nanocarrier where characteristic
bands of GO are identified. There is a band around 3327 cm ™! corresponding to the bending
and vibration of the OH stretching of the C-groups, the band at 1636 cm ™! corresponds to
the vibration of the C=C, the bands around 800 cm ! and 1269 cm ™! represent the epoxy
group, and bands at 1342 cm ™!, 1247 cm~!, 1049 cm ™! show the stretching vibration of the
carboxy groups C—0O, C—C—O0O, and alkoxy C—O, respectively; as shown in the work of
Al-Rugeishi et al., 2020 [90].

Figure 2a shows the Raman spectra of non-purified MWCNTs (Figure 2a), purified
MWCNTs (Figure 2b), and MNPs-MWCNTs (Figure 2c). These spectra show characteristic
bands of the MWCNTs: band D or band of defects and the first and second-order bands G
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and 2D, respectively. The D-band is at 1337 cm ! and indicates the presence of defects in the
graphite, resulting from the presence of multiple carbon sheets that are not directly aligned
sheet to sheet, which induces a loss of translational symmetry in the two-dimensional
network. Due to the same effect, a secondary phonon is produced that gives rise to the
presence of the G-band at 1566 cm~!. The fundamental band G is a tangential elongation
band attributed to the in-plane vibration of the C-C bond, is typical of carbon-derived
materials, and is consistent with reports in the literature [91-94].

Figure 2d shows the Raman spectra of Iron-MNPs with its characteristic bands, two
Ajg modes at 226, 502 cm !, five E; modes at 248, 291, 300, 407 and 615 cm ™!, and the
characteristic two-magnon scattering band at 1320 cm~!, which agree with the results
presented by Soler and Qu 2012 [95]. Some of these bands can be observed in the spectra
shown in Figure 2¢ f.

Figure 2a,b show Raman spectra of unpurified MWCNTs and purified MWCNTs.
The % ratio of the purified MWCNTs is higher than that of unpurified MWCNTs because
treatment with acids causes some bonds to break and form functional groups, generating
defects in the structure of MWCNTs.

In the Raman spectrum of MNPs-MWCNTs (Figure 2c), the increase in the % ratio is
due to charge transfer effects between MNPs and MWCNTs; the result of the functionaliza-
tion is a structure of MWCNTs with defects. In addition, extra bands that correspond to the
MNPs are observed.
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Figure 2. Raman Spectra: (a) non-purified MWCNTs, (b) purified MWCNTs, (¢) MNPs-MWCNTs;
(d) Fe-MNPs; (e) GO; (f) MNPs-GO; Ej36er = 2.33 €V, A = 532 nm.

Figure 2e shows the characteristic bands of GO, an intense D band at 1340 cm 1, a

G-phase vibration band at 1589 cm~! and the D + D’ band located around 2900 cm ™!
which is activated by defects and appears with a combination of phonons with different
linear moments around points K and I' in the Brilloiiin zone and agrees with Cangado et al.,
2011, and Muhammad Hafiz et al., 2014 [96,97]. The ratio of the bands 5—’3 = 1.036 results
from the degree of disorder in GO due to the presence of Carboxylic acid functional groups
at its ends.

Figure 2f shows the spectra of the MNPs-GO nanocomposite where there is a shift of
D band, since the nature of iron-MNPs when combined with carbon nanostructures affects
the spectral amplification of the phonon peaks, agreeing with the information presented by
Ramirez et al., 2017 and Satheesh et al., 2018 [98,99].
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3.2. Magnetic Properties

We studied the magnetic properties of three samples: the nanocomposites VCL/PEGDA-
MNPs-MWCNTs and VCL/PEGDA-MNPs-GO and, for comparison, the free-standing
iron nanoparticles (MNPs). All the studied samples showed Fe nanoparticles” typical
ferromagnetic (FM) behavior, with a very small coercivity of less than 2 mT at room
temperature (less than 5 mT at T = —210 °C). This small coercivity indicates that the MNPs
were not directly attached to the carbon structures, since directly attached MNPs have
large coercivities of hundreds of mT [100,101]. This was expected because the hydrogen
bonds present between MNPs and carbon structures mentioned in the results of the FT-IR
spectroscopy in Section 3.1. are weak and therefore generate a reduction of the Fe—C
magnetic coupling. Figure 3a shows some representative M vs. H loops measured at two
different temperatures, —210 °C and +20 °C, for the three samples. From these curves we
obtained saturation magnetization (Ms) as a function of temperature using the usual law
of approach to saturation (LAS) [102-104] given by:
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Figure 3. Magnetic properties: (a) Magnetization vs. applied magnetic field: (i) the free-standing
nanoparticles, (ii) VCL-PEGDA-MNPs-MWCNTs, and (iii) VCL-PEGDA-MNPs-GO. The curves
shown reflect measurements at two different temperatures, T = —210 °C (circles) and T = 20 °C
(triangles). The solid lines are examples of the fit of the data using the law of approach to saturation
(LAS) of Equation (1). (b) Saturation magnetization as a function of temperature: (iv) the free-standing
nanoparticles, (v) VCL-PEGDA-MNPs-MWCNTs and (vi) VCL-PEGDA-MNPs-GO. The solid lines
match the data showing that MS follows Bloch’s law given Equation (2).

In this equation, a and b are constants, and the last term accounts for the non-
ferromagnetic contributions, such as the disordered shell of the nanoparticles. The latter
is valid only at high fields, close to saturation; thus, we used it to fit our M(H) curves for
applied fields between 1 and 3 T, as shown by the solid lines in Figure 3a for T = —210 °C.
From these fits we obtained Mg at several temperatures between —210 °C and +60 °C (see
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Figure 3b). In the case of the VCL-PEGDA-MNPs-MWCNTs and VCL-PEGDA-MNPs-GO
samples, the magnetization value appeared substantially reduced since most of the mass
(>98%) corresponds to the hydrogel. Therefore, to directly compare the measured mag-
netic moment with that of pure iron, the saturation magnetization value was corrected by
the mass fraction of nanoparticles, x = 1.43% for the VCL-PEGDA-MNPs-MWCNTs and
x = 1.37% for the VCL-PEGDA-MNPs-GO sample.

The saturation magnetization as a function of temperature is presented in Figure 3b,
where we also show that, for all three samples, Mg closely follows the well-known Bloch’s
law for FM nanoparticles [105-107]:

Ms(T) = Mo x [1- B (T—Ty)}], @)

where M, is the saturation magnetization at the absolute zero degrees Kelvin (T = —273.15 °C),
and B is the so-called spin-wave constant. The results for these magnetic parameters are
presented in Table 1. The values obtained for B are very similar to those measured in
other Fe-nanoparticles systems [104,105] (B ~ 10~°-10~* °C~3/2) implying the existence
of comparable thermally induced magnetic field excitations within the FM volume. On
the other hand, our results show that the saturation magnetization is, in all cases, much
smaller than that of pure iron, M, = 222 emu-g~!. However, in the case of the free-standing
nanoparticles, Mg remains larger than for the nanoparticles submerged within the hydrogel,
indicating that the non-FM (disordered) shell increases in the presence of the gel medium.
Moreover, the difference between the samples becomes even greater at room temperature,
where the saturation magnetization decreases due to thermal effects (see Table 1). From
this analysis, the effective FM volume (the size of the FM core of the nanoparticles) can be
estimated by comparing M, with Mp,, such that the fraction of the nanoparticle volume
that remains, FM, can be estimated as:

My
f B MFe/

®)

The very small FM volume fraction in the case of the VCL-PEGDA-MNPs-MWCNTs
and VCL-PEGDA-MNPs-GO samples likely indicates that the presence of the hydrogel
induces strong oxidation of the surface of the nanoparticles or some interdiffusion that
corrodes the surface and reduces the magnetic moment. Moreover, the larger value of the
spin-wave constant in these two samples is consistent with a more significant influence of
surface effects [107], which produce a faster decrease in saturation magnetization when the
temperature increases.

Table 1. Magnetic parameters for the three studied samples: saturation magnetization at Ty = —273.15 °C
(M), saturation magnetization Mg at 20 °C, a fraction of the volume of the nanoparticles that remain
ferromagnetic (f), and spin-wave constant (B).

Sample (emﬁ/{;—l) ﬁﬁ?go—l)c i oo
MNPs 52.1 40.1 23.5 45 x 1073
VCL-PEGDA-MNPs-MWCNTs 25.5 17.9 11.5 58 x 107°
VCL-PEGDA-MNPs-GO 15.9 9.3 7.2 83 x 107°

3.3. Optical Properties of Magnetic Nanocomposites

UV-VIS absorbance spectra and photoluminescence emission were obtained. In the
Supplementary Material (Figure Sla,b,d), we show the ZnMintPc-DMF and the nanocom-
posites VCL/PEGDA-ZnMintPc and VCL/PEGDA-MNPs-MWCNTs-ZnMintPc, respectively.
We observed the presence of bands at 354 nm (Band of B or Soret), 616 nm, and 684 nm
(B and Q), characteristic of the absorption spectra of ZnMintPc.
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Furthermore, it can be seen that as the concentration of ZnMintPc increases, the absorp-
tion of the B and Q bands increases proportionally without their dislocation. This allows
us to conclude that the Beer-Lambert law is fulfilled and there is no drug aggregation,
indicating that N,N-Dimetilformamida (DMF) is a suitable solvent for this PS [108,109].
Furthermore, it is also concluded that the VCL-PEGDA hydrogel disperses PS similarly to
DMF. In the Supporting Information (Figure Slc,d), the UV-VIS spectra of nanocompos-
ites based on MNPs-MWCNTs (VCL-PEGDA-MNPs-MWCNTs and VCL-PEGDA-MNPs-
MWCNTs-ZnMintPc) are presented, showing the band corresponding to MWCNTS at
265 nm, which is mentioned in the research by Wang et al., 2012 [110].

Figure S2a in the Supporting Information shows UV-VIS spectra of MNPs-GO, where
GO shows a t—7* transition of aromatic C—C bonds in the 230 nm band, which cannot
be displayed, and a shoulder around 315 nm attributed to the n—7* transitions of C=O
bonds, as in Bera et al., 2017 [111]. The last band has undergone a hypsochromic shift due
to functionalization with both MWCNTs and GO in the presence of an organic solvent
(ammonium hydroxide used for MNPs syntheses), as described in the literature [112,113].

The calibration curve shown in Figure S3a was obtained from the Q band at 684 nm
related to ZnMintPc and described in Figures S1 and S2, which is in a region of the spec-
tra of interest for treatment in PDT. It can be observed that the higher the concentration
of ZnMintPc in the nanocomposites (VCL-PEGDA-ZnMintPc, VCL-PEGDA-MNPs-GO-
ZnMintPc, and VCL- PEGDA-MNPs-MWCNTs-ZnMintPc), the greater the intensity of
the 684 nm band; but when comparing with the ZnMintPc dispersed in DMEF, the lat-
ter shows the highest intensity in relation to all nanocomposites. This indicates that the
VCL-PEGDA hydrogel adequately disperses the hydrophobic ZnMintPc PS in an aqueous
solution, as shown in the literature [114-116]. It can be seen that the 684 nm absorp-
tion band of ZnMintPc (0.52 uM) decreases as the number of functionalized components
increases, as presented in Figure S3b. The percentage of decrease for VCL/PEGDA-MNPs-
MWCNTs-ZnMintPc nanocomposites is 38.2%, and for VCL/PEGDA-MNPs-GO-ZnMintPc
it is 35.54%.

The temporal stability study of the VCL/PEGDA-ZnMintPc nanocomposites VCL/PEGDA-
MNPs-MWCNTs-ZnMintPc and VCL/PEGDA-MNPs-GO-ZnMintPc, observed in Figure 4,
was conducted at one, two and 24 h. In all three cases, as time passed, the intensity of the B
band increased while the Q band decreased. In all three cases, as time passes, the intensity
of the B band increased while the Q band decreased due to PS photobleaching without
aggregation in 24 h.

The curves showing stability of the magnetics nanocomposites vs. time (Figure 5)
indicates that the intensity of PS decays exponentially. The nanocomposites for 24 h were
evaluated, and the nanocomposites based on GO and MWCNTs decreased the photobleach-
ing rate of the nanocomposite. Table 2 shows the percentage decay of PS over time that is
related to PS release. After 24 h, nanocomposites based on GO and MWCNT only allowed
PS decays of 45.67% and 43.33% while, in the hydrogel, the PS decayed 56.24%. Photobleach-
ing in VCL/PEGDA-MNPs-GO-ZnMintPc and VCL/PEGDA-MNPs-MWCNTs-ZnMintPc
nanocomposites can be considered very successful.

3.4. Photodynamic Analyses

DPBF photobleaching was performed in VCL/PEGDA-MNPs-GO, VCL/PEGDA-
MNPs-MWCNTs, VCL/PEGDA-MNPs-GO-ZnMintPc, and VCL/PEGDA-MNPs-MWCNTs-
ZnMintPc, to evaluate the efficiency of singlet oxygen production of the nanocomposites
using 630 nm light with an intensity of 65.5 mW-cm~2. In the Supporting Information
(Figures 5S4 and S5), the decrease of each nanocomposite’s 418 nm DPBF band as a func-
tion of time is shown. For the VCL/PEGDA-MNPs-GO (Figure S4a) and VCL/PEGDA-
MNPs-MWCNTs (Figure S4b) nanocomposites, a slight decrease in the 418 nm band at
an irradiation time of 29 and 35 min, respectively, was observed. On the other hand, for
nanocomposites with the presence of PS (VCL/PEGDA-MNPs-GO-ZnMintPc, Figure S5a
and VCL/PEGDA-MNPs-MWCNTs-ZnMintPc Figure S5b), rapid decay of the 418 nm
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band was observed until all the DPBF present was photobleached in solution. Total photo-
bleaching after 9 and 11 min of irradiation, respectively, was observed.
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Figure 4. Stability curves over time for (a) VCL-PEGDA-ZnMintPc; (b) VCL/PEGDA-MNPs-
MWCNTs-ZnMintPc and (c¢) VCL/PEGDA-MNPs-GO-ZnMintPc; ZnMintPc = 0.27 uM.
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Figure 5. Decay curves of: VCL-PEGDA-ZnMintPc, VCL/PEGDA-MNPs-MWCNTs-ZnMintPc and
VCL/PEGDA-MNPs-GO-ZnMintPc. ZnMintPc = 0.27 M.
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Table 2. Decay of ZnMintPc in nanocomposites in 24 h.

T(i;l‘)‘e VCL-PEGDA-ZnMintPe ¥ <0/ PEZGn %;%TPS'GO' &%gf?s DZ‘:‘II\IXIII:,(I;SC
Absorbance Relzzse d Absorbance RelIa:se d Absorbance Relijse d
0 100% - 100% - 100% -
1 64.13% 35.87% 97.02% 2.98% 91.17% 8.83%
2 51.55% 48.55% 82.30% 17.7% 71.68% 28.32%
24 43.76% 56.24% 54.33% 45.67% 56.67% 43.33%

For each nanocomposite, absorbance vs. photoirradiation curves were constructed.
Taking the 418 nm band of DPBE, an exponential decay fit to obtain the decay time presented
in Figure 6a,b was made.

Figure 6a shows that the nanocomposites without PS (VCL/PEGDA-MNPs-GO and
VCL/PEGDA-MNPs-MWCNTs) have long DPBF photobleaching times. The VCL/PEGDA-
MNPs-GO photobleaching time was less than in VCL/PEGDA-MNPs-MWCNTs, indicating
that GO has a better capacity to generate 'O, by photooxidation of DBPF, as corroborated
by the work of Romero et al., 2020 [11]. For nanocomposites with PS (VCL/PEGDA-
MNPs-GO-ZnMintPc and VCL/PEGDA-MNPs-MWCNTs-ZnMintPc), curve fitting show
photobleaching over two times. The first one indicates a rapid decay in the first 60 s
of photoirradiation, and the second one indicates a slow decay from 60 s to 700 s of
photoirradiation. Once again, slow decay results in longer photobleaching time, as seen in
the purple curve in Table 3 for the MWCNT-based nanocomposite (1140 £ 260 s).

The presence of PS in the nanocomposites generates a rapid photooxidation of DPBF.
Therefore, the results indicate that the photobleaching of DPBF was mainly due to PDT ef-
fects mediated by VCL/PEGDA-MNPs-GO-ZnMintPc and VCL/PEGDA-MNPs-MWCNTs-
ZnMintPc nanocomposites, with the nanocomposite containing GO and the photosensitiz-
ing ZnMintPc exhibiting more significant singlet oxygen generation.
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Figure 6. Decay curve of DPBF from (a) VCL/PEGDA-MNPs-GO and VCL/PEGDA-MNPs-
MWCNTs; (b) VCL/PEGDA-MNPs-GO-ZnMintPc and VCL/PEGDA-MNPs-MWCNTs-ZnMintPc.
DPBF = 18.5 mM, GO = 3.47 ug-mL~!, MWCNTs = 3.47 pg-mL~!, MNPs = 93.3 pg-mL~! and
ZnMintPc = 8.1 uM.
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Table 3. Decay times of nanocomposites.

VCL/PEGDA-MNPs-MWCNTs VCL/PEGDA-MNPs-MWCNTs-ZnMintPc
34700 £ 700 s 1140 £ 260 s
VCL/PEGDA-MNPs-GO VCL/PEGDA-MNPs-GO-ZnMintPc
22300 £ 900 s 630 £190s

3.5. Thermal Studies

The thermal study curves in Figure 7 show that the solutions of MNPs, GO and
MWCNTs (blue, violet and light blue, respectively) act as photothermal materials when
irradiated with red light for about 100 min. They can reach temperatures between
50.8 and 54.8 °C, making them suitable for use in Photothermal Therapy due to their
ability to convert red and near-infrared (NIR) light into heat, and to transport drugs, as
mentioned in the literature [71,117-120]. In the thermal curves of Figure 7, it can also be
observed that VCL/PEGDA, VCL/PEGDA-MNP-GO, and VCL/PEGDA-MNP-MWCNTs
nanocomposites irradiated with red light for about 100 min show a slight decrease in
temperature compared to the thermal curve of deionized water (reference), and around
80 min of irradiation, curves representing the presence of hydrogel reach temperatures
close to deionized water (the light doses are shown in the Table 4).
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Figure 7. Thermal studies. deionized water (control black line), VCL/PEGDA (red line), MNPs
(blue line), GO (violet line), MWCNTs (light blue line), VCL/PEGDA-MNPs-GO (yellow line) and
VCL/PEGDA-MNPs-MWCNTs (brown line). GO = 3.47 ug-mL~!, MWCNTs = 3.47 pug-mL~!,
MNPs = 93.3 pg-mL~1.

MNPs, GO, and MWCNTs solutions raised their temperature around 10 °C, relative to
the control sample (deionized water) and VCL/PEGDA-MNP-GO and VCL/PEGDA-MNP-
MWCNTs nanocomposites. It can be concluded that the VCL/PEGDA hydrogel can absorb
a large amount of energy without increasing its temperature. This would be expected
because its main components, VCL and PEGDA, have good calorific capacities [121-123].
Therefore the hydrogel would inherit this property, which explains why the nanocomposites
covered by hydrogel maintain a temperature similar to the temperature of the control
sample (deionized water) at an irradiation time of more than 100 min with red light.
Around 30 to 45 min, all the nanocomposites reach a threshold temperature that did not
change when irradiated for a longer time.
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Table 4. Light dose applied in the nanocomposites.

Time (min) Light Dose (J-cm~2)
0 0
10 39.3
20 78.6
30 117.9
40 157.2
50 196.5
60 235.8
70 275.1
80 314.4
90 353.7
100 393

3.6. Morphological Studies of Magnetic Nanocomposites

The functionalized VCL/PEGDA-MNPs-GO-ZnMintPc and VCL/PEGDA-MNPs-
MWCNTs-ZnMintPc nanocomposites were characterized by SEM, TEM, EDS, and XRD,
and the results are presented in Figures 8b,ef , 56, S9, S11 and S13 for GO-based nanocom-
posites, in Figures 8a,d, 57, S10, S12 and 514 for MWCNTs-based nanocomposites and in
Figures 8c and S8 for free-standing MNPs.

Standardized

20 (degree)

7 (d) (e) B ()

Figure 8. (a) SEM and TEM images of purified MWCNTs; (b) TEM of GO; (¢) SEM of MNPs. (d) TEM
of VCL/PEGDA-MNPs-MWCNTs-ZnMintPc. (e) TEM of VCL/PEGDA-MNPs-GO-ZnMintPc;
(f) XRD analysis of MNPs-GO.

The SEM and TEM images in Figure 8 show the morphology of (a) carbon nanotubes,
that have the shape of fibers and in TEM their internal structure and walls, (b) the structure
of large sheets of GO. Figure S6d presents the height profile of GO and indicates that
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the thickness of the GO is roughly 2.8 nm. According to Sun et al., 2010 study [124], this
indicates that the sheet is four-layered. Various GO sheet sizes are depicted, but the most
common is roughly 2 pm. In Figure 8c, we can observe the MNPs with a spherical shape
with an average size of ~72 nm. Figure 8d,e shows the morphology of the hydrogel coating
MNPs-GO-ZnMintPc and MNPs-MWCNTs-ZnMintPc, so it is difficult to differentiate the
structures covered by the hydrogel. In the Figure 8f, we present the XRD pattern for the
MNPs-GO sample, where the diffraction peaks of the iron nanoparticles decorating the GO
are observed at 26 = 30.27°, 35.6°, 43.3°, 53.7°, 57.1° and 63.0°, indicating that the MNPs
retain their original crystalline structure after functionalization, agreeing with the results of
Amiri, Baghayeri, and Sedighi 2018; Cao et al., 2016 [125,126].

3.7. Morphological Studies of Bacteria in Magnetic Nanocomposites

To understand the interaction of magnetic nanocomposites with microorganisms,
STEM images of S. aureus and E. coli bacteria were obtained in the presence of VCL/PEGDA-
MNPs-GO-ZnMintPc and VCL/PEGDA-MNPs-MWCNT-ZnMintPc nanocomposites
(Figure 9b,ce,f). In the STEM image of S. aureus and E. coli pure (Figure 9a,d), their structure
and morphology are not altered, and the membrane covers them without ruptures. When in-
teracting with the VCL/PEGDA-MNPs-GO-ZnMintPc and VCL/PEGDA-MNPs-MWCNT-
ZnMintPc nanocomposites, no changes were observed in the morphology of the bacteria
(images taken 24 h after the bacterial-nanocomposite solutions were prepared) [127-129].
It was possible to observe how the nanocomposite can completely cover the microorgan-
ism, allowing the nanocomposites dispersed in the hydrogel to be photoexcited with the
red-light source and cause microbial elimination.

SEM Y. 208KV 2 mm MIRASTESCAN SEMMV:J0ORY  WO:53mm
View ekt 418 ym T View ot 415um D TERF 1
SEM MAG: 167 kx_ Dsteimdy): 121521 CENCINAT  SEMMAG: 167 kx _ Dutoimidy). 121521

Figure 9. STEM of (a) S. aureus; (b) S. aureus + C1 (VCL/PEGDA-MNPs-GO-ZnMintPc); (c) S. aureus
+ C2(VCL/PEGDA-MNPs-MWCNTs-ZnMintPc); (d) E. coli; (e) E. coli + C1; (f) E. coli + C2.
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3.8. Antimicrobial Effect of Magnetic Nanocomposites

The antimicrobial effect of the VCL/PEGDA-MNPs-GO-ZnMintPc (C1), VCL/PEGDA-
MNPs-MWCNTs-ZnMintPc (C2), MNPs-GO (C3), and MNPs-MWCNTs (C4) nanocompos-
ites were evaluated while irradiating with 630 nm red light at 65 mW cm 2 in the presence
of the microorganisms S. aureus, E. coli and C. albicans.

The results obtained for each colony are shown in Figure 10. The histograms present
the LOG (CFU mL™!) evaluation standardized to 1. A concentration of 107 CFU mL~! for
S. aureus, 10° CFU mL~! for E. coli, and 10° CFU mL~! for C. albicans was used. Results show
that light alone cannot eliminate microorganisms (control+light samples), as in Figure 11
with C. albicans. To eliminate the microorganism, it was necessary to irradiate it in the
presence of a nanocomposite (C1 + light or C2 + light).

= E col

Fedkk

% dek

o
L

o
I
1

Colony Count (Standarized)

o
=)
1

Control

Colony Count (Standarized)

o
1

o
w
1

o
o
Il

c1 c2 c3 Cc4 Control c1 c2 c3 Cc4

C. albicans
* k%

*kk *k%
s
Il Sample + Dark
Il Sample + Light
— — " p <0.001
Control c1 c3 c4

(c)

Figure 10. PDT/PTT antimicrobial effect. Standardized result of LOG(UFC/mL) by (a) S. aureus;
(b) E. coli and (c) C. albicans based in C1, C2, C3 and C4 nanocomposites. The concentration of MNPs
in C1,C2, C3 and C4 was 93.3 ug~mL_1. The concentration of ZnMintPc in C1 and C2 was 8.1 uM.
The concentration of GO in C1 and C3 was 3.47 ug-mL~!. The concentration of MWCNTs in C2 and
C4 was 3.47 pg-mL 1. Time of irradiation of C1 and C2 nanocomposites was 30 min and for C3 and
C4 was 40 min. Significant differences in means according to the Tukey test (*** p < 0.001).
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( a) Control + dark

(b) Control + Light (C) C1 + Dark (d) C1 + Light (e) C2 + Light

Figure 11. Antimicrobial effect of C1 and C2 nanocomposites at C. albicans in vitro. C1: GO-MNPs-
VGLPEGDA- ZnMintPc, C2: MWCNT-MNPs-VGLPEGDA- ZnMintPc, C3: GO-MNPs-VGLPEGDA,
C4: MWCNT-MNPs-VGLPEGDA. The concentration of MNPs in C1, C2, C3 and C4 was 93.3 ug-mL_l.
The concentration of ZnMintPc in C1 and C2 was 8.1 uM. The concentration of GO in C1 and C3 was
347 ug-mL_l. The concentration of MWCNTs in C2 and C4 was 3.47 ug~mL_1.

The quantitative result of colony counts of S. aureus, E. coli, and C. albicans after
being irradiated with a red LED (630 nm 65 mW cm~2) indicates that for the colonies of
S. aureus and E. coli (Figure 10a,b), samples C3, C4 in light and dark, were not different
from the control group. In contrast, the count in samples C1 + light and C2 + light was
significantly lower than the control group (*** p < 0.001). The colony count of C. albicans in
the samples + dark was not different from the control group, but the count in the samples
C1 + light, C2 + light, C3 + light, and C4 + light was significantly lower than the control
group (*** p < 0.001). This means that after irradiation, the C1 nanocomposite eliminated
all E. coli, and C. albicans, and some S. aureus. C2 nanocomposite eliminated S. aureus,
E. coli, and C. albicans. C3 and C4 nanocomposites eliminated all C. albicans. Therefore,
all nanocomposites can eliminate some of the microorganisms used in this study, with C2
being the best due to its ability to eliminate the three types of microorganisms. This agrees
with the results obtained by Huo et al., 2021; Liu et al., 2021 and Ren et al., 2020 [129-131].

In Figure 10c, the samples without hydrogel C3 + light and C4 + light only had a
complete response with C. albicans, and it could be considered that the photothermic effect
allowed microbial elimination. This is in agreement with dos Santos et al., 2019 [132]. This
conclusion is based on the results shown in Figure 7 of the photothermal effect for com-
pounds based on MWCNT, MNP, GO, where it is observed that their temperature increased
as the irradiation time increased. For the samples with hydrogel and photosensitizer
(C1 + light and C2 + light), it can be concluded that the elimination of the microorganisms
S. aureus (Figure 10a), E. coli (Figure 10b), and C. albicans (Figure 10c) was produced by the
photodynamic effect, as supported by the research of Mei et al., 2021 [12] as well as the data
reported by Xu, Yao and Xu 2019 [52]. This conclusion is based on the results in Table 3
that show that compounds containing ZnMintPc have a longer decay period than those
which do not.

According to the results obtained, the VCL/PEGDA-MNPs-GO-ZnMintPc and VCL/
PEGDA-MNPs-MWCNTs-ZnMintPc nanocomposites have a ferromagnetic character, typical
of nanocomposites with iron nanoparticles and with low saturation magnetization, due to
being covered by a diamagnetic hydrogel layer, in agreement with the studies carried out
by Donadel et al., 2008, Mahdavi et al., 2013, and Qu et al., 2010 [133-135]; in which MNPs
were synthesized for bioapplications and it was demonstrated that the surface modification
caused a reduction in saturation magnetization, with values between 67 to 22 emu- g‘l
depending on the type of biopolymer to be used.

Due to the physical and magnetic properties of these nanocomposites, it was shown
that they could avoid the early extinction of the fluorescence of PS ZnMintPc, thus im-
proving their photodynamic effect, as mentioned in the work of Huang et al., 2011 and
Xiao et al., 2021. The thermodynamic studies carried out by Kou et al., 2019, Srivastava and
Kumar, 2010, and Tager et al., 1993 indicate that VCL and PEGDA have good heat capaci-
ties of around 258 and 94 J-mol~!-K~!, which is why they are usually used to synthesize
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cryogels. This explains that the nanocomposites covered by the VCL/PEGDA hydrogel are
capable of being maintained up to a maximum temperature of 40 °C receiving doses of red
light of up to 393 J-cm ™2, which in comparison to nanocomposites without hydrogel, raise
their temperature to around 55 °C, as described in the literature [71,117-120].

The internalization mechanism of these nanocomposites occurs through direct contact
between the microorganism-nanocomposite and the PTT/PDT effect, as seen in Figure 9.
Several authors have discussed the mechanism of programmed cell death due to the
PDT/PTT effect, and as mentioned by Buzza et al., 2021, Patil et al., 2021, among oth-
ers in their scientific articles, the ability of PS, GO, and MWCNT to locate in various
organelles and the action of the PTT/PDT effect promotes ROS generation followed by
physical damage to the membrane. Oxidative stress leads to changes in calcium and lipid
metabolism, generating cytokines and stress response mediators that lead to induction of
apoptosis by the mitochondrial pathway and specific protein oxidation [136-140]. It can be
concluded that this mechanism is the cause of the death of the microorganisms S. aureus,
E. coli, and C. albicans in the present study. The results shown in Figure 10c indicate the
elimination of C. albicans by the PTT effect and, as mentioned by Mocan et al., 2014, and
Pérez-Hernandez et al., 2015 in their research, PTT causes apoptosis, or programmed cell
death, rather than necrotic cell death, by activating the intrinsic route. Inflammatory reac-
tions are triggered by necrotic cell death, carbon-based nanomaterials in the photothermal
treatment activate the flux of free radicals within the cell, and the oxidative state mediates
cellular damage in PC cells via apoptotic pathway [141,142]. Therefore, it can be concluded
that this is the mechanism that causes the death of C. albicans when there is no presence
of PS.

The excretion pathway of these nanocomposites in living systems has been inves-
tigated by authors such as Dias et al., 2021 and Liu et al., 2008, who indicate that these
nanocomposites based on carbon materials and MNPs can be excreted through the biliary
and urinary tracts [143,144].

4. Conclusions

The present study involved synthesis of magnetic nanocomposites VCL/PEGDA-
MNPs-MWCNTs-ZnMintPc and VCL/PEGDA-MNPs-GO-ZnMintPc to eliminate three
types of microbial colonies: S. aureus, E. coli and C. albicans.

After these nanocomposites were synthesized, optical, magnetic, and morphological
characterizations showed that GO, MWCNTS, iron MNPS and ZnMintPc are covered by
VCL/PEGDA hydrogel.

The optical properties of these nanocomposites allow them to prevent the rapid
disintegration of PS, which is essential in PDT.

Using photodynamic analysis, the nanocomposites the applicability in PDT of VCL/
PEGDA-MNPs-MWCNTs-ZnMintPc and VCL/PEGDA-MNPs-GO-ZnMintPc were with
low dose red light. It was observed that the nanocomposite VCL/PEGDA-MNPs-GO- Zn-
MintPc had higher efficiency than the nanocomposite based on MWCNTs since it produced
faster photobleaching of DPBF because it is capable of transporting a more significant
amount of ZnMintPc and MNPs due to its large specific area. In addition, GO contributed
to PS in the formation of 'O,. Since the nanocomposites are coated with a hydrogel, they
are also suitable for controlled PS release systems, with promising applications for PDT.

The nanocomposite that contains GO and PS ZnMintPc had higher efficiency since
it produced faster photobleaching of DPBF because it is capable of transporting a more
significant amount of ZnMintPc and MNPs due to its large specific area. In addition, the
GO contributed to PS in the formation of 1O,.

Finally, we demonstrated that the VCL/PEGDA-MNPs-GO-ZnMintPc nanocomposite
was able to eliminate colonies of E. coli and C. albicans, and the VCL/PEGDA-MNPs-
MWCNTs-ZnMintPc nanocomposite eliminated the three types of microorganisms, which
can therefore be considered as a broad-spectrum antimicrobial agent in PDT and PTT.
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Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/pharmaceutics14040705/s1, Figure S1. Optical properties: (a) UV-VIS
spectra of DMF(3mL) with different concentrations of ZnMintPc, (b) UV-VIS spectra of VCL/PEGDA(3mL)
with different concentrations of ZnMintPc, (c). UV-VIS spectra of VCL/PEGDA (3mL) with MNPs-
MWCNTs at different concentrations. (d). VCL/PEGDA with MNPs-MWCNTs and ZnMintPc at
different concentrations; Figure S2. Optical properties of Magnetic Nanocomposites: (a) UV-VIS
spectra of VCL/PEGDA (3mL) with different concentrations of MNPs-GO, (b) UV-VIS spectra of
VCL/PEGDA (3mL) with MNPs-GO-ZnMintPc at different concentrations; Figure S3. (a) Composites
calibration curve of ZnMintPc (0.52 uM) from: PS in DMF, VCL/PEGDA, VCL/PEGDA-MNPs-
GO and VCL/PEGDA-MNPs-MWCNTs; (b) Absorbance of ZnMintPc-DMF and nanocomposites;
Figure S4. Photodynamic Analyses of: (a) UV-VIS spectra of VCL/PEGDA-MNPs-GO and (b) UV-VIS
spectra of VCL/PEGDA-MNPs-MWCNTs; Figure S5. Photodynamic Analyses of: (a) UV-VIS spectra
of VCL/PEGDA-MNPs-GO-ZnMintPc and (b) UV-VIS spectra of VCL/PEGDA-MNPs-MWCNTs-
ZnMintPc; Figure S6: (a) SEM analysis, (b) TEM analysis, (c) Atomic force microscopy (AFM) image
(d)Height profile along the line of the panel from GO (e) EDS analysis and (f) XRD of GO; Figure S7.
(a) SEM, (b) TEM, (c) EDS and (d) XRD analysis of MWCNTs; Figure S8. (a) SEM, (b) TEM, (c) EDS and
(d) XRD analysis of MNPs; Figure S9. (a) SEM, (b) TEM, (c) EDS and (d) XRD analysis of MNPs-GO;
Figure S10. (a) SEM, (b) TEM, (c) EDS and (d) XRD analysis of MNPs-MWCNTs; Figure S11: (a) SEM,
(b) TEM, (c) EDS analysis of VCL/PEGDA-MNPs-GO; Figure S12: (a) SEM, (b) TEM, (c) EDS analysis
of VCL/PEGDA-MNPs-MWCNTs; Figure S13. (a) SEM, (b) TEM, (c) EDS and (d) XRD analysis of
VCL/PEGDA-MNPs-GO-ZnMintPc; Figure S14. (a) SEM, (b) TEM, (c) EDS and (d) XRD analysis of
VCL/PEGDA-MNPs-MWCNTs-ZnMintPc.
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Abstract: Multidrug resistance in pathogenic bacteria has become a significant public health concern.
As an alternative therapeutic option, antimicrobial photodynamic therapy (aPDT) can successfully
eradicate antibiotic-resistant bacteria with a lower probability of developing resistance or systemic
toxicity commonly associated with the standard antibiotic treatment. Parietin (PTN), also termed
physcion, a natural anthraquinone, is a promising photosensitizer somewhat underrepresented in
aPDT because of its poor water solubility and potential to aggregate in the biological environment.
This study investigated whether the complexation of PTN with (2-hydroxypropyl)-p-cyclodextrin
(HP-B-CD) could increase its solubility, enhance its photophysical properties, and improve its pho-
totoxicity against bacteria. At first, the solubilization behavior and complexation constant of the
PTN/HP-p-CD inclusion complexes were evaluated by the phase solubility method. Then, the
formation and physicochemical properties of PTN/HP-3-CD complexes were analyzed and con-
firmed in various ways. At the same time, the photodynamic activity was assessed by the uric acid
method. The blue light-mediated photodegradation of PTN in its free and complexed forms were
compared. Complexation of PTN increased the aqueous solubility 28-fold and the photostability
compared to free PTN. PTN/HP-f3-CD complexes reduce the bacterial viability of Staphylococcus
saprophyticus and Escherichia coli by > 4.8 log and > 1.0 log after irradiation, respectively. Overall,
the low solubility, aggregation potential, and photoinstability of PTN were overcome by its com-
plexation in HP-f3-CD, potentially opening up new opportunities for treating infections caused by
multidrug-resistant bacteria.

Keywords: physcion; hydroxypropyl--cyclodextrin; photosensitizer; antimicrobial photodynamic therapy

1. Introduction

The overuse of antibiotics has resulted in inexorable antibiotic resistance, which wors-
ens day by day, extending hospital admissions, raising healthcare costs, and eventually
leading to increased death rates. In 2020, more than 670,000 people were infected in Europe
with antibiotic-resistant bacteria, with approximately 33,000 deaths. The total economic
burden of antibiotic resistance in Europe is expected to be 1.1 billion Euros [1]. The loss
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in economic output due to illness or death-related infection was estimated to surpass
1 trillion USD per year after 2030 and approach 2 trillion USD annually by 2050, accounting
for a total of 100 trillion USD decline in global production between 2014 and 2050 [2].
Even worse, the number of deaths caused by worldwide antibiotic resistance is expected
to increase to 10 million per year by 2050, up from 700,000 in 2014 [3]. Development of
antibiotic resistance results in higher costs because of switching to more expensive antibi-
otics [4]. Multiple reasons, scientific, economic, and regulatory, hinder the development
of new antibiotics [5]. Moreover, other drugs for chronic diseases are more appealing to
pharmaceutical companies than short-course antibiotics. Consequently, approvals of new
systemic antibiotics by the US Food and Drug Administration have dropped by 90% in
the last 30 years [5]. Thus, alternative treatment strategies against resistant bacteria are
urgently sought.

Photodynamic therapy (PDT) against cancer cells or antimicrobial photodynamic
therapy (aPDT) have advantages over traditional treatments, e.g., minimal invasiveness
and excellent safety profiles [6]. PDT and aPDT for selective damage to the area of inter-
est depend on three nontoxic components: a photosensitizer (PS), light, and oxygen [7].
They are two-step procedures in which a photosensitizer (PS) is administered to patients,
followed by light irradiation at a specific wavelength matching the absorbance spectra of
the PS. Once exposed to light, the PS is excited from its low-energy ground state into a
high-energy singlet state which undergoes intersystem crossing to the longer-lived triplet
state [6]. Via type I and type Il mechanisms, the PS in the triplet state can generate reactive
oxygen species (ROS) such as singlet oxygen superoxide anions and hydroxyl radicals,
which are the leading cause of cell death [8].

Unlike traditional antibiotics, which have a particular target known as the key-hole
principle, this mechanism singles out aPDT as a multi-target procedure leaving no room for
resistance development [9]. Additionally, aPDT does not necessitate a specific extracellular
or intracellular localization of the PS to exert its damaging effect [9]. As a result, bacteria
are unlikely to establish antibiotic resistance against this multi-targeted approach even
after repeated administration [8]. Furthermore, such a broad-spectrum activity against
gram-positive and gram-negative bacteria, fungi, viruses, and protozoa is beneficial in
the empirical therapy of undiagnosed infections. Another advantage of aPDT is that fast-
growing cells such as bacteria can accumulate PSs at a higher rate, resulting in increased
selectivity [10]. This is especially harmful to bacteria, as their DNA is not isolated from
the cytoplasm like that of eukaryotic cells [11]. Additionally, the photodestructive effect of
aPDT can be physically controlled in practice by local light applications. The photoantimi-
crobial effect is much faster than traditional therapies that can take days to be effective [12].
Moreover, the generated ROS during PDT can chemically oxidize the virulence factors such
as lipopolysaccharide, protein toxins, proteases, and o-hemolysin [11]. Although extensive
work has been performed in aPDT, only three photosensitizers (methylene blue, toluidine
blue O, and indocyanine green) have received clinical approval in dentistry so far [12].

Parietin (PTN), also termed physcion, is an anthraquinone naturally present as a sec-
ondary metabolite in lichens (e.g., Xanthoria parietina [13]), in other fungi (e.g., Aspergillus,
Penicillium [14]), and also in plants (e.g., Rheum, Rumex, and Ventilago [14]). The UV pro-
tectant role of PTN has been detected in lichens adapted to UV stressed environments,
whereby the mycobiont synthesizes PTN to protect the photobiont against oxidation medi-
ated by excessive solar radiation [14,15]. Xanthoria parietina has been used in traditional
medicine for kidney problems and menstrual disorders and as a painkiller [16]. Although
PTN offers several activities, including antibacterial and antifungal [14], and has antitu-
moral [17] and other photosensitizing properties [18,19], it was studied only in organic
solvents and is not applicable in clinical use. Like many lipophilic PSs, PTN aggregates
unduly in the biological environment, losing its singlet oxygen quantum yield and limiting
its routine use. To solve these drawbacks, we recently reported the encapsulation of PTN
into liposomes to promote its aqueous solubility and stability in the biological milieu and
enhance selectivity and delivery to the targeted cells [19]. However, its high hydrophobicity
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does not favor entrapping a higher amount in the lipid bilayer. Such a problem can be
addressed with cyclodextrin (CD) complexation to increase the inclusion capacity of PTN
in the delivery system.

CD is widely utilized as a typical solubilizer for hydrophobic drugs to enhance their
aqueous solubility and chemical stability with a high loading capacity and a straightfor-
ward procedure [20]. CD can enclose the hydrophobic drug in its central cavity to form a
host-guest complex or supramolecular species without altering its framework structure,
while the outer surface is still hydrophilic to ensure water solubility [11]. CD is a cyclic
biocompatible oligosaccharide structurally composed of 6-8 D-glucopyranose monomers
connected by «-1,4-glucose bonds [11]. According to the number of glucose units, the natu-
ral CD may differ in water solubility and hydrophobic cone dimension available for drug
accommodation. There are different varieties of CD, such as o-CD (six glucose units with a
cavity volume of 0.174 nm?), B-CD (seven glucose units with a cavity volume of 0.262 nm?),
or y-CD (eight glucose units with a cavity volume of 0.427 nm?) [21]. However, natural CD,
particularly 3-CD, can damage the renal tubule either by microcrystalline precipitation in
the kidney because of lower water solubility or as a cyclodextrin/cholesterol complex [20].
Therefore, the natural CDs were chemically modified to enhance their aqueous solubility
and decrease nephrotoxicity. Among them, hydroxypropyl--CD (HP-3-CD) is the most
notable derivative, with a greater water solubility of 60% (w/w) compared to 2% for its
parent form, 3-CD [20]. Owing to its biocompatibility and minimal toxicity, HP-3-CD has
long been used as a delivery system in PDT for many photosensitizers [11] such as hyper-
icin [10], chlorophyll a [22], aminolevulinic acid [23], temoporfin [24], chlorin e6 [25], and
curcumin [26]. These studies showed enhanced water solubility and delivery to the targeted
tissues without significantly changing their photophysical properties. To the best of our
knowledge, no work has investigated the inclusion of PTN in any cyclodextrin complex.

Various mechanisms of aPDT have already been investigated, but its success depends
mainly on the radiation strength and radiant exposure, or the overall dosimetry [27].
Differences among the used photosensitizers require a multifactorial concept in dosimetry
that should always be considered [28]. PTN by itself shows a concentration-dependent
antimicrobial effect during irradiation and in the dark [17]. Free PTN is not suitable for
therapy because of its low water solubility and poor bioavailability, which can be overcome
by water-soluble PTN/HP-{3-CD complexes. Hegge et al. showed an advantage of their
cyclodextrin conjugate in terms of thermal stability, photostability, and easier solubilization
than the ethanolic solution [29]. The conjugation to cyclodextrin results in a slightly
reduced affinity of photosensitizers for gram-negative bacteria, which is compensated
by the improved solubility, availability, and efficiency of singlet oxygen generation [30].
Furthermore, targeting moieties can easily be incorporated into the complex to improve
selectivity [31,32].

This study aimed to improve the aqueous solubility of PTN, simultaneously maintain-
ing its photoactivity, to obtain a promising candidate for further use in PDT. The solubility
behavior was studied at different concentrations of HP-3-CD. Additionally, the complex
formation (PTN/HP-3-CD) was evidenced by various characterizations, such as proton
nuclear magnetic resonance (\H NMR), Fourier-transform infrared spectroscopy (FT-IR),
powder x-ray diffraction (PXRD), scanning electron microscopy (SEM), and differential
scanning calorimetry (DSC). PTN delivery with minimal loss of photoactivity was eval-
uated by the uric acid method assessing the photodynamic activity of PTN/HP-3-CD
complexes in water. Furthermore, the photodegradation profile of PTN/HP-3-CD com-
plexes upon exposure to blue LED irradiation was monitored and compared to that of free
PTN in ethanol. The photodynamic activity of PTN/HP-3-CD complexes was tested for
the first time against gram-positive and gram-negative bacterial strains.
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2. Materials and Methods
2.1. Materials

Parietin (PTN, purity >98%) was purchased from Cayman (Hamburg, Germany).
2-hydroxypropyl-B-cyclodextrin (HP-3-CD, average MW = 1483 g/mol) was obtained
from Sigma-Aldrich (Taufkirchen, Germany). Ultrapure water was generated by PURELAB
flex 4 (ELGA LabWater, High Wycombe, UK) and used for all experiments in this study.
All other chemicals and solvents were of analytical grades and used as received.

2.2. Bacterial Strains and Media

Glycerol stock cultures of Staphylococcus saprophyticus subsp. bovis (S. saprophyti-
cus, DSM 18669, DSMZ, Braunschweig, Germany) and Escherichia coli DH5 alpha (E. coli,
DSM 6897, DSMZ, Braunschweig, Germany) were prepared and stored at —80 °C. The
stocks were thawed one day before the bacterial viability assay and cultured in Mueller
Hinton broth (MHB, Sigma Aldrich Chemie) on an orbital shaker (Compact Shaker KS
15 A, equipped with Incubator Hood TH 15, Edmund Biihler, Bodelshausen, Germany) set
at 200 rpm and 37 °C.

2.3. Light Source

The irradiation experiment was performed with a prototype low-power LED device
consisting of an array of light-emitting diodes custom-made by Lumundus GmbH (Eise-
nach, Germany). The device can emit light at wavelengths of 457 nm and 652 nm for blue
and red regions, respectively. The actual light dose (J/cm?) = Irradiance (W/cm?) x irradiation
time (in sec) [33].

2.4. Stoichiometry: Job’s Plot

The continuous variation technique (Job’s plot) was employed to determine the com-
plex stoichiometry [34]. Briefly, equimolar stock solutions of PTN (100 uM in ethanol)
and HP-B-CD (100 uM in water) were mixed at different ratios (1:9; 2:8; 3:7, and so on),
maintaining a final volume of 10 mL to get different mole fractions of PTN from 0 to 1, while
the total concentration of PTN and HP-f3-CD remained constant. The suspensions were
then stirred overnight on a magnetic stirrer at 200 rpm (IKA RT 15, IKA-Werke, Staufen,
Germany). Any insoluble materials were removed by centrifugation of the suspension
(16,800 g for 15 min) (Centrifuge 5418, Eppendorf, Hamburg, Germany) and filtration of
the supernatant (0.45 pm nylon filter, Pall Corporation, New York, NY, USA). The amount
of PTN solubilized in the complex was estimated spectrophotometrically at A = 434 nm
and was plotted (AA x R) against the mole fraction (R) of PTN, where AA denotes the
difference in absorbance in the absence and presence of HP--CD:

[PTN]

K= [PTN] + [HP-p-CD] @

2.5. Phase Solubility Study

A phase solubility study was performed in water at 25 °C according to the method
described by Higuchi and Connors [35]. A known excess of PTN was added to vials
containing different concentrations of HP-3-CD (0.28 mM-35.7 mM), and the suspensions
were stirred at 25 °C for 48 h on a magnetic stirrer at 200 rpm (IKA RT 15, IKA-Werke,
Staufen, Germany). Uncomplexed PTN was removed by centrifugation at 16,800 x g for
15 min (Centrifuge 5418, Eppendorf, Hamburg, Germany), and PTN concentration was
measured spectrophotometrically at A = 434 nm (UV mini-1240, Shimadzu, Kyoto, Japan).
The phase solubility graph was constructed by plotting PTN concentration (mM) against
HP-B-CD concentration, and the apparent stability constant (Kg) was calculated according
to the following equation.
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Slope
[So(1 — Slope)]

So is the intrinsic solubility of PTN in water as measured in our study to be 0.17 pg/mL.

Kg = (2)

2.6. Preparation of PTN/HP-B-CD Complexes and Physical Mixture

PTN/HP-3-CD inclusion complexes were prepared by the freeze-drying method [10,34].
Briefly, PTN and HP-(3-CD (at a molar rate of 1:1) were dissolved in ethanol and ultrapure
water, respectively. PTN was added stepwise to the HP-3-CD aqueous solution placed on a
magnetic stirrer at 200 rpm and 25 °C for 48 h (IKA RT 15, IKA-Werke, Staufen, Germany).
Insoluble PTN was removed by centrifugation at 16,800 x g for 15 min and filtration (0.45 pm
nylon filter, Pall Corporation, New York, USA). The obtained solution was then lyophilized
in a freeze-dryer (Christ Alpha 1-4 LSC, Martin Christ Gefriertrocknungsanlagen, Osterode
am Harz, Germany). The physical mixture was prepared by mixing PTN and HP-3-CD
(in a 1:1 molar ratio) in a porcelain mortar with grinding for 15 min and then stored in a
desiccator until further analysis.

2.7. Characterization of PTN/HP-B-CD Complexes
2.7.1. 'TH NMR Spectroscopy and 2D ROESY

'H NMR spectroscopic measurements were recorded by an NMR spectrometer equipped
with an auto-tune sample head (JEOL ECX-400 Nuclear Magnetic Resonance Instrument,
JEOL, Akishima, Japan). Samples were prepared by dissolving an equivalent amount of free
and complexed PTN in a suitable NMR solvent (DMSO-d6). Samples were then transferred
into NMR tubes and assessed through several scanning cycles fixed to a minimum of
64 scans. The results were processed by MNOVA software (version 14.2.1, Mestrelab
Research S.L., Santiago de Compostela, Spain).

2.7.2. FT-IR Analysis

The FT-IR measurements were performed by a Brucker a-alpha FT-IR instrument
(Bruker Optic, Ettlingen, Germany) with an attenuated total internal reflectance diamond
crystal. The neat solid samples were placed directly on the diamond crystal, after which
the adjustable pressure arm was positioned over the sample to press it gently. FI-IR spectra
were recorded in the transmission mode from 4000 to 400 cm ™! [36].

2.7.3. Powder X-ray Diffraction (PXRD)

The formation of PTN/HP-3-CD complexes was confirmed by XRD, determining its
crystallinity after inclusion. XRD patterns of PTN/HP-3-CD complexes, the correspond-
ing physical mixture, and the individual solid components were recorded with CuK «
radiation (A = 1.7903 A) at a voltage of 40 kV and 35 mA current (X'Pert Pro MDP X-ray
powder diffractometer, PANalytical, Almelo, Netherlands). Samples were scanned at room
temperature from 26 = 10° to 26 = 60° with a step of 0.03° /min.

2.7.4. Scanning Electron Microscopy (SEM)

The surface morphology of the PTN/HP-3-CD inclusion complexes was investigated
by SEM (Hitachi S5-510, Hitachi-High Technologies Europe, Krefeld, Germany) equipped
with a secondary electron detector. Briefly, the individual components (pure PTN, HP-f3-
CD), their physical mixture, and PTN/HP-3-CD inclusion complexes were mounted on an
aluminum pin stub by conductive double-sided adhesive carbon tabs. The powders were
sputter-coated thrice with a thin layer of gold (10 mA for 1 min) in an Edwards 5150 Sputter
Coater (Edwards Vacuum, Crawley, UK). The samples were visualized at an acceleration
voltage of 10 kV.
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2.7.5. Differential Scanning Calorimetry (DSC)

The thermal behavior of the obtained complex and its pure substances were assessed
by DSC measurements (DSC-7, Perkin Elmer, Rodgau, Germany). Briefly, accurately
weighted amounts of the solid materials were filled into aluminum pans and heated over
the temperature range 20-300 °C at a rate of 10 °C min ! under a nitrogen purge for cooling.
In parallel, an empty pan sealed in the same way was served as a reference.

2.7.6. UV /Vis Absorption Spectroscopy

The absorption spectrum of PTN /HP-3-CD inclusion complexes (80 pg/mL) was obtained
from A = 200 to 700 nm by a UV /Vis spectrophotometer (Multiskan GO, Thermo Scientific,
Waltham, MA, USA) and compared with that of free PTN in ethanol. The absorbance spectra
were recorded using an aqueous solution of HP-3-CD or pure ethanol as background
references for PTN/HP-f3-CD complexes and free PTN, respectively.

2.7.7. Singlet Oxygen Quantum Yield

The photodynamic activity of PTN/HP-3-CD complexes was evaluated by analyzing
the singlet oxygen generation (O,) using uric acid (UA), and as previously mentioned,
using rose bengal (RB) as a standard photosensitizer with a reported singlet oxygen quan-
tum yield of 0.75 in water [19]. Briefly, uric acid (100 pM) was mixed with PTN (10 ug/mL)
and irradiated 5 times for 1 min by a blue LED (A;;; = 457 nm, irradiance = 220.2 W/ m?,
Lumundus, Eisenach, Germany). The absorption spectra of UA were recorded after each
irradiation procedure by a UV-Vis spectrophotometer (Multiskan GO, Thermo Scientific,
Waltham, MA, USA). The normalized UA absorbance at A = 296 nm was plotted versus
the irradiation time (in seconds), and the decomposition rate constant of uric acid was
calculated to quantify the singlet oxygen quantum yield using the following equation.

K F
q’[loﬂpTN = cp[loz] —FIN _RE_ 3)

®[10y] pryn and @[1O,]p are the singlet oxygen quantum yields of PTN and RB,
respectively. kpry and kgrp are the rate constants of uric acid degradation by PTN and
RB, respectively. F is the absorption correction factor given by F =1 — 10-°P (OD at the
irradiation wavelength).

2.7.8. Photostability of Inclusion Complexes

The effect of complexation on photodegradation of PTN was studied, and the degra-
dation profile was compared with that of free PTN in ethanol. Solutions of either PTN /HP-
-CD complexes in water or free PTN in ethanol (100 ug/mL) were irradiated by an LED
device (Ai;y = 457 nm, irradiance = 220.2 W/m?) at 5 min interval with a total irradiation
time of 30 min. After each irradiation time, the absorbance spectra were measured at
Amax = 434 nm (Multiskan GO, Thermo Scientific, Waltham, MA, USA). The absorbance
spectra were normalized for better comparison, and PTN’s remaining percentage was
calculated and compared with free PTN [37].

2.8. Bacterial Viability Assay

The antibacterial activity was determined by incubating the formulations with the
bacterial suspensions and irradiating the samples. Both microorganisms (S. saprophyticus
and E. coli) were treated equally, and similar bacterial densities were used. The overnight
cultures were diluted to an optical density (ODgqp) of 0.025 measured by a spectrophotome-
ter (Shimadzu UV mini-1240, Kybto, Japan). These suspensions were placed in an orbital
shaker (Compact Shaker KS 15 A, equipped with Incubator Hood TH 15, Edmund Biihler)
set at 300 rpm and 37 °C. The growth of the bacterial suspensions was stopped by placing
them on ice at an ODgg of 0.4. A total of 150 uL of each bacterial suspension was incubated
with an equal volume of PTN/HP-{3-CD complexes (containing 200 uM PTN) in 12-well
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cell culture plates (TC plate standard, Sarstedt, Niimbrecht, Germany) for 30 min at 37 °C
and 100 rpm, so that the final PTN concentration was set to 100 uM. These solutions were
irradiated with blue-LED (Aj;; = 457 nm) for 30 min at a radiant exposure of 39.6 J/ cm?.
After irradiation, the suspensions were serially diluted with MHB and plated onto Mueller
Hinton II Agar plates (BD, Heidelberg, Germany). After incubating the plates for 18 h at
37 °C and 90% relative humidity, the viable colonies were counted and the colony-forming
units per milliliter were calculated [CFU/mL]. Filter-sterilized phosphate-buffered saline
(PBS) (pH 7.4) was used as a control. The experiments were performed in triplicates.

2.9. Statistical Analysis

Unless otherwise stated, all experiments were performed in triplicates, and the re-
sults are expressed as means + standard deviations. A two-tailed Student’s t-test was
performed to identify statistically significant differences. Probability values of p < 0.05 were
considered significant.

3. Results and Discussion
3.1. Stoichiometry: Job’s Plot

Job’s method was employed to determine the stoichiometry of PTN and HP-3-CD,
which was indicated by a maximum on Job’s plot at a specific molar ratio. As shown in
Figure 1A, (AAbs x R) is greatest at a mole fraction of 0.5, indicating that the stoichiometry
between PTN and HP-3-CD is 1:1, where a single PTN molecule can be included in the
cavity of one HP-3-CD molecule. Qiu et al. dealt with the complexation of anthraquinone,
emodin, in HP-3-CD [34], and the authors presented a similar profile with 1:1 stoichiometry
between emodin and HP-3-CD.
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Figure 1. (A) Job’s plot for different mole fractions of PTN (R). (B) Phase solubility diagram of
PTN/HP-f3-CD complex system at 25 °C. The concentration of HP-f3-CD was in the range of 0-35 mM.
All measurements were performed in triplicate, and the values were expressed as means + SDs
(n=3).

3.2. Phase Solubility Study

The phase solubility was conducted by evaluating the change in PTN solubility as
a function of HP-3-CD concentration to determine the stoichiometric ratio and stability
constant of PTN in HP-f3-CD. The inclusion complex formation was visually observed
by the typical yellow color of PTN, indicating its solubilization in HP-3-CD solution. As
depicted in Figure 1B, PTN solubility increased proportionally with an increase in HP-3-CD
concentration, resulting in a correlation coefficient of 0.975 over the studied concentration
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range. PTN solubility in water rose considerably from 0.00059 mM in the absence of HP-
-CD to 0.017 mM in the presence of 35 mM HP-3-CD because of the inclusion of PTN
within the hydrophobic cavity of HP-3-CD. This host-guest system is a typical A, type
revealing soluble complex formation according to Higuchi and Connors [35] and showing
a 1:1 stoichiometry between PTN and HP-3-CD. The slope in Figure 1B is below unity,
implying the formation of an inclusion complex at a molar ratio of 1:1 consistent with
Job’s plot. The stability constant is Kg = 733.46 M1 and according to the literature, it
is considered optimal in the range of 50 to 2000 M~! [34]. Smaller values suggest poor
interactions between the guest and the CD, whereas higher values indicate difficult complex
dissociation, leading to incomplete guest release from the inclusion complex. As a result, a
1:1 molar ratio of PTN and HP-3-CD was employed for the inclusion complex formation
for further characterization.

3.3. Characterization of PTN/HP-B-CD Complexes
3.3.1. 'H NMR Spectroscopy and 2D ROESY

The 'H NMR investigations for free and complexed PTN were performed to explore
the possible inclusion mode of the PTN/HP-3-CD complexes [38]. Accordingly, we com-
pared the NMR spectra of free PTN, pure HP-3-CD, and the PTN/HP-3-CD complexes. As
illustrated in Figure 2A, pure PTN in DMSO-d6 showed peaks corresponding to the methyl
and methoxy protons at 2.4 and 3.91 ppm, respectively. In addition, the aromatic ring
protons exhibited their corresponding peaks at 6.8, 7.1, and 7.5 ppm. The intense peaks at
11.9 and 12.1 ppm corresponded to the phenolic protons on each side of the anthraquinone
structure [39]. Figure 2B indicated the prominent peaks of pure HP-3-CD in DMSO-d6,
showing the primary chemical shifts for H-1 to H-6 protons between 3 and 6 ppm except for
the methyl protons that appeared at 1 ppm. The inclusion of PTN into HP-3-CD resulted
in the disappearance of the PTN’s aromatic and hydroxyl protons between 6.5 and 12 ppm,
as annotated in Figure 2C. Moreover, the methyl and methoxy protons entirely vanished at
2.4 and 3.9 ppm.

For further explanation of the inclusion pattern, the chemical shifts in the presence
and absence of PTN were recorded (Table 1). The inclusion of PTN into the HP-3-CD had a
negligible influence on the H-4, H-5, and H-6 protons (0.01 ppm). In contrast, the values
for H-2 and H-3 indicated a slightly significant change (0.02-0.05 ppm), which might be
brought about by the spatial interaction of these protons with the hydroxyl protons of
PTN. It is worth noting that the H-3 and H-5 protons are on the interior side of the CD
cavity, with the H-3 near the wider opening and the H-5 protons near the narrower side
of HP-3-CD [40]. Because of the minor change in the chemical shift of the H-5 (about 0.01
ppm) compared to the more considerable change in the H-3 (about 0.02 ppm), we could
presume that PTN might interact with the HP-3-CD through its wider side. According
to these findings, PTN is suspected of penetrating the HP-3-CD cavity by its methyl or
methoxy substituted rings. The disappearance of their corresponding protons supported
this after inclusion with HP-3-CD. Therefore, we hypothesized that PTN could have two
inclusion possibilities, as illustrated in Figure 3A,B.

Furthermore, the 2D ROESY of the PTN/HP-3-CD complexes was obtained to attain
more conformational details of the spatial configuration of the complexed PTN [41]. The
ROESY spectrum of the PTN/HP-{3-CD complexes (Figure 3C) showed a relative correlation
between the hydroxyl protons of PTN and the H-3 protons of the CD molecule, which
is likely driven by hydrogen bonding forces. Moreover, the aromatic protons of PTN at
positions 2, 4, 8, and 10 had a spatial correlation with the H-2 and H-5 protons of HP-3-CD,
which explains the significant proton shifting of the H-2 (0.05 ppm) and strengthens the
hypothesis that PTN was introduced through the broader side of the CD cavity.
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Figure 2. 'H NMR spectra of (A) PTN, (B) HP-B-CD, and (C) the PTN/HP-3-CD complexes in
DMSO-dg.

Table 1. Selected chemical shifts (5 in ppm) of HP-3-CD and PTN/HP-3-CD complexes in DMSO-dé.

8 (ppm)
Protons
HP-3-CD PTN/HP-B-CD Complexes
H-1 5.64 5.66
H-2 3.27 3.32
H-3 3.72 3.74
H-4 3.13 3.12
H-5 3.54 3.53
H-6 3.58 3.59
CHj3 1.00 1.00
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Figure 3. The possible penetration patterns of PTN through the HP-3-CD cavity by either the methyl

(A) or the methoxy (B) substituted rings. (C) ROESY spectrum of the PTN/HP-3-CD complexes
in DMSO-dé.

3.3.2. FT-IR Analysis

The possible interactions between PTN and HP-3-CD in the solid-state were as-
sessed by comparing the FT-IR spectra of pure PTN, HP-3-CD, their physical mixture,
and PTN/HP-3-CD complexes. The FI-IR spectrum of pure PTN (Figure 4A) shows
many absorption bands: at 2936 cm ™! (CH; asymmetric), 2844 cm~! (CH; symmetric),
1674-1613 cm~! (C=0 free and conjugated), 1557 cm~! (C=C aromatic), and 1383-1364 cm !
(C-O phenyl) as previously reported [39]. The pure HP-3-CD spectrum (Figure 4B) showed
a broad band at 3331 cm ! corresponding to OH stretching vibrations of various hydroxyl
groups. The absorption bands at 2922 cm ™!, 1640 cm ™!, and 1149 cm ™! are also related
to CH; stretching vibrations, O-H bending vibrations, and C-O-C stretching vibrations,
respectively. The absorption bands of the valence vibrations of the C-O bonds in the
ether and hydroxyl groups of HP-3-CD (1082 and 1035 cm™!) were noticed as previously
reported [42]. Figure 4C depicts that the physical mixture spectrum was equivalent to a
simple combination of PTN and HP-3-CD. However, the characteristic carbonyl peaks of
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pure PTN were present in the physical mixture but absent in PTN/HP-{3-CD complexes
(Figure 4D). Also, there is neither a band at 1557 cm ™! nor at 1383-1364 cm ! assigned to
C=C aromatic and C-O phenyl, respectively. The band of the valence vibration of the O-H
bond in PTN/HP-B-CD complexes was shifted to 3353 cm " and this was related to water
release upon host-guest interaction as observed previously in the literature [42]. Overall,
the inclusion complex did not display any new IR peaks signifying that no chemical bonds
are formed with the obtained complex.
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Figure 4. FT-IR spectra of (A) PTN, (B) HP-3-CD, (C) physical mixture (1:1 molar ratio of PTN and
HP-B3-CD), and (D) PTN/HP-3-CD complexes over the wavenumber range 4000-400 em L.

3.3.3. Powder X-ray Diffraction (PXRD)

PXRD was used to identify any change in the crystallinity of PTN upon complexa-
tion. The PXRD pattern of pure PTN (Figure 5A) displayed well-resolved characteristic
diffraction peaks at different 26, revealing its crystalline character. The position of peaks
corresponds to what has previously been described in the literature [43]. In the case of
HP-3-CD (Figure 5B), a diffuse pattern without any sharp peaks was obtained, indicating
its amorphous nature. The physical mixture (Figure 5C) exhibited almost all of the distinc-
tive peaks of PTN and HP-3-CD but with lower intensity confirming the presence of both
components as isolated species while preserving the crystalline nature of PTN.
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Figure 5. Powder X-ray diffraction patterns of (A) PTN, (B) HP-3-CD, (C) physical mixture (1:1 molar
ratio of PTN and HP-$3-CD), and (D) PTN/HP-f3-CD complexes. Scanning angle of 26 = 10-60; step
width of 0.03° /min.

On the other hand, the diffractogram of PTN/HP-3-CD complexes (Figure 5D) ex-
hibited the broad peak of pure HP-3-CD with the absence of peaks assigned to pure PTN,
which may be due to the presence of the drug in a molecularly dispersed form in HP-3-CD.
According to the literature, the amorphous structure is attributed in part to the HP-3-CD
structure and in part to the lyophilization step during preparation [44]. These results
confirm those obtained by FT-IR, which imply the disappearance of drug crystallinity in
the obtained complex.

3.3.4. Scanning Electron Microscopy (SEM)

SEM was used to demonstrate the morphological changes in PTN upon formation of
PTN/HP-3-CD complexes, and the results are presented in Figure 6. Pure PTN appeared
as irregularly sized needle-shaped crystals (Figure 6A), while pure HP-3-CD existed as
spherical crystals, well separated from each other with a porous surface (Figure 6B). The
shape of the physical mixture and the inclusion complex was completely different. SEM
pictures of the physical mixture indicated no change in the crystal state regarding the
original morphology of individual components. The needle-shaped PTN crystals are
distributed between HP-3-CD crystals (Figure 6C). However, PTN/HP-3-CD complexes
appeared as roughly rectangular homogeneous particles without the spherical shape of
HP-{3-CD or the needle shape of PTN. This morphological alteration to a single solid phase
can indicate a successful formation of PTN/HP-3-CD complexes and is consistent with the
data obtained in the FT-IR and XRPD studies.
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Figure 6. SEM micrographs recorded at an acceleration voltage of 10 kV of (A) PTN, (B) HP-3-CD,
(C) physical mixture (1:1 molar ratio of PTN and HP-3-CD), and (D) PTN/HP-3-CD complexes with
the respective magnification (E-H) corresponding to the white rectangle. Scale bars represent 200 pm
in (A-D) and 30 pm in (E-H).

3.3.5. Differential Scanning Calorimetry (DSC)

DSC is widely used to characterize the inclusion of active moieties in the CD cavity
by a shift or disappearance in the melting point of the guest molecules [45]. Figure 7
displays that pure PTN exhibits a sharp endothermic peak at 210 °C corresponding to
its melting point, indicating its crystalline nature, which is well-matched with previous
reports [39,46]. As reported before, the pure HP-3-CD showed a broad peak at 187 °C
because of water loss from the cyclodextrin cavity at higher temperatures [47]. As clearly
evidenced in Figure 7, the physical mixture thermogram was quite different from that of
the pure components. In the physical mixture, the PTN peak was reduced in intensity and
shifted to a higher temperature (218 °C), while HP-3-CD shifted to a lower temperature
(183 °C) in comparison to the pure HP-3-CD (187 °C). This may be due to interactions
during the DSC run, at least within the ~100-180 °C temperature range, and agrees with
a previous study attributing these slight peak shifts to the weak interaction between the
cyclodextrin and drug during the physical mixture preparation [48].

Physical mixture

: HP-B-CD

] PTN/HP-B-CD complex
— A .. PTN

100 120 140 160 180 200 220 240 260 280 300

Temperature [°C]
Figure 7. DSC curves of HP-3-CD, PTN, physical mixture (1:1 molar ratio of PTN and HP-$3-CD),

and PTN/HP-3-CD complexes. The heating rate was 10 °C min~!. The thermograms were adjusted
for better visualization.
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On the contrary, Figure 7 depicts a notable difference in the thermal profile of PTN /HP-
-CD complexes in comparison to the parent material and their physical mixture. The
endothermic peak of PTN melting was no longer visible, revealing the amorphous state
of the drug because of an interaction between PTN and HP-3-CD as a result of guest-
host inclusion complex formation. The absence of drug and cyclodextrin peaks in the
complex thermogram indicated successful inclusion complex formation. Moreover, the
dehydration peak of HP-3-CD appeared only in the pure HP-3-CD and in the physical
mixture thermograms but was unseen in those of PTN/HP-3-CD complexes, confirming
the complex formation. The plausible explanation of this phenomenon may be that the
cyclodextrin cavity was occupied with the hydrophobic drug and no space was available
for water molecules [48].

3.3.6. UV/Vis Absorption Spectroscopy

Figure 8A shows that HP-3-CD has no absorption peak within the recorded spectrum
as it does not have any double bond (7t-electrons) to absorb UV energy, as previously re-
ported [49]. As depicted in Figure 8A, the UV-Vis absorption spectra of free and complexed
PTN have two characteristic absorption peaks at Amax = 290 nm and 434 nm, respectively,
similar to those reported before [17]. The UV-Vis absorption spectra of free PTN and
PTN/HP-B-CD complexes were comparable along the scanned wavelength. The peak
position is similar to that of free PTN in ethanol, revealing that the complexation had no
significant effect on the PTN absorption spectrum. Moreover, it indicates that the solubility
of PTN in water is enhanced without aggregations. However, a slightly hypochromic
shift was observed in PTN/HP-3-CD complexes, which could be attributed to the more
hydrophilic microenvironment surrounding PTN [50]. Similar behavior was reported by
Cannava et al. [51], who studied the effect of sulfobutyl ether 3-cyclodextrin on idebenone
and reported a significant hypochromic shift because of the complexation within the cy-
clodextrin cavity [51]. The absorption spectrum of nifedipine was also almost identical to
the free form but with lower absorbance intensity at some wavelengths [52].

3.3.7. Singlet Oxygen Quantum Yield

Since the phototoxicity of the photosensitizer involves the production of cytotoxic
species such as singlet oxygen, it is useful to investigate the singlet oxygen generation
efficiency. This can be performed by monitoring the decay curves of UA absorbance as
a function of irradiation time. Following the established measuring procedure [19], the
decomposition of UA upon exposure to generated singlet oxygen was employed to measure
singlet oxygen generation. UA was selected because it does not absorb light in the blue
region, specifically at the PTN irradiation wavelength. A similar irradiation experiment
was also performed in parallel as a negative control, where UA solution was irradiated with
a blue LED. In the absence of PTN, no photobleaching of UA was observed after irradiation
(data not shown), and therefore, any loss in UA absorbance upon irradiation is due to the
photodynamic activity of PTN. Figure 8B,C depicts that the decrease in UA absorbance is a
function of light exposure time, indicating the irradiation time-dependent singlet oxygen
production, with the lowest UA absorbance at 5 min irradiation time. A good linear relation
between Ln normalized absorbance of UA at A = 296 nm and the irradiation time denotes
that the decay kinetics is first order.

A comparison of UA decays in Figure 8B revealed that free PTN induced significantly
faster UA degradation than observed in the case of complexed PTN (Figure 8C). The rate
constants for UA decomposition were 7.04 x 10~# and 2.28 x 10~* s~!, while the singlet
oxygen quantum yields were 0.49 and 0.35 for free and complexed PTN, respectively. This
decrease in singlet oxygen generation upon complexation with HP-3-CD may be due to the
photosensitizers” environment affecting the quantum yield. It is well-established that singlet
oxygen has a longer lifetime in organic solvents than in water, where fast quenching of
singlet oxygen between water molecules reduces the singlet oxygen lifetime [53]. Moreover,
PTN/HP-3-CD complexes may be more stable and less susceptible to photodegradation
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than ethanolic PTN solutions. According to the literature, cyclodextrin complexation
changes the photochemical characteristics of the guest molecules and has been long used to
protect drugs against photodegradation [54]. Previous research suggests that 3-cyclodextrin
complexation has a negligible effect on the UV spectra, but it causes significant changes in
the emissions spectra and fluorescence quantum yields as it usually impacts the ground
and the excited states [50]. These results further confirm that in water, HP-3-CD maintains
the PTN molecules mainly as monomeric species, which are the photoactive form for
ROS generation.

—— PTN/HP-3-CD complex _ — sgs
— S
—PTN —— HP-8-CD 9 g —120s
0.8 € 08- g ; ——180s
s 5 ; ——240s
N 2 o4 ’ ——300s
7] ° .
Q 5 '
© E >
T .
0.4+ 0 04- g T
N = 0% N
E -l
£ T
5 0 50 100 150 200 250 300
Z Time[s]
0.0\~ 0.0-
T T T T 1 T T T T T T 1
400 500 600 300 400 500 600
Wavelength [nm] Wavelength [nm]
C — O0s
— 60s
V] 0.009 & —120s
g s g ——180s
s - 3 e ——240s
3 -§ 0.03 g = s
) s
Kol 3 -
© N .
o g .
& 044 S -0.06 P
© 5
£ O
3 0 50 100 150 200 250 300
Z Time [s]
0.0

. : , .
300 400 500 600
Wavelength [nm]

Figure 8. (A) UV /Vis spectra of PTN in ethanol (80 ug/mL), HP-B-CD in water (0.5 mg/mL) and
PTN/HP-B-CD inclusion complexes in water (80 ug/mL). (B,C) Absorption spectra of uric acid upon
irradiation for different times in the presence of (B) free PTN and (C) PTN/HP-{3-CD complexes. The
insets represent the plot of Ln normalized absorbance of uric acid at A = 296 nm versus irradiation
time in s (Ajyy = 457 nm, irradiance = 220.2 W/m?). All measurements were performed in triplicate,
and the values were expressed as means & SDs (1 = 3).

3.3.8. Photostability of Inclusion Complex

Considering the practical use of PTN/HP-f-CD complexes in aPDT, it is better to
investigate the influence of irradiation time on the degradation of free and complexed
PTN. Figure 9A,B show that the decrease in absorbance measured at Amax = 434 nm is
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light-dependent, with the lowest absorbance detected after 30 min irradiation. This may be
due to several photoactivations of the photosensitizer with successive irradiation, leading
to photodecomposition or photobleaching. As shown in Figure 9C, less than 28% of free
PTN remained after 30 min irradiation compared to about 70% in the case of the complexed
form, indicating a better photostability of HP-3-CD. Figure 9D presents that complexed
PTN could retain its characteristic yellow color even after 30 min irradiation. The slight
color change of free PTN to yellowish-orange is most probably due to the formation of
photodegradation products evidenced by a decrease in the peak intensity at 434 and 287 nm
and a simultaneous increase of the new small peak at 488 nm, which appeared only after
irradiation with the highest intensity after 30 min (Figure 9A). This photostability can be
beneficial in PDT since PS molecules are still available for further photoactivation leading
to more ROS generation with additional irradiation.
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Figure 9. Effect of HP-B-CD on the photodegradation of PTN after blue LED irradiation at dif-
ferent time intervals (Aj; = 457 nm, irradiance = 220.2 W/m?). (A) The absorption spectra of
PTN in ethanol and (B) the absorption spectra of PTN/HP-3-CD complexes in ultrapure water.
(C) Decrease in the PTN content of free and complexed PTN at different irradiation intervals with
a blue LED. (D) Photomicrograph of PTN/HP-3-CD complexes and PTN before and after 30 min
irradiation. All measurements were performed in triplicate, and the values were expressed as
means + SDs (n = 3).

Additionally, the photobleaching of free PTN could limit the irradiation time and
reduce its photosensitizing efficacy, especially when a longer irradiation time is required.
This is consistent with a previous study, where HP-3-CD complexed cilnidipine exhibited
lower photodegradation than free cilnidipine in ethanol, and the authors related this to
the protective effect conferred by the host-guest system [55]. This effect was also reported
before for curcumin after complexation in cyclodextrin [56]. According to the literature [57],
the host-guest structure can reduce the hydrolytic or photolytic degradation of a drug in
inclusion complexes by providing a molecular shield against reactive substances. This
shielding effect can presumably result in lower availability and interaction of complexed
PTN molecules with the light source, leading to lower singlet oxygen generation as stated
before compared to the free PTN.
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3.4. Bacterial Viability Assay

In this study, antibacterial activity was examined by irradiating bacteria treated with
the prepared PTN/HP-3-CD complexes, and the results were presented in Figure 10. For
the used concentration (100 uM PTN), no significant dark toxicity could be observed
toward either microorganism when comparing the non-irradiated control sample and the
non-irradiated formulation. In addition, the effect of the light source was negligible as
it did not influence bacterial viability as seen in the irradiated control sample [9,58,59].
Furthermore, the unirradiated and irradiated HP-3-CD also showed no significant change
in bacterial viability. In contrast, the irradiated PTN/HP-3-CD complexes significantly
reduced the bacterial viability of the gram-positive S. saprophyticus by > 4.8 log. Therefore,
it can be assumed that the antibacterial effect originated exclusively from the irradiated
PTN/HP-{3-CD complexes. According to the American Society for Microbiology, a bacterial
reduction of 99.9986% qualifies the formulation as antibacterial [60]. The viability of
the gram-negative E. coli was reduced by > 1.0 log after incubation with PTN/HP-3-CD
complexes and irradiation. As described in the literature, the antibacterial effect of PTN
is lower with gram-negative germs, and higher concentrations are needed for the same
effect [14]. In addition, the affinity of the cyclodextrin complex to gram-negative bacteria
can be slightly reduced because of their unique cellular structure. The difference in the
cell wall structure between gram-negative and gram-positive bacteria may account for
their different response to aPDT. The accumulation of PSs inside gram-negative bacteria
is limited because of two mechanisms. Firstly, the lipid-rich membrane bilayer enclosing
the cell wall reduces the inward penetration of PTN/HP--CD complexes into gram-
negative bacteria [5]. Secondly, gram-negative bacteria widely use porins and efflux
pumps to regulate nutrient and toxin influx and efflux, and hence they act as natural
resistance mechanisms [5]. However, compared with antibacterial studies on pure PTN,
the concentration used here is reduced almost tenfold. Comini et al. showed no dark
toxicity of PTN against E. coli up to 320 ug/mL, and an antibacterial activity of irradiated
PTN only above a concentration of 250 ug/mL [17]. This underlines the superiority of
the cyclodextrin complex at a used PTN concentration of just 28.45 pug/mL. Overall, the
complexation of PTN not only improved the water solubility and photostability of PTN
but also increased the antibacterial effect, enabling the therapeutic application of PTN.
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Figure 10. Bacterial viability of Staphylococcus saprophyticus subsp. bovis (S. saprophyticus) and
Escherichia coli DH5 alpha (E. coli) treated with PTN/HP-3-CD complexes (100 uM PTN) or only with
HP-B-CD for 30 min at 37 °C and then irradiated (IR) with a blue LED (A = 457 nm, 39.6 J/cm?)
or kept in the dark. Control represents bacterial suspension treated with filter-sterilized phosphate-
buffered saline (PBS) (pH 7.4). The results are expressed as means & SDs (1 = 3). Statistical differences
are denoted as “***” p < 0.001.
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4. Conclusions

The efficacy of parietin (PTN) as a natural photosensitizer is poor because of its hy-
drophobic structure and 7-m stacking, which consequently results in aggregation-induced
quenched fluorescence, limited ROS production, and a diminished photodynamic effect. In
this study, HP-3-CD was employed to enhance the water solubility of PTN and decrease its
aggregation in aqueous vehicles. The water solubility of PTN was enhanced up to 28-fold
after complexation with HP-3-CD. Various characterization methods confirmed that PTN
was adequately included in the cyclodextrin cage. Even though PTN/HP-3-CD complexes
have a polar environment, they are still photoactive because HP-3-CD provides a protecting
hydrophobic cavity for PTN, resulting in a shielding effect from water molecules. This
can be a critical factor in maintaining its photodynamic activity, as confirmed by uric acid
degradation due to singlet oxygen generation. Additionally, the complexation was shown
to slow down the photodegradation of PTN. Although PTN is reported to have a dark
antimicrobial effect, it is presumed that aPDT could considerably reduce the required dose
to give a comparable effect and lower toxic effects. In the long-term prospect, the limited
efficacy of PTN/HP-f-CD against gram-negative bacteria may be overcome by the delivery
of PTN in cationic formulations.
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Abstract: High prevalence rates of methicillin-resistant Staphylococcus aureus (MRSA) and lack of
effective antibacterial treatments urge discovery of alternative therapeutic modalities. The advent of
antibacterial photodynamic therapy (aPDT) is a promising alternative, composing rapid, nonselective
cell destruction without generating resistance. We used a panel of clinically relevant MRSA to evalu-
ate hypericin (Hy) and pheophobide a (Pa)-mediated PDT with clinically approved methylene blue
(MB). We translated the promising in vitro anti-MRSA activity of selected compounds to a full-thick
MRSA wound infection model in mice (in vivo) and the interaction of aPDT innate immune system
(cytotoxicity towards neutrophils). Hy-PDT consistently displayed lower minimum bactericidal
concentration (MBC) values (0.625-10 uM) against ATCC RN4220/pUL5054 and a whole panel
of community-associated (CA)-MRSA compared to Pa or MB. Interestingly, Pa-PDT and Hy-PDT
topical application demonstrated encouraging in vivo anti-MRSA activity (>1 log;o CFU reduction).
Furthermore, histological analysis showed wound healing via re-epithelization was best in the Hy-
PDT group. Importantly, the dark toxicity of Hy was significantly lower (p < 0.05) on neutrophils
compared to Pa or MB. Overall, Hy-mediated PDT is a promising alternative to treat MRSA wound
infections, and further rigorous mechanistic studies are warranted.

Keywords: photodynamic therapy; methicillin-resistant Staphylococcus aureus; hypericin; wound
infection model

1. Introduction

Infections caused by antimicrobial resistant (AMR) bacteria are serious global health
concerns and are exacerbated with prior asymptomatic carriage [1-3]. Methicillin-resistant
Staphylococcus aureus (MRSA) is one of the commonest AMR bacteria that confers illnesses
ranging from localized skin infections to systemic diseases, including toxic shock syn-
drome [4]. The prevalence of hospital-associated MRSA (HA-MRSA) infection varies
geographically, and Hong Kong is one of the high-prevalence regions in Asia. According
to the Asian Network for Surveillance of Resistant Pathogens (ANSORP) study, 57% of all
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inpatient isolates of S. aureus from Hong Kong hospitals were confirmed as methicillin-
resistant [5]. Additionally, in Hong Kong, the prevalence of nasal carriage of S. aureus
and MRSA were 27.6% and 1.3%, respectively, among children in daycare centers and
kindergartens [6,7].

Microbes by their nature continually adapt to survive the antimicrobial treatments we
use to combat them, resulting in an ever increasing level of antimicrobial resistance [8], and
the development of nonantimicrobial treatments may be beneficial concerning resistance
development. Photodynamic therapy (PDT) consists of the administration of a nontoxic
drug or dye known as a photosensitizer (PS) either systemically, locally, or topically
applied to a patient, followed by illumination with visible or near-infrared (NIR) light in
the presence of oxygen, leading to the generation of cytotoxic reactive oxygen species (ROS)
in the proximate environment causing cell death/ tissue damage [9,10]. The advantages of
PDT over conventional therapies include rapid bacterial killing, applicability over a broad
spectrum (Gram-negative or Gram-positive) [11,12], and efficacy against biofilms [13,14],
fungi [15,16], parasites [17] and viruses [18]. To date, the clinical applications of PDT have
been confined mainly to localized infections in dermatology and dentistry [19,20], wound
healing [21,22], and for surface disinfection including medical devices [23].

It was reported that PDT for localized microbial infections exerts its therapeutic effect
both by direct bacterial killing and the activation of the host immune response, particularly
innate immunity [24]. Neutrophils are among the first line of defence recruited to the site
of infection to release enzymes for killing infectious organisms and to secrete cytokines
that promote inflammation. The importance of neutrophils against microbial infections
is reflected by the observation that Photofrin ®-PDT exhibited significant cytotoxicity for
cultured MRSA, but the therapy had a low efficacy in a murine model of MRSA arthritis,
even though Photofrin® accumulated well in the infected joint. It was discovered that
30% of intra-articular leukocytes, mainly neutrophils, were killed immediately during or
following Photofrin-PDT [25]. Therefore, we assume it is important to examine specific
PS-PDTs cytotoxicity towards human neutrophils.

Hypericin (Hy) is a naturally occurring polycyclic quinine (Figure 1a) extracted from
plant species of the genus Hypericium including the species Hypericum perforatum L. (St
John’s Wort) [26]. Recent reports showed that Hy has the potential to treat several types of
cancer and some benign skin disorders [27,28]. Interestingly, Yow et al. reported Hy could
induce a significant cytotoxic effect on clinically isolated methicillin-sensitive S. aureus
(MSSA) and MRSA [29]. In the aspect of wound healing, H. perforatum, which is a popular
folk remedy for the treatment of wounds in Turkey, has been shown to possess remarkable
in vivo wound healing activity, and Hy was found in the active fractions [30].

O HO HO Y OCH,

(a) Structure of Hypericin (b) Structure of Pheophobide a (c) Structure of Methylene blue

Figure 1. Chemical structures of 3 PSs used in the current investigation.

Pheobhobide a (Pa) is also a natural compound, derived from the breakdown of
chlorophyll a [31]. The extended 7-7t conjugated system (Figure 1b) and stability of the
compound in various solvents make it suitable as a photosensitizing agent. Studies have
revealed that Pa-PDT is effective in eradicating a variety of tumors, including pigmented
melanoma, colonic cancer, Jurkat leukemia, and pancreatic carcinoma [32-35]. Besides the
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anticancer activity of Pa, it has also been tested for its photodynamic activity against MRSA
with modification to its structure (Na salt of Pa) [36].

Photophysical properties are of paramount importance when selecting a photosen-
sitizer. The absorption spectrum of the compound plays a pivotal role during in vivo
applications, and it has to be within the therapeutic window (550-950 nm) [37]. The key
photophysical properties of Hy and Pa are summarized in Table 1 along with the gold
standard of PDT studies (Methylene blue, MB, Figure 1c).

Table 1. Electronic absorption and basic photophysical data for 3 photosensitizers used.

Compound Amax/nm Aem/nMm Pp ? Lo b Ref
Methylene Blue 664 (monomer in aqueous medium) 709 0.04 0.5 [38,39]

Hypericin 598 (DMSO) 651 0.2 0.73 [40,41]
Pheophobide a 667 (DMSO) 677 0.26 0.62 [42,43]

2 Fluorescence quantum yield; ® Singlet oxygen quantum yield.

The compelling evidence of Hy and Pa led us to investigate their PDT effects in vitro
and in vivo against a broad spectrum of clinically relevant MRSA panels along with their
toxicity towards neutrophils, in view of depicting their overall anti-MRSA efficacy.

2. Materials and Methods
2.1. General

Pheophorbide a was purchased from Frontier Scientific Inc. (Logan, UT, USA) and
hypericin and methylene blue were purchased from Sigma-Aldrich Co. (St Louis, MA,
USA). The PS solution for in vitro PDT study was prepared freshly by dissolving Pa and
Hy in DMSO to make a 10 mM stock solution. It was then diluted in Tween 80 and MHB to
set the desired stock solution. A serial two-fold dilution procedure was employed to obtain
final working concentrations. Tween 80 and DMSO concentrations were maintained < 0.1%
and <1% (v/v), respectively, in each test group.

The bacterial strains MRSA, ATCC 43300, ATCC BAA-42, ATCC BAA-43, ATCC
BAA-44, two mutant strains [AAC(6)" APH(2)"" and RN4220/pUL5054], five community-
acquired (CA-MRSA) and five hospital-acquired MRSA (HA-MRSA) clinical strains were
obtained from the Department of Microbiology, Faculty of Medicine, The Chinese Univer-
sity of Hong Kong.

2.2. In Vitro Photodynamic Minimal Bactericidal Concentration (PD-MBC) Studies

Minimal bactericidal concentrations (MBCs) of Pa-PDT, Hy-PDT and MB-PDT for
sixteen MRSA strains were determined according to the modified method adopted by Clin-
ical and Laboratory Standards Institute (CLSI) guidelines [12,44,45]. Briefly, an overnight
bacterial culture suspension was adjusted to McFarland Standard 0.5 and suspended in
Mueller Hinton Broth (MHB) to make a final concentration of 1.0x10° colony forming unit
(CFU)/mL. Photosensitizers at different concentrations (100 uL) and MRSA suspension
(100 uL) were added into 96-well plate and incubated at 37°C for 2 h under dark condition
as a pre-irradiation step. After incubation, the mixed solutions were irradiated from above
at a light intensity of 40 mW /cm? using a 300 W quartz-halogen lamp attenuated by a
5 cm layer of water as a heat buffer and a color filter cut-on at 610 nm (for MB and Pa,
A > 610 nm) or 590 nm (for Hy, A > 590 nm) for 20 min, i.e., 48 ]/ cm?. Dark control group
and a solvent control group were included. All experiments were repeated three times. The
MBCs were determined as the minimum concentration of the photosensitizers required for
complete inhibition of bacterial growth on a blood agar plate.
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2.3. Animal Studies-Mouse Model of MRSA-Infected Wound
2.3.1. Animal Model

Previously published murine skin infection models [44-47] were used to validate
the in vivo efficacy of the PS-PDT treatment against MRSA. All animal experiments were
conformed to the university guidelines and approved by the Animal Experimentation
Ethics Committee (Ref. no.12/076/MIS, 8 February 2013) of The Chinese University of
Hong Kong. Female Balb/c mice (25-30 g) were supplied by Laboratory Animal Services
Centre (LASEC), The Chinese University of Hong Kong. They were housed in individually
ventilated cages (IVC) under the conditions of 22-25 °C and a 12-h light-dark cycle, with
free access to chow and tap water.

It is apparent from the in vitro results that, MRSA ATCC RN4220/pUL5054 strain
was susceptible for all three PSs with comparatively lower MBC values. Hence, this
selected to establish infection on a full-thick wound in mice. Mice were anesthetized by
an intraperitoneal (i.p.) injection of ketamine (40 mg/kg) and xylazine (8 mg/kg), with
the hair of the back shaved and the skin cleansed with 10% povidone-iodine solution. A
circular full-thickness wound (4 mm in diameter) was established through a disposable
skin puncher on the back subcutaneous tissue of each animal. The lesion, overlaid with
gauze, was dressed with an adhesive bandage.

For the in vivo studies, Pa and Hy were prepared according to our previously pub-
lished protocol [48]. Briefly, 1% DMSO, 4% ethanol and 95% PBS constituted the final
test solution.

2.3.2. Intravenous Treatment

Our research group previously investigated Pa-PDT-mediated anticancer activity
(against MCF-7 tumors) in vivo [48]. So, the dosage and optimum therapeutic window for
these kinds of compounds were established (2.5 mg/Kg) for intravenous injection. Three
days after wound induction, mice were anesthetized with a ketamine/ xylazine cocktail,
and 50 pL of MRSA (1 x 108 CFU/ mL) was inoculated onto the wound. One day later,
20 uL of photosensitizers (Pa or Hy) at 2.5 mg/kg were intravenously injected into the
mice via the tail vein as for the stratified groups. Ten minutes after the application of
photosensitizers, PDT illumination at 1 W was performed for either 30 s or 10 min for all
PDT groups, corresponding to 30 J]/wound and 600 J]/wound, respectively. A continuous-
wave laser was generated from the Ceralas medical laser system with excitation at 670 nm
(Biolitec group, Bonn, Germany). The treatments were repeated every other day and lasted
until Day 8 (three treatment cycles, Figure 2). Wound sizes were recorded before and after
treatment. At the end of the experiment, animals were euthanized with an overdose of
terminal pentobarbital solution. The wound (5 x 10 mm) was then excised aseptically.

1st 2nd 3rd Treatment*
Treatment* Treatment* & Sacrifice
Wound MRSA
induction inoculation
‘ Time (Day)
0 3 4 6 8

* Treatment:
i.v. saline/ PS, wait for 10 min, * laser irradiation (670 nm) at 1W for 30 s or 10 min

Figure 2. Timeline for the intravenous treatment.

2.3.3. Topical Treatment

Three days after wound induction, mice were anesthetized with a ketamine/ xy-
lazine cocktail and the adhesive bandage was removed. A 50 pL of MRSA suspension
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(1 x 108 CFU/ mL) was dropped onto each wound. A dressing (Tegaderm™ film, 3M,
Company, St. Louis, MA, USA) was applied to cover the wound immediately to maintain
wound moisture. Thirty minutes after bacterial inoculation, 50 pL of 800 uM PS solutions
or Fucidin® cream was injected under the dressing by syringe and allowed to spread over
the wound. Photoactivation (Biolitec group, Bonn, Germany) was initiated immediately. A
single dosage of laser at 0.5 W for 60 s was delivered by an optical fiber 2 mm in diameter,
corresponding to 30 J/wound. The dark control (PS alone) groups and the Fucidin® cream
(2% fucidic acid) group (positive control) did not receive any laser irradiation but were
sham-irradiated under visible light. The animals were returned to individually ventilated
cages (IVC) after treatment and thoroughly examined daily. To avoid any possible pho-
totoxicity, all mice were kept in a dark room for 4 h after PDT/sham irradiation. After
2 days of treatment, once daily (Figure 3), the dressings were removed and the wounds
were exposed. The wound sizes were recorded every two days. On Day 10, animals were
euthanized with an overdose of dorminal pentobarbital solution. The wound (5 x 10 mm)
was then excised aseptically.

MRSA
Inoculation and
1%t treatment*

at 30 min after 2" Treatment* Sacrifice
Wound bacterial
induction infection
‘ Time (Day)
0 3 4 10

* Treatment:
Topical application of water/ fucidin cream/ PS * laser irradiation (670 nm) at 0.5W for 60 s

Figure 3. Timeline for the topical treatment.

Each skin sample was divided into two portions. One-piece was used for histological
examination to determine the maturity of wound repair, and the second was weighed
and homogenized in 0.5 mL of PBS solution for bacterial viability counts. Quantification
of viable bacteria was performed by culturing serial dilutions (10 uL) of the bacterial
suspension on blood agar plates. For this purpose, all plates were incubated at 37 °C
for 24 h and evaluated for the presence of the staphylococcal strain. The bacteria were
quantified by counting the number of CFU per plate.

2.3.4. Histological Evaluation

Wound tissues collected from the animal study were initially fixed in 10% buffered
formalin, followed by dehydration and paraffin-embedding. Paraffin blocks were cut
into 5 um tissue sections including the epidermis, the dermis, and the subcutaneous
panniculus. The sections were stained with hematoxylin and eosin (H&E) and assessed by
light microscopy for wound healing.

2.4. In Vitro Cytotoxic MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide)
Assay on Human Neutrophils

Human neutrophils were purified from the fresh buffy coat fraction of blood from
adult volunteers at the Hong Kong Red Cross Blood Transfusion Service, Hong Kong and
separated by the Percoll method which was routinely performed in our laboratory [49].

Our studies showed that human neutrophils exhibited a short lifespan after isolating
from buffy coats. Most human neutrophils did not survive 48 h after isolation. Therefore,
freshly isolated human neutrophils were used in the present study, and the experiments
were done within 24 h after isolation. Freshly isolated human neutrophils were plated in
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96-well plates at 10° cells/well. Serial dilutions of three photosensitizers, Pa, MB, and Hy
were added to the wells. After 24 h at 37 °C incubation, MTT solution (50 puL, 5 mg/mL)
were added to each well. Then, the plates were incubated at 37 °C for 3 h. After incubation,
150 uL of DMSO was added to each well. The OD of the wells was determined by a
spectrophotometer at 590 nm. Toxicity was represented by the ratio of OD of a well in
the presence of compounds with the OD of control wells in the presence of a medium
containing DMSO.

3. Results
3.1. Bactericidal Activity Assay on MRSA Strains

It is apparent from Table 1 that the Pa-PDT group showed significantly higher (p < 0.05)
anti-MRSA activity against MRSA ATCC RN4220/pUL5054, W44, and W46-47 (MBC;
3.125-12.5 uM) than the positive control MB (MBC; 120->160 uM). Similarly, the Hy-PDT
group demonstrated significantly higher (p < 0.05) anti-MRSA activity against MRSA ATCC
RN4220/pUL5054 and a whole panel of CA-MRSA strains (MBC; 0.625-10 pM) compared
to MB. However, HA-MRSA was more resistant towards HY-PDT, except HA-232 (MBC;
2.5 uM). Interestingly, Hy-PDT showed the lowest MBC values compared to Pa-PDT or
MB-PDT, indicating the importance of further investigations. The dark toxicities of all three
PSs were 4-8 times lower than their PDT counterparts (Table 2). Out of these sixteen MRSA
strains tested, RN4220/pUL5054 was sensitive to three photosensitizers, especially to Hy
and Pa. Therefore, it was selected to establish the in vivo model.

Table 2. The Minimal Bactericidal Concentrations (MBCs) of Pa, Hy and MB against sixteen MRSA strains.

MBC Values
MRSA . Hy Dark Pa Dark MB Dark
Type Strain Hy-PDT C}(,mtrol Pa-PDT Control MB-PDT Control
uM pug/mL M ug/mL uM pug/mL pM ug/mL uM pug/mL M ug/mL
ATCC 43300 >35 >16 >35 >16 >300 >128 >300 >128 160 32 >160 >32
ATCC BAA 42 >35 >16 >35 >16 >300 >128 >300 >128 >160 >32 >160 >32
ATCC BAA 43 >35 >16 >35 >16 >300 >128 >300 >128 80 32 >160 >32
ATCC BAA 44 >35 >16 >35 >16 >300 >128 >300 >128 >160 >32 >160 >32
Mutant APH2AAC 6 >35 >16 >35 >16 >300 >128 >300 >128 >160 >32 >160 >32
Mutant /E[l}léggg 4 0.625 0.5 5 4 6.25 4 50 32 120 >32 >160 >32
CA?® W44 0.625 0.5 3.125 25 12.5 8 75 48 140 >32 >160 >32
CA W45 10 8 >35 >16 >300 >128 >300 >128 >160 >32 >160 >32
CA W46 1.25 1 7.5 6 6.25 4 31.25 20 >160 >32 >160 >32
CA W47 5 4 >35 >16 3.125 2 18.75 12 >160 >32 >160 >32
CA W48 1.25 1 5 4 >300 >128 >300 >128 140 >32 >160 >32
HAP W231 >35 >16 >35 >16 >300 >128 >300 >128 >160 >32 >160 >32
HA W232 25 2 15 12 >300 >128 >300 >128 >160 >32 >160 >32
HA W233 >35 >16 >35 >16 >300 >128 >300 >128 120 >32 >160 >32
HA W234 >35 >16 >35 >16 >300 >128 >300 >128 80 32 >160 >32
HA W235 >35 >16 >35 >16 >300 >128 >300 >128 >160 >32 >160 >32

@ CA: community associated; ® HA: hospital associated.

3.2. Animal Studies-Mouse Model of MRSA-Infected Wound
3.2.1. Effect of PDT of Pa and Hy with Intravenous Injection in MRSA-Infected
Wound Model

Neither of the PDTs (30 s or 10 min) upon Pa and Hy intravenous (i.v.) injection
(2.5 mg/kg) significantly (p < 0.05) reduced bacterial load at Day 8 (Figure 4). It was
observed that mice receiving 30 s of Pa-PDT and Hy-PDT treatments resulted in slight but
insignificant promotion of wound closure. However, this trend could not be observed in
the 10 min PDT-treated groups (Figure 5). There was no body weight loss in treatment
groups when compared with the control group, implying that the treatments did not cause
distress in the mice (Figure 6).
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Figure 4. Bacterial load of wounds in different groups of mice after intravenous injection treatment
with or without PDT. (A) Pa and Hy 2.5 mg/kg, irradiation for 30 s for PDT groups; (B) Pa and Hy
2.5 mg/kg, irradiation for 10 min for PDT groups. Data are mean &+ SEM (1 = 5).
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Figure 5. Wound areas in different groups of mice after intravenous injection treatment with or
without PDT. (A) Pa and Hy 2.5 mg/kg irradiation for 30 s for PDT groups; (B) Pa and Hy 2.5 mg/kg,
irradiation for 10 min for PDT groups. Data are mean + SEM (1 = 5).
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Figure 6. Body weight of different groups of mice after intravenous injection treatment with or
without PDT. (A) Pa and Hy 2.5 mg/kg, irradiation for30 s for PDT groups; (B) Pa and Hy 2.5 mg/kg,
irradiation for 10 min for PDT groups. Data are mean £ SEM (n=5).

3.2.2. Effect of PDT of Topically Applied MB, Pa or Hy in MRSA-Infected Wound Model

Topical application of Fucidin cream eradicated MRSA in the wound. Pa-PDT and
Hy-PDT treatment groups showed significant antibacterial effects against MRSA when
compared with the no treatment group (1 log decrease of CFU, p < 0.05) (Figure 7). The size
of Fucidin cream-treated wounds was slightly larger and there was no great difference in
wound sizes among all other groups after treatment (Figure 8). There was no body weight
loss in the treatment groups when compared with the control group (Figure 9), implying
that the treatments did not cause distress in the mice.
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Figure 7. Bacterial load of wounds in different groups of mice after topical treatment with or without
PDT. Data are mean + SEM (n = 6-10).* p < 0.05 and *** p < 0.001 indicated significant bacterial load
difference between No treatment and treatment groups by Student’s t-test.
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Figure 8. Wound areas of mice in different groups of mice after topical treatment with or without
PDT. Data are mean + SEM (n = 6-10).
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Figure 9. Body weight of different groups of mice before and after treatment with or without PDT.
Data are mean £+ SEM (n = 6-10).
3.2.3. Histological Evaluation

Histopathological assessment of untreated wounds on day 8 (Figure 10) indicated
incomplete epithelialization, loose granulation tissue with areas of poorly stained extracel-
lular matrix where collagen fibers were either immature or lacking as a sign of obvious
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ulcer formation. It is apparent from Figure 10, Hy and Hy-PDT mediated groups showed
rather good wound healing compared to the treatment naive group by showing epithelial
cells and fibrous tissue proliferation. MB-PDT had a minor healing effect in granulation
and collagen formation and its re-epithelialization was worse than that of the no treatment
group. Wound healing of the Fucidin cream-treated group was worse than the no treatment
group (Figure 10).

3.3. Cytotoxicity Effect of Pa-PDT, Hy-PDT or MB-PDT on Human Neutrophils

Three photosensitizers, Pa, MB and Hy, were incubated with human neutrophils
for 24 h. No light irradiation was applied to the photosensitizers. Viability of human
neutrophils was determined by MTT assay. As shown in Figure 11, Pa and MB were more
cytotoxic to human neutrophils at 24-h incubation with LCs at ~10.16 uM and ~11.22 uM,
respectively, whereas Hy showed a LCs higher than 50 uM.

No treatment Light control

Figure 10. Representative wound section with haematoxylin and eosin stained and examined at
%100 magnification. Scale bar, 200 pm.

Cytotoxicity of the three photosensitizers with light irradiation for 20 min (48 J/cm?)
on human neutrophils was also examined. As shown in Figure 12, Hy-PDT possessed the
strongest cytotoxicity with LCs less than 3 uM, whereas LCs of Pa-PDT and MB-PDT
were ~4.44 pM and ~4.23 uM, respectively. As predicted, drugs with light irradiation
exhibited significantly higher cytotoxicity than drugs without light irradiation. Given the
high cytotoxic properties of photosensitizers with light irradiation, we expected that no
cytokines would be produced in human neutrophils, as well as in the photosensitizer-
administered wound sites when light irradiation was applied.
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Figure 11. Cytotoxicity of Pa, MB and Hy, without light irradiation on human neutrophils isolated
from buffy coat. Data are mean £ SEM (1 = 3).
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Figure 12. Cytotoxicity of Pa, MB and Hy, with light irradiation, on human neutrophils isolated from
buffy coat with. Data are mean + SEM (n = 3).
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4. Discussion

PDT with MB is widely tested to be effective against Gram-positive bacteria, including
MRSA, and acts as the gold standard for efficacy comparison for PDTs with Pa and Hy.
In vitro results showed that Hy-PDT and Pa-PDT against some MRSA strains had better
bactericidal activity than MB-PDT. Among the sixteen MRSA strains tested, the lowest MBC
for PDTs with Hy, Pa, and MB were 0.625 uM (0.5 ng/mL), 3.125 uM (2 pg/mL), and 80 uM
(32 pg/mlL) respectively. Therefore, Hy-PDT and Pa-PDT exhibited potent bactericidal
activity on MRSA strains. Hy possesses appropriate photochemical and photobiological
properties, such as a high singlet oxygen quantum yield and cytoplasmic membrane
localization, which makes it suitable for use as a PS in PDT [29,50]. Furthermore, its
absorption maxima (Amax) 570 nm at longer wavelength [51] makes Hy suitable for PDT
because of its high penetration ability. The obtained in vitro results for Hy are comparable
with the previously published data in Yow et al. [29] for two CA-MRSA strains (W45
and W47, Table 2) where a > 6 logyg CFU reduction of MRSA was obtained at an 8 pM
concentration and 30 Jem 2 light dose. However, MBC values for RN4220/pUL5054,
W44, W46 and W48 showed significantly lower (p < 0.05) MBC values compared to the
published report.

In addition, it was found that Pa-PDT inhibited P-glycoprotein-mediated multidrug
resistance via c-Jun N-terminal kinase (JNK) activation in human hepatocellular carci-
noma [52]. As P-glycoprotein is an important class of efflux pumps that is always associated
with a high prevalence of antibiotic resistance, it is hypothesized that Pa can circumvent
drug resistance in MRSA as well.

To evaluate the efficacies of photodynamic therapy mediated by Pa and Hy, an MRSA-
infected wound-bearing mice model was used. We found that MRSA was far more resistant
to PDT in the more complicated environment of the murine dorsal wound than in transpar-
ent Petri dishes in vitro. It is possible because the wound tissue provided more layers of
organic material to scatter light and to host the bacteria. The open wound of skin tissue, as
the natural colony of Staphylococci, might provide a more nutritious matrix for bacterial
survival and prosperity, and the aqua dependency of the cytotoxicity of photosensitiz-
ers might also partly be impeded in the relatively lower moistures microenvironment of
the wounds.

However, the bodyweight of all mice was weighed before and after 8 days of treatment
and there was no difference between groups and there was also no significant behavioral
change in the mice, indicating that wound induction, MRSA infection, and our treatments
had little effect on the general health status of the mice.

It was observed that intravenous injection of photosensitizers with PDT treatments
had no antibacterial effect. This may be because none of the photosensitizers had an affinity
to wound tissue, so the circulating photosensitizers had little opportunity to aggregate at
the wound to generate an adequate amount of ROS by light illumination to kill MRSA. We
found that 10 min of PDT resulted in burnt scab formation shortly after light illumination
in some cases, while 30 s of PDT did not. The 30 s of PDT treatment also resulted in better
wound healing.

The in vivo antibacterial effect of Hy-PDT and Pa-PDT was found to be significant
and also stronger than MB-PDT at the same concentration, suggesting encouraging antibac-
terial effects of them against MRSA wound infection. However, it is interesting that the
complete elimination of MRSA by Fucidin cream treatment was accompanied by worse
wound healing as reflected by large open wound areas. It was also surprising that the
histological appearance of wound healing in MRSA-infected wounds receiving only water
and light illumination was significantly higher than that of No treatment group. We also
observed more abundant vessel formation in the dermis of some samples than in any
other group without significant improvement in open wound area. It has been reported
that red light illumination promoted wound healing by promoting ATP release from mito-
chondria, activating the lymphatic system, increasing blood circulation and forming new
capillaries [53]. Since we did not do further cellular nor molecular analyses, we are not in
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a position to explain the exact reason behind the varied wound closures among different
treatment groups.

We tested the wound healing effects of several commercially available antibacterial-
agent-free moisturizer skin creams and none of them promoted nor inhibited skin wound
healing (data not shown). Pa-PDT, MB-PDT, and Hy-PDT were all toxic to neutrophils
in vitro but the neutrophils were more resistant to Pa, MB, and Hy treatments without light
illumination. Hy and MB were less toxic, while Pa showed some toxicity even without light
illumination. Since our treatments did not include whole body illumination, the topically
applied photosensitizers and locally irradiated light illumination could hardly have any
toxic effects on the immune system inside the body. In addition, insignificant body weight
differences among all groups also indicated the minimum effect of our treatments on the
general health of animals.

5. Conclusions

Hy-PDT, Pa-PDT and MB-PDT were all capable of killing MRSA in vitro, and Hy-PDT
showed highest efficacy against panel of MRSAs. Both Hy-PDT and Pa-PDT showed
better efficacy than MB-PDT in antibacterial and wound healing effects against MRSA-
infected wounds in our murine model, and the efficacy of Hy-PDT was the best among all
treatments tested.
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Abstract: The effect of low-dose photodynamic therapy on in vivo wound healing with topical
application of 5-aminolevulinic acid and methylene blue was investigated using an animal model
for two laser radiation doses (1 and 4 J/cm?). A second-harmonic-generation-to-auto-fluorescence
aging index of the dermis (SAAID) was analyzed by two-photon microscopy. SAAID measured at
60-80 um depths was shown to be a suitable quantitative parameter to monitor wound healing. A
comparison of SAAID in healthy and wound tissues during phototherapy showed that both light
doses were effective for wound healing; however, healing was better at a dose of 4 J/ cm?.

Keywords: wound healing; low-dose photodynamic therapy; photosensitizer; two-photon mi-
croscopy; second-harmonic-generation-to-auto-fluorescence aging index of the dermis

1. Introduction

Wound healing is a complex physiological and dynamic process that occurs in the
skin at the cellular level. It involves different overlapping phases of cellular activity
that occur in the proper sequence, at a definite time, and for a specific duration [1,2].
Hemostasis begins within minutes of a wound occurring with vascular constriction and
ends in the formation of a fibrin clot. The latter is considered essential in promoting
the onset of the inflammatory and repair phases [3]. As soon as the clot is formed, pro-
inflammatory cytokines and growth factors are released, such as fibroblasts, platelet-
derived growth factor and epidermal growth factor. Inflammatory cells migrate into the
wound and promote the inflammatory phase, characterized by the sequential infiltration
of neutrophils, macrophages, and lymphocytes [3,4]. Neutrophils play an important role
in clearing microbes and cellular debris in the wound area. Macrophages are responsible
for inducing and removing apoptotic cells, thus paving the way for the resolution of
inflammation. As macrophages clear apoptotic cells, they undergo a phenotypic transition
to a reparative state that stimulates keratinocytes, fibroblasts, and angiogenesis to promote
tissue regeneration. In this way, macrophages promote a transition to the proliferative
phase of healing [5]. The latter generally follows and overlaps with the inflammatory phase,
beginning approximately on the third or fourth day after injury. It includes granulation
tissue formation, re-epithelialization, neoangiogenesis, regeneration of the extracellular
matrix (ECM), and wound contraction [6,7].

Within the wound bed, fibroblasts produce collagen, glycosaminoglycans, and pro-
teoglycans, major ECM components. Following proliferation and ECM synthesis, wound
healing enters the most prolonged and final remodeling phase, typically beginning one
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week after injury following collagen deposition in the wound [8]. Collagen, including
collagen types I and I1I, is one of the major skin components [9]. During the wound healing
process, type III collagen is replaced by type I collagen, which provides tensile stiffness.
Collagen fibers remodel by aligning with the body’s tension lines and gaining strength
through cross-linking [7-10]. In this final stage of healing, an attempt to recover the normal
tissue structure occurs, and the granulation tissue is gradually remodeled, forming scar
tissue [10,11].

Photo processes induced by external radiation mediated by photoactive compounds
in tissues contribute to skin disease curing, skin rejuvenation, and wound healing [12,13].
Photodynamic therapy (PDT) is widely used to treat skin diseases like acne, viral warts,
and skin cancers [14-17]. PDT enables a reduction in treatment time, accelerated tissue
repair, and the promotion of wound healing [18,19].

PDT is based on using a photosensitizer (PS), which is accumulated in tissues, followed
by irradiation of the tissue with a light source of an appropriate wavelength. The latter
causes the generation of reactive oxygen species (ROS) [14,20]. ROS stimulates various
cell administration pathways: apoptosis, necrosis, autophagy, depending on the type of
cell treated, the concentration of the PS used, the dose of light energy supplied, and PS
intracellular location [20-22]. High concentrations of ROS cause cell death, while low
concentrations can cause the triggering of cellular repair processes, including proliferation
and autophagy, and offer treatment by promoting healing [20].

The first PS generation was mainly constituted by hematoporphyrin and its deriva-
tives, which have low selectivity and high cutaneous phototoxicity [23,24]. The second PS
generation included porphyrin, phthalocyanine, benzoporphyrin, thiopurine derivatives,
chlorin, and phenothiazines. It is characterized by greater deep light penetration capability
due to its maximum absorption in the 630-800 nm spectral range corresponding to the
tissue’s highest transparency, good solubility, and higher chemical purity [14,25]. For skin
treatments, 5-aminolevulinic acid (5-ALA), which is converted into the endogenous PS pro-
toporphyrin IX (PpIX), has an absorption maximum at 630 nm and is widely used [22,26,27].
Methylene blue (MB) is a well-known phenothiazine derivative with great importance in
medicine, including antimicrobial and antiviral light-induced activity [25,28,29]. The third
PS generation corresponds to enhanced forms of the first and second generations. It is often
combined with a carrier such as a lipoprotein, liposomes, nanoparticles, or conjugated
antibodies to increase selectivity and contrast in affected areas [30-33].

According to the Arndt-Schultz law, no tissue response will occur when low-level
laser light is applied with a low dose. If used with a high dose, it can inhibit tissue response
and even induce the proliferation of cancer cells or microorganisms [34,35]. Therefore,
there is an optimal dose where a maximal response is obtained [36]. Some studies suggest
that open wound healing stimulation occurs in the 0.5-1 J/cm? light dose ranges and
the 2-4 J/cm? range for superficial wound healing stimulation through the skin [37,38].
Alternatively, doses were proposed in the region of 4 J/cm? with a range of 1-10 J/cm?
for superficial targets [38]. However, according to most previous studies, the optimal light
doses are in the 1-5 J/cm? interval [39-41]. Byrnes et al. established that 632 nm light at
an energy density of 4 J/cm? activates collagen formation [41]. Prabhu et al. studied the
effect of a 632.8 nm laser with different energy doses, including 1J/cm? and 2 J/cm?, and
achieved good results [42]. Another study demonstrates the utility of photobiomodulation
(PBM) therapy (810 nm with a total energy of 3 J/cm?) in mitigating burn injury and
provides the biological rationale for its clinical application in wound healing [43]. PBM
with various light parameters has been used widely in skincare but can cause certain
types of unwanted cells to proliferate in the skin; this can lead to skin tumors, such as
papillomas and cancers. H. Goo and his colleagues confirmed that LEDs with a wavelength
of 642 nm with a total fluence of 21.6 J/ cm?, increased tumor size, epidermal thickness,
and systemic proinflammatory cytokine levels [34]. In an infrared neural stimulation (INS)
study, Throckmorton and colleagues evaluated the parameters of light such as wavelength,
radiant exposure, and optical spot size using three commonly used wavelengths of INS,
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1450 nm, 1875 nm, and 2120 nm. The pulsed diode lasers at 1450 nm and 1875 nm had a
consistently higher (~1.0J/ cm?) stimulation threshold than that of the Ho:YAG laser at
2120 nm (~0.7 J/cm?). An acute histological evaluation of diode-irradiated nerves revealed
a safe range of radiant exposures for stimulation [44].

Since two optical methods are mainly used for wound healing—PDT based on ex-
ogenous PSs and low-level light therapy (LLLT) without the use of exogenous PSs—it is
crucial to find an optimal technology that combines the advantages of both methods—using
low doses of radiation, correcting the effects that stimulate healing wounds, and using
selective staining of wounds with exogenous photosensitizers with an optimal (relatively
low) concentration. This approach is called low-dose PDT (LDPDT).

Traditionally, wounds are observed invasively with a histochemical assessment of
biopsies. Similar methods are non-quantitative and may cause tissue damage and healing
delay [45]. Recent studies have turned to optical imaging methods. Two-photon microscopy
(TPM) is a modern molecular imaging method that enables noninvasive evaluation and
monitoring of skin morphological structure and functions at the cellular and subcellular
levels with a high spatial resolution [46—48]. TPM, including autofluorescence (AF) and
second harmonic generation (SHG), can provide functional and structural imaging of
biological tissue and assess cells’ in vivo metabolic status [48]. Type I collagen induces
SHG due to its noncentrosymmetric molecular structure. Therefore, TPM can be used for
collagen disordering control, which occurs in wound healing [49-51]. The SHG-to AF aging
index of the dermis (SAAID) is defined as the difference between SHG and AF intensity
signals, indicative of type I collagen and elastin, respectively, and normalized to the sum of
both signals as follows [52-56]:

SAAID = (SHG — AF)/(SHG + AF). 1)

SAAID is a suitable quantitative parameter for characterizing a skin condition, which,
as a specific parameter for monitoring wound healing, was proposed in [54], but has not
been studied in detail.

This study aims to investigate the dynamics of SAAID in vivo using TPM during
LDPDT wound healing by employing the topical administration of two different photosen-
sitizers, 5-ALA and MB, and two laser fluences, 1J/cm? and 4 J/cm?.

2. Materials and Methods
2.1. An Animal Model of a Wound

In vivo experiments were performed using fifteen male CD1 mice aged 6-7 weeks
and weighing 25-30 g according to experimental protocol No.4, 10.02.2021, registration
No. 6, as approved by the Bioethical Committee of Tomsk State University. Animals were
obtained from the Department of Experimental Biological Models of the Research Institute
of Pharmacology, TSC SB RAMS. Before the experiment, the mice were kept for 7 days in
the standard conditions of a conventional vivarium with free access to water and food, and
a 12/12 light regime in a ventilated room at a temperature of 20 & 2 °C and a humidity
of 60%.

The mice were anesthetized by isoflurane using the Ugo Basile gas anesthesia system,
where the mice were put in a glass chamber connected to isoflurane. The parameter on the
isoflurane cylinder was set to 3-4%. It is recommended that the mouse be placed inside
for 10-15 min. The wound area was depilated by Veet cream (France), rinsed with saline
solution, and sterilized with chlorhexidine 20%. No additional drugs were used. The paws’
skin was folded and raised using forceps. Then, the mouse was placed in a lateral position
and using medical scissors the skin layers were completely removed and excisional circular
wounds (diameter 5 mm) were created, as shown in Figure 1. This procedure was repeated
on both the hind paws of each animal. The operations were carried out entirely under the
influence of isoflurane gas attached via a mask to the mouse’s nose, but here the isoflurane
cylinder was set to 1-1.5%. The experiment was performed in a time-lapsed schedule for
wound aging on days 1, 3, 7, and 14. The day of wound formation was denoted as day 0.
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Figure 1. A full-thickness cutaneous wound.

2.2. Wound Healing Assay

The photos for illustrations were taken using a 16 MP camera with a 26 mm focal
length, a 2x magnification lens, and an f/1.9 aperture at observational time points until the
wounds healed; examples are presented in Figure 2. The wound size was calculated with
a digital caliper by measuring its larger A and minor B diameters on every measurement
day. The wound area was determined by the formula S = (A x B x m)/4. The digital
caliper accuracy was 0.02 mm. Thus, this value makes an insignificant contribution to the
measurement error when calculating the area and it was not considered in our analysis.
The percentage of wound closure was calculated as follows:

[So —S)/Sol x 100, @)
where Sy is the area of the original wound and S is the area of the current wound.

2.3. Low Dose Photodynamic Therapy Protocol

The photosensitizers were prepared by dissolving the powder 5-ALA and MB in
saline solution. The 0.1-0.2 mL of 5-ALA 20%/MB 0.01% saline solutions were topically
administered for 30 min of incubation, dripping directly on the wound when the mouse
was placed on a base under isoflurane. The wounds were irradiated by an AlGalnP laser
(A =630 nm, P =5 mW) with two fluences: 1]/ cm? and 4 J/cm? for 3 min 45 s and 15 min,
respectively. The animals were randomly divided into three basic groups; each group
included 5 mice: the control group, LDPDT/1]/cm? group, and LDPDT/4 J/cm? group.
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In the LDPDT groups, 5-ALA was applied on the wounds on the right hind paws, MB
was applied on the left ones. Thus, in total, there were 5 groups: the control, LDPDT-5-
ALA/1J/cm?, LDPDT-MB/1]/cm?, LDPDT-5-ALA /4 ]/cm?, and LDPDT-MB/4 J/cm?
groups. The LDPDT procedure was repeated once immediately after wound formation.

day0 dayl » - day7 dayl4

(@)

(b)

Figure 2. Digital photograph assessment of healing progression from day 0 to day 14: (a) con-
trol group; (b) LDPDT-5-ALA/1 J/cm?; (c) LDPDT-5-ALA/4 J/cm?; (d) LDPDT-MB/1 J/cm?;
(e) LDPDT-MB/4J/cm?.

2.4. Two-Photon Microscope

The wound was analyzed using a two-photon microscope, MPTflex (Jenlab GmbH,
Jena, Germany). The pump laser wavelength was 760 nm and filters at bands 373-387 nm
for a SHG signal and at 406610 nm for an AF signal were used. The repetition frequency
was 80 MHz with laser pulse width ~200 fs. The manufacturer’s declared spatial resolution
<0.5 um (horizontal); <2 um (vertical) with focusing optics: magnification 40x NA 1.3.
The object was placed directly under the cover glass of a 100-170 um thickness. A special
metal ring was used as a cover glass holder. The space between the glass and the lens was
filled with Carl Zeiss™ Immersol™ immersion oil to obtain a better signal. Skin structure
was studied at 0-80 um depth with a 4 pm step, while the pump laser power was varied
from 5 mW at a depth of 0 pm (the beginning of the stratum corneum) to 40 mW at a
depth of 80 um. SHG and AF images were recorded on a 512 x 512-pixel matrix; the
image size was 70 x 70 um. The AF and SHG channels were electronically separated
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using appropriate spectral filters and recorded in digital matrices in “*.tiff” format in
two independent channels. RGB color space was used for visualization, where the SHG
and AF signals were shown in the red and green channels, respectively. Five stacks for
different skin areas were scanned for each mouse during measurement. AF and SHG
images were processed using SPCImage and Python software. This study did not perform
data preprocessing as areas with acceptable magnification and image quality were selected.
The SAAID index was chosen as the main characteristics of the AF and SHG signals. SAAID
had been calculated depending on depth for all groups.

2.5. Statistical Analysis

All calculated parameters were expressed as mean =+ standard deviation of the mean
(SD). The Mann-Whitney U test was used to analyze the differences between two indepen-
dent datasets. The level of significance was set at p < 0.05.

3. Results
3.1. Visual Observation

The digital photographs of the wounds at different time points were taken for the
control and LDPDT groups on the surgery day (0) and successively on days 1, 3, 7, and
14 (Figure 2). The presented photos were only shown to illustrate the process of wound
healing in the groups.

During healing, the wound sizes were evaluated according to Equation (2) for five
mice from each group (Table 1). The values are presented as mean =+ standard deviation.
Figure 3 illustrates the wound healing rate for all groups.

Table 1. The wound size in mm? during wound healing (mean + standard deviation).

Day 0 Day 1 Day 3 Day 7 Day 14
control 20.82 £ 1.37 15.89 4 1.06 11.34 + 0.88 5.8 £0.72 1.98 £0.35
LDPDT-5-ALA 1]/cm? 20.02 £0.75 14.84 £ 0.89 9.61 £ 0.65 471 £0.42 092 +0.14
LDPDT-5-ALA 4 ]/cm? 20.41 £0.54 14.51 4 0.92 8.79 £0.78 3.97 £ 0.57 0.7 £ 0.09
LDPDT-MB 1]/cm? 21.64 +-0.48 15.53 = 1.04 9.77 £0.43 552 £0.22 1.05£0.16
LDPDT-MB 4 J/cm? 20.02 £ 1.09 14.18 £ 1.11 8.29 + 0.64 3.62+£0.13 0.25 4+ 0.07

100~ WM Control
BN LDPDT-5-ALA/1 J/am? T L o

LDPDT-5-ALA/4 J/em?
80+ mmm LDPDT-MB/1J/cm?
LDPDT-MB/4 J/cm?

X
a
&
8 60
.'E
3
= 40
-
o
= 20

0

1 3 7 14
Days

Figure 3. Wound healing rate.
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3.2. In Vivo TPM Imaging

In vivo TPM imaging was used to assess differences in wound healing. Figure 4 shows
the SHG and AF images of all groups at a depth of 60 pm. Type I collagen fibers indicated
by the SHG signal are shown in red and the elastin fibers indicated by AF signals are in
green. The white scale bar shows a length of 10 um.

Day 1 Day 3 Day 7 Day 14

(a)

(b)

(©) §

(d)

(e)

Figure 4. SHG (red) and AF (green) images of wound healing. (a) Control group; (b) LDPDT-5-
ALA/17J/cm?; (c) LDPDT-5-ALA /4 J/cm?; (d) LDPDT-MB/1 J/cm?; (e) LDPDT-MB/4 J/cm?.

Different forms of collagen structure could be observed between days 1 and 14: on
day 1, the collagen was disorganized and dispersed in a blurry form. Over the following
days, organized collagen gradually started to form, which was confirmed by the increase
in SHG signal intensity. On day 14, the collagen fibers were rearranged, cross-linked,
and aligned (Figure 4). On the seventh day, the SHG signal intensity in LDPDT groups
was higher so the collagen formation was better in LDPDT groups. Figure 5 shows the
difference between the organized collagen in healthy tissue and the disorganized collagen
in a wound at depths from 4 to 80 pm.
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Figure 5. (a) SHG (red) and AF (green) of healthy skin at depths from 4 to 80um; (b) SHG (red) and
AF (green) of a wound at depths from 4 to 80 um.
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3.3. The SAAID Estimation

For quantification of relative amounts of elastin and collagen, the SAAID was esti-
mated for various depths. The corresponding SAAID curve for healthy skin (comparison
area) is shown in Figure 6. The SAAID index for the control group is shown in Figure 7a.
The SAAID curve started at slightly negative values and was still negative on day 1. On
day 3, the curve did not differ much as the values remained negative. On day 7, the SAAID
had a minimum value of —0.4 (a depth of 40 um). On day 14, the curve shape changed
compared to day 1 and day 3, the value of SAAID at 70 um increased to zero, and then the
SAAID reached its maximum of 0.2 at a depth of 80 um. Figure 7b shows the SAAID index
for the LDPDT 5-ALA 4 ]J/cm? group. It was different from the control group; in general
the values were larger and on days 7 and 14 they were approximately close to healthy skin
values, contrary to the control group. On day 7, the SAAID index started from zero and
reached a minimum value of —0.4 (at a depth of 35 um), rising to zero at 75 um and a
maximum of +0.2 at a depth of 80 um. With a slight change and larger values, the curve for
day 14 is shown. The SAAID reached its minimum at a value of —0.35 (a depth of 25 um),
after which the SAAID curve reached a maximum of +0.3 at a depth of 80 pm. Therefore,
the SAAID was found to be substantially affected by the day of the wound healing process.
The SAAID of healthy skin vs. control group and LDPDT 5-ALA (1]/ cm? and 4 J/cm?)
groups on day 14 are shown in Figure 8a. The difference was evident, especially in the
range from 40 um to 80 pm, with higher values for LDPDT 5-ALA /4 J/cm?. Additionally,
Figure 8b shows the SAAID for healthy skin, the control group, and LDPDT-MB (1 ]/ cm?
and 4 J/cm?) groups on day 14.

0.6 _

0.4 -

0z

1 U I )

0 20 40 60 80
Depth, pm

Figure 6. SAAID for healthy skin.
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Figure 7. (a) SAAID for control group; (b) SAAID for LDPDT-5-ALA/4]/ cm? group.
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Figure 8. (a) SAAID for LDPDT-5-ALA (4 ]/cm? and 1]/cm?) groups; (b) SAAID for LDPDT-MB

(47/cm? and 1]/cm?) groups.

A comparison of LDPDT 5-ALA and MB/4 J/cm? vs. healthy skin and the control
group on day 14 is presented in Figure 9. When MB was employed, the values were closer
to those of healthy skin. The specificity of the SAAID for healthy skin, the control group of
wound healing, and the LDPDT groups with 5-ALA and MB (1 J/cm? and 4 ] /cm?) was
analyzed. The SAAID differences for the studied groups at various depths are shown in
Figure 10 and these differences were more evident at depths of 60 pm and 80 pum.
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Figure 9. SAAID for LDPDT-5-ALA and LDPDT-MB/4 J/cm? groups.
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Figure 10. Index SAAID on day 14 at 40 pm, 60 pm and 80 um for healthy skin, control, LDPDT-5-
ALA/1]/cm?, LDPDT-5-ALA /4 J/cm?, LDPDT-MB/1 J/cm?2, and LDPDT-MB/4 J/cm?.

The SAAID index at depths from 0 to 40 um on day 14 described a healthy and
regenerated skin epidermis layer. The index values for healthy skin, the control area, and
skin after LDPDT exposure did not differ significantly, as demonstrated in Figures 7-10. It
indicates that the index did not show significant differences in the epidermis after recovery
or that these changes were minor. There were differences in SAAID values deeper than
60 um (papillary dermis layer) between the control and LDPDT groups. These differences
were most pronounced at a depth of 80 um. It indicates a significant recovery of the
papillary layer during LDPDT so it could be concluded that on day 14 after exposure to
LDPDT/4]/ cm?, both 5-ALA and MB showed accelerated skin regeneration.
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3.4. Mann—Whitney U Test

The Mann-Whitney test was applied to assess differences in between the wound skin
group and the healthy skin group. SAAID variation p-values for the five groups, depths
from 40 to 80 pum, in all days are shown in Tables 2—4. Statistical power was set at 0.95. The
higher the p-value, the more minor the difference between a wound skin group and the
healthy skin group. Thus, Figure 11 shows the p-value on day 14 by depth. This dependence
was calculated with a smaller step in depths than the data presented in Figure 10. Indeed,
we see that SAAID measured in the 47-50 pm depth interval is the most sensitive to the
wound state.

Table 2. The p-value for the SAAID of the control group relative to healthy skin.

n=>5 Control

Depth, um Day 1 Day 3 Day 7 Day 14
40 0.0041 * 0.0041 * 0.0061 * 0.072
44 0.0061 * 0.0061 * 0.0061 * 0.072
48 0.0061 * 0.0061 * 0.0061 * 0.030 *
52 0.0061 * 0.0061 * 0.0059 * 0.0061 *
56 0.0061 * 0.0061 * 0.0061 * 0.0061 *
60 0.0041 * 0.0041 * 0.0041 * 0.030 *
80 0.0061 * 0.0061 * 0.0061 * 0.030 *

*p < 0.05.

Table 3. The p-value for the SAAID in LDPDT-5-ALA /4 J/cm? and MB/4 J/cm? relative to
healthy skin.

n=>5 LDPDT-5-ALA/4 J/cm? LDPDT-MB/4 J/cm?

Depth, um Day 1 Day 3 Day 7 Day 14 Day 1 Day 3 Day 7 Day 14
40 0.0061 * 0.0061 * 0.0301 * 0.072 0.0061 * 0.0061 * 0.047 * 0.072
44 0.0061 * 0.0061 * 0.0108 * 0.072 0.0061 * 0.0061 * 0.072 0.148
48 0.0061 * 0.0061 * 0.0718 0.105 0.0061 * 0.0061 * 0.202 0.238
52 0.0061 * 0.0061 * 0.105 0.105 0.0061 * 0.0061 * 0.0718 0.165
56 0.0061 * 0.0061 * 0.0108 * 0.072 0.0061 * 0.0061 * 0.0061 * 0.105
60 0.0041 * 0.0041 * 0.0025 * 0.064 0.004 * 0.004 * 0.004 * 0.085
80 0.0059 * 0.0061 * 0.0301 * 0.105 0.0061 * 0.0061 * 0.0718 0.148

*p < 0.05.
Table 4. The p-value for the SAAID in LDPDT 5ALA/1 J/ cm? and MB/1 J/cm? relative to
healthy skin.

n=5 LDPDT-5-ALA/1 J/cm? LDPDT-MB/1 J/cm?

Depth, ym Day 1 Day 3 Day 7 Day 14 Day 1 Day 3 Day 7 Day 14
40 0.0061 * 0.0061 * 0.0108 * 0.072 0.0061 * 0.0061 * 0.0301 * 0.072
44 0.0061 * 0.0061 * 0.0108 * 0.072 0.0061 * 0.0061 * 0.072 0.072
48 0.0061 * 0.0061 * 0.072 0.105 0.0061 * 0.0061 * 0.047 * 0.0301 *
52 0.0061 * 0.0061 * 0.105 0.105 0.0061 * 0.0061 * 0.047 * 0.006 *
56 0.0061 * 0.0061 * 0.0061 * 0.047 * 0.0061 * 0.0061 * 0.0061 * 0.072
60 0.0041 * 0.0041 * 0.0041 * 0.0025 * 0.0041 * 0.0041 * 0.017 * 0.017 *
80 0.0061 * 0.0061 * 0.047 * 0.047 * 0.0061 * 0.0061 * 0.047 * 0.047 *

*p < 0.05.
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Figure 11. p-values of SAAID for all groups at depths from 40 to 60 pm and 80 pm on day 14.

It is worth noting that the p-value for LDPDT/4 J/cm? was much higher than for the
control group, indicating better healing.

4. Discussion

The most common collagens are fibrils (collagens of types I, 11, III, V, and XI) and
reticular structures (collagens IV, VIII, and X) in the intercellular matrix. Since the type of
collagen is directly related to the amino acid sequence underlying its structure, the optical
properties of collagens vary depending on its type. As mentioned in the Introduction,
collagen I, typical for skin, can be visualized through SHG-microscopy. According to our
data, during the wound healing process, especially in the first three days, the collagen was
disorganized and disordered. However, after a time, a newly laid collagen matrix gradually
formed to fill the wound gap, which was detected by the increase in SHG signal intensity.
The disorganized collagen is rearranged, cross-linked, and aligned, which can be observed
on day 14 (see Figure 4).

From studying and comparing the five groups (control, LDPDT-5-ALA/4 J/cm?,
LDPDT-5-ALA/1J/cm?, LDPDT-MB/4 J/cm?, and LDPDT-MB/1 J/cm?), it has been
demonstrated that the 4 J/cm? laser dose is better in comparison with 1 J/cm?. For the
47/cm? dose, MB enables better healing compared to 5-ALA (see Figure 3). The benefits of
MB are its low cost and wide availability. In any case, a fourfold fluence increase did not
cause a substantial increase in efficiency, which suggests that at the used concentrations of
photosensitizers, it is quite acceptable to choose a fluence between 1]/cm? and 4 J/cm?.

SAAID values have previously been demonstrated for the papillary dermis during
skin aging [53]. In [51], SAAID was applied to estimate skin damage by curettage. Every
phase of wound healing was studied, as in our research, and similar values were obtained
for different depths. Later, the same group of researchers [54] showed similar results for
chronic wounds, consistent with our research. The results for estimating wound healing
during the photodynamic therapy process using SAAID have not previously been studied
in the literature. In this study, variations of the SAAID value during the wound healing
process were established. On day 14, in the LDPDT 4 ] /cm? group, the SAAID curve was
practically the same as for healthy skin (see Figures 7 and 8).

SAAID variance during wound healing demonstrates that the healing efficiency does
not increase significantly with a fourfold fluence increase. Moreover, the healing process
with low fluence is more uniform across the dermis (see Figure 8).

The p-value of the difference of SAAID measured in wounds relative to the healthy
skin group was calculated using the Mann—-Whitney test. On day 14, the p-values were
higher, so the differences are smaller relative to healthy skin (see Figure 11). This appears
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significantly and more clearly in both LDPDT groups. Consequently, SAAID is a suitable
quantitative parameter for monitoring the wound healing process.

Interestingly, the most essential SAAID variance between healthy and wounded skin
was in the 47-55 um depth interval (Figure 11). It is an area of the papillary dermis with a
large amount of collagen and elastin, but there are practically no capillary blood vessels yet.
Recent studies showed that liquid or small molecules preferentially colocalize with elastin
fibers [57], affecting its fluorescence in an area of inflammation. Therefore, SAAID change
during wound healing can be associated with both collagen and elastin transformation.

5. Conclusions

Two-photon microscopy is becoming a conventional tool for noninvasive medical
diagnostics of superficial tissues and dynamic monitoring of skin pathology treatment. The
latter requires the discovery of specific quantitative criteria of the tissue state. The SAAID
index was shown to be a suitable variant of the quantitative criterium for wound healing
supervision, including optimal regimes of wound healing low-dose photodynamic therapy.

The development of this approach can be as follows. First of all, fluorescence lifetime
imaging combined with SGH and AF channels will give additional information about cell
metabolism in a wound area [58]. Other optical modalities, for example, optical coherence
tomography, will allow data to be obtained about wound tissue morphology at a lower
spatial resolution (the typical value is about 5-7 um) but with a much larger dimension of
tissue area visualization compared to TPM.

The phototherapy of wounds is closely related to the problem of infectious disease
treatment, especially in the presence of antibiotic-resistant bacteria in the bacterial biofilms
covering the wound surface [35,59]. Since the development of antibacterial drugs is not
keeping pace with microbial resistance, it is necessary to use alternative antibacterial
approaches, including antimicrobial PDT. In this sense, the effectiveness of wound healing
is determined mainly by the combined effect of light on the bacterial flora hidden in the
depth of the wound and the restoration of the main protein components of the skin—
collagen and elastin. Both processes require efficient staining of pathogens and dermal
cells and a homogeneous distribution of excitation light for the effective production of ROS
throughout the entire thickness of the wound.

In this case, it is necessary to overcome the limited depth of light penetration into
the tissue in order to enhance the therapeutic effect. It can be done by partially suppress-
ing tissue light scattering when exposed to immersion agents using the optical clearing
method [60]. This enables not only an increase in the efficiency of therapy (a decrease in
fluence) but also makes it possible to improve optical monitoring of the healing process,
providing a greater depth of probing [61], which is vital for deep wounds. It is also impor-
tant that many optical clearing agents, such as glycerol, are good solvents for photodynamic
dyes, ensuring the stability of their absorption spectra [15] and possessing bactericidal
properties, which can give synergy in the light treatment of wounds. Deeper photodynamic
wound therapy can be achieved by using indocyanine green (ICG) as a PDT dye that is
effective in the near-infrared range [16].
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Abstract: The effect of low-dose photodynamic therapy on in vivo wound healing was investigated
using optical coherence tomography. This work aims to develop an approach to quantitative assess-
ment of the wound’s state during wound healing including the effect of low-dose photodynamic
therapy using topical application of two different photosensitizers, 5-aminolevulinic acid and methy-
lene blue, and two laser doses of 1 ]/cm? and 4 J/cm?. It was concluded that the laser dose of 4 J/cm?
was better compared to 1]/cm? and allowed the wound healing process to accelerate.

Keywords: low dose photodynamic therapy; wound healing; 5-aminolevulinic acid; methylene blue;
optical coherence tomography

1. Introduction

According to the World Health Organization (WHO), burn wounds result in approx-
imately 180,000 deaths every year and nearly 11 million injuries that require medical
treatment worldwide [1]. Cutaneous wounds are widespread and differentiated into acute
and chronic wounds [2].

Wound healing is a complex physiological process at the cellular and molecular levels
including the extracellular matrix synthesis, the replacement of type III collagen with type I
collagen, and scar tissue formation [3-6]. These processes are divided into four overlapping
stages: coagulation (hemostasis), inflammation, proliferation, and remodeling [7,8]. Some
underlying diseases affect the wound healing process including peripheral arterial and
venous disease or diabetes; acute wounds may have impaired healing, which can lead to a
chronic stage [9-11]. In developed countries, 1-6% of the population suffers from chronic
wounds [12-14].

It is known that a low dose photo process with photoactive compounds promotes the
healing of skin diseases and leads to results in rejuvenation and wound healing [15,16].
Low-dose photodynamic therapy (LDPDT) is widely used to treat skin diseases and wound
healing where it reduces the treatment time, accelerates tissue repair, and promotes heal-
ing [17,18]. The method is based on using a photosensitizer (PS), which accumulates
in tissues, followed by irradiation of the tissue with a light source with an appropriate
wavelength. The latter causes the formation of reactive oxygen species (ROS) [19,20]. Low
concentrations of ROS can trigger cell repair processes including proliferation and offer
promising treatments to accelerate healing. Different PSs have been studied in the wound
healing process, which has a relevant role in ensuring PDT effectiveness in skin wound
healing [21] such as 5-aminolevulinic acid (5-ALA) and methylene blue (MB) [22-25]. MB
is a popular PS among the phenothiazinium derivatives that have attracted the attention of
different research groups working and achieving good results in wound healing [25-27].
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Recently, MB was shown to have an antioxidant role [28]. Additionally, 5-ALA is among
the most effective photosensitizers and is widely used to present a better achievement
concerning wound healing [17,22,29].

The Arndt-Schultz Law is an appropriate model to demonstrate that low levels of
light have a better effect in wound healing than higher levels, which may have an inhibitory
or cytotoxic effect [30,31]. Hawkins and Abrahamse studied the behavior in vitro of human
skin fibroblasts using different irradiation doses of 0.5, 2.5, 5, 10, and 16 J/ cm?. They
demonstrated that higher laser doses (10 and 16 J/ cm?) resulted in increased cellular
damage as well as decreased cell viability and proliferation [32]. Results for different
energy doses were described for 4 ]/ cm? [33] and for 1]/cm? and 2 J/cm? [34]. Basso et al.
demonstrated that irradiation of cultured human gingival fibroblasts with energy doses
of 0.5 and 3 J/cm? resulted in a significant increase in cellular metabolism compared with
the non-irradiated control group and the cells irradiated with higher energy doses of 5
and 7 J/cm? [35]. The most significant biological effects were seen with predominant dose
values (i.e.,,upto 5]/ cm?), which were within the Arndt-Schultz curve [36].

Traditionally, wounds have been observed invasively with a histochemical assessment
of the biopsies [3,8]. Visual observation is a common tool for wound assessment. Addition-
ally, clinical wound evaluation is a widely used and the least expensive method of assessing
wound depth. This method relies on a subjective evaluation of the external features of the
wound such as wound appearance, capillary refill, and burn wound sensibility to touch
and pinprick, providing diagnostic accuracy at the level of 60-75% [37]. These methods are
not quantitative and can lead to additional tissue damage and impair healing. Accordingly,
the development of noninvasive and accurate methods of wound analysis is relevant.

Optical coherence tomography (OCT) is a noninvasive 3D imaging method of biologi-
cal tissues with a spatial resolution of 5-10 pm and a penetration depth of 1-2 mm [38,39].
Epidermal thickness is a critical parameter for assessing epithelialization during wound
healing [40,41].

OCT could detect essential morphological changes during wound healing (e.g., epider-
mis, dermis, adipose tissue, and granulation) that was based primarily on their backscatter-
ing characteristics [42—44]. The use of polarization-sensitive OCT revealed higher birefrin-
gence in scars compared to healthy skin [45]. OCT-based angiography provides in vivo,
three-dimensional vascular information by using flowing red blood cells as intrinsic con-
trast agents, allowing visualization of functional vessel networks within microcirculatory
tissue beds non-invasively, without needing dye injection [46].

This work aims to develop a method for quantitative in vivo evaluation of wounds
using OCT during the wound healing process including a quantitative assessment of the
effect of LDPDT using the topical application of two different photosensitizers (5-ALA and
MB) and two laser doses of 1]/cm? and 4 J/cm?.

2. Materials and Methods
2.1. Wound Model Protocol

This study used 15 male laboratory CD1 mice, weighing 25-30 g and aged 67 weeks,
obtained from the Department of Experimental Biological Models of the Research Institute
of Pharmacology, TSC SB RAMS. Before the experiment, the mice were kept seven days in
the standard conditions of a conventional vivarium with free access to water and food, and
a 12/12 light regime, in a ventilated room at a temperature of 20 & 2 °C and a humidity of
60%. The experimental protocol of this research was approved by the Bioethical Committee
of Tomsk State University (Protocol No. 4, 10.02.2021), registration No. 6.

The mice were anesthetized by isoflurane using the Ugo Basile gas anesthesia system,
where the mice were put in a glass chamber connected to isoflurane (Figure 1). The wound
area was prepared through depilation using Veet cream (made in France), rinsed with
saline solution, and sterilized using chlorhexidine 20%. A full-thickness cutaneous wound
(diameter 5 mm) was formed by cutting out a whole layer skin flap with scissors on both of
the hind paws of each animal under isoflurane anesthesia. The experiment was performed
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in a time-lapsed schedule for the wound aging on days 1, 3, 7, and 14. Additionally, the
day of wound formation was defined as day 0.

Figure 1. Anesthetized mice by isoflurane using the Ugo Basile gas anesthesia system.

2.2. Low Dose Photodynamic Therapy Protocol

Both of the photosensitizers 5-ALA 20% and MB 0.01% in saline solution were topically
administered directly on the wound; after 30 min, the irradiation was started by an AlGalnP
laser (A = 630 nm, P = 5 mW) with two doses: 1]/cm? and 4 J/cm?, and the procedure was
carried out under the influence of isoflurane. 5-ALA was applied on the wounds on the
right hind paws, MB was applied on the left ones. The animals were divided according to
the laser dose and photosensitizer into five groups: the control group, the LDPDT-5-ALA
1J/cm?, LDPDT-MB 1]/cm?, LDPDT-5-ALA 4 J/cm?, and LDPDT-MB 4 J/cm?. LDPDT
procedure was repeated once immediately after wound formation.

2.3. Optical Coherence Tomography Protocol

The experiments were carried out using optical coherence tomography (OCT) on the
GANYMEDE-II system (Thorlabs, USA) with the basic scanning module OCTG-900. It
is possible to obtain information on the optical characteristics, morphology, and elastic
properties of biological tissues using OCT. The GANYMEDE-II system uses a superlu-
minescent diode with an operating wavelength of 930 &+ 50 nm. The superluminescent
diode allows one to reach a signal penetration depth up to 2.9 mm with an axial resolution
of up to 6.0 microns (air/tissue). The width of the spectral band was 100 nm. Figure 2
shows an example of placing a mouse on the substrate of OCT. As a result, B-scans were
obtained—two-dimensional images. Data processing was carried out using ThorImageOCT
5.0.1., with the following parameters: size 2469 x 675 pixel, FOV 4.66 x 1.94 mm, and
pixel size 1.89 x 2.88 um, with 20 frames. The experiment was repeated with a 30° rotation
around the previous position.
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Figure 2. The mouse positioning during OCT imaging.

2.4. Statistical Analysis

The OCT data were exported using the ThorImageOCT 5.0.1 program to files. txt. Sta-
tistical analysis and data processing were carried out in Python 3.6 using libraries (numpy,
scipy, matplotlib). All calculated parameters were expressed as the mean =+ standard devia-
tion. The Pearson test was applied to assess the level of statistically significant differences
among groups under study. Statistical power was used at 0.95 and 0.99. The p-values were
calculated for all groups on all days.

3. Results
3.1. OCT Imaging

Figure 3a shows a photo of healthy skin, and an OCT B-scan for the area, marked with
a red arrow, is shown in Figure 3b. The B-scan data were normalized so that the stratum
corneum, corresponding to the region with the highest pixel intensity, was located at the
top of the image. After normalization, the signal intensity was calculated at different tissue
depths from 0 to 0.8 mm (A-scan) and visualized as shown in Figure 4. The maximum
intensity values were at a depth of 0 to 2-4 um, which corresponded to the stratum corneum,
and then the signal intensity gradually decreased to ~20 pm, which corresponded to the
epidermis. The dermis starts from 30-40 um, which was accompanied by a decrease in
intensity to the minimum values at a depth of 0.8 mm.

Photos of the observation area and B-scans of the wound at different time points on
days 1, 3, 7, and 14 for the control (without LDPDT) are shown in Figure 5.

The wound healed typically without pathologies, and the injury was close to healing
on day 14. The difference in signal intensities at different stages of wound healing on
different days is shown in Figure 6. On day 1 after the wound forming procedure, the
signal had a low intensity, while the signal of the dermis started decreasing from 0.3 pm,
so the signal from 0 to 0.3 corresponded to the formed wound scab. The signal intensity
increased on days 3 and 7. On day 14, the signal intensity values were close to healthy skin.

OCT images for the LDPDT-5-ALA groups are shown for a laser dose of 1]/cm? in
Figure 7 and 4 J/ cm? in Figure 8. The intensity signal for LDPDT-5-ALA 4 ]/ cm? had
the same behavior as the control. On day 1 for LDPDT-5-ALA 1 J/cm?, the attenuation
signal corresponding to the dermis started from ~0.3 mm. Similar to the control, the signal
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intensity increased on days 3 and 7, and on day 14, the signal intensity values were close
to healthy skin, as shown in Figure 9a. In the same way for LDPDT-5-ALA 4 J/cm?, the
intensity signal started decreasing from ~0.2 mm on day 1. On days 3 and 7, the signal
intensity values increased to close to the value of healthy skin on day 14 more than the
LDPDT-5-ALA 1]/cm? group, as shown in Figure 9b.

Measurements were similarly carried out for the MB photosensitizer with two laser
doses of 1]/cm? (Figure 10) and 4 J/cm? (Figure 11). The intensity signal for LDPDT-MB
on day 14 was close to the values for healthy skin for different exposure doses, as shown
in Figure 12.

(b)
Figure 3. (a) Visual observation for healthy skin, (b) OCT imaging.
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Figure 4. Dependence of signal intensity on depth for healthy skin: S; start point of the stratum
corneum; S,—the endpoint of epidermis; S3—start point of the dermis.
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(b)

Figure 5. (a) Visual observation and (b) the corresponding B-scans for the control group.
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Figure 6. Dependence of signal intensity on depth for the control group during wound healing.
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Figure 7. (a) Visual observation and (b) the corresponding B-scans for the LDPDT-5-ALA 1 J/cm? group.
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Figure 8. (a) Visual observation and (b) the corresponding B-scans for the LDPDT-5-ALA 4]/ cm? group.
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Figure 11. (a) Visual observation and (b) the corresponding B-scans for the LDPDT-MB 4 ] /cm? group.
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Figure 12. Dependence of signal intensity on depth for the (a) LDPDT-MB 1 J/cm? group and
(b) LDPDT-MB 4 J/cm? group.

3.2. Quantitative Comparison of the Spatial Proximity of the OCT Signal Intensity

For a quantitative comparison of spatial profiles, we used the curve proximity factor
(CPF) S, similar to the Pearson’s correlation coefficient, to compare healthy skin and wound
curves in all days to all groups [47]:

_ LilXi—Yi
3 LilXi+ Yl
where X;, Y; is the intensity of the OCT signal for a definite depth from the wound and
healthy skin, respectively. The higher the CPF value, the closer the wound state to healthy
skin. The 0.01 and 0.05 significance levels were used to assess the statistical differences
between the wound and healthy skin groups. The CPF values for all groups are shown
in Table 1.

¢y
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Table 1. CPF values for the studied groups (mean =+ standard deviation).

n=5 Control LDPDT-5-ALA LDPDT-5-ALA LDPDT-MB LDPDT-MB
1J/cm? 4 J/cm? 1J/cm? 4 J/cm?
Day 1 (0.0528 + 0.0084) **  (0.0516 £ 0.0072) **  (0.0517 % 0.0045) **  (0.0494 £ 0.0083) **  (0.0539 & 0.0064) **
Day 3 (0.0404 + 0.0141) **  (0.0504 4+ 0.0106) *  (0.0480 4+ 0.0087) **  (0.0456 + 0.0169) *  (0.0423 £+ 0.0134) *
Day 7 (0.0316 4+ 0.0089) *  (0.0379 + 0.0124) *  (0.0315 £0.0111) *  (0.0361 4+ 0.0084) *  (0.0305 + 0.0073) *
Day 14 (0.0214 £ 0.0076) * (0.0213 £ 0.0075) (0.0187 £ 0.0213) (0.0201 4 0.0054) (0.0174 £+ 0.0051)

*p> 001, p>0.05.

The CPF (1) was also used to estimate the effectiveness of different laser doses for each
photosensitizer on day 14. The CPF values calculated for the OCT signal intensity curves
corresponding to 4 ]/cm? and 1]/cm? for 5-ALA (Figure 9) and MB (Figure 12) are shown
in Table 2. These quantitative estimations demonstrated a “proximity” between the curves
corresponding to 4 ] /cm? laser dose and the curves corresponding to the 1]/cm? laser dose
for the same photosensitizer.

Table 2. CPF values for the studied groups (mean =+ standard deviation).

n=>5 LDPDT-5-ALA LDPDT-MB

Day 14 (0.0115 + 0.0019) ** (0.0142 + 0.0011) *
1> 0.005, % p > 0.01.

4. Discussion

The proposed method of wound state quantitative evaluation is based on the OCT
visualization of tissue structure transformation. The averaged scatter A-line intensity
profile obtained from the horizontal rectangle in the OCT B-scan image of healthy skin
is shown in Figure 4. Three areas are highlighted in the figure, representing changes in
the attenuation coefficient. The red (S1), green (S;), and blue (S3) lines correspond to the
beginning of the stratum corneum, the end of the epidermis, and the beginning of the
dermis, respectively. After inflicting a wound in the first days, there are no surface layers
of the skin (horny, epidermis); instead, a scab forms on the surface. These changes in the
skin are visible on A-scans. Over time, the skin recovers, and on A-scans, we can see the
appearance of areas characteristic of the epidermis’s end and the dermis’s beginning. These
changes are reflected in the OCT signal attenuation curve (see Figures 6, 8, 9 and 12).

For wound state quantitative estimation, we used the curve proximity factor, intro-
duced by us earlier [47]. According to Table 1, in the control group, the CPF mean value
on day 1 was about 0.053, and decreased to 0.021 on day 14, while in the LDPDT groups,
the mean values of this coefficient on day 14 ranged from 0.017 to 0.021. The Pearson test
demonstrated that for LDPDT groups on day 14, p-value did not exceed 0.01, while for the
control group, this value was equal to 0.03. Therefore, for all LPDT groups, the wound state
had no statistically significant difference compared to healthy skin for the used statistical
power levels.

The CPF value for LDPDT groups for the 4 J/cm? laser dose was smaller than the
LDPDT groups for 1]/cm?. We also calculated the CPF values for the OCT signal intensity
curves corresponding to 4 J/cm? and 1]/cm? for 5-ALA (the first column in Table 1) and
MB (the second column in Table 2) and conducted a Pearson test to check the statistical
significance of these differences. p-value was shown to be larger for 5-ALA.

Therefore, after comparing the CPF parameter for five groups: control, LDPDT 5-ALA
47/cm?, LDPDT 5-ALA 1J/cm?, LDPDT-MB 4 J/cm? and LDPDT-MB 1 J/cm?, it was
concluded that the laser dose of 4 ] /cm? for LDPDT 5-ALA was definitely better compared
to 1 J/cm? and probably better for LDPDT MB. It should be noted that the conclusion
depends on the volume and quality of the dataset.

A possible reason for the 4 J/cm? dose preference relative to the 1J/cm? dose is as
follows. According to previous works [33-35], when low-level laser light is applied and a
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dose is too low, no tissue response will occur. If too a high dose is applied, it can inhibit
a tissue response. It has been seen in studies of wound healing where too low a dose did
not have an impact, and too high a dose (above 5 J/cm?) prolonged wound healing while
the optimal dose resulted in faster healing. In this interval, according to the Arndt-Schultz
curve, the larger dose causes a stronger biological effect.

In any case, LDPDT allows for accelerating of the wound healing process, which is
consistent with the literature data [32-34,48,49].

5. Conclusions

In this paper, a study of quantitative in vivo evaluation of wounds using OCT during
the wound healing process was carried out. 5-ALA and MB were used as photosensitizers
for LDPDT, with two laser doses of 1 and 4 J/cm?.

An approach to quantitative estimation of wound state based on the CPF, Equation
(1) [47] was proposed. The method was used to quantify the effectiveness of LDPDT to
accelerate the wound healing process. CPF parameter estimation allowed us to compare
LDPDT regimes quantitatively and to obtain objective arguments about the superiority of
one regime over another.

Therefore, the proposed CPF parameter, estimated from OCT data, has demonstrated
its feasibility for the quantitative estimation of the human wound state during healing. This
approach is noninvasive, simple in implementation, and suitable for continuous monitoring
throughout the wound healing process and sufficient resolution to assess both anatomy
and pathology. It makes it a promising technique for applications in wound healing and
the evaluation of novel therapeutics.

Another approach, which was proven to be effective in monitoring wound healing
is two-photon microscopy. Previously, our group analyzed the two-photon microscopy
images of the wound healing process and succeeded in quantitatively assessing the state of
the wound and studying the effect of low-dose photodynamic therapy using the techniques
of two-photon microscopy. The results of this study are completely consistent with the
results obtained earlier [50].
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Abstract: Candidiasis is very common and complicated to treat in some cases due to increased
resistance to antifungals. Antimicrobial photodynamic therapy (aPDT) is a promising alternative
treatment. It is based on the principle that light of a specific wavelength activates a photosensitizer
molecule resulting in the generation of reactive oxygen species that are able to kill pathogens. The
aim here is the in vitro photoinactivation of three strains of Candida spp., Candida albicans ATCC 10231,
Candida parapsilosis ATCC 22019 and Candida krusei ATCC 6258, using aPDT with different sources of
irradiation and the photosensitizer methylene blue (MB), alone or in combination with chlorhexidine
(CHX). Irradiation was carried out at a fluence of 18 J/cm? with a light-emitting diode (LED) lamp
emitting in red (625 nm) or a white metal halide lamp (WMH) that emits at broad-spectrum white
light (420-700 nm). After the photodynamic treatment, the antimicrobial effect is evaluated by
counting colony forming units (CFU). MB-aPDT produces a 6 logjg reduction in the number of
CFU/100 pL of Candida spp., and the combination with CHX enhances the effect of photoinactivation
(effect achieved with lower concentration of MB). Both lamps have similar efficiencies, but the WMH
lamp is slightly more efficient. This work opens the doors to a possible clinical application of the

combination for resistant or persistent forms of Candida infections.

Keywords: candidiasis; C. albicans; antimicrobial photodynamic therapy; methylene blue

1. Introduction

Candida spp. are commensal fungal species commonly colonizing human mucosal
and skin surfaces, but they may become pathogenic in some particular scenarios such
as treatment with antibiotics, immunocompromised patients, etc., producing in these
cases infections that range from superficial to severe skin and mucosal lesions, to even
systemic invasion at its worst degree [1]. For example, oral candidiasis is the most common
opportunistic infection affecting the human oral cavity. It is caused by an overgrowth of
Candida spp., being the most prevalent Candida albicans [2,3].

Due to the recurrence of Candida spp. infections, high systemic antifungal therapy
have been widely used, thereby antifungal resistances are increasing. Moreover, patient-
dependent, interactions with other medical regimens and organ toxicity can happen [4].

Therefore, it is necessary to develop new treatments such as antimicrobial photody-
namic therapy (aPDT). It is based on the use of photosensitizing molecules that are excited
with visible light of the appropriate wavelength and reacts with the oxygen, generating
reactive species of oxygen to destroy the target pathogen [5-7].
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Superficial wound infections are potentially suitable for treatment by aPDT because
of the ready accessibility of these wounds for both topical delivery of the photosensitizer
and light, and because of the exposure to oxygen [6,8,9].

Different aPDT studies have demonstrated that Candida spp. can be effectively pho-
toinactivated in vitro and in vivo [5,10-13].

Future directions of aPDT include the combination with antimicrobials in order to
enhance the microbial inactivation and prevent the regrowth when the light from aPDT
is turned off and the photoinactivation ends. This original approach has already shown
significant potential. It could help to implement the use of aPDT and reduce the amount of
antimicrobials used and, thus, the multidrug resistance problem [14-16].

Chlorhexidine (CHX) is an antiseptic drug, mainly available in over-the-counter prod-
ucts as routine hand hygiene in healthcare personnel, to clean and prepare the skin before
surgery, and before injections in order to help reduce the amount of microorganisms that
potentially can cause skin infections [17-20]. CHX gluconate is also available as a pre-
scription mouthwash to treat gingivitis and as a prescription oral chip to treat periodontal
disease [21-23] and recently against COVID-19 in dentistry [24].

Here, we investigate the aPDT and the CHX uncombined or in combination against
Candida spp. As a photosensitizing molecule, we use methylene blue (MB), the main
member of the phenothiazine family, well known for its ability to produce singlet oxygen
when it is irradiated by red light and react with molecular oxygen [6,8]. As a source of
irradiation, we use a light-emitting diode (LED) lamp emitting in red or a white metal
halide lamp (WMH) that emits at broad-spectrum white light which is comparable to the
emission spectrum of daylight.

The aim is to compare the antimicrobial effect of MB-aPDT when a specific irradiation
source or a non-specific broad-spectrum source is used to excite different concentrations of
MB. Furthermore, the effects of the combination of aPDT with CHX are evaluated.

2. Materials and Methods

The procedure used tried to follow the materials and methods of our previous works
and was adapted as follows [25-27]:

2.1. Chemicals, Media, Strains and Light Sources

- Solvent: Distilled water.

- Culture Media: Sabouraud dextrose agar (CM0041 Ox0id®, Thermo Scientific, Waltham,
MA, USA) and Columbia blood agar BA (Ox0id®; Madrid, Spain).

- Antiseptic: Chlorhexidine (CHX) (CN162301.0, Miclorbic®, Madrid, Spain). Stock
CHX solution was diluted in distilled water. CHX was applied at a concentration of
10 pg/mL.

- Photosensitizer: Methylene blue (MB), (Sigma-AldriCh®; Madrid, Spain). Stock MB
solution was diluted in distilled water. All solutions were prepared no more than a
week prior to use and handled under light-restricted conditions. The concentration
ranges from 640 to 0.03 pg/mL were used.

- Strains: C. albicans, C. parapsilosis and C. krusei were acquired from the Ameri-
can Type Culture Collection (ATCC, Rockville, MD, USA). C. albicans ATCC 10231,
C. parapsilosis ATCC 22019 and C. krusei ATCC 6258 were used.

- Light sources: Light-emitting diode (LED) lamp, Showtec LED Par 64 Short
18 x RGB 3-in-1 LED, Highlite International, emitting at 625 £ 10 nm (power density
7 mW /cm? at a distance between the LEDs and the microtiter plate with the microbial
suspension of 17 cm where the diameter of the light beam is approximately 25 cm) and
white metal halide lamp (WMH), made by the Department of Applied Physics of the
University of Zaragoza, Spain, emitting at 420-700 nm (power density 90 mW /cm?
at a distance between the lamp and the 96-well microtiter plate of 10 cm where the
diameter of the light beam is approximately 21 cm). Supplementary Figure S1 shows
the lamps and their emission spectrums. Both were used at a fluence of 18 J/cm?. This
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fluence corresponds to a 42.86 min (~43 min) irradiation time for the samples using
the red-LED lamp and 3 min and 25 sec for the samples irradiated with WMH lamp.

2.2. In Vitro Photodynamic Treatment of Yeast Suspension

C. albicans, C. parapsilosis or C. krusei seeded on Sabouraud dextrose agar were cultured
aerobically overnight at 35 °C. The inoculum was prepared in distilled water and adjusted
to 5 & 0.03 on the McFarland scale (concentrations in the range of >1 x 10° colony-forming
units (CFU) per 100 pL and was deposited into 96-well microtiter plates. Two-fold serial
dilutions concentrations from 640 pug/mL to 0.03 pg/mL of the MB were added, in absence
or presence of 10 ug/mL of CHX (MB+/CHX—/light+) (MB+/CHX+/light+). The final
volume in each well was 100 pL. Irradiation proceeded with no preincubation period; the
suspensions were immediately subjected to irradiation with fluence of 18 J/cm? using
the red-LED lamp or the broad spectrum-WMH lamp. Control samples were subjected
to identical treatment, in the absence or presence of the photosensitizer, and were either
kept in darkness or irradiated to evaluate the effect of each parameter: negative or initial
control (MB—/CHX— /light—), irradiation control (MB—/CHX— /light+), control of photo-
sensitizer in darkness (MB+/CHX—/light—) and antiseptic controls (MB— /CHX+/light—)
(MB—/CHX+/light+). After completing the aPDT protocol, samples and controls were
assessed in serial dilutions of each suspension and were cultured on blood agar and in-
cubated overnight at 35 °C. The dilutions were made and aliquots were cultured to have
blood agar plates with a number of CFUs in the range of 0 to 200 per plate in order to be
able to count them reliably.

2.3. Efficacy

The efficacy of aPDT treatment was assessed by counting the number of CFU/100 pL
using a Flash and Go automatic colony counter (IUL S.A., Barcelona, Spain). A reduction of
6 log in the number of CFU/100 uL was considered indicative of fungicidal activity. The
minimum concentration of MB that reduced yeast survival by 3 log;y was also evaluated.
All experiments were carried out at least five times. The results are expressed as mean and
standard deviation.

3. Results
3.1. Photoinactivation of Yeasts by MB-aPDT (MB+/CHX—/Light+)

MB-aPDT effectively inactivated Candida spp. achieving a reduction of 6 logjg in the
number of CFU/100 pL in all the studied strains (Figure 1). The minimum concentration
of MB required to achieve this effect was 320 pg/mL in all cases except in those irradiated
with a WMH lamp in C. parapsilosis that required 80 ug/mL and in C. krusei between
320-640 pg/mL (Table 1). Analyzing in more detail the sensitivity of each strain to MB-
aPDT, C. krusei is the most resistant and C. parapsilosis and C. albicans show a very similar
ratio of response, although C. parapsilosis is slightly more sensitive to white light than
C. albicans (Figure 1 and Supplementary Material Figure S2I).
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Figure 1. Photoinactivation by antimicrobial photodynamic therapy with methylene blue alone or in combination with
chlorhexidine of C. albicans (A,D) C. parapsilosis (B,E) and C. krusei (C,F) using the 625 nm lamp-LED (A—C) or the WMH
lamp (D-F). The error bars represent the standard deviation calculated for five measurements. Cy, initial inoculum control;
CHX, chlorhexidine; LEDs, light-emitting diodes; MB, methylene blue; WMH, white metal halide.
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Table 1. Minimum concentrations of methylene blue (p1g/mL) required to reduce the number of Candida spp. 3 or 6 logg in
the number of colony forming units using the 625 nm-LED lamp or the WMH lamp.

Reduction in the Number of MB Concentration Required for Each Yeast

CFU/100 uL Lamp Used Treatment C. albicans C. parapsilosis C. krusei
o 625 nm LED-lamp MB_IZI%#D?EHX 450 402_080 801_61060
WMFT lamp MB-PDT + CHX 2 510 1050
610810 625 nm LED-lamp MB-I\a/Il?l-)aTP?E:HX ggg gig §§8
WMH lamp MBaPDT + CHX 0 % 320640

aPDT: antimicrobial photodynamic therapy; CHX: chlorhexidine; CFU: colony forming units; LED: light-emitting diodes; MB: methylene
blue; WMH: white metal halide.

3.2. Fungicidal Effect of MB-aPDT Combined with CHX (MB+/CHX+/Light+)

The antimicrobial effect of MB-aPDT on Candida spp. was maintained in the presence
of CHX, as evidenced by the 6 logj( reduction in the number of CFU/100 pL in all experi-
ments. Moreover, the combination of MB-aPDT using the WMH lamp + CHX achieves this
degree of reduction on C. albicans decreasing 4-fold the required photosensitizer concentra-
tion (the necessary concentration is 1/4) (Figure 1 and Table 1).

To achieve a 3 logjo reduction in the number of CFU/100 pL. when MB-aPDT is
used in combination with CHX, the required concentration of MB needed is at least half
compared to the concentration needed using MB-aPDT alone. The greatest reduction of
the photosensitizer concentration (8-fold) is achieved against C. albicans using the red-LED
lamp. On the other hand, the greatest reduction against C. parapsilosis occurs with the
WMH irradiation (1/4-1/8 of the initial photosensitizer concentration) (Figure 1 and Table 1).

3.3. Control of Inoculum and Toxic Effects of MB (MB+/CHX—/Light—), CHX
(MB—/CHX+/Light—) and Irradiation (MB—/CHX—/Light+)

No reduction in the number of CFU /100 pL from the initial inoculums (MB— /CHX—/
light—) was observed.

Samples with the different MB concentrations evaluated under the same conditions
used in irradiation but keeping it in darkness (MB+/CHX—/light—) (dark MB in Figure 1)
show significant reductions at the highest concentrations tested as follows: reductions of
up to a maximum of 3.5 logyo in C. albicans, 4 logyg in C. parapsilosis and 4.5 logyg in C. krusei
were achieved by 640 ng/mL of MB. In all experiments, the effects of keeping the microbial
suspension with the different MB concentrations in dark (light—) for 43 min or 3 min and
25 sec (using the time of the irradiation with the red-LED or the WMH lamp respectively)
is similar, except for C. krusei (reduction of 4.5 log after 43 min vs. 2.5 logj after 3 min
and 25 sec) (Figure 1).

The irradiation with the red-LED lamp or with WMH lamp in the absence of photo-
sensitizer and antimicrobial (MB—/CHX— /light+) did no significantly reduce the number
of yeasts (reduction <0.3 logy, Figure 1).

In the absence of photosensitizer and irradiation, the tested concentration of CHX
(10 pg/mL) (MB—/CHX+/light—) (dark MB-CHX with the value of 0 MB concentration in
Figure 1) failed to effectively inactivate the yeast. A maximum reduction of 1 log;g was
observed against C. parapsilosis.

The cumulative effect of CHX and irradiation (MB— /CHX+/light+) (Figure 1) reaches
a maximum reduction in the number of CFU/100 uL of 1.3 logyg against C. parapsilosis
being the most sensitive strain to this effect.
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4. Discussion

MB-aPDT is effective in eradicating Candida spp. (>6 logyg reduction in the number
of CFU/100 pL of C. albicans, C. parapsilosis or C. krusei) and the combination with CHX
enhances the photoinactivation, i.e., the effect is achieved with lower aPDT-dose (Figure 1
and Table 1).

Regarding the comparison of MB-aPDT results obtained with those reported by other
authors, many variables should be considered. Table 2 summarizes different studies against
Candida spp. in suspension, specifying the methodology and results. Daliri et al. reported a
reduction of 3.43 logyo of C. albicans using 200 pug/mL of MB which is notably lower than
the one reached in the present study (MB concentration range of 80-160 pg/mL is able to
inhibit 4 logp). They used a bigger number of CFU in the inoculum and this could affect
but the mismatch may be because they use a laser irradiation source [28]. Application
times are usually short when lasers are used and it does not always guarantee adequate
oxygenation [6]. Valkov et al. report the absence of effect of MB-aPDT using very low MB
concentration (<2 pug/mkL) [13]. Ferreira et al. and de Oliveira-Silva et al. achieved different
reductions of C. albicans, 0.5 logyg and 6 logg respectively, with 32 ug/mL of MB and a
fluence of 30 J/cm? for 34 min. This shows the variability between experiments [29,30].
The results of Ferreira et al. are closer to those of this work (32 ng/mL of MB does not
produce complete photoinactivation) (Table 2).

Focusing on C. parapsilosis, Giizel Tungcan et al. achieved a reduction of 4 logjo with
25 pg/mL of MB. The comparison with our data and the possible explanation is very diffi-
cult because the methodology used is dissimilar [31]. Cerndkova et al. demonstrated that
using 9.6 pg/mL of MB inhibited between 1.13-1.27 logy of C. parapsilosis in suspension,
similar results to this work (this concentration does not generate complete photoinacti-
vation) [32]. Finally, Ahmed et al. used 100 pg/mL of MB and achieved reductions of
0.58-0.85 logy at fluences of 90-180 J/cm? respectively [33]. Again, the difference may
be due to the fact that they used a laser irradiation source and therefore it would be less
effective (Table 2).

Against C. krusei, concentrations of 16 ug/mL [34] or150 pg/mL of MB [35] even at
high fluences only achieves a maximum reduction of 0.65 logjy. More similar result to
ours was obtained by Souza et al. using 100 ug/mL with a reduction of 1.54 logjo using a
fluence of 28 J/cm? [36]. All MB-aPDT studies together lead us to conclude that C. krusei is
the most resistant Candida spp. to MB-aPDT as well as it is more resistant to antifungals in
general mainly due to the characteristics of its membrane [37] (Table 2).

Regarding the MB-aPDT combination with CHX, it stands out that >6 log;g reduction
in the number of CFU/100 puL of C. albicans was achieved reducing the concentration
of photosensitizer needed from 320 to 80 pg/mL when WMH lamp was used (Figure 1,
Table 1 and Supplementary Figure S2). Furthermore, the addition of CHX halved the
concentration of MB required to reach a reduction of 3 logj in C. albicans and C parapsilosis,
and slightly less than half against C. krusei. Therefore, a synergistic effect is seen between
MB at concentrations unable to achieve complete photoinactivation and CHX. These results
are relevant because the presence of CHX could help to avoid the microbial regrowth of
those microorganisms not completely destroyed when PDT is finished. This is one of the
disadvantages of using aPDT for infections in the clinic, the risk of microbial regrowth after
its application. The combination with antimicrobials could play a crucial role to overcome
this limitation of aPDT in this context [14,15].

To our knowledge, there are not studies combining aPDT plus CHX in vivo against
Candida spp. Recently, the effectiveness of MB-aPDT combined with CHX and zinc oxide
ointment has been studied on wound healing process after rumenostomy. This study in
cattle ratifies the use of aPDT and suggests that it could be performed for other surgical
procedures as a complementary approach or an alternative for topical administration
of antibiotics [38]. The combination of CHX plus aPDT has been tried against other
microorganisms such as Porphyromonas gingivalis biofilm on a titanium surface in a dental
framework. The application of CHX and subsequent aPDT using toluidine blue O was
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shown to be an efficient method to reduce P. gingivalis in titanium surfaces [39]. Regarding
other studies of antimicrobials plus aPDT against Candida spp., Giroldo et al. demonstrated
that yeasts, both in suspension and in biofilms, were much more susceptible to antifungal
treatments after MB-aPDT, explained by the increase of membrane permeability caused
by aPDT [40]. Regarding the in vitro combination of MB-aPDT with fluconazole against
resistant strains of C. albicans, C. glabrata and C. krusei, a synergistic effect was found in
fluconazole resistant strains of C. albicans and C. glabrata, but not against C. krusei. [34].
These results do not agree with those found by Snell et al. They showed that fluconazole
did not increase the aPDT inactivation of C. albicans using MB or another photosensitizer
of the protoporphyrin family. However, miconazole did enhance the fungicidal activity of
aPDT [41]. Moreover, to our knowledge, there are no studies using aPDT in combination
with antimicrobials that report antagonistic effects, which support the use of aPDT in
combination with CXH due to the possible advantages [15].

Considering clinical practice, MB-aPDT (660 nm and 7.5 J/cm?) has been tried in HIV
patients diagnosed with oral candidiasis comparing it with an antifungal commonly used
in candidiasis. After 30 days, the antimicrobial was effective, but there were recurrences
except when 450 pug/mL of MB was used [42].

All together indicates that aPDT or antimicrobial alone may not be entirely effective
against Candida spp. that is characterized for causing highly recurrent infection especially
in predisposed or immunosuppressed patients. On the other hand, combined treatments
such as aPDT plus antimicrobials may prevent recurrent infections and avoid resistance. In
addition, the combination in terms of clinical application would decrease the intensity of
blue staining caused when the MB is applied on the skin or mucous membranes, making
the aPDT procedure more cosmetically appealing.

Regarding the concentration of 10 pug/mL CHX used for this study, it was chosen
by taking into account other protocols for the combination of antimicrobials plus aPDT
and considering that by itself produces no effect under experimental conditions [25,27],
Figure 1 Cyp-CHX. Other studies using other conditions report very different results:
e.g., Azizi et al. using 1000 pg/mL of CHX achieved a reduction of 0.71 logio [43];
Do Vale et al. calculated that the minimum inhibitory concentration for C. albicans was
3.74 ug/mL using an exposure time of 12-48 h [44]; Ellepola et al. proved that with
50 pg/mL of CHX applied for 30 min achieved 0.38 and 0.5 log of C. albicans and C. krusei
reduction respectively [45].

Regarding the use of the red-LED lamp or the WHM lamp as a source of irradia-
tion for aPDT, the second proved to be more effective in photoinactivating Candida spp.
with the exception of against C. krusei (Figure 1, Table 1 and Supplementary Material
Figure S2II). The use of LED lamp emitting in red matching the absorption spectra peak of
the MB tends to be more efficient in the sense of not wasting irradiation energy and there-
fore red emission sources are usually the ones chosen for MB-aPDT studies (e.g., shown in
Table 2). In addition, red LEDs lamps have added advantages at the time of transferring
the use of aPDT to clinical application because they are available in all the PDT clinical
units; in addition, these lamps stimulate cellular repair mechanisms in fibroblasts [46] and
are already used to treat acne vulgaris, herpes simplex virus infection, shingles, or severe
wound healing [6,47].

It is also worth noting the time factor to facilitate the use in the clinic since the
WMH lamp needs 3 min and 25 seconds to photoinactivate Candida spp. compared to
43 min for the LED lamp, due to the greater irradiance of the former compare to the latter
(90 mW /cm? vs. 7 mW /cm? respectively). Furthermore, the experiments were performed
without preincubation of the photosensitizer MB with Candida spp. prior to irradiation.
Andrade et al. and Soria-Lozano et al. demonstrated that a pre-incubation time did not
produce greater inactivation of the microorganism, so it is not necessary to add more time
to the aPDT procedure [12,48].

On the other hand, a broad-spectrum WMH lamp could be a model of daylight, i.e.,
which could be used as a source of irradiation for aPDT instead of this lamp. The ad-

165



Pharmaceutics 2021, 13, 1176

vantages are that the treatment could be carried out at home and it would require less
equipment and personnel (cheaper). However, it also has disadvantages, such as the im-
precision in the quantification of the dose of light or duration of exposure, considering that
intensity of daylight depends on the season of the year, weather conditions, or geographic
location [9,49-51]. Another limitation for the use of daylight is the limitation to treat
Candida infections not accessible for this light, such as the mouth or the genitalia, which
otherwise are the most frequent. Nevertheless, the WMH lamp achieves better results than
the LED lamp in this work, demonstrating its efficacy.
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References

Overall, our study aims to open the way for the application of this alternative therapy,
MB-aPDT alone or better in combination with CHX, either using lamps with a specific or
broad- emission spectrum or even daylight as an irradiation source, to deal with cutaneous
and mucosal candidiasis. However, it should be borne in mind that the present findings
were obtained following in vitro irradiation of Candida spp., therefore clinical studies are
required to confirm these results.

5. Conclusions

- MB-aPDT is active against Candida spp. in water suspension.

- CHX enhances the photoinactivation of Candida spp. (aPDT plus CHX increases the
photoactivity of MB).

- White light is a suitable light source for aPDT.

- MB-aPDT using a broad-spectrum white light is more efficient than a specific
red-LED lamp.

- Transfer of this therapy to the clinic could be very convenient.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ pharmaceutics13081176/s1, Figure S1: Photos and emission spectra of the lamps used in
the photoinactivation experiments. A: graph of the emission spectrum of the red-LED lamp and B:
emission spectrum of the white metal halide lamp, Figure S2: Photoinactivation of Candida spp. using
MB-aPDT. I: Comparison of the response of yeast when they are irradiated with the red-LED lamp
(left A) or with the WMH lamp (right B). II: Comparison of the response of each strain to irradiation
with the two lamps (A: C. albicans; B: C. parapsilosis; C: C. krusei). The error bars represent the standard
deviation calculated for five measurements. Cy, initial inoculum control; LEDs, light-emitting diodes;
MB, methylene blue; WMH, white metal halide.
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Abstract: Different light-based strategies have been investigated to inactivate viruses. Herein,
we developed an HIV-based pseudotyped model of SARS-CoV-2 (SC2) to study the mechanisms
of virus inactivation by using two different strategies; photoinactivation (PI) by UV-C light
and photodynamic inactivation (PDI) by Photodithazine photosensitizer (PDZ). We used two
pseudoviral particles harboring the Luciferase-IRES-ZsGreen reporter gene with either a SC2
spike on the membrane or without a spike as a naked control pseudovirus. The mechanism of
viral inactivation by UV-C and PDZ-based PDI were studied via biochemical characterizations
and quantitative PCR on four levels; free-cell viral damage; viral cell entry; DNA integration;
and expression of reporter genes. Both UV-C and PDZ treatments could destroy single stranded
RNA (ssRNA) and the spike protein of the virus, with different ratios. However, the virus was
still capable of binding and entering into the HEK 293T cells expressing angiotensin-converting
enzyme 2 (ACE-2). A dose-dependent manner of UV-C irradiation mostly damages the ssRNA,
while PDZ-based PDI mostly destroys the spike and viral membrane in concentration and dose-
dependent manners. We observed that the cells infected by the virus and treated with either UV-C
or PDZ-based PDI could not express the luciferase reporter gene, signifying the viral inactivation,
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1. Introduction

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /

Novel coronavirus disease (COVID-19), caused by the SC2 virus, was first detected
in December 2019 in the Hubei province of China, and has since sparked a global health
crisis, with 5.1 million deaths reported by the World Health Organization (WHO) as of
November 20 in 2021 [1]. This pandemic situation demands urgent attention toward

40/).

finding novel strategies that might contribute to the prevention of viral spread via the
inactivation of virions on surfaces, aerosols, and the human body.
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The UV-C light has been used in healthcare facilities for environmental disinfection
(air, liquid, and solid surfaces) [2]. The efficacy of this inactivation may depend not
only on the wavelength but also on factors such as the pathogens (e.g., bacterial or viral
species), light output, and environmental conditions [3]. UV-C light at 254 nm radiation
enables the deposit of the energetic photons during interaction with the coronavirus,
damaging the viral genome, and, consequently, the virus replication and proliferation
can theoretically be abrupted [4]. In the case of RNA viruses like SC2, UV irradiation
forms several RNA photoproducts, primarily from adjacent pyrimidine nucleotides,
such as uracil dimers, as well as RNA-protein cross-links [3]. The formation of the
uracil dimer potentially leads to frameshift or point mutations in the genome, known
as UV-signature mutations of virus [5]. Hence, we should remain vigilant about the
long-term effects of irradiation-mediated strategies for viral inactivation. There are
several studies on the effects of UV-C for LD90 viral inactivation based on the time and
dose of irradiation [2,6,7]; however, the mechanism of action of how UV-C inactivates
viruses is still unclear [7,8].

Photodynamic therapy (PDT) is another light-based strategy that has been pro-
posed to treat infections by damaging microorganisms, fungi, parasites, and viral
particles. PDT is based on the use of photo-sensitive agents named photosensitizers
(PS) which, in light-excited conditions and the presence of molecular oxygen, produce
reactive oxygen species (ROS) [9-15]. PDT may damage cells via ROS generation,
causing necrosis and apoptosis without harming the neighboring tissues. The ad-
vantages of utilizing photosensitizers for photodynamic inactivation (PDI) include
its short-term toxicity, the absence of cell genome alterations, and avoiding the de-
velopment of viral-induced resistance. Hence, the antiviral potential therapeutic
effects of PDT and PDI on SC2 have been investigated with promising results [16,17].
Photoditazine photosensitizer (PDZ) is a porphyrin derivative with a chlorine core
which allows it a high absorption in the red light spectrum with Amax of between
650-670 nm, as an advantage compared to the first generation of photosensitizers
which are porphyrin core-based and which absorbs wavelengths too short for superior
tissue penetration [18]. Understanding the mechanism of viral photoinactivation is
important in finding and optimizing light-based strategies to battle viral infection.
There are several reports on the mechanisms of viral photoinactivation with limited
experiments on virion damage and viral propagation [2,19,20] due to the restriction of
working with highly pathogenic viruses like HIV and SC2 viruses. Addressing these
containment issues, the setting up of pseudotyped models in BSL2 labs can speed
up studying the viral-cell mechanism and neutralizing assay towards in vivo stud-
ies [21,22]. Herein, we introduced the application of a pseudotyped model for studying
the viral mechanism on four levels; virion damage; viral-cell entry; DNA integration;
and expression of reporter genes. In this study, we followed the effects of UV-C irradia-
tion and PDI on viral spike proteins and ssRNA in a HIV-based pseudotyped model
of SC2 containing the Luciferase-IRES-ZsGreen reporter gene. Finally, we aimed to
study the pseudovirus during cell internalization, genome integration, and reporter
gene expression, after undergoing treatments by UV-C and PDZ photosensitizer under
different concentrations and conditions (Figure 1).
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Figure 1. Schematic picture of the mechanism of SARS-CoV-2 pseudovirus infectivity. Unlike SC2
ssRNA virus, which has viral reproduction independent of the host genome, this counterpart pseu-
dovirus carries on reporter ssRNA with LTR, which causes integration into the genome. In this study,
the pseudovirus has been treated with either UV-C irradiation or photodynamic inactivation (PDI)
by Photodithazine photosensitizer. The mechanism of infectivity of photo-inactivated pseudovirus
particles has been compared on four levels; free-cell viral damage; viral cell entry; DNA integration;
and expression of reporter genes. The figure was created with BioRender software.

2. Materials and Methods
2.1. Chemical Reagents

All reagents were purchased from Thermo Fisher Scientific (Waltham, MA, USA),
unless otherwise stated.

2.2. Cells and Viruses

The HEK 293T cells expressing ACE-2 receptor were gifted from BEI Resources as
catalog number NR-52511. ACE-2 enzyme is a critical receptor for virus entrance into the
host cell. The HEK 293T cells were used as control cells for assays, and for pseudovirus
generation. The cells were maintained at 37 °C in 5% CO, in DMEM medium-high glucose
(DMEM-HG) with 10% fetal bovine serum (Gibco Invitrogen, Grand Island, NY, USA).
HEK 293T is a derivative human cell line isolated from human embryonic kidneys (HEK)
and expresses a mutant version of the SV40 large T antigen.
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2.3. Plasmids

Vector backbone pMD2.G and Vector backbone psPAX2 were gifts from Didier Trono
(Addgene plasmid # 12259 and # 12260, respectively). The other plasmids were donated
by BEI Resources and their sequences are available at (https:/ /www.beiresources.org/
(accessed on 11 February 2022)) with the following catalog numbers [23]:

HDM-IDTSpike-fixK (BEI catalog number NR-52514): Plasmid expressing un-
der a CMV promoter the Spike viral entry from SARS-CoV-2 strain Wuhan-Hu-1
(Genbank NC_045512);

pPHAGE-CMV-Luc2-IRES-ZsGreen-W (BEI catalog number NR-52516): Lentiviral
backbone plasmid that uses a CMV promoter to express luciferase followed by an IRES
and ZsGreen;

HDM-Hgpm?2 (BEI catalog number NR-52517): lentiviral helper plasmid expressing
HIV Gag-Pol under a CMV promoter;

HDM-tatlb (NR-52518): Lentiviral helper plasmid expressing HIV Tat under a
CMV promoter.

pRC-CMV-Revlb (NR-52519): Lentiviral helper plasmid expressing HIV Rev under a
CMV promoter.

2.4. UV-Vis Spectroscopy

UV-Vis spectroscopy was used to determine plasmid and protein concentrations by
using Nanodrop 1000 UV-Visible spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) [24].

2.5. Dynamic Light Scattering

Hydrodynamic radii, electrophoretic mobility, and polydispersity of SC2 Spike-
pseudovirus were measured before and after photo inactivation. For UV-C inactivation and
PDI inactivation, we followed the inactivation protocols as explained in Sections 2.7 and 2.8.
Then, samples with 70 pL volume at 1 mg/mL in UV-transparent 96-well plates were mea-
sured using a DLS Wyatt Mobius (Wyatt Technologies, Dernbach, Germany) with incident
light at 532 nm, at an angle of 163.5°. Samples were equilibrated at 25 £ 0.1 °C for 600 s
before the measurements, and this temperature was held constant throughout the experi-
ments. All samples were measured in triplicate with 10 acquisitions and a 5 s acquisition
time. The change in the cumulant-fitted hydrodynamic radius in nanometers was moni-
tored during the storage period. Results were calculated using the Dynamics 7.1.7 software
(Wyatt Technologies, Santa Barbara, CA, USA).

2.6. Generation of Pseudovirus with SARS-CoV-2 Spike and Naked Control

SC2 Spike pseudotyped lentiviruses were generated by transfecting 293T cells, ad-
justed with the protocol explained by Thermo Fisher Scientific (Waltham, MA, USA).
Briefly, seed 293T cells to be 95-99% confluent at transfection. At 16-24 h after seeding,
the cells were transfected with the plasmids required for lentiviral production by using
Lipofectamine 3000 Reagent (Thermo Fisher Scientific, Waltham, MA, USA) following the
manufacturer’s instructions and using the following plasmid with 1 mL total volume per
well of a six-well plate. The 293T cells were transfected with a lentiviral backbone plasmid
encoding Firefly luciferase and ZsGreen reporter proteins, a plasmid expressing SC2 Spike,
and plasmids expressing HIV-1 gag, pol, and tat proteins, to assemble the membrane of viral
particles. The same protocol was followed to generate naked control pseudovirus without
adding the viral entry plasmid encoding SC2 Spike. At 8 h post-transfection, the packaging
medium was removed and replaced. At 24 h post-transfection, the entire volume of cell
supernatant was harvested and stored at 4 °C. Then, 1 mL of fresh medium was replaced.
At 52 h post-transfection, the entire volume of the cell supernatant was harvested. The
pseudovirus product was aliquoted in small volumes of 400 pL and stored at —80 °C prior
to use and underwent a single freeze-thaw.
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2.7. Viral Inactivation Using UV-C Irradiation

A total of 40 puL of pseudovirus were diluted in 60 uL of DMEM-HG without supple-
mentation in each well of a 96-well plate, which were exposed to the UV-C lamp 254 nm
(HNS G5, OSRAM Germicidal Puritec, Munich, Germany) placed 1 cm above the plate
to allow a uniform irradiance over the plate (10 &+ 2 mW/ cm?). Light was delivered by
1, 6, and 36 s corresponding to doses of 10, 60, and 360 m]/ cm?, respectively. Controls
were not submitted to irradiation. After irradiation, aliquots of 80 uL were placed into the
plates containing the previously seeded 293T/ACE2 cells and incubated for 8 h at 37 °C
with 5% CO; for viral adsorption. Then, 120 uL of DMEM-HG medium containing 12%
fetal bovine serum was added, and the plate was incubated for 48 h at 37 °C with 5% CO,.
Afterward, the cells were placed into a lysis buffer solution to proceed with either Firefly
luciferase assay or proviral DNA assay. Results were normalized in relation to controls for
the calculation of viral inhibition rates of each sample.

2.8. Photosensitizer-Based Photodynamic Inactivation

A total of 40 pL of pseudovirus were diluted in 60 pL of DMEM-HG without sup-
plementation in each well of a 96-well plate. The Photodithazine photosensitizer (PDZ)
(Photodithazine® Company, Moscow, Russia) with a serial dilution of 10, 50, and 250 pg/mL
was added, and incubated in the dark at RT (22 °C) for 15 min, then were irradiated using
a homemade LED device at 670 nm (red light). All irradiations were performed with an
irradiance rate of 30 mW/cm? in a time-dependent manner of 1, 10, and 20 min which
equal the light doses of 1.8, 18, and 36 ] /cm?, respectively. Afterwards, the treated ssRNA
viruses were either harvested for the viral RNA load and DLS characterization or were
incubated with the 293T / ACE-2 cells, as described in Section 2.7. After that, the cells were
harvested for previral DNA load and luciferase activity measurement.

2.9. Quantification of Viral RNA and Proviral DNA

The total ssRNA pseudovirus, before and after irradiation, was extracted and purified
using the RNeasy Lipid Tissue Mini Kit, according to the manufacturer’s (QIAGEN, Hilden,
Germany) protocol.

The pseudovirus was treated with either 36 s UV-C irradiation or 10 min PDI in
the presence of 10 ug/mL PDZ. The viral RNA load refers to the virus genome of free-
cell pseudovirus, before and after treatment. Viral load measurement was carried out
using one-step reverse transcriptase (RT) and real-time PCR in a single buffer system
using the Abbott Real Time on the automated m2000, over the dynamic range of de-
tection of 40 to 10,000,000 copies/mL (Abbott, IL, USA) [25]. The protocol was followed
as described by Kumar et al. for the TagMan One-Step RT and PCR Master Mix
Reagents Kit (Thermo Fisher Scientific, Waltham, MA, USA) with primers
and probes for long terminal repeat (LTR) region of 640 bp, with two
identical regions located at both ends of the either proviral DNA or RNA
viral of SC2 pseudovirus. Briefly, a volume of 5 uL RNA sample and 20 pL
Master Mix were used for a one-step RI-qPCR reaction with 20 uM
forward primer (5-GCCTCAATAAAGCTTGCCTTGA-3); 20 puM reverse primer (5-
GGGCGCCACTGCTAGAGA-3); 10 pM Tagman probe (5-FAM-CCAGAGTCACACAACAG
ACGGGCACA-TAMRA-3); and an Applied Biosystems 7500 Fast Real-Time PCR system
(Thermo Fisher Scientific, Waltham, M