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"I am among those who think that science has great beauty. A scientist in his laboratory is
not only a technician: he is also a child placed before natural phenomena which impress him

like a fairy tale."”
Marie Sktodowska-Curie

“Like musicians, like mathematicians—like elite athletes—scientists peak early and dwindle
fast. It isn’t creativity that fades, but stamina: science is an endurance sport. To produce that
single illuminating experiment, a thousand nonilluminating experiments have to be sent into
the trash; it is battle between nature and nerve.”

Siddharta Mukherjee, The Gene: An Intimate History
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INTRODUCTION

I. Antimicrobial resistance

Antimicrobial resistance is one of the arising problems of the XXI* century, as it is
estimated that every year 700,000 people die, due to infections related to multi-drug resistant
microorganisms [1]. Projections indicate that if actions are not taken on this regard, the death
toll would increase up to 10 million people per year, in 2050, with developing countries taking
the most damage of it [2].

Antimicrobial resistance arise is the result of the ever-growing presence of antibiotics into
the environment, which has selected resistant bacteria, and allowed the global spread of the
so-called “superbugs”. Recent studies have shown that antibiotic resistance genes (ARGSs)
are present even in the remote jungles of the Amazon [3], or in the supposedly pristine Arctic
region [4]. The quick spread of antibiotic resistance is due to molecular mechanisms resulting
from a millennial chemical war at the microscopic level. ARGs can be inherited through
generations (vertical transfer) or it can be acquired through other molecular mechanisms
(horizontal transfer) as depicted in Figure 1.
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Figure 1: Molecular mechanisms for the transferral of ARGs in bacteria. While ARGs can be
transferred through generations (vertical transfer), ARGs can be transferred as well through
bacteriophage-driven transduction, bacterial conjugation or acquired as pieces of DNA
obtained from dead bacteria (horizontal transfer).

The effective horizontal transfer of ARGs has led to a catastrophic scenario. Several
antibiotics, discovered during the last century but discarded due to their acute toxicity, have
been brought into the clinical use as “last resource” alternatives. However, alarms are ringing
around the world, as even these aggressive alternatives are being decimated by the global
spread of specific resistance genes [5].

As a deadly conjunction, the pipelines of development of new antibiotics are barely empty.
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Up to December 2020, approximately 43 new antibiotics were in different stages of clinical
development, from which only two had reached the application of “new drug” upon the Food
and Drugs Administration (FDA). However, from these 43 new molecules, only 24 were
expected to have an activity against the World Health Organization’s (WHO) list of critical
threat pathogens. Furthermore, only 10 of them received the classification of “new
molecules”, posing a high risk of cross-resistance with molecules of similar structure already
available [6]. These new molecules, although promising, will be reserved for specific
infections and hospital environments, to decelerate the appearance of antibiotics resistance,
with most of the population still in contact with antibiotics showing decreasing efficiency.

This dire situation has prompted scientists to look for alternatives [7], especially where
systemic antibiotics are not needed, as agriculture and food industry. Traditionally, antibiotics
have been acknowledged as “magic bullets”, as they have specific molecular targets and
molecular mechanisms, that avoid the host but attack the pathogen. However, this specificity
permits that bacterial resistance arise as a consequence of punctual mutations and/or
acquisition of resistance genes. Thus, an antibacterial alternative with non-specific molecular
target is desirable, with their best examples being cold atmospheric plasma and
photodynamic therapy.

Il. PhotoDynamic Therapy and Photodynamic Antimicrobial ChemoTherapy

PhotoDynamic Therapy (PDT) is a technique that conjugates photophysics, chemistry and
biology for the treatment of cancer cells, resulting in successful clinical treatments, applied
for the last 25 years [8]. PDT relies on the conjunction of the “holy trinity”: a photosensitizing
molecule, molecular oxygen and light, leading to the production of reactive oxygen species
(ROS). These ROS are able to quickly oxidize organic matter, resulting in cellular death. This
is useful for several clinical applications, and is currently used against solid tumors [8],
cancer [9], rheumatoid arthritis [10], among others.

As PDT, the Photodynamic Antimicrobial ChemoTherapy (PACT) relies on the generation
in situ of reactive oxygen species, for the annihilation of microorganisms, as bacteria [11],
virus [12], yeasts [13], and even parasites [14]. Due to the need of light, PACT can only be
used on inanimate surfaces [15] or in the exterior, lumen and cavities of living beings [16],
which restricts their width of applications. However, PACT represents an interesting
approach, as an ideal photosensitizer will only exert its microbicide effect when irradiated
under a certain wavelength, decreasing the chances of microorganisms to generate
resistance.

A. Photochemical mechanisms

The production of ROS by PDT and PACT results from the photosensitizer’s excitation
when it absorbs a photon. This leads to the promotion of an electron into a higher-energy
molecular orbital, resulting in a short-lived excited state whose decay to the ground state can
be through fluorescence. However, during the excited singlet state, the electron can undergo
spin conversion, leading to the population of the excited triplet state. As this, an intersystem
crossing, is a spin-forbidden process, the excited electron goes through a second spin-
forbidden conversion, depopulating the triplet state and decaying to the ground state, through
phosphorescence, for example. Phosphorescence, as a not-allowed process, usually has a
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greater life time (1, = 10 — 1 second), when compared with the fluorescence decay (1 = 10°
— 10 seconds), and then triplet state photosensitizers are able to interact with the molecules
surrounding them (Figure 2) [17].
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Figure 2: Modified Jablonsky energy diagram, showing the different excitation states of the
photosensitizers (Psen) and the formation of singlet oxygen through Type-ll process. Taken from
Josefsen and Boyle, 2008 [17].

The ROS that are produced as a consequence of the photosensitizer’s exposure to the
light, depends on the electron transfer from the excited photosensitizer towards a reducible
molecule. If the photosensitizer is in intimate contact with a substrate (i.e., lipids, proteins,
nucleic acids), it is susceptible to electron transfer, leading to a chain reaction that produces
a high variety of ROS (i.e. O,™, OH™), with lipids being highly susceptible to it, with this being
the Type-l process. However, a specific ROS can be produced if the excited triplet state
photosensitizer interacts through energy transfer with ground state molecular oxygen, a spin
allowed transition as both are in the same spin state. This Type-ll process produces the
highly reactive singlet oxygen ('O.), which is usually related to cell injury and eventual death.
But although singlet oxygen is looked forward as an indicative of an efficient photosensitizer,
it is important to emphasize that both photodynamic processes can be responsible for
cellular death [17].

B. An ideal photosensitizer

Photosensitizers are aromatic molecules, with tetrapyrrolic compounds being the best
explored examples. An ideal photosensitizer has been described [17,18] as a molecule which
complies with:

» Strong absorption in the visible range (400 — 800 nm),
« Effective ROS producer,

« Suitable photophysical characteristics,

* Have a short and high yielding synthetic route,

* Minimal dark toxicity,

* Simple and stable drug formulation,

* Solubility in biological media.
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Tetrapyrrolic compounds are macrocyclic aromatic molecules, structurally related to the
natural compounds hemoglobin and chlorophyll. There are several types of tetrapyrrolic
compounds (i.e., porphyrins, chlorins, bacteriochlorins, phthalocyanines), and although most
of them comply with the chemical and photophysical requirements to be considered good
photosensitizers, their solubility and behavior in biological media can be unfavorable (Figure
3). Most of the current research of photosensitizers and their applications in PACT and PDT
focuses on the development of new and better photosensitizing molecules, especially for the
eradication of Gram-negative bacteria.

™ N\
\ NH N=
N\ N NH /N
AL

Porphyrin Chlorin Bacteriochlorin Phthalocyanine

Figure 3: Tetrapyrrolic compounds and their aromatic cores (bold).

Publication 1. “New insights for eradication of Gram-negative bacteria
by photodynamic treatment: a still relevant challenge”

[Publication Submitted by June 30" 2021, at Photochemical and Photobiological
Sciences]
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New insights for eradication of Gram-negative bacteria by

photodynamic treatment: a still relevant challenge

Nidia Maldonado-Carmona ', Tan-Sothea Quk !, and Stéphanie Leroy-Lhez '*
'PEIRENE Laboratory, Faculty of Sciences and Techniques, University of Limoges, Limoges, 87060, France
“University of Coimbra, Coimbra Chemistry Center, Department of Chemistry, University of Coimbra, Coimbra, 3004-
535, Portugal

Abstract

Antimicrobial resistance is threatening to overshadow last century’s medical advances. Previously eradicated infectious
diseases are now resurgent as multi-drug resistant strains, especially for Gram-negative strains. Finding new therapeutic
10 solutions is a real challenge for our society. In this framework, Photodynamic Antimicrobial ChemoTherapy relies on the
11  generation of toxic reactive oxygen species in the presence of light, oxygen and a photosensitizer molecule. The reactive
12 species generated represent an alternative to disinfection, as it does not have a specific molecular target, decreasing the
13 potential of resistance development to the antimicrobial treatment. In the last few years this topic has been thoroughly
14 explored, exploring strategies based in single molecules or in conjunction with delivery systems. The present work
15  describes some of the most relevant advances of the last 6 years, focusing on photosensitizers design, formulation and
16 potentiation, aiming for the disinfection of Gram-negative bacteria.

Lo N ok w N =

17

18 Keywords: disinfection, antibacterial alternatives, photosensitizers, delivery systems

19

20 1. Introduction

21 Although conventional antimicrobial drugs were described as “magic bullets™ in the XXI* century, the increase

22 of antimicrobial drug resistance requires a major and rapid intervention, to keep up with the medical advances developed
23 so far [1]. Fighting antimicrobial resistance (AMR) has been recognized as a priority for public health, including food
24 supply [2, 3]. The number of microorganisms exhibiting AMR, especially resistance to multiple antibiotics, has continued
25 to increase in Europe. An estimation has predicted that deaths caused by antimicrobial resistance could rise from
26 approximately 700,000 deaths a year to close to 10 million deaths per year by 2050, with a cumulative cost of 100 trillion
27  US dollars [2, 4]. Alternative and more efficient antimicrobial strategies are urgently needed, especially against
28  “ESKAPE” superbugs (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
29  Pseudomonas aeruginosa, and Enterobacter spp) [5]. In 2017, the World Health Organization (WHO) has published a list
30  ofantibiotic-resistant priority pathogens [6], most of which are Gram-negative bacterial pathogens. Due to their distinctive
31  structure, Gram-negative bacteria are more resistant than Gram-positive bacteria, causing significant morbidity and
32 mortality worldwide. Since resistance in Gram-negative bacteria is often mediated by plasmids carrying multiple
33 resistance genes, treatment is frequently restricted to second-line and third-line antibiotics with high toxicity or poor
34 efficacy, which causes patient harm and increases health care costs. The development of novel but still conventional
35  systemic antimicrobial agents, having only a single mode or site of action, will not alleviate the situation. Indeed, it is
36 probably only a matter of time until any such agents will also become ineffective. An improved approach to avoid future
37  development of resistance is to focus on agents/techniques with modes of action that interact with multiple targets on the
38  microorganisms [7]. A suitable therapeutic option for local control and as preventive exposure prior to surgery or anti-
39  cancer therapy is the Photodynamic Antimicrobial ChemoTherapy (PACT) [8].

40 Photodynamic therapy (PDT) requires the simultaneous use of a chromophore molecule, called photosensitizer
41  (PS), oxygen, and light. Upon light irradiation, the PS ("PS) gets into an excited singlet state ('P8"), which through
42 intersystem crossing, turns into an excited triplet state (*PS”), which can interact with an electron acceptor substrate (Type-
43 1 mechanism) or with molecular oxygen (Type-II mechanism), to form highly reactive oxygen species (ROS) such as
44 hydroxyl radicals and cytotoxic singlet oxygen 'O» (Figure 1). Both mechanisms induce the photooxidation of
45 biomolecules, such as nucleic acids, lipids, and proteins, leading to eventual cell death [9].
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Figure I: Hlustration of the photochemical mechanisms of different reactive oxygen species (ROS) produced during photodvnamic action

47 Although PDT was initially used for the treatment of cancer, and tumors, the emergence of MultiDrug Resistant
48 (MDR) bacteria has conducted to the adaptation of PDT for the treatment of infections [10-13]. In this regard, PACT is a
49  promising approach for the treatment of bacterial infections. Because of the high reactivity of ROS, light-activated PS are
50 able to neutralize, bacteria and bacterial virulence factors, reducing their effectiveness or decreasing their expression.
51  Then, PACT is not only able to decrease the survival of pathogenic bacteria, but also able to decrease the pathogenicity
52 and virulence. The speed of ROS production, and consequently, killing bacteria rate, together with the non-specific
53  molecular target of ROS, is likely to decrease the development of resistance towards PACT [14, 15]. This is just one of
54 the advantages of using PACT as an alternative for bacterial disinfection, as PACT is able to cause localized impact on a
55  site of infection thanks to a local irradiation. However, the necessity of light irradiation could be a double-edged sword,
56  as some physiological environments are unlikely to be reached by light. Nevertheless, there are several potential
57  environments and applications where PACT could replace or complement conventional antimicrobial therapies (Figure

58  2.[16]).
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60 Figure 2: Localized sites of infection, which could be potentially treated by PACT.
61 Since the development of the initial antibacterial treatments, it was shown that bacteria had different

62 susceptibilities towards chemotherapy, which relies on the physiology of bacteria [17]. Bacteria are usually divided by
63 their capacity to retain crystal violet in their peptidoglycan cell wall, being Gram-positive if bacteria retained the stain
64  and Gram-negative if bacteria did not retain the dye. This test allows microbiologists to differentiate the type of envelopes
65  that bacteria have. Gram-positive bacteria display a thick cell wall constituted by peptidoglycans, which easily retains
66  crystal violet, decorated with teichoic acids and lipids. Meanwhile, Gram-negative bacteria possess two lipidic
67  membranes, separated by a periplasmic space and a thin peptidoglycan layer (Figure 3). The outer membrane is decorated
68  with lipoproteins and negatively-charged lipopolysaccharides (LPS), with Gram-negative bacteria relying on porin
69  channels for the transport of small molecules through the outer membrane. These structures prevent the entry of unknown
70  molecules into bacteria, decreasing their permeability and usually requiring small, polar compounds with cationic charges
71  as antibiotic molecules [18]. Photosensitizers used in PACT are not exempt to these solubility challenges and in the
72 following sections we’ll explore some of the emerging alternatives towards Gram-negative disinfection, which,
73 interestingly, not only relies on the presence of cationic charged molecules, but also on delivery systems and the use of
74 adjuvants to favor the permeation into the outer membrane of bacteria.
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Figure 3: Comparison of the cellular envelopes for Gram-positive and Gram-negative bacteria

75
76 2. Photosensitizers structure
77 Most of the research efforts poured into PACT current pipeline, still explores the effects of structural changes

78  into the efficiency of the photosensitizers. Unlike traditional antibiotic therapies, there are several kinds of molecules with
79  photosensitizing activity that are explored as clinically relevant photosensitizers against bacteria. In the following
80  sections, we will describe several recent examples of synthesized photosensitizers tested against Gram-negative bacteria,
81  grouped by ionic nature and chemical structure. As a side note, through the following sections, whenever the term
82 “efficient eradication™ or similar is used, it refers to a decrease of at least 99.9 % of bacterial survival or 3-log reduction.
83  Actechnical resume of the described examples, along with relevant information (i.e. concentration of the photosensitizer,
84 light source, light fluence, light dose, etc.) are summarized in the Supplementary Material.

85
86 2.1 Cationic photosensitizers
87 Most of the antibacterial pipelines focuses on the development of novel cationic molecules [19], with this trend

88  being valid for PACT as well. This has led to an extensive library of different photosensitizers, with different core
89  structures, as porphyrins, phthalocyanines, chlorins, bacteriochlorins and others (Supplementary Material 1).

90
91 2.1.1  Cationic porphyrins
92 Porphyrin’s relative easiness of synthesis and chemical tuning, has provoked a huge number of relevant

93 examples in the use of cationic porphyrins, understandably, relying in the presence of tertiary amines derivatives. One of
94 the best studied examples of cationic porphyrins is TMPyP (1, Figure 4), from which several applications are found in
95 literature. In one of the most recent examples using 1, and compared with its zine(II) derivative 2, Seeger et al.
96  demonstrated efficient photo-cradication against model Proteus mirabilis and P aeruginosa, but also against their
97  respective clinical isolates from canine ofitis, as a result of light-driven production of singlet oxygen [20]. Although
98  normally the non-metalated TMPyP or its zinc(Il) metalated derivative are analyzed, Skwor et al. have devoted to the
99  analysis on the influence of the metalation (Cu®', Fe?', Pd?" and Zn?*) in the antibacterial activity, finding that 3, metalated
100  with Pd, was the most efficient at eradicating E. celi [21], this evidencing the upmost importance of the metal used, and
101  consequences on the photo physics of PS. Indeed, whereas copper and iron induce prompt quenching of the excited state,
102  palladium(I) enhances spin-orbit coupling, and thus conversion to the triplet state and ultimately in fine singlet oxygen
103  generation.
104 The advances obtained through the structural analysis of several cationic porphyrins has led to the conclusion
105  that cationic charge is not only needed, but also an amphiphilic moiety that enhances the cellular uptake. Then, cationic
106  porphyrins 4 and 5, along their zinc(IT) derivatives 6 and 7 (Figure 4), were successfully tested by Calmeiro et al. against
107 E. coli, with its antimicrobial activity resulting enhanced by the presence of KI 100 mM (For further details on PACT
108  potentiation effect due to inorganic salts, see Section 4.3, vide infra) [22]. Furthermore, a complete family of porphyrins
109  bearing either non-cationic phenyl moieties or methylpyridinium-4-yl moieties (8 — 12, Figure 4), were tested against E.
110  coli eradication, showing that other parameters, such as the charge number and distribution must be taken into account.
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111 Compound 12 was evidenced to be the most efficient antibacterial treatment [23]. On regard of the efficient results
112  obtained with 12, it was further used by Marciel et al. for the efficient disinfection of E. coli in plasma and blood, with
113 low evidence of hemolytic activity towards erythrocytes [24].

1 M=2H O=I(TMPyP)
2 M=zn*Q=r
3 M=pPd* O=NO,

@ =12s507" O=r
Figure 4: Structure of some cationic porphyrins presented along this work

114
115 In another approach, several cationic o-pyridil porphyrins (13 — 16, Figure 5) were compared, testing the
116  influence of the alkyl’s length chain on E. coli disinfection, where it was found that the compound 16, bearing an alkyl
117  chain with eight carbons, decreased the bacterial viability in around 97 %, while compound 13 was only able to reduce
118  bacterial viability by 20 % [25, 26]. These results were compared with similar iron(IlI)-metalated porphyrins [27],
119  obtaining similar results and bearing the same conclusions: for Gram-negative eradication not only cationic charges are
120  needed, but also lipophilicity is desirable.
121 As it is unlikely that current research has achieved the ultimate photosensitizer, several works aim to increase
122 the structural diversity of the porphyrinic systems, aiming also for B-substituted porphyrins. Namely, Moura et al.
123 presented three cationic porphyrins (17 — 20, Figure 5), bearing imidazole units at a B-pyrrolic position, and analyzed
124 their efficiency against bioluminescent E. coli, successfully reducing its bacterial density [28]. Interestingly, 19, albeit
125  bromine substituted is not the best 'O, producer, it is one of the most efficient in killing bacteria; furthermore, the most
126  efficient compound in '0» generation, 17, was unable to decrease bacterial survival. In another example, Vinagreiro et al.,
127  focused on porphyrins meta-substituted with 1-methyl-imidazol-2-yl, synthesizing compounds 21 to 24, Figure 5. These
128  compounds were tested against model bacteria E. coli and P. aeruginosa, and given the efficient results obtained with
129  compounds 22 and 24, they were further successfully tested against multidrug-resistant A. baumannii, K. pneumoniae and
130  E. coli[29].
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Figure 5: Different structures of cationic porphyrins

131
132 2.1.2  Cationic phthalocyanines and subphthalocyanines
133 Porphyrins are not the only photosensitizers aimed for the eradication of bacteria. Phthalocyanines are widely

134 used against bacteria proliferation, with comprehensive reviews being recently published by Galstyan [30], and by Ribeiro
135 [31]. In the present section we aim to present some of the most representative advances on the use of phthalocyanines
136  against Gram-negative proliferation.

137 Returning to the previous investigation of Marciel et al. [24], the cationic phthalocyanine 25 (Figure 6), bearing
138  eight cationic charges was used for blood disinfection. When researchers compared the obtained results of 12 (Figure 4)
139  and 25 (Figure 6), although both photosensitizers were able to efficiently decrease the bacterial concentration in PBS,
140  when challenged in complex media (i.e., plasma or complete blood), the cationic porphyrin was more efficient than the
141  cationic phthalocyanine, an effect attributed to the phthalocyanines tendency to aggregate in aqueous media, despite its
142 cight cationic charges [24].

143 In another approach, Lourengo et al., developed four cationic phthalocyanines, with four to sixteen cationic
144 charges, which were tested against bioluminescent E. coli and E. coli biofilm, under white and red light. The best results
145  were obtained with the phthalocyanines with 4, 8 and 16 cationic charges (26 — 29, Figure 6) under red light irradiation,
146  for both planktonic and biofilm cells. Interestingly, the best result appears to be with the phthalocyanine bearing 8 cationic
147  charges, which could be attributed to the size of the molecule [32]. In a similar effort, Aroso et al. prepared and analyzed
148  the effect of the number of charges, the length of the alkyl chain and the nature of the complexed metal (30 - 33, Figure
149  6). The best antimicrobial effect against E. coli and P. aeruginosa was found with 30, a zinc(IT) phthalocyanine bearing
150 four cationic charges and a two-carbons alkyl chain, in agreement with previous experiments where “less is more” [33].
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Figure 6: Cationic phthalocyanines discussed along this work

In another example, Mantareva et al., prepared two lutetium(III) acetate cationic phthalocyanines, and tested
them against an antibiotic-sensitive strain of P. aeruginosa. The phthalocyanines differed in the position of the
methylpyridinium-4-yl moieties, being in the non-peripheral (34) or peripheral position (35, Figure 7). This difference
appears to be decisive, as the non-peripheral substituted phthalocyanine was an efficient photobactericide molecule, while
the other only showed a modest reduction in bacterial survival [34]. In a related work, Dlugaszewska et al. prepared a
magnesium(II) phthalocyanine (36, Figure 7), bearing eight cationic moieties in the non-peripheral positions, which was
able to eradicate planktonic bacteria of E. coli, F. aeruginosa and Serratia marcescens under near-infrared light irradiation,
but failed to eradicate mature biofilm from the same bacteria [35].

Most of the differences found for several phthalocyanine compounds are due to the phthalocyanines tendency to
aggregate in aqueous media. To overcome this, Ruiz-Gonzalez et al., prepared four cationic dendrimeric phthalocyanines,
bearing either zinc(IT) (37 and 38) or ruthenium(IIT) (39 and 40, Figure 7). Interestingly, it was found that the zinc-
metalated phthalocyanines had a best performance against E. coli, under light irradiation at 635 nm [36]. The presence of
hydroxyl moieties could prevent the aggregation of the phthalocyanines, as Meerovich et al. proposed with an octa-
cholinyl substituted phthalocyanine (41, Figure 7), which was able to successfully decrease the bacterial survival of P,
aeruginosa planktonic cells and biofilm cultures, after red light irradiation [37]. Also, Lin et al. developed a
monosubstituted phthalocyanine 42 (Figure 7), which was efficient at the eradication of E. coli, needing only 8 pM of the
compound to achieve a 5-log reduction [38].

Then, cationic phthalocyanines are a good alternative for photosensitizers against Gram-negative bacteria, as
demonstrated through several literature examples. New examples should consider not only the presence of cationic
charges, but also the presence of hydrophilic moieties to prevent aggregation in aqueous media, a factor that seems
particularly detrimental for these compounds.
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Figure 7: Cationic phthalocyanines presented along this work.

173
174  2.1.3  Cationic chlorins and bacteriochlorins
175 Although less common, there are some examples on the use of cationic chlorins and bacteriochlorins against

176  Gram-negative proliferation. As an example, Meerovich et al., tested two different bacteriochlorins (43 and 44, Figure 8)
177  against P. aeruginosa planktonic cells and biofilm cultures. Both symmetric bacteriochlorins, were able to efficiently
178  reduce the bacterial survival of planktonic cells, while it required higher concentrations and higher light doses to eradicate
179  biofilm cultures [37]. In the same work, Meerovich et al. compared the efficiency of these bacteriochlorins against the
180  cationic phthalocyanine 41 (Figure 7), evidencing that the bacteriochlorins were more efficient under similar conditions,
181 possibly due to the difference of size, which permits smaller molecules to diffuse easily through Gram-negative
182  membranes. In another example, Ziganshyna ct al. tested a commercial bacteriochlorin tetrahydroporphyrin-tetratosylate
183 45 (Figure 8), against several drug-resistant strains of Gram-negative bacteria, demonstrating a good eradication, although
184  high concentrations and high light doses (from a laser or a LED-source) were used [39].

185
186 2.1.4  Cationic BODIPY
187 Cationic bore-dipyrromethene' (BODIPY) are pyrrolic derivatives which are easily synthesized and chemically

188  tuned, which are under current intense research as efficient photosensitizers for photodynamic therapy [40]. In a recent
189  example, two cationic BODIPY (46 and 47, Figure 8) were synthesized and tested against E. coli planktonic cells,
190  achieving an efficient eradication. Although structurally different, these two BODIPY ’s had similar effectivity, but when
191 50 mM of KI were added to the mixture, the BODIPY with a cholinyl moiety was clearly the most efficient
192 photosensitizer, when irradiated with white light [41]. This compound was later further analyzed by Piskorz et al., whom
193  found that this compound was also effective, under different experimental parameters. Furthermore, they found that the
194 presence of iodine into the B positions (48, Figure 8) increased their activity around 10 times [42].

195
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Figure 8. Cationic bacteriochlorins and BODIPYs derivatives

196
197 2.1.5  Methylene blue and other dyes
198 Traditional dyes, as methylene blue, Rose Bengal, erythromicine, etc., were the first photosensitizers. Up to this

199  date methylene blue (MB, 49, Figure 9) is still under preclinical use, due to their well-known characteristics and proved
200  safety. Nevertheless, there are still novel applications and exciting results to be found. As an example, dos Anjos et al.,
201  used MB for the eradication of three strains of K. pneumoniae, which were producers of B-lactamase, an enzyme that
202  impedes the proper function of B-lactamic antibiotics. Then, the use of MB in sublethal doses decreased the activity of p-
203  lactamase, and, furthermore, possibly reverts the sensitivity of the K. pneumoniae strains to p-lactamic antibiotics [43].
204  In a similar approach, different types of carbapenemases produced strains by S. marscences, K. pneumoniae and
205  Enterobacter aerogenes, were photodynamically degraded by MB, leading to a recovery of the sensitivity to carbapenem
206 [44]. Additionally, there’s evidence that MB can lead to a modest cradication of several strains of A. baumannii,
207  independently of their sensitivity towards carbapenem [45]. Then, MB appears as a suitable complement to traditional
208  chemotherapy against drug-resistant bacteria. In another approach, different dyes, as toluidine blue O (TBQ) 50, azure
209  AS5I1 and new methylene blue 52 (Figure 9), had been tested against K. preumoniae, resulting in efficient photosensitizers
210  against planktonic and mature biofilms [46].

211
212  2.1.6  Other cationic photosensitizers
213 Another kind of photosensitizer are porphycenes, which are isomers of porphyrins. Their unique aromatic

214 structure provides them with different photophysical properties than those observed for the porphyrins. Although the less,
215  there are some examples of cationic porphycenes being used against bacteria, as Ruiz-Gonzalez et al. research, whom
216  synthesized two porphycenes (53 and 54, Figure 9) and tested them against P. aeruginosa and E. coli, resulting in an
217  efficient eradication of bacteria [47].

218 Phenalenone derivatives have also acquired recent relevance as photosensitizers. Phenalenone is an oxygenated
219  polycyclic aromatic molecule, bearing a ketone moiety [48]. Previously described toxicity has stalted the development of
220  phenalenone derivatives as photodynamic agents, but some recent studies are overtaking this challenge. As an example,
221  Tabenski et al., synthesized four cationic phenalenone derivatives (55 — 59, Figure 9), bearing a quaternary amine, and
222 testing their activity against E. coli after blue light irradiation, comparing the obtained result with the reference molecule
223 SAPYR 55. The results obtained indicated an efficient bacterial eradication, with the best result obtained with an imine-
224 substituted derivative, attributed to a foreseen ability to form hydrogen bonds with glutamate moieties on the bacterial
225  membranes [49]. In a more recent example, Godard et al. prepared a complete library of phenalenone derivatives (60 —
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226

75, Figure 9), combining phenalenone’s photosensitizing activity with the antimicrobial activity derived from triazolium

227  salts. These compounds were tested against three Gram-negative strains, two strains of E. coli and one strain of P
228  aeruginosa. Some of the compounds were active against the three strains, and although the results are modest, the authors
229  discuss about the increased effect on compounds with hydrophobic moieties, which are likely to increase the interaction
230  with the lipidic membranes of Gram-negative organisms [50].
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Figure 9. Cationic bacteriochlorins and BODIPYs derivative
231
232 One can also cite fullerenes, spherical carbon-based molecules, being just discovered in 1985. Thanks to their
233 particular shape and structure, fullerenes absorb visible light, have a high intersystem crossing yield, and are even able to
234 produce light-driven ROS [51]. Due to their chemical characteristics, fullerenes are highly hydrophobic and tend to
235  aggregate in aqueous media, and then cationic functionalization provides both with increased water availability and targets
236  the membranes of Gram-negative bacteria [52]. Furthermore, their aggregation capacity has been exploited, through the
237  formation of fullerenes nanoparticles and testing them against E. coli [53].
238
239 22 Neutral and anionic photosensitizer
240 Although most of the current development of new photosensitizers is focused on cationic molecules, there are
241  still some examples where non-cationic molecules are used for efficient bacterial eradication. However, is noteworthy
242 that several of the molecules described along this section are parental molecules of the cationic porphyrins previously
243 described.
244
245 22.1  Porphyrins
246 As previously described, Calmeiro et al., prepared several porphyrins, including the non-N-methylated
247 derivatives of 4 and 6, and tested them against E. coli in the presence and absence of KI [22]. Interestingly, while the
248  neutral compounds failed to eradicate bacteria, the addition of KI into the media increased the efficiency of
249  photobactericidal activity up to 3-logs, through the permeabilization of the Gram-negative membranes. Significantly, in
250  another example, Ferreyra et al., prepared a porphyrin (76) and a chlorin (77, Figure 10), with the porphyrin being able
251  to efficiently eradicate £. coli, which despite its lack of cationic charges, was able to be uptaken by bacteria, reaching
252 uptake levels similar as those found for cationic TMPyP [54].
253
254 222  Phthalocyanines
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255 Similarly, when neutral phthalocyanines are tested against Gram-negative bacteria, they failed to eradicate
256  bacteria where its cationic counterparts (42, Figure 7) succeeded [38]. Recently, Berezin et al., compared the efficiency
257  ofaneutral (78) and an anionic phthalocyanine (79, Figure 10) for E. coli eradication, using Tween 80 1% as a membrane
258  disruptor, but also as a de-aggregation agent for the phthalocyanines, which together with the use of EDTA 0.1%, lead to
259  excellent bacterial eradication [55]. Similarly, Biyiklioglu et al., compared the efficiency of a silicon phthalocyanine (80)
260  and a boron subphthalocyanine (81, Figure 10) against £. coli, finding that both eradicate bacteria under white light
261  irradiation, and being the subphthalocyanine the most effective compound, which correlated with subphthalocyanine’s
262 superior singlet oxygen production [56].

263
264 223  Chlorins and bacteriochlorins
265 In a recent example, chlorin e6 (82, Figure 10) was tested against biofilms made of two or three different

266  bacterial species, namely Moraxella catarrhalis, Haemophilus influenza and Streptococcus pneumoniae, mimicking the
267  bacterial environment found in otitis media infections. The effectivity of chlorin e6 against the biofilms depended of the
268  bacterial strains, the concentration, the incubation time and the light dose. Biofilms tend to be resilient communities that
269  are impermeable to small molecules, providing resistance to antimicrobial therapies, and thus, the modest success of
270  chlorin e6 could be a fundamental stone for the use of photodynamic therapy, in combination with another antimicrobial
271  chemotherapy, for the treatment of persistent otitis media [57]. Returning to the work of Ferreyra et al., they prepared a
272 chlorin (77), which was tested against E. coli, achieving efficient eradication. When compared with the parental porphyrin
273 76, both compounds had similar results against E. coli [54].

274 The lack of efficiency of neutral compounds against Gram-negative bacteria can be deduced as a consequence
275  ofthe lack of interaction between the compounds and the cellular membrane. Kriiger et al., approached this question using
276 the neutral chlorin chlorophyllin (83, Figure 10), against Bacillus cereus, E. coli and a membrane-defective mutant of E.
277  coli. This compound could only eradicate bacteria lacking a proper cellular membrane, with the E. coli mutant being
278  sensitive to photodynamic eradication [58].
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Figure 10. Neutral and anionic porphyrins, chlorins, phthalocyanines and subphthalocyanines

279
280 22.4 BODIPY and dipyrrinato compounds
281 Like others example of cationic PS of whom neutral analogs have been also investigated, neutral BODIPY's have

282 been also studied. In the previous example of Piskorz et al., the non-cationic derivatives of 47 and 48 (Figure 8) were
283  only able to reduce bacterial survival at high concentrations, as 50 and 500 uM [42].

284 In a recent example, Hohlfeld et al. prepared several neutral BODIPY compounds as an effort to understand the
285  effect that chemical modifications had on their efficiency on disinfection of bacteria. The tested compounds could be
286  divided in two groups, bearing either a 2,3,5,6-tetrafluorophenyl (84 to 88) or a 3-nitrophenyl (89 to 93, Figure 11) moiety
287  at the meso-position. Further functionalization allowed to assess the effect of different moieties (i.e., amine groups, alkyne
288  groups, hydroxyl groups, etc.) in the eradication of P aeruginosa. The best results were obtained with the BODIPYs
289  derivatives bearing a tetrafluorophenyl moiety and an unprotected thio-carbohydrate (glucosyl 87 or galactosyl 88).
290  Furthermore, the compounds were challenged in the presence of serum 10%, which significantly decreased the efficiency
291  of the photodynamic treatments [59]. In a similar approach, the same researchers prepared several dipyrrinato-iridium
292 complexes (94 to 101, Figure 11), and tested them against P. aeruginosa, under similar experimental conditions. Several

Nidia MALDONADO CARMONA | These de doctorat | Université de Limoges | 2021

23
ImEl


http://creativecommons.org/licenses/by-nc-nd/2.0/fr/

293
294
295

296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311

Nidia MALDONADO CARMONA | These de doctorat | Université de Limoges | 2021

compounds were found to be effective against bacteria, and, similarly, their efficiency was decreased in the presence of
serum 10 % [60].
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Figure 1. Neutral BODIPY and iridium-dipyrrinate derivates

2.2.5  Other photosensitizers

Erythrosine (102, Figure 12) is an anionic dye photosensitizer, whose efficiency against A. baumannii
planktonic cells and biofilms has been investigated by Fekrirad and collaborators. Their research achieved an efficient
eradication of planktonic bacteria when incubated with 0.01% of acetic acid, and achieved biofilm eradication when
erythrosine was combined with 0.01% of acetic acid and 12.5 uM chitosan [61]. In a similar approach, Santos et al.,
increased the efficiency of Rose Bengal (RB) and eosin (Figure 12) against Salmonella enterica serovar Typhimurium,
through the addition of KI prior irradiation with green light. The authors attributed this effect to the stabilization of the
singlet oxygen with the ion I, leading to the formation of peroxyiodide and other radical species [62].

Although generally photosensitizers are perceived as small molecules, some reports indicate that LOV (light-
oxygen-voltage receptor) proteins are susceptible to be used as photosensitizers against bacteria [63]. In a most recent
report, three different proteins, SOPP3, SuperNova and KillerOrange (Figure 12), originally intended as in vivo
reporters of oxygen-limited systems, tend to be toxic towards E. coli, their heterologous host, when irradiated with light.
Several experiments further confirm the toxicity of these proteins against P. aeruginosa, representing an interesting system
that can easily be expressed together with targeting proteins, as lectine B (LecB), increasing their antibacterial efficiency
[64].
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Figure 12. Neutral dyes and proteins with photosensitizing properties. The crystal structures were obtained from the Protein Data Bank (PDB), entries
6GPU (SOPP3), 3WCK (SuperNova) and 4ZFS (KillerOrange).

312
313 23 Synthetic metallic complexes
314 As photodynamic applications against microorganisms diversify, more alternatives of different photosensitizers

315  start to appear. We have previously addressed several examples were metals, as iron [27], iridium [60], palladium [21],
316  ruthenium [36], and lutetium [34], are used to form complexes with photosensitizers. However, the use of metals is not
317  limited to the decoration of already stablished photosensitizers.

318 In a recent example, Hopkins and collaborators prepared a ruthenium(1l) and platinum(1I) complex (108, Figure
319  13) with phenanthroline, which was then tested against E. coli under white light irradiation. The results obtained indicated
320  that the complex acts as a photosensitizer, resulting more efficient than cisplatin, a model platinum complex [65].
321  Intending to provide an increased bioavailability of the ruthenium complexes, Soliman and collaborators synthesized a
322 ruthenium-polylactic acid complex (109, Figure 13), which was used to form nanoparticles. The nanoparticles were fully
323 characterized, but when tested against bacteria, they were uncapable of eradicate Gram-negative bacteria, as E. coli and
324 P aeruginosa, explained through the low internalization of the nanoparticles [66]. Similarly, Le Gall et al. prepared several
325 ruthenium polypyridiyl complexes (110 - 126, Figure 13). Then, although their binding to E. coli and P. aeruginosa was
326 demonstrated through luminescence, the compounds were unable to decrease bacterial survival of Gram-negative bacteria
327  [67]. In order to increase the binding between the ruthenium complexes and bacteria, another approach has been taken by
328  Pierce et al. This group of researchers attached buforin 11, an antimicrobial peptide, to a ruthenium complex (127, Figure
329  13), and then tested it against several model strains, successfully photoeradicating the model E. coli, but also against
330  clinical isolates of drug-resistant P. aeruginosa, E. eoli, A. baumannii and K. pneumoniae [68].
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Figure 13: Some metallic complexes described in this work. The buforin II structure was extracted from the PDB entry 4KHA.

331
332 3. Materials with photosensitizing properties and delivery systems
333 As previously stated, AMR is a huge health concern for governments and scientists, with an imperative need for

334 stronger policies, encouraging the development of novel technologies to fight microbial proliferation. One ever-growing
335  topic is the development of self-disinfecting surfaces, as microbial contamination in surfaces, at hospital and food
336  processing environments, can provide a platform for the proliferation and dissemination of bacterial biofilms into our
337  communities. The development of materials with self-disinfecting properties, can be achieved with photosensitizing
338 molecules, and additionally addressing the low aqueous solubility of several photosensitizers. Several examples of
339  photosensitizing materials use either carbon-based or inorganic scaffolds, with all the systems having assets and
340  drawbacks; an efficient antimicrobial material should indeed exhibit a good equilibrium between stability, preserved
341 photophysical properties of PS, bactericidal efficiency and safety towards the host.

342
343 31 Materials based on biopolymers and carbon-based molecules
344 During the past decades, in line with the emergence of green chemistry, and due to their low cost and

345  renewability, bio-sourced polymers have appeared as alternative drug formulations and scaffolds. As for PACT
346  applications, an interesting review about the use of bio sourced polymers has recently been written [69], but the ever-
347  growing interest of bio-sourced polymers makes a difficult task to pace up with the literature. Thus, in the following
348  sections we present some of the most recent advances of materials based on biopolymers.

349
350 3.1.1 Cellulose materials
351 Among all the biopolymers, cellulose, a major structural compound in plants, is particularly used. Indeed, this

352 natural polysaccharide, is constituted of a linear chain of several hundred to many thousands of (1 — 4) linked D-glucose
353 units, with a large amount of hydroxyl groups available, which can undergo a large range of chemical modifications that
354 give rise to different materials. These properties permit cellulose to be addressed as an alternative raw material for
355  different PS formulations.

356 For example, some studies reported the development of antibacterial cellulosic fabrics. The study published last
357  year by Fayyaz et al. evaluated the photodynamic activity of three different tetracationic porphyrins, and their zinc
358  derivatives (1, 2, 128-131, Figure 14) were impregnated on cellulosic fabrics, and tested against E. coli and P. aeruginosa
359  [70]. Not only, all the modified fabrics displayed a photo-antibacterial activity against all strains investigated, but also,
360  accordingly to the washing and thermal stability of the materials, these fabrics could be efficiently used for biomedical
361  textile applications. In another study, Nzambe Ta Keki et al. investigated a neutral metalated porphyrin (132, Figure 14)
362 covalently attached onto Kraft pulp fibers [71]. The authors clearly demonstrated here that their system was efficient
363  towards Gram-negative bacteria, with an observed decrease greater than 4-log of bacterial count, after light irradiation.
364 More recently, a new strategy to obtain cellulose-fibers-based materials has been developed, such as electrospun
365  cellulose microfibers developed by Wang et al [72]. Indeed, electrospinning is a simple and inexpensive polymer
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366  formulation method, which can be applied to both natural and artificial polymers, accommodates a wide variety of
367  photosensitizers and allow to generate materials with favorable features, such as high surface area-to-mass ratio, or a wide
368  range of morphologies and high porosity. Thus, the authors investigated porous cellulose diacetate electrospun microfibers
369 loaded with protoporphyrin-IX (PPIX, 133) as photosensitizer as active systems against E. coli. The different
370  characterizations of the obtained material shown not only that the PS was uniformly distributed on the microfibers, but
371  also that due to the pores size and shape, it was less prone to promote E. coli adhesion. However, the modest antimicrobial
372 photodynamic efficiency against E. coli could be improved, once again, through the addition of 100 mM KI, enabling up
373  to 6-log of bacterial reduction.

374 Through these examples, the authors have also emphasized the importance of the morphology of the material as
375  well as its capacity to adhere to bacteria, while ROS generation by the photosensitizer must be keep high. Those
376  parameters are even more important for materials without cationic charges, which are recognized as important factor for
377  the interaction with Gram-negative bacterial membranes. Similar kind of observations have been done for chitosan-based
378  photo-antibacterial materials.

379
380 3.1.2 Chitosan-based materials
381 Chitosan is a polymer derivated from chitin, a polymer that composes the shells of shrimps and insects. This

382 polymer is composed of B-(1—4) glucosamine and N-acetyl glucosamine monomers. Indeed, this polysaccharide has
383  evidenced its suitability for PACT application, due to its low toxicity, biodegradability, bacterial association, film-forming
384  ability, and intrinsic antimicrobial activity due, to its numerous pendant amino groups. Castro et al. have, for example,
385 investigated the antibacterial efficacy of 12 derivatives (134 and 135, Figure 14), conjugated to chitosan (films) or TiO;
386  (powder), against E. coli [73]. The PS immobilization on chitosan was less efficient than on TiO-, and the interaction of
387  PS with chitosan was evidenced by UV-visible absorption spectra shift. Moreover, 12 showed the same 'O; production in
388  solution and immobilized on chitosan, probably due to aggregation-driven attenuation or increased photostablility of the
389  immobilized PS. The antibacterial efficiency of the systems was found to be linked to their singlet oxygen production,
390  which relies on both PS structure and PS-material interaction, being decreased for both chitosan and TiO; materials.

391 Chitosan, in its polycationic form, can be formulated as a hydrogel. Hydrogels are cross-linked polymer chains,
392 swollen with water, which can be loaded with small molecules, either through entrapment or grafting through its amino
393  groups. Bayat and Karimi have used these properties to prepare different chitosan hydrogels. In a first example, they
394  associated a zinc phthalocyanine/colistin conjugate 136 (Figure 14) and chitosan, increasing the bioavailability of the
395  phthalocyanine, while also providing a targeting moicty [74]. Additionally, they observed enhanced PACT efficiency
396  against P aeruginosa, resulting from the synergy of the photodynamic effect and the antibacterial agent targeting, which
397  has been observed previously by Sol’s group [75]. The second hydrogel contained a zinc phthalocyanine 137 (Figure 14),
398  difloxacin and chitosan, producing '0; with good efficiency, under visible light irradiation, resulting in a good candidate
399  for PACT applications [76]. More recently, another study analyzed a hydrogel bearing a silicon phthalocyanine 138
400  (Figure 14), published by Strokov and Galstyan. When analyzed, the hydrogel kept the phthalocyanine’s photophysical
401  features, namely absorption and emission wavelength, fluorescence quantum yield, while showing an increased 'O»
402 production. This led to an efficient E. coli eradication, probably due to the stronger interaction with bacteria cells and the
403  enhanced singlet oxygen production of the material [77]. In another example, Yin ef al., demonstrated that eradication of
404 drug-resistant bacteria E. coli, can be achieved through incorporation of upconverting nanoparticles (UCNPs) doped with
405  MB in chitosan hydrogel [78]. Their most efficient system (UCNPs@MB:QCS 2:100) against £. coli achieved up to 95%

406  of bacteria killing efficiency, after 20 minutes of 980 nm irradiation at 1 W/cm?,
407
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Figure 14: Photosensitizers conjugated to some biopolymers, described along this work.

408

409 313 Other biopolymers materials

410 A recent study published by Kumari et al., deals with the self-assembly of a DNA-Porphyrin (139, Figure 14)
411  hybrid nanonetwork [79]. In this work, the DNA-porphyrin hybrid nanonetwork was less efficient than the free porphyrins
412 to inactivate E. coli strains, probably due to the negatively charged DNA backbone, which would prevent the uptake of
413 the scaffold. However, the systems also showed reduced toxicity towards mammalians cells, that is a great asset for future
414 applications.

415 Another very interesting natural biopolymer is protein keratin. Wool keratin has demonstrated to have great
416  potential in regenerative medicine, but bacteria colonization and biofilm formation should be prevented. Ferroni et al.
417  associated wool keratin 3D scaffolds with encapsulated Azure A (Figure 9), in order to form photo-activable porous
418  sponges [80]. The obtained materials exhibited good efficiency against P aeruginosa under light irradiation, and no
419  toxicity towards mammalian skin cells, while possessing a suitable 3D structure, pore size and degradation rate, resulting
420  ina suitable candidate for tissue engineering.

421

422 3.1.4  Micelles, liposomes, vesicles and microemulsions

423 Lipidic materials are able to spontancously form self-assembled micelles and liposomes, which have been widely
424 exploited in therapeutic applications [81]. For example, Rout et al. investigated the use of eucalyptus oil microemulsion
425 as a carrier for delivering TBO (Figure 9) [82]. They evidenced that, in addition to a synergic antibacterial effect against
426 P aeruginosa, this formulation increased the permeation characteristics, as the penetration into the viable layers of the
427  skin was improved for the encapsulated PS, when compared with the free TBO; additionally, TBO’s stability was
428  enhanced.

429 In another study, Sharma et al. described cationic vesicles encapsulating MB against E. coli [83]. These vesicles
430  are made with hexadecyl pyridinium cuprate as cationic component, and sodium oleate as the anionic one, with different
431  ratios. The ratio 70:30 in the cationic and anionic components demonstrated a complete eradication of bacteria within 5
432 min of irradiation, with the enhanced vesicles attachment being the key factor for the improved efficiency. Moreover, the
433 role of the metal was also evidenced, demonstrating enhanced 'O generation. MB has also been encapsulated in cationic
434 liposomal formulations containing dimethyldioctadecylammonium chloride, dipalmitoylphosphatidycholine and
435 cholesterol, by Boccalini et al. [84]. MB-loaded liposomes showed a higher efficiency, in both terms of bacterial toxicity
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436  against E. coli and penetration into the bacterial biofilm, compared to the free MB. Moreover, an enhanced inactivation
437  oflipopolysaccharides, a major pro-inflammatory endotoxin of Gram-negative bacteria, was also observed. More recently,
438  Pourhajibagher et al. encapsulated eurcumin (140, Figure 15) in silver sulfadiazine nanoliposomes, developing a
439  photoactivable antimicrobial system, efficient against A. baumannii [85]. These systems showed negligible toxicity
440  against eukaryotic cells, while efficiently photoeradicating 4. baumannii. In another example, Sobotta and collaborators,
441  encapsulated two chlorins (141 and 142, Figure 15) inside lipidic vesicles and tested them against E. coli. However, at
442  the hi ghest concentrations tested, the treatments were unable to decrease the bacterial survival of E. coli further than 2.23
443 log, while demonstrating efficiency eradication of Gram-positive bacteria [86].

444 In addition to liposomes, vesicles and microemulsions, PS can also be encapsulated in micelles, as evidenced by
445  Wang et al. in 2021, whom prepared chlorin-e6 polycthylencimine-based micelles, with enhanced photodynamic
446 inactivation of E. coli [87]. The '0- generation production of chlorin-e6 was preserved inside the micelle, while the water
447  solubility of the PS was improved without the need of any organic solvents. The authors also evidenced that cellular
448  uptake was enhanced when chlorin-e6 was transported through micelles, with both enhanced uptake and singlet oxygen
449  production, leading to the high antibacterial efficiency observed.

140
HO Curcumin OH
141
Figure 15: Photosensitizers associated to some lipidic systems, described along this work.
450
451 3.1.5  Other systems
452 More recently, Contreras et al. have also investigated Photodynamically Active Fibers (PAFs) based on poly(L-

453 lactide)co-(glycolide) and poly(e-caprolactone) loaded with MB [88]. Morcover, The MB-encapsulated electrospun fibers
454 showed a good structure stability, as well as a controlled released of MB over 3 weeks. In addition, up to 2.5-log viability
455 reduction was observed for E. coli under light irradiation. Moreover, dark toxicity was drastically reduced compared to
456 free MB. Electrospun fibers containing poly(g-caprolactone) were used to develop innovative membranes, that were
457 associated to a metal-organic framework (MOF), loaded with RB [89]. The authors combined all the assets of the different
458  components for their molecular system: poly(s-caprolactone) allowed the membrane formation, while MOF, with their
459  intrinsic porous structure, provided high chemical and thermal stability. After visible light irradiation, these hybrid
460  nanofibrous membranes exhibited excellent ROS generation and antimicrobial activity against E. coli.

461 Another interesting approach, is the one developed by Castro et al. They developed two systems based on 2-
462 hydroxyethyl methacrylate, and 8 (Figure 1), either as a copolymer or as a porphyrin-loaded polymer [90]. The obtained
463  co-polymer was more efficient in terms of 'O, generation, than the 1-loaded polymer, probably due to the dispersion of
464 the porphyrin on the polymer net, avoiding PS aggregation. Moreover, a reduction of approximately 99.9% of E. coli was
465  observed in the case of the co-polymer, which could be reused at least three times, without losing its efficiency. The
466  porphyrin-loaded polymer was more efficient than the free PS against E. coli, while requiring higher concentrations than
467  for the co-polymer treatment (co-polymer > loaded polymer > free porphyrin). This example perfectly illustrates the
468  primordial importance of PS formulation.

469
470 3.2 Inorganic and hybrid materials
471 As previously described, in addition to formulation to reach the highest photoactivable efficiency of PS, scientists

472 consider other factors when designing photo-activable materials. As an example, they aim for the development of
473 environment-friendly systems, which would be economic, reusable, recyclable and cost-benefit permissive. This can be
474 obtained through the use of inorganic solid matrices as scaffolds for PS molecules.

475
476 3.2.1 Magnetic nanoparticles
477 This could be addressed, for example, by immobilization of the PS on magnetic nanoparticles, which can be

478  visualized and guided in water and organic solvents, by means of an external magnetic field [91]. As an example, Scanone
479 et al. have, developed silica-coated Fe;O4 nanoparticles grafted with either a 8 [91] or BODIPY derivatives 143 and 144
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480  (Figure 16) [92]. They particularly investigated the charge effect of the whole system and nicely evidenced that the most
481  efficient against E. coli, was the one that exhibited the most positive {-potential and the highest '0> quantum yield. Indeed,
482 the authors observed a 4-log reduction of E. coli after 30 min of irradiation (visible light; 90 mW/cm?). Moreover, the
483  system could be reused at least three times without losing its efficiency. This example illustrates the importance of an
484 equilibrium between stability, charge and ROS generation, for systems used in PACT applications. In the latter study, with
485  BODIPY derivatives, the authors investigated the impact of heavy atom, bromine, on ROS production and the overall
486  efficiency of the photo-activable antimicrobial material. Their bromine substituted system reached a reduction of 5 logs
487  in E. coli survival after 15 min of irradiation, versus 1.7 logs in the same conditions, for the non-brominated system.
488 Super Paramagnetic Iron Oxide Nanoparticles (SPIONs) had been also used for antimicrobial materials. Indeed,
489  they are well-known as effective PhotoThermal Therapy (PTT) agents that could be associated with PS in order to reach
490  combined PTT-PDT systems [93]. In this line, Bilici et al. investigated the bactericidal effect of indocyanine green (ICG,
491 145, Figure 16) grafted on 3-amino-propyltrimethosilane coated SPIONs against E. coli, K. pneumoniae, and P.
492 aeruginosa, particularly focusing in the influence of the charge on cellular uptake. Interestingly, the system without ICG
493 exhibited a positive {-potential, whereas, when loaded with ICG, (-potential was negative; nevertheless, the cell
494 internalization studies for both systems did not shown significant difference. Efficiency against bacteria was dependent
495  of the strains, with ICG-loaded one being the most efficient. In another approach, Fe;Q nanoparticles for PTT-PDT
496  combined applications were developed by Zhang et al., using chitosan coating and an anionic porphyrin, TCPP 146
497  (Figure 16), with the introduction of metal nodes preventing the self-aggregation of the porphyrin and improving '0»
498  generation [94]. By using both PTT and PDT, the authors reached a 98% of E. coli reduction of bacterial survival, while
499  PTT or PDT only reached 45% and 42%, respectively.

500
501 3.2.2  Titanium oxide nanoparticles
502 Titanium oxide (TiO2) nanoparticles are nanomaterials with interesting APDT applications, thanks to their low

503  toxicity, high stability and excellent biocompatibility, as already underlined in the work of Castro et al. [73]. One can also
504  cite the work of Sulek et al., who investigated visible-light-activated TiO> based materials, modified by tetra sulfonated
505  porphyrin derivatives (147 — 150, Figure 16), and formulated as transparent colloidal solutions [93, 96]. However,
506  although only 1-2 log decrease in survival of E. coli was monitored after 20 J/cm? of blue light (420 nm), the authors
507  improved their efficiency of the systems with KI potentiation, leading to a reduction of up to 5 logs.

508 In another example, Ozturk et al., developed TiO: based nanomaterials loaded with a subphthalocycanine 151
509  (Figure 16), showed promising results against E. coli [97]. They evidenced that their system had inhibitory and
510  bactericidal effects on E. coli at 10 and 20 J/em? light doses, respectively. The systems combined the activities of both
511 TiO; (intrinsic) and subphthalocycanines (light-activated), while preventing PS aggregation. Unfortunately, no
512 photophysical data of the PS was measured, preventing a comparison with Sulek’s system in order to propose a structure-
513  activity relationship.

514
515  3.2.3 Mesoporous Silica nanoparticles or supports
516 Another material currently used in biomedical application are silica nanoparticles. In this framework, while

517  aiming to improve antimicrobial systems and bacteria cell wall interaction, as well as developing a theranostic materials,
518  Griiner et al. have fully described UCNP, coated with a mesoporous silica shell, loaded with a silicon phthalocyanine
519 (152, Figure 16). Moreover, they further functionalized their nanoparticles with (3-aminopropyl)triethoxysilane and CHs1,
520 HOOC-TEG-COOH, or HOOC-TEG-NH: and CHsl. These complex systems were analyzed for their efficiencies at
521  photo-inactivating E. coli [98]. The intrinsic toxicity of UCNP was enhanced by the mesoporous shell of the particles,
522 which improved binding of the particles to the bacterial membrane. A synergic effect was observed, with E. coli
523  eradication being dependent on the number of cationic charges incorporated into the systems, permitting the binding to
524 the bacterial membrane, and promoting its disorganization. Tang et al. described as well a very smart system that combined
525  silicon nanoparticles, loaded with chlorine-e6 as PS, and glucose polymer, to promote their transport through the ATP-
526  binding cassette transporter [99]. Their systems showed an antibacterial efficiency up to 96% against P. aeruginesa under.
527 In another example, Sun et al. developed a complex platform for bactericide applications associating a polymeric
528 matrix made up with poly(e-caprolactone) and the vegetal-protein zein, coating MB-loaded mesoporous silica
529 nanoparticles  [100].  Moreover, with  further  surface  modification  with  trichloro-(1H,1H,2H,2H-
530  heptadecafluorodecyl)silane, their nanocomposite exhibited enhanced surface hydrophobicity and bacterial repellency.
531  Indeed, thanks to the synergistic effects of PACT and anti-bacterial adhesion, the hybrid nanomaterials showed 97% of
532  disinfection, lower than for the PS alone, for E. coli upon visible light irradiation (660nm; 20 min). Another nanohybrid
533  material, combining the effect of different materials has recently been described by Kuthati et al. [101]. In this study, the
534  authors associated curcumin as PS with silver nanoparticles, immobilized on copper-impregnated mesoporous silica
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535  nanoparticles. Their whole system exhibited a positive { potential, up to +35 mV, that allowed good binding, and efficient
536  membrane disorganization, resulting in efficient disinfectant materials against E. coli.

537
538 3.2.4  Silver NP
539 Currently, photosensitizers have been combined with silver nanoparticles (AgNPs), as the silver bactericidal

540  effect is widely known. In this field, AgNPs exhibit a pronounced antimicrobial effect, especially against Gram-negative
541  bacteria, being a potential complement to PACT. The mechanism of AgNPs bactericidal effect rely in the destruction of
542 bacterial membranes thanks to the Ag" ions. Moreover, the conjunction of PS and AgNPs has resulted in a synergistic
543  effect the bactericide effect of the Ag™ and ROS. Several examples can be found in the literature, using TMPyP [102] or
544  MB [103] as PS. Similar observations were made with PS-AgNPs immobilized in fabrics [104]. In this study, Chen et al.
545  hypothesized that the strong electric field around the silver nanoparticles can promote the optical absorption of the PS
546  andsinglet oxygen generation , as already observed by other groups. Recently, Macia et al. have proposed an improvement
547  of this interaction between AgNPs and PS, comparing the effect of the shape, in RB-decorated silica-coated silver
548  nanocubes (Ag@SiO>-RB Nes) or silver nanospheres (Ag@Si0».-RB Nss) [105]. They evidenced that the intrinsic
549  electromagnetic hotspots produced by the lightning-rod effect in anisotropic metal nanoparticles, permitted a better
550  bactericidal efficiency. A viability decrease of E. coli of 6-log was observed in the case of Ag@Si0»-RB NCs, compared
551  toa4-log in the case of RB-Ag@SiO; NSs, whereas their hydrodynamic diameters and {-potential were within the same

552 range.

553

554 3.2.5  Graphene quantum dots

555 In another example, AgNPs were combined with Graphene Quantum Dots (GQD) [106]. GQDs are zero-

556  dimension carbon nanomaterials that exhibit excellent photoluminescence, water dispersibility, biocompatibility, and low
557  cytotoxicity properties, as well as the capacity to photo-generate ROS. In this study, the authors aimed to combined both
558 photodynamic and photothermal effects, finding an increased ROS generation by the GQD in the conjugate, which could
559  be attributed to GQDs stabilization onto AgNPs surface. Furthermore, the antibacterial effect against E. coli was
560  enhanced, when compared to the free GQDs, resulting from the synergistic effect of enhanced PDT, efficient PTT, and
561  the unique properties of AgNPs.

562 GQDs can also be used as a two-photon PS, leading to an efficient elimination of E. coli, after ultra-low-energy
563 (800 nm) irradiation from a femtosecond laser during only 15 s [107]. In order to further improve the specificity and the
564  antibacterial efficiency of their GQD, the authors coated them with lipopolysaccharides, a major component of the outer
565 membrane of E. coli. More recently, Huang et al. also modified GQD surfaces in order to enhance their efficiency in
566  PACT. Indeed, they developed spermidine co-doped polymeric GQDs, that could be photoactivated by very short LED
567 irradiation (1 min.), in order to accelerate wound healing and thus reduce the risk of recurrent infections [108]. They
568  evidenced that their positively charged materials could directly interact with the cell membrane of bacteria, thereby
569  disrupting the membrane’s integrity, but have not observed a significant photothermal effect on the inactivation of
570  bacteria, as the temperature during the irradiation, just increased from 25 to 30 °C.

571 GQDs have also been combined with organic PS, such as MB [109] or as TCPP-loaded zirconium-based metal-
572 organic framework [110]. In the first example, the sulfur doped GQDs improved the singlet oxygen generation of MB,
573 by increasing both the lifetime of the triplet state of methylene blue and the efficiency of internal system crossing from
574 singlet-MB to triplet-MB, increasing the bactericidal efficiency against E. coli [109]. In the second example, the authors
575 developed a novel textile material, with GQDs being grafted onto cotton fiber surface, via amide bond after chemical
576  modification, and the MOF being synthesized in situ. They achieved an enhanced 'O, generation, thanks to Férster
577  resonance energy transfer (FRET), from GQDs to MOF, and due to the singlet oxygen diffusion through the MOF s
578  porous structure. Furthermore, their material was able to achieve 6-log reduction of inactivation of E. coli and P
579 aeruginosa [110].

580
581 3.2.6  Carbone quantum dots
582 As GQD, Carbon quantum Dots (CQDs), represent a promising alternative for photodynamic applications. CQDs

583  are mostly prepared by bottom-up synthetic strategies and have spherical shape of up to 10 nm, whereas GQDs are
584  typically derived from graphene/graphite, or other graphitic 3D material, by top-down synthetic approaches [111].
585  Knoblauch et al., has recently studied brominated CQDs, and evidenced that they were able to generate ROS, via both
586  type I and type Il mechanisms, which led to growth inhibition of E. celi [112]. Unfortunately, the authors also observed
587  dark toxicity, due to the pH-triggered release of reactive nitrogen species, both under dark and UV exposed conditions.
588  In addition, it is noteworthy to mention that, once again, this material exhibits negative {-potential, while still being
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589 efficient against bacterial proliferation. Nie et al. also recently published two studies focused on CQDs synthesized from
590 citric acid and 1,5-diaminonaphthalene in ethanol, using a one-pot solvothermal method, either used as such [113] or
591  trapped in polyacrylonitrile electrospun nanofibers [114]. In both cases, materials were more efficient against Gram-
592  negative E. coli, than against the Gram-positive S. aureus. The authors hypothesized this can be due to the physical
593  interaction between the CQDs and the bacteria, which was favored by the rod-shaped E. coli whereas, S. aureus tends to
594 form grape-like clusters, preventing ROS diffusion towards bacteria residing within the interior of these clusters. These
595  systems exhibited positive {-potential and were able to produce only singlet oxygen as ROS.

596
597 3.2.7  Other carbon-based materials
598 Single Wall Carbon Nanotubes (SWCNT) and Multiple Wall Carbon Nanotubes (MWCNT) have also been

599  successfully used as antimicrobial materials against Gram-negative strains, having attracted attention in drug delivery,
600  especially as vectors in PACT or PDT. The potential broad-spectrum antimicrobial action of carbon nanotubes also
601 enhances their efficacy of antibacterial therapy [115]. In recent studies, RB conjugated to MWCNT [116] or MB
602  conjugated to SWCNT [115], evidenced an enhanced photodynamic efficiency against E. coli, disregard the charge of the
603  PS, and due to a greater interaction with bacteria. In the same line, Yu et al. reported in 2019 a supramolecular self-
604  assembly of a polycationic porphyrin (153, Figure 16) and graphene nanoribbons, grafted with poly(ethylene oxide)
605  chains to afford excellent dispersibility in aqueous solution [117]. Their new nanocomposite combined both PDT and
606  PTT photo-activable at 660 nm and 808 nm, respectively, for the treatment of bacterial infection. It was demonstrated to
607  be efficient against a wide range of bacterial strains, including E. coli and P. aeruginosa, while being photostable and
608  with minimal toxicity against human cells.

609 It is noteworthy to underline that MB has been loaded in non-natural hydrogels, with good results towards
610  bacteria, as the polyacrylamide hydrogel grafted with cationic phenothiazinium derivatives, developed by Spagnul et al.
611 [118].

612

Figure 16: Photosensitizers associated to inorganic materials, described along this work

613
614 4. Strategies for PACT potentiation
615 Along this work we have described several improvements in the development of photosensitizing molecules,

616  systems and scaffolds. Noteworthy, several of these strategies failed by themselves, and researchers craftily overcame
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617  these difficulties through the use of potentiation strategies and targeting methods. These methods are further discussed in
618  the following sections, shedding light on these strategies.

619
620 4.1 Potentiation with antibiotics
621 In previous sections, we have discussed the conjugation of photosensitizers with some well-known antimicrobial

622  molecules, as colistin [74] and difloxacin [76]. This conjugation can increase the target selectivity and, eventually, the
623  efficacy of disinfection, by disturbing the membrane integrity of microorganisms.

624 Another strategy, is the conjugation of PS with well-known antibiotics. As an example, Nonell and co-workers
625  demonstrated the use of gentamicin as a targeting unit in a covalent conjugation strategy [119]. Their conjugate (154,
626  Figure 17) showed a significant eradication of E. coli strains at sub-micromolar concentrations.

627 Recently, the use of Verapamil, a small molecule acting as a multi-drug resistance modulator, demonstrated to
628  have an incidence on PS uptake. Verapamil inhibits the activity of the Multidrug and Toxic compound efflux (MATE)
629  pumps, by binding to their active site. Sutek et al. have demonstrated that verapamil influences porphyrin penetration into
630  Gram-negative bacteria [120]. Consequently, an enhanced photodynamic effect (up to 2 log-reduction of bacterial growth)
631  was obtained against £. coli with TMPyP and two sulfonated porphyrin, TPPS and CLTPPS (Figure 17). Furthermore,
632  De Aguiar Coletti et al. have tested the synergistic effect of the combination Verapamil/MB on biofilms of S. aureus and
633  E. coli [121]. For E. coli biofilm, the combination of 215 pg/mL of verapamil and 200 pg/mL of MB, and a light dose of
634 44 J/em? enhanced the biofilm reduction by 3.4 log.

Gentamicin

NH,

OH
HO/ NH
/ CI,TPPS
Figure 17: Some of the photosensitizers potentiated with antibiotics, described along this work
635
636 4.2 Potentiation with oligopeptides and aminoacids
637 Others authors have used antimicrobial peptides (AMPs) for targeting bacterial cell membranes by electrostatic

638 interactions, resulting to disruption of membrane integrity. As an example, polymyxins are non-ribosomal lipopeptides,
639  used for the treatment of infections caused by Gram-negative bacteria, with colistin being one member of this family
640 [122]. Colistin conjugation to PS has demonstrated an increase in the PS uptake by Gram-negative bacteria [123]. In
641  recent years, Le Guern et al. have developed several conjugates with polymyxin B (156 - 158, Figure 18), obtaining
642  enhanced antimicrobial activity against Gram-negative bacteria [75, 124, 125]. Indeed, a cationic porphyrin was attached
643  to a polymyxin B derivative, using thiol-maleimide click chemistry, and the obtained conjugate presented an enhanced
644  PACT efficacy against P. aeruginosa and E. coli. Similarly, the previously described 137, bears three colistin molecules
645  via imine formation [74], being embedded into chitosan hydrogels, and resulting in efficient eradication of P. aeruginosa.
646  Additionally, other authors have developed a probe associating MB and polymyxin B, as a theranostic agent for bacterial
647  infections [126, 127].

648 Previously, we have described the use of AMPs as targeting moieties against bacteria, taking advantage of their
649  own antimicrobial activity. However, these are not the only examples using amino acids and oligopeptides as targeting
650 molecules. As an example, PPIX was bound to the (KLAKLAK), peptide (159, Figure 18) [128], presenting an excellent
651  activity against both 5. aureus and E. coli. In another example, the AMP Aurein 1.2 was concomitantly used with MB,
652  chlorin-e6 and curcumin, and tested as a disinfection treatment against several bacterial strains, showing modest results
653  against E. coli bacteria, contrasting with the excellent results obtained against Gram-positive strains [129].
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Figure 18: Photosensitizers conjugated with peptides or AMPs, presented along this work
654
655 4.3 Potentiation by potassium iodide and inorganic salts
656 The use of inorganic salts as potentiation agents in PDT and PACT has been previously described [130]. It must

657  be highlighted the widely explored role of potassium iodide as a potentiator in PACT, with several examples being
658  described along this work [22, 41, 62]. In a relevant example, Wen et al., demonstrated that RB, a photosensitizer mostly
659  inactive against Gram-negative bacteria, efficiently eradicates E. coli and P. aeruginosa when complemented with KI.
660  Furthermore, they provided insight into the mechanistic of this potentiation, being found that anionic iodine (I°) is released
661  asa function of irradiation, when RB is present. Then, the authors hypothesized that I reacts with singlet oxygen, forming
662  the radical iodide and the superoxide anion, forming a cascade of reactive oxygen species that lead to bacterial death
663  [131]. Then, PACT potentiation with this cheap, non-toxic, widely available inorganic salt, is likely to be further explored
664 in the years to come.

665
666 s. Conclusions
667 Infectious diseases caused by Gram-negative bacteria are still a concern challenge in daily life, but PACT is an

668  effective alternative against bacterial proliferation. Challenges presented, as low internalization and binding towards
669  Gram-negative bacteria, have been addressed with the use of cationic compounds, lipophilic moieties, and delivery and
670  potentiation systems. Currently, there are not active clinical trials for Gram-negative infection related diseases, but this
671  panorama is likely to change in the next few years, given the increasing rate of publication of articles related to
672 photodynamic disinfection, with our particular interest in Gram-negative bacteria.

673 We conclude that further efforts need to be poured into this topic, as the results are already promising and fruitful.
674  Then, not only Scientifics, but also politicians, should focus in the devotion of more resources and politics, inverting the
675  current trend and leading to an ever-growing pipeline of antibacterial alternatives.
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Section 2.1. Cationic photosensitizers

Pre-treatment

Photodynamic bactericide

Light source

Reference Counterion Bacteria strains incubation fime :...E.:..E._:.m::_._. [Wavelength of emission] Light fluence | Light dose
| Viability reduction|
Proteus mirabillis ATTC 29906 ND 5 uM [3 log reduction] 90 Jlem®
P. mirabillis SBP 65/18 ND 5 uM [3 log reduction] White LED-light 90 J/em?
1 T 25 mW/iem?
ND 5 uM [3 log reduction] [400 — 800 nm] 90 J/em®
(201 ND 5 uM [3 log reduction] 90 Jjenr®
P. mirabillis ATTC 29906 ND 5 uM [3 log reduction] 90 Jem®
P mirabillis SBP 65/18 ND 5 uM [3 log reduction] White LED-light 135 Jem?
2 T 25 mW/iem?
ND 5 uM [3 log reduction] [400 — 800 nm] 135 Jem?®
P aeruginosa SBP 65/18 ND 5 uM [3 log reduction] 135 Jem?
[21] 3 NO; E. coli ATCC 11775 5 minutes 10 uM [4 log reduction] E:Tw_mmw_ﬂ_mmr. 60 mWiem® 20 Jlem?
4 T E. coli 10 minutes 1 uM [~7 log reduction] 90 Jem?
5 8047 E. coli 10 minutes 1 uM [~2 log reduction] o ) 90 Jem?
[22] White light 25 mWiem®
6 1 E. coli 10 minutes 1 uM [~1 log reduction] 90 Jiem?
7 8047 E. coli 10 minutes 1 uM [~7 log redecution] 90 Jiem?
9 1 E. coli ATCC 13706 15 minutes 5 uM [no log reduction] 648 Jlem?
10 1 E. coli ATCC 13706 15 minutes 5 uM [~3 log reduction] 216 Jlem?
[23] 1 r E. coli ATCC 13706 15 minutes 5 UM [~4 log reduction] mm%wwww_ui 40 mWiem?
12 T E. coli ATCC 13706 15 minutes 5 uM [~6 log reduction] 144 J/em?
1 1 E. coli ATCC 13706 15 minutes 5 uM [~4 log reduction] 144 Jlem?
10 minutes .
[PBS] 5 uM [~6 log reduction] 135 Jem
R - 10 minutes . White light 2 2
2 3 ) -3 log re fem® | 270 Jem®
[24] 12 T E. coli ATCC 13706 [Plasma] 5 uM [~3 log reduction] [400 = 800 nm] 150 mW/em 270 Vem
10 minutes 5 uM [~4 log reduction] 1620 Jem®
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Section 2.1. Cationic photosensitizers

Pre-treatment

Photodynamic bactel

Light source

Reference | Photosensitizer | Counterion Bacteria strains incubation time :...E.:..E._:.m::_._. [Wavelength of emission] Light fluence | Light dose
[ Viability reduction|
13 E. coli GC4468 30 minutes 1 uM [10% MTT reduction] 42 Jiem®
14 E. coli GC4468 30 minutes 1 uM [25% MTT reduction] . 42 Jiem®
[25] Incandescent lamp 35S mWiem®
15 E. coli GC4468 30 minutes I uM [95% MTT reduction] 42 Jem®
16 E. coli GC4468 30 minutes 1 uM [95% MTT reduction]
[26] 15 E. coli GC4468 30 minutes 1 uM [30% MTT reduction] Incandescent lamp 33 mWiem® | 39.6 Jem®
[26] 16 E. coli GC4468 30 minutes 1 uM [95% MTT reduction] Incandescent lamp 33 mWem® | 39.6 Jem®
17 804+ Bioluminiscent £. coli 15 minutes 20 pM [no bioluminescent 36 Jiem?
reduction]
18 S04 Bioluminiscent E. coli 15 minutes 20 pM[-3 _Mm lur 13.5 Jem?
reduction] Fluorescent lamps I
[28] 380-700 nm] 2.5 mWicm
19 S04 Bioluminiscent £. coli 15 minutes 20 uM [3 log bioluminescent i 13.5 Jem?
reduction]
20 S04 Bioluminiscent £. coli 15 minutes 20 pM [3 log bioluminescent 22.5 Jfem®
reduction]
E. coli ATCC25922 60 minutes 10 nM [~3 log reduction] )
21 T - - 1.62 J/em®
P aeruginosa ATCC 27853 60 minutes 10 nM [~3 log reduction]
E. coli ATCC25922 60 minutes 10 nM [~4 log reduction]
P aeruginosa ATCC 27853 60 minutes 10 nM [~5 log reduction]
22 T A. baumannii 141HUC 60 minutes 100 nM [~3 log reduction] 1.36 Jem?
E. coli 189 60 minutes 100 nM [~3 log reduction] )
[29] Blue LED light [415 nm] 4 mWiem®
K. pneumoniae 60 minutes 100 nM [~4 log reduction]
E. coli ATCC25922 60 minutes 100 nM [~2 log reduction]
P aeruginosa ATCC 27853 60 minutes 100 nM [~4 log reduction]
24 1 60 minutes 100 nM [~2 log reduction] 1.08 Jem®
E. coli 189 60 minutes 1 uM [~4 log reduction]
K. pnewmoniae (Kp) 60 minutes 1 uM [~4 log reduction]
10 minutes f
[PBS] 20 uM [~3 log reduction] 810 Jem
P ol 10 minutes - Red light P o
[24] 25 S0y E. coli ATCC 13706 [Plasma] 20 pM [~2.5 log reduction] [620 — 750 nm] 150 mW/iem® | 2430 Jem
10 minutes

[whole blood]

20 uM [~2 log reduction]
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Section 2.1. Cationic photosensitizers

Pre-treatment

Photodynamic bactericide

Light source

Reference | Photosensitizer | Counterion Bacteria strains incubation time ....E.:..E.:..E_E._. [Wavelength of emission] Light fluence | Light dose
[ Viability reduction|
Bioluminiscent £, coli 20 uM [~1 log reduction] ESWM”MWWSMWMHMNR 150 mWiem® | 270 Jem®
26 504 15 minutes i
[32] Bioluminiscent £, coli 20 uM [~1 log reduction] Nrﬁamwﬂﬂxwﬂ:“m_.ww? 150 mW/iem® | 270 Jem®
27 SO& Bioluminiscent £. coli 15 ; 20 uM [~2 log reduct White light Lumacare 150 mW/em? | 270 Jem?
Sy 1o0lummiscent L. coli minutes u ﬂl. 08 TS CP:C_u; _OMC 750 ::i myy/cny Jom
2 . - . . . Red light Lumacare ) )
27 S0y Bioluminiscent E. coli 15 minutes 20 uM [~2 log reduction] 400 - 800 nm] 150 mW/cm 270 Jem
. .. . . . White light Lumacare F 2 ]
Bioluminisecent E. coli 15 minutes 20 pM [~2.5 log reduction] [620— 750 nm] 150 mW/cm 270 Jem
28 504 Bioluminiscent £. coli 15 minutes 20 uM [~3 log reduction] Red light Lumacare 150 mW et 180 Jem?
2 A2Um cm”
ioluminiscent E. coli [Biofilm minutes 20 uM [-2 log reduction N 270 Jem®
132 Biolumini E. coli [Biofilm] 15 mi 20 uM [~2 log reduction] [400 - 800 nm] 270 Jem?
Bioluminiscent £. coli 15 minutes 20 pM [~1.5 log reduction] W _WWMNWMI_:‘\.W%__M__”ME.G 150 mWiem® | 270 Jfem?
» S0 Bioluminiscent £. coli 15 minutes 20 uM [~5.5 log reduction] Red light Lumacare 0 W e’ 180 Jiem®
150 mW/em®
Bioluminiscent E. coli [Biofilm] 15 minutes 20 uM [~2 log reduction] [400 - 800 nm] 270 Jem?
E. coli 2 hours 0.1 uM [7 log reduction] 10 Jem®
30 T
P aeruginosa 2 hours 0.1 uM [7 log reduction] 10 Jlem®
3 E. coli 2 hours 10 uM [7 log reduction] 10 Jeny®
1 1 P ' Ot B
P. aeruginosa 2 hours 10 uM [7 log reduction] White light 150W Optical 10 Jiem®
[33] - - illuminator (OSH150) ND "
- ' E. coli 2 hours 0.1 uM [~3.5 log reduction] 10 Jfem?®
) P aeruginosa 2 hours 5 uM [3 log reduction] 10 Jiem®
3 E. coli 2 hours I uM [~4 log reduction] 10 Jem®
1
P aeruginosa 2 hours 20 uM [3 log reduction] 10 Jiem®
34 S04 P aeruginosa 1390 15 minutes 12.5 uM [3.8 log reduction] Red LED light . 50 Jiem®
[34] 60 mW/em?
35 S04 P aeruginosa 1390 15 minutes 30 uM [no log reduction] [665 nm] 50 Jiem®
E. coli ATCC 25922 11 minutes 100 pM [5.56 log reduction] 2,079 Jem®
[35) 36 r P aeruginosa NCTC 6749 11 minutes 100 uM [5.09 log reduction] | “EP mem__dn%_:_:na 3.15 mWiem?® | 2.079 Jem?
atia marcescens ATCC 8100 11 minutes 100 uM [5.29 log reduction] 2.079 Jem®
37 1 E. coli CECT 101 30 minutes 5 uM [~3.5 log reduction] 10 Jiem®
[36] 38 r E. coli CECT 101 30 minutes 5 uM [~6 log reduction] [ v __mm_s.__ua_ ND
39 T E. coli CECT 101 30 minutes 10 uM [~3.5 log reduction] 30 Jiem?
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Section 2.1. Cationic photosensitizers

Pre-treatment

Photodynamic bactel

Light source

Reference | Photosensitizer | Counterion Bacteria strains incubation time :...E.:..E._:.m::_._. [Wavelength of emission] Light fluence | Light dose
[ Viability reduction|
S P — ) ) . LED lamp 2
[36] 40 1 E. coli CECT 101 30 minutes 10 uM [~1.5 log reduction] [635 15 nm] ND 60 J/em
P aeruginosa 32 30 minutes 3 uM [~3.5 log reduction) LED light SPD-M-685 20 Jem?®
[37] 41 s (BIOSPEC, Russia) ND
P aeruginosa 32 [biofilm] 60 minutes 125 uM [~3.2 log reduction] [685 nm) 100 Ve
. ) o LED-light _ X
[38] 42 1 E. coliDH5a pAKlux2.1 15 minutes & uM [5 log reduction] [660 nm) 42.5mWiem? | 12.7 Jem
P aeruginosa 32 30 minutes 1 uM [~4 log reduction] 20 Jem®
43 Br .
P, aeruginosa 32 [biofilm] 60 minutes 125 uM [~3 log reduction] LED light SPD-M-685 100 Jiem®
[37] (BIOSPEC, Russia) NA
P aeruginosa 32 30 minutes I uM [~5 log reduction] [685 nm) 20 Jem®
44
P, aeruginosa 32 [biofilm] 60 minutes 125 uM [~4 log reduction] 100 J/em?
- . Laser light (NTC laser, a2 5
4 minutes 200 pM [~3 log reduction] NOVI, USA) [760 nm] 2.5 W/em 594 Jem
BL-producing £. coli
. LED (Roithner Lasertechnik o
4 minutes 200 pM [5 log reduction] GmbH, Austria) [760 nm] 0.18 W/em 1166
ESBL -producing and fluoroquinolone- . . Laser light (NTC laser, P S
resistant K. pneumoniae 4 minutes 200 uM [~3 log reduction] NOVI, USA) [760 nm] 2.5 W/em 594 Jem
[39] 45 Tetratosylate
. . Laser light (NTC laser, P P
e 2 v re 2 fem? fern?
4 minutes 200 puM [6 log reduction] NOVI, USA) [760 nm] 2.5 Wiem 594 Jlem
Carbapenem-resistant K. preumoniae
inute 2 s reducti Jem? er?
4 minutes 200 uM [6 log reduction] GmbH, Austria) [760 nm)] 0.18 W/em 1166 Jem
. . . . Laser light (NTC laser, .2 .2
SNeM-1es g ‘ e 2 o e 2 fenr fem®
enem-resistant P aeruginosa 4 minutes 200 uM [6 log reduction] NOVI, USA) [760 nm] 2.5 Wiem 594 Jem
30 minutes 5 uM [~2.5 log reduction] Novamat 130 AF slide
46 I E. coli ECT ; rojector 70 mW/em’®
30 minutes + . . proj " s
K150 mv 5 uM [~3.5 log reduction] [350 — 800 nm] 63 Jiom®
[40]
30 minutes 5 uM [~2.5 log reduction) Novamat 130 AF slide 63 Jlem®
1 E. coli ECT 30 minutes + ) projector 70 mWiem?
KI 50 mM 5 UM [~7.5 log reduction] (350 - 800 nm] 6
1 Escherichia coli ATCC 25922 50 uM [3.1 log reduction] InGan-based High Power
[41] 20 minutes LED multi-chip Emitters [525 ND 10.8 Jiem?
48 T Escherichia coli ATCC 25922 5 uM [>5.3 log reduction] nm]
K. pneumoniae KPBr-1 100 uM [3 log reduction] 16.99 Jem®
[43] 49 - K. preumoniae ICBKPS3.2 ND 100 uM [3 log reduction] _E_M e _w_.,urn 100 mWiem? | 16.53 Vet
K. pneumoniae ATCC 700603 100 uM [3 log reduction] 16.71 Jem?
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Section 2.1. Cationic photosensitizers
Pre-treat " Photodynamic bacte Lioht
Reference | Photosensitizer | Counterion Bacteria strains _re-freatmen concentration iEhE source Light fluence | Light dose
incubation time [Viability reduction] |Wavelength of emission]
K. pneumoniae ATCC 700603 10 minutes 10 uM [~3 log reduction] 39 Jem®
50 Cl
K. preumoniae ATCC 700603 [biofilm] 30 minutes 50 uM [-3 log reduction] 100 Jem®
[461 K. pnewmoniae ATCC 700603 10 minutes 10 uM [-3 log reduction] _mwﬁm{ 0mW/em? | 39 Jiem®
51
K. preumoniae ATCC 700603 [biofilm] 30 minutes 50 uM [~3 log reduction] 100 Jem?
52 K. pneumoniae ATCC 700603 10 minutes 10 uM [~3 log reduction] 39 Jiem®
[46] 52 K. pneumoniae ATCC 700603 [biofilm] 30 minutes 50 uM [~3 log reduction] Laser [630 nm] 130 mWiem? | 100 Jem?
= . . . . Waldmann PDT1200 ;
- , ¢ 2 e - o re om?
53 Br P aeruginosa ATCC25668 30 minutes 15 uM [~3.5 log reduction] [600 - 750 nm] 100 Jem -
AN
-ba 4 o
[47] E. coli CECT 101 30 minutes 5 uM [~3.5 log reduction] rmmaﬂﬁm_ﬂ_ﬂ__é ND 60 Jiem® I3
s .
P aeruginosa ATCC25668 30 minutes 20 uM [~5.5 log reduction] Waldmann PDTI200 100 Jem® %
Y aeruginosa u . I [600 — 750 nm] WU
55 E._coli ATCC 25922 10 seconds 10 uM [~6 log reduction] m
56 E. coli ATCC 25922 10 seconds 10 pM [~6 log reduction] %
1 AT ~ . Blue emitting neon tube P A R
[49] 57 E. coli ATCC 25922 10 seconds 10 pM [~3 log reduction] [400 — 450 nm] 20 mW/em 1.2 Jiem @
58 E. coli ATCC 25922 10 seconds 10 pM [~3 log reduction] m
59 E. coli ATCC 25922 10 seconds 5 1M [~3 log reduction] w
E. coli CIP54.8T ND 100 uM [MIC] 2
60 1 E. coli CIP53.126 ND 200 uM [MIC] W
P. aeruginosa CIP76.110 ND 200 uM [MIC] .m
E. coli CIP54.8T ND >200 uM [MIC] S
61 E. coli CIP53.126 ND 200 uM [MIC] 3
P aeruginosa CIP76.110 ND 200 pM [MIC] %
. . -
[50] E. coli CIP54.8T ND >200 uM [MIC] 5;.:“ %omw.._q,\oo ”_ﬁ_:m_.: 4.83 mW/em® | 25 J/em’ m
62 - E. coli CIP53.126 ND =200 uM [MIC] M
P aeruginosa CIP76.110 ND =200 pM [MIC] w
E. coli CIP54.8T ND =200 uM [MIC] W
E. coli CIP53.126 ND =200 uM [MIC] <
63 I o
P aeruginosa CIP76.110 ND =200 uM [MIC] m
<
z
]
(]
-
<
=
8
o
z
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Section 2.1. Cationic photosensitizers

Pre-treatment

Photodynamic bactericide

Light source

Reference | Photosensitizer | Counterion Bacteria strains incubation time :.,.E.:,.E.:..EE.._. [Wavelength of emission] Light fluence | Light dose
[ Viability reduction|
E. coli CIP54.8T ND =200 uM [MIC]
64 Br E. coli CIP53.126 ND =200 uM [MIC]
P aeruginosa CIP76.110 ND 200 pM [MIC]
E. coli CIP54.3T ND 50 UM [MIC]
65 T E. coli CIP53.126 ND 25 uM [MIC]
ND 200 M [MIC]
66 Br E. coli CIP54.8T ND ND
E. coli CIP53.126 ND ND
66 Br
sa CIP76.110 ND ND
E. coli CIP54.8T ND 200 uM [MIC]
67 I E. coli CIP53.126 ND 100 uM [MIC]
P, aeruginosa CIP76.110 ND =200 M [MIC]
E. coli CIP54.8T ND =200 uM [MIC)
68 Br E. coli CIP53.126 ND =200 uM [MIC)
[50] P aeruginosa CIP76.110 ND =200 uM [MIC] White LED visible light 4.83 mWiem? | 25 Jem?
E coli CIPS4.8T ND 100 uM [MIC] [390-700 nm]
69 1 E. coli CIP53.126 ND 50 uM [MIC]
P aeruginosa CIP76. ND 100 uM [MIC]
E. coli CIPS4.8T ND 200 uM [MIC]
70 Br L. coli CIP53.126 ND 100 uM [MIC]
P aeruginosa CIP76.110 ND 200 uM [MIC]
E. coli CIP54.8T ND 100 pM [MIC]
71 I E. coli CIP53.126 ND 50 uM [MIC]
P aer sa CIP76.110 ND =200 uM [MIC]
E. coli CIP54.8T ND =200 uM [MIC]
7 Br E. coli CIP53.126 ND >200 uM [MIC]
P aeruginosa CIP76.110 ND 25 uM [MIC]
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Section 2.1. Cationic photosensitizers

Pre-treatment Photodynamic bactericide Light source
Reference | Photosensitizer | Counterion Bacteria strains . P concentration & L Light fluence | Light dose
incubation time e . |Wavelength of emission]
[ Viability reduction|
E. coli CIP54.8T ND 100 uM [MIC]
73 Cl E. coli CIP53.126 ND 50 uM [MIC]
P aeruginosa CIP76.110 ND 12.5 uM [MIC]
E. coli CIP54.3T ND =200 M [MIC]
74 Cr E. coli CIP53.126 ND =200 uM [MIC]
(501 P aeruginosa CIP76.110 ND 200 uM [MIC] White LED visible light o mwient | 25 enr
E. coli CIP54.8T ND =200 uM [MIC] 390 - 700 nm] :
75 cr E. coli CIP53.126 ND =200 uM [MIC]
P aeruginosa CIP76.110 ND =200 uM [MIC]
E. coli CIP54.8T ND 200 uM [MIC]
55 Cr L. coli CIP53.126 ND =200 uM [MIC]
P aeruginosa CIP76.110 ND 50 uM [MIC]
Section 2.2, Neutral and anionic photosensitizers
Pre-treatment Photodynamic bactericid Light source
Reference | Photosensitizer Bacteria strains - re-reatmen otodynamic bactericide [Wavelength of Light fluence Light dose
incubation time concentration Lo
emission]
. . . 10 minutes 1 pM [no log reduction]
4b Bioluminescent E. coli
10 minutes + 100 mM KI 1 pM [7 log reduction]
10 minutes 1 pM [no log reduction]
6b Bioluminescent E. coli - -
[22) 10 minutes + 100 mM KI 1 pM [7 log reduction] White light 25 mWiem? 90 Jjem?
10 minutes 1 pM [no log reduction]
5b Bioluminescent E. coli
10 minutes + 100 mM KI 1 pM [7 log reduction]
10 minutes 1 pM [no log reduction]
7b Bioluminescent E. coli
10 minutes + 100 mM KI 1 pM [7 log reduction]
76 E. coli EC7 30 minutes 1 pM [~4 log reduction] i
[54] Novamat 130 >Mowam 90 mW/cm? 81 Jiom?
77 E. coli EC7 30 minutes 1 M [~6 log reduction) projector [350 —800 nm]
[38] 42b E. coli DH5a pAKlux2.1 15 minutes 8 uM [no log reduction] LED-light [660 nm] 42.5 mWiem® 12.7 Jiem®
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Section 2.2. Neutral and anionic photosensitizers

Pre-treatment

Photodynamic bacte

Light source

Reference | Photosensitizer Bacteria strains . L N [Wavelength of Light fluence Light dose
incubation concentration .
emission]
30 minutes + Tween 80 1 50 uM [no log reduction]
8 E. coli M-17 30 minutes + Tween 80 1% , o
551 disodium EDTA 0.1% 30 #M [6 lag reduction] Light diode panel 0.1 Wienr® 40 Jfern?
[740 nm]
. nutes + Tween 80 1% and
79 E. coli M-17 disodium EDTA 0.1% 500 pM[no detected reduction]
80 E. eoli ATCC 25922 30 minutes 64 ug/mL [3 log reduction) , 20 Jlem?
[56] - - White LED-light 12.6 mW/iem® -
81 E. eoli ATCC 25922 30 minutes 64 pug/mL [3 log reduction) 10 Jem?
oli "C 25922 2 1 o O e 1
E. coli ATCC 25922 20 minutes 500 uM [1.7 log reduction ] InGan-based High Power
[42] I dncti LED multi-chip Emitters ND 10.8 Jiem?
48b E. coli ATCC 25922 20 minutes 300 uM [>3:4 log reduction] [505 nm]
100 uM [1.5 log reduction]
84 P aeruginosa ATCC 27853
30 minutes + 10% serum 100 pM [no log reduction]
30 minutes 100 pM [0.5 log reduction]
85 P aeruginosa ATCC 27853
30 minutes + 10% serum 100 pM [no log reduction]
30 minutes 100 pM [1 log reduction]
86 P aeruginosa ATCC 27853
30 minutes + 10% serum 100 pM [0.5 log reduction]
30 minutes 100 uM [3 log reduction]
87 P. aeruginosa ATCC 27853
30 minutes + 10% serum 100 pM [~0.8 log reduction]
30 minutes 100 pM [3.5 log reduction]
88 P aeruginosa ATCC 27853
30 minutes + 10% serum 100 pM [no log reduction] )
[59] White light KL 2500 LCD ND 100 Jfem?®
30 minutes 100 pM [no log reduction]
89 P aeruginosa ATCC 27853
30 minutes + 10% serum 100 pM [1 log reduction]
30 minutes 100 pM [1 log reduction]
90 P aeruginosa ATCC 27853
30 minutes + 10% serum 100 pM [no log reduction]
30 minutes 100 pM [no log reduction]
91 P aeruginosa ATCC 27853
30 minutes + 10% serum 100 pM [no log reduction]
30 minutes 100 pM [2 log reduction]
92 P aeruginosa ATCC 27853
30 minutes + 10% serum 100 pM [0.8 log reduction]
30 minutes 100 pM [1 log reduction]
93 P aeruginosa ATCC 27853

utes + 10% serum

100 pM [no log reduction]
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Section 2.2. Neutral and anionic photosensitizers

Pre-treatment

Photodynamic bacte

Light source

Reference | Photosensitizer Bacteria strains incubation ti concentration Ewﬂmm_mm.wm.”“u of Light fluence Light dose
30 minutes 10 uM [>6.5 log reduction]
94 P aeruginosa ATCC 27853
utes + 10% serum 100 pM [1 log reduction]
30 minutes 10 uM [~3 log reduction]
95 P aeruginosa ATCC 27853
30 minutes + 10% serum 100 pM [0.5 log reduction]
96 30 minutes 100 uM [1.5 log reduction]
P aeruginosa ATCC 27853
30 minutes + 10% serum 100 pM [no log reduction]
30 minutes 100 uM [no log reduction]
97 P aeruginosa ATCC 27853
30 minutes + 10% serum 100 pM [no log reduction] )
[60] ND 100 Jem?
98 P aeruginosa ATCC 27853 30 minutes 100 uM [no log reduction]
98 P aeruginosa ATCC 27853 30 minutes + 10% serum 100 pM [no log reduction]
30 minutes 10 uM [#6.5 log reduction]
99 P aeruginosa ATCC 27853
30 minutes + 10% serum 100 pM [no log reduction]
30 minutes 10 uM [#6.5 log reduction]
100 P aeruginosa ATCC 27853
30 minutes + 10% serum 100 pM [no log reduction]
30 minutes 100 uM [>6.5 log reduction]
101 P. aeruginosa ATCC 27853
30 minutes + 10% serum 100 pM [no log reduction]
A. baumannii ATCC BAAT47 15 minutes + 0.01% acetic acid 50 pM [~7 log reduction] 40 Jem?
A baumannii ATCC BAAT47 15 minutes + 0.01 % acetic acid .
[biofilm] + chitosan 12.5 uM 100 uM 3.8 log reduction] 80 Jfem
A. baumannii AB1 15 minutes + 0.01% acetic acid 50 uM [~7 log reduction] 40 Jiem?
[61] 102 Green laser diode 45 mW
. . 15 minutes + 0.01 % acetic acid : ) . [530 nm] 3
A. baumannii AB1 [biofilm] + chitosan 12.5 M 100 uM [~5.5 log reduction 80 J/em
A. baumannii AB2 15 minutes + 0.01% acetic acid 50 uM [~7 log reduction] 40 Jem?
" 15 minutes + 0.01 % acetic acid P
A bawmannii AB2 [biofilm] + chitosan 12.5 uM 100 uM [~3.2 log reduction] 80 J/em
10 minutes 50 uM [~3 log reduction] 9 Jiem®
103 Salmonella enterica ATCC 14028 -
10 minutes + KI 100 mM 0.10 uM [>7.5 log reduction] Green LED amray 9 Jlem?
[62] 530+ 40 10 mW/cm? -
10 minutes 100 uM [1 log reduction] [ nm] 9 Jjem?
104 Salmonella enterica ATCC 14028 "
10 minutes + KI 50 mM 0.10 uM [>7.5 log reduction] 9 Jiem®
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Section 2.3. Synthetic metallic complexes

N . Light source
Reference | Photosensitizer Bacteria strains .vqm‘ﬁm.m::m.:. Photodynamic vwm.mq ide [Wavelength of Light fluence Light dose
incubation time concentration .
emission]
o 5 107
[65] 108 E. coli IM109 ND 5 UM [~95% growth inhibition] | Wxeon 3W LED[520 41810 ND
nm] photons/s
P. aeruginosa CIP76. 50 uM [no log reduction] o ) )
[66] 109 4 hours White visible LED light 4.83 mW/em? 25 Jem®
E. coli CIP54.8T 50 uM [no log reduction]
E. coli MG 1655 ND 1 uM [MIC]
P aeruginosa AR 0229 ND 2 uM [MIC]
[68] 127 E coli AR 0114 ND 0.5 uM [MIC] Blue light [470 nm] 12 mW/iem’ 8.6 Jiem®
A. baumannii Naval-17 ND 0.5 uM [MIC]
K. preumoniac AR 0113 ND 4 uM [MIC]
Section 3.1. Materials based on biopolymers and carbon-based molecules
Reference Material Photosensitizer Bacteria strains ,v_.m.._.m.ws_m:. Photodynamic _uwnpm_._ ide h.wv.mc__qnm.imqm_m:m-: Light fluence | Light dose
incubation time concentration of emission]
E. coli 100 M [100% inactivation]
1
P aeruginosa 100 uM [100% inactivation] 1.296 Jiem®
E. coli 100 pM [100% inactivation] 1.296 J/em*
2
P. aeruginosa 100 uM [100% inactivation] 1.296 J/em®
E. eoli 100 uM [100% inactivation] 1.296 J/em®
128
. . P, aeruginosa 100 M [10 nactivation] - 1.296 Jiem®
[70] c m:_.:a,mw fabrics 20 minutes . 100 Watt tungsten %H..,..wo 2 -
[impregnation] E. coli 100 M [100% inactivation] mWiem 1.944 J/em?
129
P. aeruginosa 100 M [100% inactivation] 1.296 J/em®
E. coli 100 uM [60% inactivation] 1.944 Jiem®
130
P aeruginosa 100 uM [50% inactivation] 1.944 J/em*
E. coli 100 uM [40% inactivation] 1.944 J/em*
131
P aeruginosa 100 uM [100% inactivation] 1.944 J/em®
Kraft pulp fibers . Luxeon Star White o 5
[711 [grafting] 132 P. aeruginosa CIP76.110 ND ND [~4 log reduction] [400- 800 nm] 0.16 mW/cm 9.5 JVem
. g 30 minutes ND [~1 log reduction]
[72] En«??ﬂcﬂﬁn::?é 133 E. coli 8099 Xe lamp [420 nm] 65 mW/em® 117 Jiem®
microfibers 30 minutes + KI 25 mM ND [> 6 log reduction]
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Section 3.1. Materials based on biopolymers and carbon-based molecules

Pre-treatment

Light source [Wavelength

Reference Material Photosensitizer Bacteria str. N P P Light fluence ight dose
incubation time of emission]
Chitosan filins 12 E. coli Top 10 pHK724 60 minutes 3 uM [~4 log reduction] 16.2 Jfem?®
mpregnation
E. coli Top 10 pHK724 60 minutes 3 uM [no log reduction) 16.2 Jem®
73] 134 PAR radiation lamp [380 — 3 mW/em?
TiO: [nanoparticles] E. eoli Top 10 pHK724 60 minutes 10 uM [~2 log reduction] 700 nm] 32.4 Jiem®
Chitosan films E. coli Top 10 pHK724 60 minutes 3 uM [no log reduction] 16.2 J/em®
mpregnation 135
TiO- [nanoparticles] E. coli Top 10 pHK724 60 minutes 10 puM [~2 log reduction] 32.4 Jiem?
[74] n::nw“”” :.W..FME? 136 P. aeruginosa ATCC 27853 ND ND [4.69 log reduction] Laser light [660 nm] ND ND
Chitosan _,Jd.:ﬁm_v 15 minutes 0.2 mg/mL [~5 log reduction]
[crosslinking]
[77] 138 E. coli Nissle1917 Red LED lamp [660 nm]
Chitosan hydrogels 15 minutes 10 uM [~3 log reduction]
[additive] +0.4 mg/mL chitosan " 2 log
Chitosan hydrogels 49
78 impregnation of E. coli ATCCS55244 ND ND [95% reduction Infrared light [980 nm 1 W/em?
pregi MB g
UCNPs@MB)
DNA hybri
[79] nanonectwork 139 E. coli BK-21 ND 600 nM [30 % reduction] Incandescent white ligt ND ND
[crosslinking]
Wool keratin 51 S . ) . 500 W halogen-tungsten T 2
[80] [crosslinikng] Azurc A P aeruginosa PAOL ND 1 mg [~6 log reduction] Lamp 48 mW/cm 345.6 J/em
182] Eucalyptus oil o P aeruginosa BCRC 12154 ND 0.1 pg/ml. [-2.2 log IP65 LED light 0.674 mW/em? | 0.61 Jem®
[microemulsion] TBO > reduction]
Hexadecyl pyridinium 49
[83] trichloro cupreate MB E. coli MTCC 40 30 minutes ND [1.90 log reduction] Red-light [664 nm] 24mW/em?® | 44.64 J/em?®
[vesicles]
Dipalmitylphosphati-
dylcholine, cholesterol
[84] Q:an?gM.anQQnﬂi. h.—_ﬂw E. coli 817-1 10 minutes 0.02% [~1 log reduction] Diode laser [630 nm] 26.3 mW/em? | 1.578 Jem®
ammonium
[liposomes]
s/mL [~100 ©
A. baumannii 5 minutes 0.5 mg/mL [-100 %
reduction]
Silvel iazine e io] 2
[gs) | Silversulfadiazine 140 A, baumannii [biofilm] 5 minutes 0.5 mg/mL [76.4 % reduction] | D1U¢ LED light DY4004 ND 300 420
[nanoliposomes] [450 nm] Jem
A. baumannii [antibacterial in 5 minutes 0.5 me/mL [68.5 % reduction]

vivo model, mouse]
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Section 3.1. Materials based on biopolymers and carbon-based molecules

Pre-treatment

Light source [Wavelength

Reference Material Photosensitizer Bacteria str: . P e Light fluence ight dose
incubation time of emission]
1-palmitoyl-2-oleoyl- E. coli ATCC 25922 100 uM [0.11 log decrease]
sn-glycero-3- 141 N
phosphochline and P. geruginosa ATCC 6749 100 pM [no log decrease] High Power LED
[86] n_o_mw“_w_mﬁ.ﬂo i E coli ATCC 25922 20 minutes 100 pM [2.23 log decrease] MultiChip Emitters ND 30 Jem?
V\Z ZvZﬂ. Py 142 [max 640 nm]
trimethylammonium P. aeruginosa ATCC 6749 100 pM [no log decrease]
chloride [vesicles]
Polyethyleneimine and 8
octanoyl chloride . L coli A 3 30 minutes 195 pg/m ight [630 nm 30 mW/iem? 5.4 Jem®
87 1 chlorid Chlorin e6 E. coli ATCC 8739 30mi 2,195 L [MIC LED light [630 30 mW/em? 5.4 Jem?®
[micelles]
Poly(L-lactide)co- 49
[88] (glycolide) and poly(e- MB E. coli 11,954 2 hours ND [~2.5 log reduction)] ND 120 mW/em® | 215 Jem®
caprolactone) [Fibers)
Zeolitic imidazolate
framework-8 and poly 103 . - . . P
[89] (e-caprolactonc RB E. coli ND ND [~100 % reduction) Visible light lamp [S15 nm] | 1.8 mW/cm® | 3.24 J/em
[nanofibers]
2-hydroxyethyl
methacrylate 8 Bioluminescent E. coli 40 uM [~2 log reduction]
[non-covalent binding] Ao . _
[90] 15 minutes White :;Mcv%: light [400 156 mW/em® | 702 J/em®
2-hydroxyethyl nm]
methacrylate 8 Bioluminescent E. cofi 10 uM [~2 log reduction]
[covalent binding)
Section 3.2. Inorganic and hybrid materials
Reference Material Photosensitizer Bacteria strains .vnm.:m.m::.w:. Photodynamic Um.n.mn.n.n_m Light ma:nnm.—éme.m_m:m._.. Light Light
incubation time concentration of emission] fluence dose
Iron oxide magnetic
nanoparticles 30 minutes 2 uM [~1.9 log reduction]
[grafting] X )
911 8 E. coli ECT Visible light 90 mW/em? | 162 J/iem*
Tron oxide magnetic cationic
30 minutes 2 uM [~3 log reduction]
[grafting]
Iron oxide magnetic
:m:o._um_.sinm 143 3 uM [~1.7 log reduction] Cole-Parmer llluminator 05 4.5 )em*
[92] [grafting] E coli ECT 30 minutes 150 W halogen lamp S
id : [480 — 550 nm] mW/em
fron oxide magnetic 144 3 uM [~5 log reduction] 4.5 J/em*
nanoparticles [grafting]
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Section 3.2. Inorganic and hybrid materials

Pre-treatment

Photodynamic bactericide

Light source [Wavelength

Light

Light

Reference Material Photosensitizer Bacteria strains . " N N Py
incubation time concentration of emission] fluence dose
E. coli ATCC 25922 25 ug/mL [~11 log reduction]
E. S_.mh“,mm_wmcww 25 pg/mL [~3 log reduction]
Super paramagnetic iron 145 P 1793
[93] = P e . - ND Laser [808 nm] 3 Wiem e
oxide nanoparticles 1ICG K n:ﬁ.:ﬁmﬁmﬁu ATCC 25 pg/mL [~11 log reduction) Jem
K. pneumoniae ATCC 25 pg/mL [~6.5 log reduction]
70083[biofilm] - Hg/mL [~0.> log reduction
P E.sﬁ.ﬂwmww\pﬁhh 25 pg/mL [~11 log reduction]
[93] mac_gn.a _Eﬂwa.:m_w: a:e.. :%: . __na”u ND Lascr [808 nm] 3 Wiem?* ‘__\ch
oxide nanoparticles [grafting] P aeruginosa ATCC 25 pg/nL -3 log reduction] cm
700829 [biofilm| coHE s
Chitosan coated iron oxide 146
[94] magnetic nanoparticles TCPP E. coli 30 minutes 100 pg/mL [98% reduction] Laser irradiation [635 nm] 1 Wiem? ND
[grafting]
E coli K12 2 hours 0.1 mg/mL [~4 log reduction]
147 E coli K12 2 hours + K1 100 mM 0.01 g/mL [~3 log reduction]
E. coli K12 2 hours + H:0; 100 mM 0.01 g/mL [~3 log reduction]
E. coli K12 2 hours 1 mg/mL [~2.5 log reduction]
[95] Zm_._ch.G_m __._q._.u,_u_ 148 E. coli K12 2 hours + K1 100 mM 0.01 g/mL [~] log reduction] Blue-LED light [420 nm] ND 10 J/em?®
nanoparticles [grafting]
E. coli K12 2 hours + H:0, 100 mM | 0.01 g/mL [~5.5 log reduction]
E coli K12 2 hours 1 mg/mL [~1 log reduction]
149 E. coli K12 2 hours + K1 100 mM 0.5 g'mL [~5 log reduction]
E. coli K12 2 hours + H.0, 100 mM 0.01 g/mL [~6 log reduction]
E. coli K12 2 hours 0.1 g/L [~0.5 log reduction] Blue-LED light [420 nm] ND 20 J/em®
E coli K12 2 hours 0.1 g/L [~1.5 log reduction] Green-LED light [530 nm] ND 20 J/iem®
147
E. coli K12 2 hours + 50 mM KI 0.1 g/L [~6 log reduction] Blue-LED light [420 nm] ND 20 J/em?®
E coli K12 2 hours + 50 mM KI 0.1 g/L [~6 log reduction] Green-LED light [530 nm] ND 20 J/em®
[96] Nanocrystalline TiO, E coli K12 2 hours 0.1 g/L [~2 log reduction] Blue-LED light [420 nm] ND 20 Jiem?
nanoparticles [grafting]
E. coli K12 2 hours 0.1 g/L [~2 log reduction] Green-LED light [530 nm] ND 20 Jiem®
148 E coli K12 2 hours + 50 mM KI 0.1 g/L [~6 log reduction] Blue-LED light [420 nm] ND 20 Jem?
E coli K12 2 hours + 50 mM KI 0.1 g/L [~6 log reduction] Green-LED light [530 nm] ND 20 J/em®
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Section 3.2. Inorganic and hybrid materials

Reference Material Bacteria str .m.-.m.:.m.mi.mi Photodynamic _umn.m-..n_n_m ght m_u:-.nm.?%me.m_m:m-r Light Light
incubation concentration of emission] fluence dose
E coli K12 2 hours 0.1 g/L [~1 log reduction] Blue-LED light [420 nm] ND 20 J/em?
6] Nanocrystalline TiO; 150 E. coli K12 2 hours 0.1 g/L [~2 log reduction] Green-LED light [530 nm] ND 20 Jem®
5 5
nanoparticles [grafting] E coli K12 2 hours + 50 mM KI 0.1 g/L [~6 log reduction] Blue-LED light [420 nm] ND 20 Jem?
E. coli K12 2 hours + 50 mM KI 0.1 g/L [~6 log reduction] Green-LED light [530 nm] ND 20 Jem®
[97] TiO; nanoparticles [grafting] 151 E. coli ATCC 25922 30 minutes 16 pg/mL [~3 log reduction] LED light source _d“fw‘%:u 30 Jiem®
(3-aminopropyl) 2 mg/mL [> 8§ log reduction] LED device [660 nm] ND 108 Jiem®
98] triethoxysilane upconverting 152 E coli ATCC 25922 ND . ]
2 mg/mL [> 6.5 log reduction) Laser [976 nm] 0.4 W/em® | 720 JJem®
Mesoporous
nanoparticles embedded ND [~83% reduction]
membranes [doping]
Me i 49 . N S 3.2 N s
[100] esoporous sthica MEB E. coli 3 hours Visible light [660 nm] W em? 3.84 Jlem
nanoparticles embedded mwsem
membranes and ND [~95% reduction]
functionalized with THFS
[doping]
Silver nanoparticles, copper 140 240
[101] impregnated mesoporous . E. coli 10 minutes 20 ug/mL [> 7.5 log reduction] Blue light 3 72 Jiem?®
o , curcumin mW/cm
silica coated [encapsulation]
P. aeruginosa PAQ1 125 pug/mL [5 log reduction]
Biogenic silver nanoparticles 49 467.1
[103] . o 2 hours Diode laser [660 nm] o
[doping] MB P aeruginosa PAOL 125 pg/mL [60% inhibition] mW/em
[biofilm]
Silvi E. coli DH50 pAKlux2.1 ND [~3.5 log reductio]
[104] nanoparticles/Cellulose fabric - 10 minutes Red LED light [660 nm] | 75 mW/em? | 45 J/em®
[immbolization] E. coli ATCC 8739 ND [~4 log reduction]
Silver nanocubes [grafting] 1.1 uM [~6 log reduction] 2
[105] i E. coli ATCC25922 30 minutes Oreen LED xposurepancl | np ND
Silver nanospheres [grafting] 1.1 pM [~4 log reduction] [520nm]
[106] Ag- conjugated graphene - E. coli No incubation 0.3 pg/mL [~90% reduction] Blue light [430 nm) 14.2
quantum dots . ) ’ mW/cm?
[107] Graphene quantum dots - E. coli ND 0.5 pg/mL [~100 % reduction] ﬁnE.cwcnﬂﬂm_Hmmcn [800 2.64 mW
Clinitrogen-doped vo;.:ﬁ.u:n - E. coli 1 hour 0.005 pg/mL [MIC]
graphene quantum dots 2
[108] - - LED light 35 mW/em? | 2.1 Jiem?®
Br/nitrogen-doped polymeric - E. coli 1 hour 0.008 pg/mL [MIC

graphene quantum dots
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Section 3.2. Inorganic and hybrid materials

Reference Material Photosensitizer Bacteria strains .m.-.m.:.m.mi.m..i Photodynamic _umn.m-..n_n_m Light m_u:-.nm.:%me.m_m:m-r Light Light
incubation time concentration of emission] fluence dose
[108] _sm”%ﬂnnﬁwmﬁmhmﬁﬁmzn - E. coli 1 hour 0.05 pg/mL [MIC] LED light 35 mW/em? | 2.1 Jem?
[109] Graphene quantum dots __'”.._."w E. coli ND ND [~99% reduction] Red LED light [660 nm] ND ND
E. coli ATCC-8099 1 hour ND [~6 log reduction] 300 W Xenon lamp [> 420
Graphene quantum dots 146 nm|
oy |. Thene g ) ND ND
immobilized in cotton fabrics TCPP P aeruginosa CMCC (B) , 500 W Xenon lamp [> 420
“ 0104 1 hour ND [~6 log reduction]
nm]
E. cali ND 0.4 M [~ 4 log reduction] ﬁmz_n_mw__wr.xmm.\rmczm 3Imw 4 Jiem?
[112] | Bromintated carbon nanodats - ave amp [365 nm]
E. coli ND 0.4 M [~ 1 log reduction] White light [572 nm] ND 300 Jem?
E coli 8099 ND 0.25 mg/mL [> 6 Tog reduction] | “~ononarelamp S00W | o5 wene | 234 yiem?
[> 420 nm]
[113] Carbon quantum dots - K. pneumoniae ATCC ) .
2146 ND 5 mg/mL [0.95 log reduction| LC122 PDT light D ND
[400 — 700 nm]
A. baumannii ATCC 1605 ND 1 mg/mL [1.5 log reduction]
Carbon quantum dots E. coli ATCC 8099 60 minutes 0.6% [ 6 log reduction] Xenon arc lamn 500 W
[114] embedded into electrospun - P aeruginosa CMCC (B) > 420 P ND ND
nanofi A 60 minutes 0.6% [> 6 log reduction] [>420nm]
E eoli MCC 2412 3 hours 50 pg/mL [~5.5 log reduction]
[116] Single wall carbon nanotubes 103 MCC 21 S0 mW green laser 281 1674.7
RB £ coli MCC 2412 3 hours 50 pg/mL [~65% reduction] [520nm] mWw/em?® Jem®
[biofilm]
) E. coli MCC 2412 3 hours 50 pg/mL [~4 log reduction]
[115] Multiple wall carbon 49 Red diode laser [670 nm] 325 58.49
N nanotubes MB E. coli MCC 2412 3 hours 50 g/l [~65% reduction] ed dioge laser [6/Unm mW/em? Jem?
[biofilm] h &
fraeruginosa ATCC ND _uw w%wﬁmwhww_, [808 nm] | Wem? | 900 Jem?
A. baumannii ATCC 19606 ND wc w%\q:arnnwh_w”\__ [808 nm] 1 Wiem? | 450 Jiem?
~ 90%
[117] Graphene nanoribbons 153
E. coli ATCC 25922 ND ._,.c %%s_wmwnwwﬂ [808 nm] | Wem? | 450 Jem?
K. pneumoniae 30 ng/mL : 40 uM P P
ATCC 13883 ND [~ 90% reduction) 808 nm] IWiem? | 450 Jiom
Polyacrylamide-base 49 . S ) . T 14.5 >
[118] hydrogel [grafting] MEB E. coli DH50 pGLITE ND ND [~2.25 log reduction] 150 W white light W/em? 21.8 Jlem
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lll. Formulation of photosensitizers

One approach to improve the bioavailability of photosensitizers in aqueous media, is the
formulation of photosensitizers, aiming for a better distribution in aqueous and even solid
media. One of the main problems found for photosensitizers, and specially tetrapyrrolic
compounds, is their aggregation in water media, which in turn may decrease the triplet-state
quantum vyield, consequently decreasing the ROS production [19].

The formulation of photosensitizers has been extensively studied in the last two decade. It
is important to mention that PDT and PACT applications require different types of
formulations. Normally, PDT formulations target tumor and cancer cells, and it is desirable to
provide a slow release of the photosensitizer in the desired area [20]. However, PACT
formulations aim for wide bioavailability, low dark toxicity, while targeting several types of
microorganisms [21].

Formulations aiming for PACT can be divided in two great branches: water-dispersible
formulations and coating formulations. Water dispersible formulations aim for the disinfection
of aqueous media, as water sources [22], milk and dairy products [23], blood [24], and even
for their applications in skin [25] and corporal cavities [16,26]. On the other hand, coating
formulations aim to protect, disinfect or control microbial proliferation on surfaces, as
personal equipment protection [15] or even food [27].

Latest concerns on the overuse of plastics [28] and their impact in our life and
environment had arisen [29], especially after the COVID-19 outbreak, as single-use plastics
are widely used as preventive measurements against the disease spread [30]. This current
trend to decrease the use of petroleum-derived resources has boost the use of biosourced
polymers as drug delivery systems. Several types of formulations had been used for PACT
applications, working as delivery systems, but also as synergistic systems that enhance
antimicrobial applications.

Publication 2. “Conjugating biomaterials with photosensitizers:
Advances and perspectives for photodynamic antimicrobial
chemotherapy” [31]
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Antimicrobial resistance is threatening to overshadow last century’s medical advances. Previously eradi-
cated infectious diseases are now resurgent as multi-drug resistant strains, leading to expensive, toxic
and, in some cases, ineffective antimicrobial treatments. Given this outlook, researchers are willing to
investigate novel antimicrobial treatments that may be able to deal with antimicrobial resistance, namely
photodynamic therapy (PDT). PDT relies on the generation of toxic reactive oxygen species (ROS) in the
presence of light and a photosensitizer (PS) molecule. PDT has been known for almost a century, but
most of its applications have been directed towards the treatment of cancer and topical diseases. Unlike
classical antimicrobial chemotherapy treatments, photodynamic antimicrobial chemotherapy (PACT) has
a non-target specific mechanism of action, based on the generation of ROS, working against cellular
membranes, walls, proteins, lipids and nucleic acids. This non-specific mechanism diminishes the
chances of bacteria developing resistance. However, PSs usually are large molecules, prone to aggrega-
tion, diminishing their efficiency. This review will report the development of materials obtained from
natural sources, as delivery systems for photosensitizing molecules against microorganisms. The present
work emphasizes on the biological results rather than on the synthesis routes to prepare the conjugates.

rscli/pps

1. Introduction

One of the most serious uprising threats to human health is
antimicrobial resistance, in which microorganisms are able to
survive a chemotoxic treatment to which they were previously
sensitive. The best known examples for antimicrobial resis-
tance are bacteria which, due to their genomic plasticity, are
able to easily spread antimicrobial resistance in a short lapse
of time."

Since the discovery and development of antibiotics, anti-
microbial resistance (AMR) has been present. Indeed, it has
been recently found that, previous to the release of ampicillin
market, serotype
Typhimurium strains were already resistant to ampicillin.2
This is associated with the non-clinical use of penicillin as a
livestock growth-promotor in the 1950s, a practice that con-
tinues to date. All the non-clinical antibiotic (mis)uses have
led to an unaware selection and spread of more resistant bac-

into the several Salmonella enterica
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Also, it discusses the current state of the art, providing our perspective on the field.

teria over time. This was not immediately addressed as a
problem, as during the 1960-1980s the development and dis-
covery of several antibiotics was in vogue.” However, at the end
of the so-called “golden age”, the pipeline of new antibiotics
was tightening, leading to a decrease in the discovery rate of
more effective antibiotics, while AMR steadily kept the pace™”
(Fig. 1).

In more recent years, alarms have sounded as more virulent
strains are present in daily life. There is special concern
regarding the ESKAPE group of bacteria (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannil, Pseudomonas aeruginosa, and Enterobacter species),
which are prevalent as intranosocomial infections and rep-
resent a threat to modern medicine, especially to immunosup-
pressed, cancer and/or transplant patients.5 The uprise of mul-
tidrug resistant bacteria is a step backwards to human health,
as bacteria previously defeated are coming back, as the exem-
plifying case of extensively drug resistant tuberculosis, nowa-
days clinically untreatable.” Furthermore, AMR also involves
fungi® and parasites,” both resulting in massive economical
losses. It is estimated that, if AMR is continuously neglected,
the cost of inaction by 2050 would be the astounding sum of
100 trillion USD, and around 10 million deaths every year."” As
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Fig. 1 Schematic illustration of the nearly concurrent detection of AMR shortly after antimicrobial therapy development.®

a consequence, the WHO [World Health Organization) has
issued several recommendations,"’ including to seck for new
treatments with low resistance development and sanitation as
a measure to prevent further infections.'™"' This modern
health challenge is addressed by several research groups.

Photodynamic antimicrobial chemotherapy: a light at the end
of the tunnel

Photodynamic therapy (PDT) can be briefly described as the
light excitation of a nontoxic chromophore (PS) that forms a
long-lived excited triplet state (*PS*). *PS* can in turn interact
with surrounding molecules, generally with molecular oxygen,
to generate highly reactive and cytotoxic reactive oxygen
species (ROS), such as hydroxyl radicals and singlet oxygen.
There are two mechanisms that permit ROS formation.'* The
Type I mechanism involves photoinduced electron transfer
between a substrate and °PS*, generating radical ions that
easily react with oxygen, and in turn will generate ROS such as
superoxide anions or hydroxyl radicals. In addition, the Type II
mechanism involves photoinduced triplet-triplet energy trans-
fer between molecular oxygen and °PS*, generating a singlet
oxygen molecule, which readily reacts with other substrates
producing ROS.'

PDT has been developed since the beginning of the XX™
century, mainly against cancer cells."**® Up to 2018, 7 photo-
sensitizers had been approved for their clinical usage for anti-
cancer therapy. Furthermore, new photosensitizers are cur-
rently under clinical trial, mainly against cancer, e.g. redapor-
fin for head and neck cancer,'” but photosensitizers are also
investigated for other applications, such as Photrex as a treat-
ment against age-related macular degeneration, and Fotosan
as a disinfection agent on carious lesions."®'" PDT and
cancer are not the purpose of this review but for further
scope of its current state, several reviews have been recently
written.”™*!

As previously stated, AMR is a huge health concern for gov-
ernments and scientists. One of the main reasons that enables
microorganisms to easily overcome antimicrobials is anti-
microbial specificity. Most antimicrobials have specific mole-
cular mechanisms, e.g. p-lactam antibiotics inhibit cell wall
synthesis, while aminoglucosides interfere with protein syn-
thesis.”® Small changes in the bacterial targets increase the re-
sistance against antimicrobials; thus, antimicrobial treatments
with non-specific targets are more difficult for the bacteria to
Photodynamic chemotherapy
(PACT]23 relies on the same principles mentioned for PDT, but
is focused on microorganisms. Singlet oxygen and/or other
ROS species, generated by PACT mechanisms, are able to
oxidize sensitive biomacromolecules, such as proteins, DNA,
RNA, lipids and other cellular components (Fig. 2).

This is particularly pernicious for bacteria, as, unlike
eukaryotic cells, their DNA is not separated from the cyto-
plasm. Also, as PACT needs the simultaneous use of three
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Fig. 2 Schematic representation of the PACT mechanism.
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components (PS, light and oxygen), the chemotoxic stimuli
can only be intentionally provoked and then selection and re-
sistance can only be driven under controlled and desired cir-
cumstances.** In addition, there is evidence that suggests that
PACT exacerbates the innate immunological response, acting
as an immunomodulator by recruiting neutrophils and
prolonging the antimicrobial effect of PACT.*

Although promising, PDT and PACT need photosensitizers
with particular characteristics such as: (a) water-solubility, (b)
optimal photophysical properties, (¢) minimal side effects, (d)
no aggregation, (e) high triplet state formation yield, (f) resis-
tance to photobleaching and (g) small size for membrane per-
meation.'? Also, for PDT, it is desirable that the PS molecules
have strong absorption between 600 and 800 nm, which is the
optical window where tissues are more transparent to a deep
penetration of light. However, since PACT is intended for exter-
nal light exposition, the optical window that can be used is
increased and so does the variety of photosensitizers used.
Most of the PSs have an aromatic core and mainly are tetra-
pyrrolic compounds, such as porphyrins, porphins, bacterio-
chlorins, phthalocyanins, porphycens, etc.'>*® Nevertheless,
these suitable properties are often counterbalanced by their
inherent low solubility or high aggregation tendency, which is
deleterious for a good therapeutic antimicrobial effect, as
recently demonstrated.*

Conjugates and biomaterials

To address the low water-solubility and PS aggregation issue,
several types of formulations have been designed, including
nanoparticles, nanofibers, films and suspensions. For this
purpose, several raw materials have been used as suitable con-
jugates for PSs. However, some inorganic materials, although
widely used, seem to have negative properties when used on
in vivo systems. As an example, carbon-based nanoparticles
have demonstrated platelet aggregation and vascular thrombo-
sis, while 10 nm silver nanoparticles demonstrated acute
toxicity in vivo.***" Given the high fabrication costs and side
effects of many inorganic composites, biopolymeric conjugates
have appeared as relevant alternatives. Most biopolymers are
composed of carbohydrates, such as cellulose, cyclodextrin,
alginate and chitosan, but there are other materials which do
not have sugar on their backbones, such as lignin, poly(3-
hydroxybutyrate) and polylactic acid (Fig. 3). One attractive
feature of these materials is their wide availability and low
cost, as usually they are renewable by-products from agricul-
ture and forestry feedstock.” Furthermore, as they are natural
compounds, they are easily degraded and non-harmful for
therapeutic, biologic and environmental purposes. Also, one
of the advantages of using biomaterials is their diluting effect.
Indeed, grafting molecules to a material backbone decreases
the risk of intramolecular interactions and thus aggregation,
potentiating their biological activity.*'

In recent years, some reviews have been written about the
use of conjugates for PDT purposes. Mesquita and collabor-
ators have recently reviewed the synthesis of several conjugates
for PACT.*? Meanwhile, Almeida-Marrero and collaborators
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Fig. 3 Chemical structures of different biomaterials used as drug car-
riers for PACT.

wrote a review about conjugates with biopolymers for PDT.*
Therefore, this present review aims to focus on the biological
significance of biopolymeric conjugates, targeted as PACT
agents.

2. Cellulose based conjugates

Cellulose is a natural polysaccharide and it is the major struc-
tural compound in plants, mainly found in wood pulp. It is
constituted of a linear chain of several hundred to many thou-
sands of (1 — 4] linked p-glucose units, with a large amount
of hydroxyl groups available. Although linear, the presence of
hydroxyl groups permits H-bond formation, giving cellulose a
fibroid-like shape that confers physical resistance and interest-
ing physical-chemical properties.*! Also, the abundance of
hydroxyl groups enables chemical modifications that give rise
to different materials. These properties permit cellulose to be
addressed as an alternative raw material for different PS
formulations.

Cellulose films

Films have been designed as covers for surfaces when develop-
ing self-sterilizing surfaces for PACT. It has been, for example,
previously demonstrated that PS entrapped inside films could
retain their antimicrobial activity.

Classic PSs, Rose Bengal (RB) and toluidine blue-O (TBO)
have been conjugated in a cellulose acetate film, with excellent
results against the Gram negative bacterium Escherichia coll
(eradication 99.6000%) but also against S. aureus (99.6000%),
methicillin =~ resistant S, aureus (MRSA) (100.0000%),
Clostridium difficile (100.0000%), Candida albicans (88.0000%)
and even against the bacteriophage ®X174 (91.0000%). This
result is remarkable, as no dark toxicity is observed and the
light conditions are those found at hospitals (fluorescent
white light, 3700 Ix), fulfilling the purpose of self-sterilizing
covers under non-special conditions (Fig. 4).*
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Fig. 4 A coating film formulation was developed with two commonly
used photosensitizers, being able to eradicate different kinds of
organisms.**

Another interesting example of a composite is cellulose
laurate. Krausz and co-workers have indeed covalently attached
to the hydroxyl moieties of this modified cellulose two
different porphyrins, one among them is the natural and
endogenous protoporphyrin IX (PpIX), obtaining a plastic and
lipophilic film. Indeed, PpIX is an endogenous photosensitizer
that is omnipresent in most living cells. It has been used as a
PDT agent against cancers due to its lipophilic character and
accumulation in tumorous tissues.’ These violet films were
tested against E. coli and S. aureus bacteria under Tungsten
bulb irradiation (146.88 J em ™), with good phototoxicity and
low dark toxicity. The results demonstrated an almost com-
plete eradication. For this work, the authors discussed that the
good results obtained could be due to steric hindrance pro-
voked by the cellulose laurate, which permitted a better distri-
bution of the PS on the films, avoiding aggregation.*”**

Cellulose fibers

Cellulose fibers, whether as fabrics or as paper sheets incor-
porating PACT photosensitizers, would also represent an
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advantage in nosocomial environments, protecting patients
and health care providers from pathogenic bacteria.

This approach has been widely studied by the Krausz and
Sol research team. The authors developed several porphyrins,
with a neutral, cationic or anionic nature, comparing their
antibacterial effectiveness when grafted onto cellulosic nano-
fiber fabric. The results indicated that the grafted fabrics were
only effective against S. aureus (eradication of 93.7000%),
meanwhile E. coli remained unaffected by the photodynamic
treatment (white LED light, 9.5 ] cm™), regardless of the por-
phyrin nature (Fig. 5).”“'" Through a similar approach, the
same research group grafted a cationic porphyrin on cellulose
fibers, intending to form paper sheets. These paper sheets
demonstrated the capacity to eradicate S. aureus and E. coll up
to 100.0000%, under the same light conditions.*’ Later, they
also successfully eradicated S. aureus and P aeruginosa
100.0000% when they grafted a neutral porphyrin onto ligno-
cellulosic fibers and exposed them to similar light
conditions.**

This approach was also followed by another research group,
wherein porphyrin and boron-dipyrromethene derivatives
(BODIPY) were grafted to cellulose fibers, producing paper
sheets that were tested against several bacteria and viruses.*
The porphyrins tested had different ionic charges, being cat-
ionic, neutral and anionic. Meanwhile, the BODIPY derivatives
were either unsubstituted or substituted with iodine. These
materials were all tested under a non-coherent light source
(118 J em™). The obtained results indicated that the most
effective microbial reduction was found with the cationic por-
phyrin, which nicely correlates to a similar grafting on cell-
ulose nanocrystals*** (vide infra). Also, they found a signifi-
cant decrease of bacterial survival with the paper sheets
grafted with the iodine BODIPY derivative. The effectiveness
trend of the treatments was found to be cationic porphyrin >
iodine substituted BODIPY > unsubstituted BODIPY. However,
the anionic and neutral porphyrins did not exert any signifi-
t.** As a more recent example, this research group
grafted a cationic porphyrin (Por') and a zinc-substituted cat-

cant effect
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Fig. 5 Grafting of different porphyrins onto cellulosic fibers, developing functionalized fabrics.
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ionic porphyrin (Zn-Por') onto two kinds of cellulose fibers:
nanofibrillated cellulose (NFC) and cellulose paper (Pap). The
NFC conjugates were finely ground and could be dispersed in
aqueous solution and were able to eradicate multidrug-resist-
ant A. baumannii (>99.9900% eradication), MRSA (99.9999%
eradication) and vancomycin-resistant E. faecium (99.9999%
eradication}, under a 400-700 nm light source and around
234 ] em ™. Also, under similar light conditions the NFC con-
jugates completely eradicated dengue-1 and vesicular stomati-
tis viruses, displaying a wide range activity against bacteria
and viruses. Furthermore, the grafted porphyrins onto paper
were also able to completely eradicate the same bacteria under
the same light conditions."®

In some recent approaches, PpIX was used as a photosensi-
tizer when grafted onto different cellulosic backbones. In a
first report, zinc PpIX was grafted onto regenerated cellulose
nanofibers, which were later pressed in the shape of a thin
film. This formulation allowed a greater loading capacity
(412 nmol mg™') when compared with previous studies on cell-
ulose fibers (12.4 nmol mg ')** and cellulose nanocrystals
(160 nmol mg™").** These materials were tested under a Xenon
lamp, with a fluence of 500 W for 30 minutes, against
S. aureus and E. coli. A bacterial eradication of 99.9990% for
S. aureus and 99.0000% for E. coli was found. Also, the antibac-
terial effect was not diminished after 5 hours of light under
the same experimental conditions, providing evidence of
increased photostability, which is of upmost importance in
PACT." In the second approach, PpIX was grafted on a bac-
terial cellulose nanofiber surface."® Bacterial cellulose is a
biomaterial that is produced by Acetobacter xylinum, which rep-
resents a biocompatible and renewable biopolymer that can be
easily modified and scaled up. PpIX was grafted to it through
an amine spacer with different chain lengths (4, 10 and 14
atoms) to elucidate the differences of antimicrobial activity
depending on this parameter. Interestingly, it was found that
PpIX grafted onto bacterial cellulose through a 10 atom linker
provided the best efficiency, when exposed to a Xenon lamp
with a fluence of 500 W for 30 minutes. Also, in this configur-
ation, it was more effective against E. coli (99.9990%) than
against 5. aureus (98.5000%), an interesting result, as usually it
is observed that Gram positive bacteria are more sensitive than
Gram negative ones. This result was supported by singlet
oxygen generation, where the most efficient producer of singlet
oxygen is also the conjugate bearing the 10 atom spacer.*®
These results were complementary to a third approach where
PpIX was grafted onto cotton cellulosic fabrics. These
materials allowed to reach an approximated 99.9% of bacterial
annihilation for 5. aureus, meanwhile only ~90.0000% for
E. coli, when exposed to white light irradiation (9.5 ] em™2).*?
The differences between these results help to remark the
importance of a suitable conjugated matrix to deliver the
photosensitizer and achieve improved results in PACT.

Some researchers had proposed that the use of several
mechanisms of action at the same time diminishes the chance
of bacterial antibiotic resistance, and may eventually restore
the sensitivity of drug resistant strains.*® Thus, some studies
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report the application of PACT in conjunction with another
proved antibacterial treatment. In a recent example, Zn{u)-
p-carboxy phthalocyanine (CPZ) was covalently attached to
e-polylysine (EPL), a cationic antimicrobial agent, previously
coated onto a cellulose fabric. These fabrics were then tested
against E. coli, S. aureus and MRSA under red light irradiation
(90 J em™?). Under these conditions, it was demonstrated that
a high antibacterial capacity was able to eradicate bacteria up
to  99.0000%, 98.0000% and 99.0000%, respectively.
Interestingly, these results are only found in the case of the
CPZ-EPL conjugated material, as cellulose and EPL or cell-
ulose and CPZ were only able to kill ~80% of bacteria, proving
the synergistic effect of the conjugation of two different
systems with different mechanisms of action.”

Although most PACT studies are related to porphyrins and
phthalocyanines as photosensitizers, there are some remark-
able exceptions that need to be taken in account. As an
example, Zhuo and collaborators used two anthraquinone dye-
like compounds, which were easily attached to cotton fibers
through commercially available dyeing processes. These
materials were tested against E. coli and 5. aureus and irra-
diated with UVA light (108 J cm™*). The results demonstrated
excellent bacterial eradication, with 99.9000% of dead bacteria.
It is important to remark that this dose of UVA light by itself
was unable to reduce the bacterial population. Also, the anti-
bacterial effect is maintained even after 5 washes. A slight
diminishment was observed only after 10 washes, evidence
that those materials were effective and resistant enough to be
used as potential antibacterial and reusable clothes.”* In
another remarkable example, anthraquinone 2-carboxylic acid
(AQ-COOH) and titanium oxide (TiO,) were grafted onto cotton
fabrics through a common industrial process used for dyeing
fabrics. These grafted cotton fabrics (TiO,/AQ-COOH) were
tested against Pseudomonas fluorescens under UVA and white
light irradiation and were able to diminish the bacterial count
by 99.9000% and 99.9900%, respectively. In addition, the
authors also compared the antibacterial effect of fibers con-
taining exclusively one component (TiO, or AQ-COOH) and no
bacterial depletion was found, thus, the pair TiO,/AQ-COOH is
needed to achieve the desired antibacterial effect.*

Cellulose nanocrystals

Cellulose nanocrystals (CNC) are obtained from the acid hydro-
lysis of cellulose fibers, which results in defect-free, rod-like
crystals.* Due to their high molecular strength and chemically
modifiable surface, CNC have been targeted for the develop-
ment of delivery systems.

As mentioned above, the development of a dual anti-
microbial therapy appeared to be a strategy to avoid anti-
microbial resistance. Le Guern et al., for example, have devel-
oped a CNC conjugated with chlorin e6 (Ce6) and the anti-
microbial peptide polymyxin B. This conjugate was tested
against S. aureus, Staphylococcus epidermidis, E.
P. aeruginosa under white LED light irradiation (43.2 J cm™).
The conjugate completely eradicated the three bacterial
strains. The approach is especially interesting as it provided a
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Fig. 6 Cellulose nanocrystals grafted with Chlorin e6 and Polymyxin B demonstrated their effectivity against Gram negative bacteria, due to the

molecular targeting provided by Polymyxin B.

targeting PACT system towards Gram negative bacteria as poly-
myxin B is a well-known Gram negative-targeted compound
(Fig. 6).

Another relevant example was described by the Ghiladi
research group, who grafted cellulose nanocrystals with cat-
ionic zinc-porphyrin (TMPyP) through a click-chemistry
approach. The nanocrystals obtained so far were tested against
several bacteria, as E. coli, S. aureus, MRSA, A. baumannii, mul-
tidrug resistant A. baumannii and against Mycobacterium smeg-
matis, under white light illumination (108 J cm™). In this
work, the incubation time prior light exposure was also evalu-
ated, finding it to be crucial for proper bacterial eradication
against P. aeruginosa. As an example, the survival of
P. aeruginosa drops from ~40% to 0.1% by increasing the dark
incubation time from 5 to 60 minutes.**** The incubation
time before light irradiation is an important parameter, as it
has been described that bacterial uptake happens quickly,
mainly through electrostatic binding and passive diffusion.
Meanwhile, mammalian cells uptake PS molecules through
endocytosis, which is a slow process that can take several
hours. Thus, incubating for a prolonged time may harm mam-
malian cells rather than bacterial cells in a complex
environment.*®

A different advancement has been developed through the
design of two cationic phthalocyanines (Pc’) and its non-
covalent attachment to CNC. The conjugated Pc'-CNC were
tested against E. coli, S. aureus and C. albicans, under red light
irradiation (64 J cm™?). The composite Pc'-CNC was able to
efficiently eradicate the microorganisms tested. Also it was evi-
denced that the Pc'-CNC was more effective than the non con-
jugated Pc'. The authors addressed this improvement as a

450 | Photochem. Photobiol. Sci, 2020, 19, 445-461

result of diminished aggregation of the Pc' compounds when
attached to the cellulose backbone.®”

Soluble-cellulose conjugates

Several authors have described that the modification of the
conjugating materials is almost as relevant as the chemical
nature of the photosensitizer that has been grafted on it. For
example, recently Jia et al developed a material with both a
photosensitizer (PpIX) and a cationic group (y-butyrobetaine
hydrochloride) grafted on microcrystalline cellulose (Fig. 7).
This conjugated material prevented the aggregation of the
photosensitizer and was water-soluble, promising a highly
efficient conjugate for PACT. Indeed, this formulation was
shown to be capable to efficiently eradicate E. coli and
S. aureus after 3 minutes of exposure, whether under sunlight
or weak light exposure (7.2 ] em™). More importantly, this
approach was tested as a spray for covering surfaces, such as
masks, gloves and clothing, eradicating up to 99.9000% of
E. coli and S. aureus under sunlight.*!

3. Cyclodextrin materials

Cyclodextrins (CDs) are a family of cyclic oligosaccharides,
obtained from the enzymatic degradation of starch by the
cycloamylose glucanotransferase, found in bacteria such as
Bacillus macerans. These molecules are formed by 6, 7 or 8 glu-
copyranose monomers linked by «-1,4 bonds, forming -, p-
and y-cyclodextrins, respectively. The cyclic form of CD gener-
ates a three-dimensional toroid, with the hydroxyl groups
being outside the inner macrocycle. Thus, the inner macro-

This journal is © The Royal Society of Chemistry and Owner Societies 2020

Nidia MALDONADO CARMONA | These de doctorat | Université de Limoges | 2021

67
MmN


http://creativecommons.org/licenses/by-nc-nd/2.0/fr/

Published on 14 February 2020. Downloaded by BIBLIOTHEQUE DE L'UNIVERSITE DE LIMOGES on 1/25/2021 12:16:46 PM.

View Article Online

Photochemical & Photobioclogical Sciences Paper
Mask
\l/
' SOF
- S~
[JEJD {@ 71N
—_—
Gloves Sunlight driven
Spray bacterial
formulation eradication
99.9%

Protective
suit

Fig. 7 A remarkable example of cellulose as a vehicle. In this example, PpIX and y-butyrobetaine hydrochloride were grafted on microcrystalline

cellulose.™

cycle has a lipophilic microenvironment, where non-polar
molecules can be entrapped (Fig. 8). In addition to these natu-
rally found cyclodextrins, different modified CD materials have
been developed, increasing the potential of CD as drug
vehicles.”®*” The low toxicity and good biocompatibility of CD
makes them excellent conjugating materials for PSs in PACT
application.®” Therefore, in the present review, several recent
examples of CD as vehicles for PSs are described below.
Although less threatening than antibacterial resistance,
antifungal resistance is a real danger to world health. An inter-
esting approach addressed this problem through the encapsu-
lation of a fluconazole-porphyrin (F-Por) conjugate in a
p-cyclodextrin PCD solution, intended to work as a double
mechanism of the action conjugate. This system (F-Por,i'ﬁCD)
was tested under light irradiation (white light, 90 mW cmfz]

and it was able to arrest the growth of fresh cells of C. albicans.
However, a better effect was observed when the porphyrin and
fluconazole were not covalently linked, but still used fCD as a
nano carrier for the non-water soluble PS. This unexpected
result underlined that the attachment between the PS and the
fungicide is not necessary to achieve a good result for this con-
jugate. This can be positively addressed, as it allows the use of
two complementary therapies (fluconazole and PACT) without
numerous and tedious synthesis steps.®”

Natural compounds have always been in the spotlight of
antimicrobial research. Curcumin, extracted from Curcuma
longa, is a polyphenolic compound that has been used as a
good photosensitizer for PDT.**** However, its high lipophilic
nature makes it necessary to develop vehicles for non-water
soluble PSs. The Tennesen research group has made some

a-Cyclodextrin

Fig. B Tridimensional structure of a-cyclodextrin with its surface. The hydroxyl groups are depicted in red; ether groups in blue; carbon groups in
gray. The crystalline structure was obtained from an experimental crystal structure.®*
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interesting advances in this subject, through the formulation
of PS conjugates with CD derivatives. They developed lyophi-
lized solutions of curcumin with methyl-p-cyclodextrin as a
vehicle, and a mixture of different biopolymers (hydroxypropyl
methyl cellulose or hyaluronic acid) to stabilize and favor the
Iyophilization. The lyophilized powders demonstrated a high
hydration and recovery capacity, as well as a high antimicrobial
capacity against Enterococcus faecalis and E. coli. In the case of
the Gram positive bacteria, as little as 0.5 pyM was enough to
completely eradicate bacteria under blue light irradiation
(32 ] em™).° Also, through a formulation with hydroxypropyl-
p-cyclodextrin (HPPCD), they achieve a supersaturated solution
which completely eradicated E. coli under similar light con-
ditions.”® However, no difference was observed between the
ethanolic curcumin solution and the CD formulations contain-
ing curcumin, when comparing their antibacterial efficiencies.
Still, the authors demonstrated the thermostability, photo-
stability and easiness of solubilization of the CD conjugate,
which represents an advantage when compared to the ethano-
lic curcumin solution. Also, through a lyophilized formulation,
solvent usage is avoided.*>*®

Through a different approach, HPRCD was covalently
bound to polypropylene fibers (PP), yielding a fabric with a
potential low-elution activity. 5,10,15,20-Tetrakis(4-sulfonato-
phenyl)-21H,23H-porphine (TPPS), an anionic porphyrin, was
encapsulated on the PP/HPPCD conjugate. Then, the material
was characterized, focusing on its potential controlled release
of porphyrin. The results showed that TPPS was slowly released
in aqueous media. Also, this material was able to kill
99.9800% of S. aureus cells, but was unable to diminish the
bacterial population of P. aeruginosa, under halogen lamp
irradiation (5 ] em™).%”

Recently, a Ce6 photosensitizer grafted on a a-cyclodextrin
(xCD) was used to encapsulate polyethylene glycol 1000 (PEG)
bound to the antimicrobial peptide Magainin I (M1). The
whole supraconjugate «aCD-Ce6/PEG-M1 (Fig. 9) enabled the
formation of a micelle-like structure, with M1 facing outwards,
thus allowing specific bacterial targeting. Micelles were able to
kill and destroy bacterial biofilms of P. aeruginosa and MRSA
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above 99.9999%, under laser irradiation (660 nm). This result
was rather interesting, as bacterial biofilms are known to be
particularly difficult to eradicate. Moreover, under similar con-
ditions, the micelles were unable to kill NIH3T3 cells or
human umbilical vein endothelial cells (HUVEC), resulting in
less toxicity than the aCD-Ce6 conjugate. The results of this
research were promising against bacterial biofilms and similar
targeted approaches would be beneficial for human health.*®

Similarly, delivery systems have been developed for RB.
Indeed, even as RB is a well-known PS, it is rarely used without
a conjugating system, due to the intrinsic low intracellular
uptake ability of RB. However, there is a described decrease in
RB's singlet oxygen production when the molecule is co-
valently attached to another macromolecule. In order to avoid
this, RB has been recently encapsulated in «CD. The conjugate
was evaluated against Strepfococcus mutans, a bacterial strain
commonly found in teeth, with a total eradication of the bac-
terial population after a brief time of blue light irradiation
(3.5 J em™). Also, in order to achieve total eradication, RB
alone required a concentration 32 times higher than the conju-
gate RB/aCD (2 uM and 0.062 M, respectively).*”

4. Chitosan materials

Chitosan is the de-acetylated derivative of chitin, one of the
most abundant biopolymers in nature and the most abundant
amino-polysaccharide polymer. Chitin is usually found on the
exoskeleton of insects, crustaceans and also on the cell wall of
fungi. Normally, chitin is obtained as a waste from the food
industry, from shrimp and crab shells, a renewable resource.
Chitosan is a polycationic linear chain of N-acetyl-o-glucos-
amine and f-1,4-linked p-glucosamine, containing multiple
hydroxyl and amine moieties, allowing several chemical modi-
fications and grafting of photosensitizers. Therefore, chitosan
is often used as a drug carrier, particularly for PACT, as its own
antibacterial activity has been described.”

There are two different approaches described with chitosan
in the literature: solubilized chitosan formulations or macro-
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Fig. 9 The supramolecular conjugate «CD—Ce6/PEG-M1. Micelle-like structures were formed and tested against P. aeruginosa and MRSA, eradicat-

ing both bacteria.®
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molecular chitosan formulations. Some relevant examples for
both are shown below.

Soluble chitosan formulations

Fundamental research on the usage of chitosan for PACT
applications was made by Tsai and collaborators in 2011. They
tested two PSs, hematoporphyrin micelles and toluidine blue
O (TBO), under white LED light irradiation (20 ] cm™). They
described that the addition of chitosan (0.25%) before or after
PACT increases the bacterial death at least 1000 times, being
able to eradicate several strains of both Gram positive and
negative bacteria.”’ This finding was also replicated on
C. albicans, where an increase in the antimicrobial and anti-
biofilm effect of TBO was observed when chitosan was added
to the medium in a similar fashion.”” After this groundbreak-
ing discovery, chitosan nanoparticles charged with erythrosine
were designed and tested against S. mutans, P. aeruginosa and
C. albicans. In accordance to the previous results, the PACT
effect was enhanced in the presence of chitosan in planktonic
cells or in bacterial biofilms.” Later, they proved that the
addition of chitosan to the treatment inhibited cell recovery
after PACT. Apparently chitosan synergic behavior was prob-
ably related to cell wall disruption, due to the chitosan cationic
charges.”

During the same period, different approaches have been
developed. A formulation of methylene blue (MB) complimen-
ted with chitosan was able to kill Helicobacter pylori through
the rupture of its cell membrane and further DNA damage
after irradiation with white light (7.5 ] em™) (Fig. 10).”® This
group also exhibited an increase in antibacterial activity
against C. difficile, a pernicious and resilient gastric bacterium,
using a combination of tetracycline and chitosan. Although
tetracycline per se is an antibiotic, it can also behave as a PS
when activated with UVA light (2.5 mW). The concomitant
treatment of tetracycline, chitosan and UVA successfully dimin-
ished bacterial survival up to 1000 times when compared with
the treatment using only light or tetracycline.”®

Although most of the examples of the usage of chitosan
have been done in vitro, some remarkable examples should be
emphasized. As an example, in an ex vivo approach, chitosan

N
PGSR
\IT S+ T/

Methylene Blue

OH OH OH
° R /ti/
HO Oho Oho OH
NH, NH, NH;
n

Chitosan

View Article Online

Paper

and MB were tested against E. faecalis in human teeth root
canals irradiated with red light (100 mW). It was observed that
concomitant treatment is more effective than the individual
treatments and single light irradiation. Therefore, these results
open up the scope for in vivo approximations.””

Macromolecular chitosan formulations

Several formulations, including chitosan in the shape of nano-
particles and films, are also available in the literature.
Particularly, Kishen’s research team had focused on chitosan
nanoparticle formulations devised for dental usage. They have
successfully tested chitosan nanoparticles with rose bengal
(CsRB) against E. faecalis and P. aeruginosa,”® E. faecalis
biofilm,” and against a multispecies biofilm.” Besides, they
also created a cross-link conjugate between chitosan and rose
bengal against E. faecalis planktonic cells.*’ All these tests
were done under similar irradiation conditions, with red light
at a fluence of 40 ] ecm™>.

Also, this research team focused on the in vivo difficulties
of PACT implementation. They evaluated the interference of
the oral cavity tissue components with CsRB, finding different
efficiencies as those found in ir vitro experiments.82 Besides,
they analyzed the efficiency of PACT to destroy Clostridium his-
tolyticum collagenase, a virulence factor which facilitates bac-
terial colonization, finding that CsRB were able to destroy and
inhibit bacterial colonization.** Nevertheless, the CsRB conju-
gate was also able to destroy endotoxins and lipopolysacchar-
ides from P. aeruginosa, which would diminish the virulence of
bacteria. At the same time, CsRB have shown no toxicity
against macrophages, demonstrating the safety for in vivo
treatments.**

Another approach against oral cavity infections was
achieved with chitosan nanoparticles loaded with the dye
indocyanine green (CNP/ICG). As a first approach, CNP/ICG
were irradiated with a laser (805 nm, 20 W) and demonstrated
good bacterial capacity to kill Porphyromonas gingivalis, patho-
genic bacteria associated with periodontitis, the infection of
the supporting tissue of teeth. Also, they demonstrated that
CNP/ICG was able to attach to P. gingivalis and other periodon-
tal pathogens, such as Aggregatibacter actinomycetemcomitans

rd ] ~
White light irradiation 7.5 Jicm?

Helicobacter pylori

# Rupture of cell membrane
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Fig. 10 A soluble formulation of chitosan and MB was formulated for the eradication of H. pylori.
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and Fusobacterium nucleatum.®® In a more recent study, CNP/
ICG was tested against A. actinomycetemcomitans and the treat-
ment diminished the viability, bacterial metabolism and
biofilm generation. The diminishment of biofilm generation
was found to be a consequence of a diminished expression of
fieF, a gene encoding a virulence factor necessary for biofilm
formation. Besides, CNP/ICG has low toxicity on human gingi-
val fibroblast cells under the working conditions. Thus, CNP/
ICG may represent a promising in vivo treatment against
periodontitis.*®

Another research analyzed the concomitant effect of chito-
san nanoparticles and MB. For that purpose, sub-lethal con-
centrations of both components were tested against S. aureus,
P aeruginosa, MRSA and multidrug resistant P. aeruginosa
under laser irradiation (650 nm, 22.93 ] em™%). The authors
concluded that the concomitant treatment yielded better
results than the chitosan and MB separately. In addition, they
also observed low toxicity on human fibroblast cells under the
working conditions.®”

Through another approach, chitosan films were prepared
with four different meta-substituted porphyrins entrapped in
them. The films diminished bacteria survival under white
light irradiation (864 ] em™) and demonstrated a good
capacity to inhibit Listeria inocua biofilm formation, a model
for the pathogenic bacteria Listeria monocytogenes. Moreover,
the chitosan films were less prone to bacterial attachment
than the glass slide control. If bacteria are unable to attach to
the surface, they cannot start surface colonization and further
biofilm formation. Thus, chitosan films improve the protec-
tion of surface coatings through avoidance of the formation of
biofilms.®®

PDT has also been used in other fields, such as agriculture
and the food industry, especially for foodborne decontamina-
tion. As a good example, a formulation of chlorophyllin and
chitosan was used on strawberries as a film coating.*” Both
chitosan and chlorophyllin are FDA (Food and Drug
Administration) approved alimentary supplements. The coated
strawberries were edible and, when exposed to blue light
irradiation (38 J cm_zj, demonstrated the total eradication of
S. enterica serovar Typhimurium, a pathogen usually found in

oH OH OH
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strawberries and a pathogenic agent of enterogastritis.
Besides, the coating diminished the presence of naturally
found molds and yeasts, increasing the shelf life of strawber-
ries (Fig. 11).

Very recently, Sun et al. reported a study on carboxymethyl
chitosan (CMC) nanoparticles loaded with ammonium methyl-
benzene blue (a 4,8-bis(2-sulfo-p-toluidino)-1,5-dihydroxyan-
thraquinone; AMB) as a PS. These nanoparticles (CMC-AMB)
demonstrated a pH responsive release of the AMB, releasing it
mostly under acidic pH. Later, these nanoparticles were tested
against §. aureus, MRSA, E. coli and P. aeruginosa, being able to
eradicate them under laser irradiance (650 nm, 60.6 ] cm'z],
either as planktonic cells or as biofilms. They also extended
the studies and through an in vive rabbit model approach, the
researchers observed a significant reduction of S. aureus
infection.”

5. Other biomaterials

Although there are plenty of biomaterials surrounding us, not
all of them have been used in the pharmaceutical industry.
Therefore, the use of biomaterials on narrow topics like PACT
is even less common and it is mandatory that future research
involves the use of these biomaterials. Below, we present some
non-traditional biomaterials as supports for photosensitizers
to be used in PACT systems, as well as some relevant examples
available in the literature.

Nucleic acid aptamers

Aptamers (Apt) are single-strand nucleic acid molecules which
spontaneously bend into secondary and tertiary structures.
These tridimensional structures bind to molecular targets with
high affinity, and thus, aptamers are known as “chemical anti-
bodies”. However, unlike antibodies, their production is easier
and they can easily be subject to chemical modifications, in
order to attach drugs and further functionalize the molecule.
Also, aptamers are heat resistant and, even if they go through a
denaturation process, they easily recover their functional
shape.”’ As aptamers can recognize and attach to a defined

LED-driven antimicrobial
protection against:

ol

Salmonella enterica
Serovar Typhimurium strain
Ds8s

Naturally found yeasts and
molds

Strawberries
edible coating

Fig. 11 Chitosan and chlorophyllin on a coating formulation to extend the shelf-life of strawberries.
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molecular target, they can behave as targeted drug vehicles. A
conjugate system that exploits aptamers for PACT was recently
developed. This system is based on iron oxide magnetic nano-
particles, functionalized with Ce6 and with species-identifiable
aptamers (Fe;0,-Ce6-Apt), which had specific affinity for E. coli
and S. awreus. With this bioconjugate, it was possible to
enrich, detect, quantify and eliminate bacterial contamination
in blood samples, without side effects observed in the red
blood cells. These nanoparticles are likely to be used for early
sepsis diagnosis, overcoming the standard method. Sepsis
diagnosis usually takes around 2 days to achieve a confident
diagnosis, however with Fe;0,-Ce6-Apt after 4 hours this same
result can be achieved (Fig. 12).%*

Exopolysaccharides

Exopolysaccharides (EPS) are high molecular weight polymers
produced by bacteria. The production of EPS responds to bac-
terial needs and may work as surface adherents, as a bacterial
immunological system, and as structural blockages.” The FDA
has approved some EPS for human use, especially those gener-
ated from lactic acid bacteria, such as Lactobacillus genera. In
a recent approach, RB was encapsulated inside EPS-605-NH,
nanoparticles. EPS-605-NH, was isolated from Lactobacillus
plantarum LCC-605, a strain isolated from fermented food
Fuyuan Pickles with a high capacity to produce EPS.”* With
this formulation, a concentration of § uM and 0.5 pM was
needed to completely eradicate E. coli and S. aureus under a

E. coli and S. aureus

Chierin.e€ specific aptamers

Magnetic Fe,0,-Ce6-Apt
Nanoparticles

View Article Online

Paper

white light irradiation of 3 ] em™2. Besides, these nanoparticles
demonstrated low toxicity against Alveolar type II cells (AT II)
and also demonstrated a low hemolytic activity. Then, the con-
jugate demonstrated its safety and efficiency and it is proposed
as an alternative for further in vivo studies.”®

Alginates

Alginates are polysaccharides formed by monomers of man-
nuronic acid and guluronic acid. These molecules represent
up to 44% of the dry weight of marine brown seaweeds. Due to
their plastic properties, alginates represent a renewable
alternative to petrol plastics. Also, they are currently used in
medical devices, such as drug delivery systems, wound plas-
ters, and as a potential replacement for cartilage.”® In a recent
example, alginate foams were loaded with curcumin and a dis-
persant agent PEG 400 and/or HPBCD was used. The obtained
foams were easy to handle and hydrate, being suitable
for wound dressings. When irradiated under blue light
(9.7 J em™?) and tested against bacteria, they demonstrated low
phototoxicity against E. coli (eradication 81%) but were able to
completely eradicate E. faecalis.””

Proteins

p-Lactoglobulins (PLG) are proteins from the lipocalin family
that bind and transport small ligands, serving several biologi-
cal roles. It has been demonstrated that their high affinity for
small molecules may be useful to be used as drug-carriers.”®

Early sepsis diagnosis:
* Enrichment

» Bacteria detection

* Bacteria quantification

» Bacteria eradication

Accelerated diagnosis

4 hours >>> 48 hours

Fig. 12 Magnetic Fe;0,4 nanoparticles, functionalized with Ce6 and species-identifiable aptamers, were designed for multiple purposes on blood

sepsis diagnosis.
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As an example, Hypericin (Hyp), a natural occurring photosen-
sitizer, was stabilized with p-lactoglobulin and formed a
soluble conjugate (PLG-Hyp). It was demonstrated that the con-
jugate PLG-Hyp is fluorescent and produces singlet oxygen in
aqueous media, in contrast to hypericin in aqueous media.
However, when the formulation was tested against S. aureus,
both Hyp and PLG-Hyp were able to reduce bacterial survival
under green light irradiation (37 ] em™). Furthermore, the
Hyp was more effective than pLG; however, dimethyl sulfoxide
is added to the tested media, so the authors discussed about
the probable usage of PLG-Hyp as a dairy disinfectant, with
the advantage of a solvent-free formulation.””

Polylactic acid

Lactic acid is an organic molecule which is generated through
feedstock waste fermentation. These molecules can be poly-
merized and form polylactic acid (PLA), which has interesting
properties that have been studied for more than three decades.
One of the main advantages of PLA is that it is easily hydro-
lyzed on monomeric lactic acid under compost conditions.
Also, PLA has really good biocompatibility and is used as a
degradable matrix on wound dressings, suture materials, and
bone fixation devices, and as drug delivery systems, such as
nano and microparticles, microspheres, etc.'"®” As an example,
recently, curcumin was encapsulated in polylactic acid nano-
particles, with an anionic (Cur-PLA™) or cationic nature (Cur-
PLA"). These nanoparticles were tested against planktonic cells
of S. mutans, C. albicans and MRSA, with Cur-PLA" being able
to completely eradicate these microorganisms under blue light
irradiation (43.2 J cm™). However, when these nanoparticles
were tested against microbial biofilms with one or more
species, they failed to diminish the bacterial count.'”!

Poly(3-hydroxybutyrate)

Poly(3-hydroxybutyrate) (PHB) is a polymer from the family of
polyhydroxyalkanoates, which are polyesters produced by
microorganisms. When extracted from the cellular media,
these polymers have thermoplastic and elastomeric properties.

View Article Online
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Thus, they have been studied over the last 30 years as an envir-
onmentally friendly alternative plastic. Research has been
focused on its usage in medical devices and tissue replace-
ments, and it has also received some interest as a drug delivery
system.'”* Ol'khov and Karpova developed delivery systems
based on fibers of PHB loaded with iron(m)-tetraphenylpor-
phyrin. Although the materials were meticulously character-
ized, non-biological tests were done. However, the authors pin-
point that these formulations may be suitable for anti-
microbial and antineoplastic purposes and it is likely that we
will hear soon about this topic.'"*'**

Lignin
After cellulose, lignin is the second most abundant bio-
polymer. Besides its natural abundance, lignin is a sub-
product of the paper industry, resulting in around 107 tons per
year of extracted lignin. However, lignin is mostly regarded as
a waste product, often used to produce energy. Only recently,
research on lignin as a valuable raw material has taken off.'*”

To the best of our knowledge, only one work regarding
PACT and lignin has been published in the last 10 years, even
if some reviews on the use of lignin as biomaterials for drug
release have been recently published.'**'%7 In this single work,
silver and gold nanoparticles were coated with different types
of lignin. Then, these nanoparticles were tested against plank-
tonic cells of E. eoli and S. aureus, successfully achieving
total bacterial eradication under white light irradiation
(28.08 J em™). Also, a diminishment of 60% on the biofilm
formation of 5. aureus was observed. Besides, under the experi-
mental conditions, the nanoparticles did not induce cyto-
toxicity against 3T3 fibroblasts. Thus, lignin appears as an
appropriate material and more likely we will see an increase in
research about this material applied to PACT.'"®

Also, recently, it was described that acetylated lignin dis-
plays photosensitizer properties. This observation was made
after comparing the singlet oxygen and superoxide anion pro-
duction of raw kraft lignin (KLi) and an acetylated derivative
(AcLi). Only AcLi produced ROS under white halogen light
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Fig. 13 Distribution of different formulations and conjugates used for PACT from the last 15 years; each point represents a developed conjugate.
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exposure (270 pE s~ m™?). Thus, AcLi can work as a photosen-
sitizer and this discovery increases the window of opportu-
nities that lignin provides as a raw material for PACT.'"”

6. Conclusions

Over the last few years, the development of biomaterials for
PACT application has received increased attention. Several
examples have been described in this review and most likely
different research groups are currently working on novel conju-
gates that aim to further develop materials for PACT that are
safe for human usage but also environmentally friendly.

Although several examples have been shown, the most pro-
lific research is focused on cellulose and porphyrin conjugates
(Fig. 13). However, we can predict an increase in the usage of
new biomaterials, such as lignin. Also, it is more likely that
naturally occurring compounds, such as curcumin or hyperi-
cin, become more relevant in the PACT field, as some natural
compounds are easy to extract, achieving good yields and
purity. The field of bioconjugates is widening and, most likely,
exciting novel research will soon appear. It should not surprise
us that in the next few years an PACT material gets commonly
used in hospitals and food packaging.
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PuD OBJECTIVES

The project POLYTHEA received funding from the European Comission, under the Marie
Sktodowska-Curie grant agreement n° 764837. This project motto was “How light can save
lives” and was focused on the life-sciences applications of photosensitizers, and their
formulations. Each of the ten developed projects were carried out in two or more european
locations, as France, Portugal, Ireland, Poland, Switzerland, Greece, Netherlands, Germany
and Scotland. The work presented in this thesis was developed in France and Portugal, with
secondments in Poland and Germany, with the common goal to develop antibacterial
photodynamic formulations.

Antimicrobial resistance arise has boost the research for disinfectant alternatives, as
Photodynamic Antimicrobial ChemoTherapy which relies on in situ produced reactive oxygen
species (ROS). The production of ROS is driven by the interaction of light and a
photosensitizing molecule. However, usually photosensitizing molecules have bioavailability
problems in aqueous media, which formulation research has taken as a challenge. In
addition, the use of biopolymers as raw materials for drug delivery has increased, as a
response to global efforts to decrease the use of petroleum-derived products.

In this work, it was projected the use of biopolymers as raw materials for the formulation of
photosensitizers. The developed formulations were fully characterized, in their physical, and
photophysical characteristics. Also, their bactericide activity against Gram-positive and
Gram-negative bacteria was analyzed. Once demonstrated the efficiency of the proposed
formulation system, it was analyzed the effect of different types of photosensitizers inside the
formulation, demonstrating the universality of the proposed formulation.

This PhD thesis is presented as a collection of the different peer-reviewed publications
obtained along the three years of the project. Thus, a short introduction for each research
paper is presented, and then the accepted publications are introduced.
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I. Acetylated lignin nanoparticles: a prospective vehicle for photosensitizers

From the several materials available from biological sources, lignin is a material that has
not been used for the formulation of photosensitizers, despite its high abundance in the
nature. Lignin is the second most abundant biopolymer, being a mayor constituent of tree
trunks and then extracted as a by-product of the paper industry, which produces around 55-
70 million tons each year [32]. However, from this massive amount of biomass obtained,
around 98 % is burnt for energy generation, while only the remaining 2 % is used as added-
value products, finding applications as binder, filler, additive, dispersant, adsorbent,
surfactant or as precursor for carbon materials [33]. This situation contrasts with the potential
that lignin has, as its chemical structure can be easily modified [34] to tune its solubility,
providing with interesting applications, as pH responsive polymeric nanoparticles [35,36],
antibacterial food packages [37], water purification applications [38], anion-exchange resins
[39], and as drug delivery systems [40]. Remarkably, in the last few years lignin has attracted
interest from researchers, and this has been reflected in the number of publications per year
(Figure 4).
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Figure 4: Publications related to the term "lignin". For the creation of this figure, the word
"lignin" was searched in Web of Science [accessed April 14", 2021]

Although the use of lignin as a raw material for biomedical applications has gained
importance in the last ten years, there are only some examples of lignin as a raw material for
photodynamic applications. This is likely due to the well-known antioxidant activity of lignin
[41], which would prevent the formation of ROS into the media. One of the latest research
published at the laboratory PEIRENE demonstrated that the acetylation of the hydroxyl
moieties in Kraft lignin led to the photodynamic production of singlet oxygen [32]. This
observation quickly led to the presumption that acetylated lignin could work as a carrier
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system for photosensitizing molecules.

In Publication 3, the formation of acetylated lignin nanoparticles is explored, comparing
different lignin sources, their acetylation substitution degrees, and their chemical properties.
Furthermore, these lignins were used as raw materials for the preparation of nanoparticles,
through two different methods, and their physical properties were characterized. The
dynamics of nanoparticles formation was studied in silico, resulting in the first approximation
of lignin nanoparticles simulation through antisolvent addition. Furthermore, the
encapsulation of 5,10,15,20-tetrakis(4-hydroxyphenyl)-21H,23H-porphine (THPP) was
modeled in silico, complementing the experimental results obtained. The THPP-loaded
acetylated lignin nanoparticles (THPP@AcLi) were physically characterized, resulting in a
stable formulation with potential antibacterial applications.

Publication 3. “Acetylated lignin nanoparticles as a possible vehicle
for photosensitizing molecules” [42]
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Acetylated lignin nanoparticles as a possible vehicle
for photosensitizing moleculesy

Guillaume Marchand,” Gabin Fabre,? Nidia Maldonado-Carmona, ¢
Nicolas Villandier® and Stéphanie Leroy-Lhez & *©

Lignins are underused and abundant bio-sourced polymers with various potential applications. An attractive
one is the development of nanoparticles for bioactive compound delivery. Here, we optimized the synthesis
of hydrodispersible nanoparticles of acetylated lignin by comparing different lignin sources, degrees of
acetylation and preparation methods. The formation of acetylated lignin nanoparticles in various solvents
was probed by both experiments and, for the first time, a molecular dynamics simulation. We showed that
dialysis is more suitable to obtain these nanoparticles than anti-solvent addition. The encapsulation of
hydrophobic photosensitizing porphyrin in these nanoparticles was also demonstrated and rationalized at
the molecular level, together with experiments, docking and molecular dynamics simulations. As acetylated
lignin has been demonstrated to exhibit photosensitizing activity, the encapsulation of bioactive compounds

rsc.li/nanoscale-advances

Introduction

Lignocellulosic biomass is an abundant renewable resource,
mainly composed of cellulose, hemicelluloses and lignins. It
appears to be a very interesting alternative to fossil resources for
the production of biofuels and bio-based chemicals.'

Lignins are aromatic heteropolymers, derived mainly from
radical polymerization of three monolignols: p-coumaryl, coniferyl
and sinapyl alcohols.® They are the second most abundant renew-
able resource in nature, after cellulose, and comprise 25-30% of the
non-fossil organic molecules on Earth.” They are mostly obtained or
produced as a byproduct of pulping and in the paper-making
industry. Of the 55-70 million tons produced annually, only 1-
2% is used for the production of value-added products,® despite the
fact that lignins exhibit low cytotoxicity, are biodegradable and have
antioxidant, antimicrobial, anti-inflammatory and UV-blocking
properties.*** Lignins have the potential to be used in the treat-
ment of obesity, diabetes, thrombosis, viral infections and cancer.*
These biological activities convinced research teams to prepare
micro- and nano-particles for bioactive compound delivery from
unmodified or functionalized lignins. The materials obtained have
found various applications in environmental science and

“PEIRENE EA7500, Unfversité de Limages, Faculté de Pharmacie, 2 rue du Docteur
Marcland, 87025 Limoges Cedex, France

PUMR 1248 INSERM, Université de Limoges, Faculté de Pharmacie, 2 rue du Docteur
Marcland, §7025 Limoges Cedex, France

‘PEIRENE EA7500, Université de Limoges, Faculi¢ des Sciences, 123 rue du Albert
Thomas, 87025 Limoges Cedex, France. E-mail: stephanie.thez@unilim. fr
supplementary (ESI) ESI1
supplementary experimental information, and ESI2 is a video of the molecular
dynamics observations of nanoparticle formation. See DOI: 10.1039/d0na00615g

1 Electronic information available: includes

5648 | Nanoscale Adv, 2020, 2, 5648-5658

in lignin nanoparticles opens the doors to a broad range of potential applications.

medicine." " For example, in combination with other drugs, the
biopolymer seems to be a good candidate for the development of
solutions to fight against antimicrobial resistance.”

One alternative to increase the added value of products ob-
tained from lignins is to modify them chemically. These
modifications are generally carried out on the aromatic rings or
aliphatic and phenolic hydroxyl groups present in the chemical
structure of lignins.™** Moreover, they can influence the
physicochemical properties of lignins. As was reported in our
previous work, acetylated lignins exhibit promising photo-
sensitizing behavior in view of their ability to generate reactive
oxygen species.** However, the various observations were made
under organic solvent conditions. For this purpose, nano-
particles were prepared from two sources of softwood kraft
acetylated lignins, named AcKL-1 and AcKL-2, respectively, and
through two different methods: by addition of an anti-solvent
and by dialysis. Molecular dynamics simulations of lignin
nanoparticles highlighted their solvent-dependent conforma-
tion, in correlation with experimental results. The influence of
different experimental parameters on the final structure of
these nano-objects as well as their stability was also studied. In
order to enlarge the scope of their applications, the ability of
these biologically sourced nanoparticles to encapsulate
a bioactive molecule was also studied, both experimentally, and
by docking and molecular dynamics simulations.

Experimental section
Reagents and solvents

Deionized water (resistivity = 18 MQ cm) used for the experi-
ments conducted in this work was obtained from a Millipore
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water purification system. Other reagents, except lignins and
solvents, were purchased from various suppliers: Alfa Aesar,
Sigma-Aldrich, and Fisher and were used without further
purification.

Origin of kraft lignins KL-1 and KL-2

Both kraft lignins, KL-1 and KL-2, are derived from softwoods.
They were industrially precipitated from alkaline black liquors
by acidification. KL-1 was obtained from the supplier Sigma-
Aldrich (supplier reference: 80068-05-1) and KL-2 was gener-
ously donated by the Université du Québec a Trois-Riviéres. The
lignins were employed without prior purification.

Total acetylation of kraft lignins KL-1 and KL-2

Biopolymers were acetylated according to the method described
by Marchand et al.** The two materials obtained from acetylation
of KL-1 and KL-2 were named AcKL-1 and AcKL-2, respectively.

Preparation of acetylated lignin nanoparticles

Two sets of nanoparticles were prepared from totally acetylated
lignins, AcKL-1 and AcKL-2, respectively. Each set of nano-
particles was prepared according to two different methods:
either by dialysis (NP-1 and NP-2) or by addition of an anti-
solvent (NP-1' and NP-2'). Nanoparticles were also prepared by
dialysis from partially acetylated materials Ac;KL-2, AcysKL-2
and Ac;oKL-2. The influence of different experimental parame-
ters on the final structure of these nano-objects, as well as their
stability, was studied.

Anti-solvent addition. The preparation was based on the work
of Qian et al* Acetylated lignins AcKL-1 and AcKL-2 were firstly
dissolved in tetrahydrofuran (THF) at a concentration of 1 g L .
The solution was then stirred for 20 minutes and left to stand for
three days in order to allow a good dispersion of the polymer, and
thus a good subsequent structuring of the nanoparticles. After-
wards, two volumes of ultrapure water were added under
magnetic stirring to the acetylated lignin solution at a flow rate of
18 mL h . After water addition, the solution was filtered using
a Millipore nylon filter (porosity 0.45 pm), and seven volumes of
ultrapure water were added. The solution was finally left stirring
in the open air overnight to allow the THF to evaporate.

Dialysis. The preparation by dialysis was based on various
nanoparticle preparations already reported in the literature.** A
fixed amount of acetylated or partially acetylated lignin (1to4 g L™")
was first dissolved in a water-miscible organic solvent. The polymer
solution was then introduced into a dialysis membrane with
a porosity of 12 000 to 14 000 Da and dialyzed against 10 L of
distilled water for 24 hours under low mechanical stirring. The
nanoparticle solution was then centrifuged at 2740 x g for 20 min,
and the supernatant was removed. This operation was repeated
twice, and the nanoparticles were then dispersed into a fixed
volume of water.

3'p NMR spectroscopy

*'p NMR analyses were performed at room temperature on
a Bruker DPX 500 NMR spectrometer. The method described by
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Granata and Argyropoulos® was used. Cyclohexanol was used as
an internal standard and chromium(m) acetylacetonate as
a relaxation agent. NMR tubes were provided with coaxial
inserts filled with 85% H;PO, and all chemical shifts were re-
ported relative to the signal of phosphoric acid.

FTIR spectroscopy

FT-IR spectra were obtained using a Frontier PerkinElmer
spectrometer in the attenuation total reactance analysis mode.
Spectra were collected between 600 and 4000 cm ™ * after placing
the pure product on a diamond crystal plate.

UV-Visible absorption spectroscopy

Acquisitions of UV-Visible absorption spectra were carried out
between 300 and 800 nm on a Specord 210 Lambda double-
beam spectrophotometer from Analytik Jena, using a 10 mm
quartz cell.

Partial acetylation of kraft lignin KL-2

KL-2 was partially acetylated under stirring for 48 h at 25 °C in
a mixture consisting of 10 mL of anhydrous pyridine and an
equal volume of acetic anhydride, as described in the work of
Buono et al.** At the end of the reaction, modified lignins were
precipitated by the addition of ten volumes of distilled water,
washed under vacuum with cold water and finally dried at
105 °C for 48 hours. FTIR and *'P NMR analyses of the products
showed clear signs of partial acetylation (see ESI1, Fig. S1 and
S§21). More specifically, the study of the *'P NMR spectra of
partially acetylated
according to the method described by Granata and Argyr-
opoulos,* allowed us to determine that 7, 35 and 59% of the
hydroxyl groups of the respectively named Ac;KL-2, Acy;KL-2
and Ac;KL-2 lignins had been acetylated (see Tables 1, S1 and
sz21).

lignins, after their functionalization,

Dynamic light scattering

Acquisitions of nanoparticle size distributions were performed
on a Malvern Zetasizer Nano-ZS instrument. Measurements
were carried out using a He-Ne laser at 663 nm, a wavelength
where lignin absorbance is considered negligible,"™"" thus
avoiding any interactions that may lead to measurement errors.
Three measurements, for lignins, were made on each sample at
20 °C using a light scattering angle of 173° and a refractive index
of 1.59. The obtained DLS raw data were fit to a Gaussian model,
excluding the values with less than 1% presence. The obtained
data were validated through the analysis of their R square
coefficient and through the analysis of the residuals with
a D'Agostino & Pearson Omnibus K2 test. With this statistical
approach, we obtained the mean size (geometrical mean) and
the standard deviation (¢), which allowed us to approximate the
range where 95% of the nanoparticles could be found (2¢).

Transmission electron microscopy

Analyses were carried out on two microscopes: a JEOL 100CX2 of
100 kV and a JEM-2100F of 200 kV. Immediately after ultrasonic
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Table 1 Synthesis of partially acetylated lignins
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Acetylated Starting material Acetic anhydride Acetic anhydride Mass yield Resulting acetylation
lignins KL-2 (g) (mL) (eq.) Pyridine (mL) (%) rate (%)

Ac;KL-2 2 0.180 0.22 10 95

AcysKL-2 2 0.472 0.57 10 96 35

AcsgKL-2 2 0.700 0.85 10 103 59

dispersion, a drop of solution containing the material to be
observed was deposited, on a 400 mesh copper grid with
a 12 nm thick carbon membrane before analysis. No prior
metallation of the samples was performed.

Scanning electron microscopy

Analyses were carried out on a ZEISS LEO1530VP. A drop of
solution containing the material to be observed was deposited
and dried on a sample holder. Prior platinum metallation of the
samples was performed using an Agar Sputter Coater.

Acetylated lignin model preparation

For the investigation by computational chemistry, nine lignin
models were used based on the work of Petridis et al.**** The
nine different lignin models all showed 61 guaiacyl units, but
the models ranged from 0 to 6 branch points, representing the
interunit-linkage of softwood lignin. All free hydroxyl groups
were acetylated. Bonded and van der Waals parameters for the
acetyl moiety were taken from the acetylated N-terminus
(residue ACED in CHARMMS36 (ref. 30)). Partial charges for
the methyl part of the acetyl were also taken from residue
ACED, while charges for the ester moiety were taken from an
acetylated glycerol headgroup (residue GLYC, CHARMMA36).
In order to construct the coordinates for the different poly-
mers, single units were added one by one using psfgen 1.6.4,
a VMD?*' plugin. In order to prevent steric clashes by unit
addition, in between each addition a short (10 ps) molecular
dynamics (MD) simulation was run in a vacuum, in which the
last unit added (in position N) was pulled away for the unit in
position N - 4 along the polymer chain, with a force of
500 k] mol™' nm™". Thus, most of the polymer structure could
relax while units were added at the tip of a branch of four
residues, with enough empty space to avoid steric clashes
during addition. All lignin models were further relaxed by
simulated annealing MD simulations, in which the lignin was
solvated in water molecules (TIP3P model**). The temperature
of the lignin was linearly increased from 0 to 480 K in 1 ns,
while the water was heated from 0 to 300 K. This cycle was
repeated 100 times.

Encapsulation of THPP

The encapsulation of 5,10,15,20-tetrakis(4-hydroxyphenyl)
porphyrin (THPP) was performed by dialysis. AcKL-2 lignin
was dissolved in acetone at a concentration of 2 g L L in the
presence of the porphyrin at a concentration of 0.2 g L%
Acetone was chosen for these nanoparticle preparations
because THPP is not soluble in THF. The solution obtained was

5650 | Nanoscale Adv, 2020, 2, 5648-5658

then dialyzed against distilled water for 24 hours. The amount
of porphyrin encapsulated in the nanoparticles was evaluated as
follows: nanoparticles were centrifuged (2750 x g, 20 minutes)
and washed with distilled water, and then, the nanoparticles
were suspended in a fixed volume of water. A known volume of
nanoparticles was dissolved in a known volume of acetone, to
release the encapsulated molecules by destroying the structure
of the nano-objects. The quantity of THPP was calculated in the
acetone solution, and then extrapolated to the originally
encapsulated THPP in the lignin nanoparticles, through UV-
Visible absorption spectroscopy, by monitoring the absor-
bance at 419 nm. The concentration of THPP encapsulated in
NP-THPP was then evaluated using the molar extinction coef-
ficient of THPP (388 500 L mol ' ¢m), calculated from standard
solutions of THPP in acetone, with THPP concentrations
ranging from 7.7 x 1077 t0 2.7 x 10 ®*mol L™ ".

Docking calculations

In order to investigate possible preferential binding sites of
THPP on the surface of lignin, docking calculations were per-
formed using Autodock Vina.** For each lignin model, 1000
snapshots were taken at regular intervals during the 100 ns
heating simulations. THPP was then docked on the whole
polymer for each of these snapshots, with an exhaustiveness
factor of 20. The energy range from the most to the least
favorable poses was set to 5 keal mol .

Free molecular dynamics simulations

Free MD simulations were performed using Gromacs 5.1.*' They
were integrated using a 2 fs time step and the leap-frog Verlet
scheme. Cutoffs for coulombic and van der Waals interactions
were set to 1.2 nm, and particle mesh Ewald was used for long-
range interactions. A switch function was used for van der
Waals interactions between 0.9 and 1.0 nm. Temperature and
pressure were kept constant at 298 K and 1 atm (isotropically).
Periodic boundary conditions were used in every dimension.
Bond constraints were handled by LINCS.** After an energy
minimization using the steepest-descent algorithm, a 200 ps
equilibration simulation was run with the v-rescale thermostat
(rr = 0.1 ps) and Berendsen barostat (r, = 1.0 ps, compress-
ibility = 4.5 x 107° bar™'). Then, production MD simulations
were run with identical parameters, except for the barostat
which was Parrinello-Rahman with 7, = 5.0 ps.

The CHARMM force field for lignin and the TIP3P model
were used for lignin and water. THF and acetone parameters
were taken from the CHARMM36 force field.* THPP topology
was obtained with the CgenFF program.***”
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Dialysis MD simulations

Dialysis was simulated by gradually replacing the initial solvent
(acetone) with water during MD simulations. For this purpose,
100 cubic systems of solvent mixtures were prepared, in which
the molar ratio of organic solvent (f) varied gradually from 0 to
100%. The volume V of each system was 27 nm®. The initial
number of water molecules (anm) in each mixture was deter-
mined according to eqn (1), based on experimentally deter-
mined densities for water-acetone mixtures (p;).

Na XV V% P (1)

!
My, + T— X Mycetone

Nuyo, =

where N, is the Avogadro constant, and My o and Macewone the
molar weights of water and acetone, respectively. The densities
(p) of the acetone-water mixtures were respectively fitted from
ref. 38 to eqn (2) with R* = 0.999 and 0.996.

pi = 173.21% — 385.62i + 1000 2)

For each mixture, a 10 ns NPT simulation was performed and
convergence of the density was ensured.

For the dialysis MD simulation, one unfolded lignin model
was initially solvated with 100% acetone, along with 2 THPP
molecules randomly placed in the solvent. The size of the
dodecahedron box was adjusted so that the shortest distance
between the lignin or THPP molecules to the edge of the box was
1.0 nm. During dialysis, every 5 ns, the solvent was removed,
and the volume of the box was readjusted as mentioned above;
this ensured that lignin did not interact with itself in the event
of an unfolding, and allowed us to save computational time
when lignin folded on itself. Then, the system was re-solvated in
the next solvent mixture, Ze., with 1% (mol/mol) less acetone.
The thermostat and barostat during dialysis were identical to
those in equilibration MD simulations.

Results and discussion
Solvent dependent conformation of lignin

To assess the behavior of acetylated lignin in water or in THF,
free MD simulations were performed in those two solvents.
First, the initial structures for the 9 acetylated lignin models
were taken at the end of the simulated annealing simulations in
water. After 100 ns of free MD simulation in water, the lignin
models remained folded in small nanoparticles with an average
diameter of 4.6 nm. This folding mimics the formation of NPs
observed experimentally. Then, the water was stripped from the
last structure of the free MD simulation, the lignin was resol-
vated in THF, and simulated for 100 ns (200 ns for Loa-acetyl).

For all these simulations, the solvent accessible surface area
(SASA) was calculated and convergence was reached after 30 to
50 ns. SASA was averaged from 50 ns to the end of the simula-
tions in water and in THF (Fig. S3%). It increased significantly in
THF (152 + 20 nm?) compared to simulations in water (107 £ 5
nm?). This indicates that acetylated lignin tends to form
“crumpled globules” in water, and not in THF where it is soluble

This journal is @ The Royal Society of Chemistry 2020
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and unfolds. This is in good correlation with the previously
reported behavior of native (non-acetylated) lignin.*

Additionally, no correlation was found between the number
of branches in the lignin polymer (from 0 to 6 in 61 guaiacyl
units) and SASA in either solvent (Fig. S41). On the contrary,
there was no significant difference between either SASA in
water. This suggests that lignin adopts conformations of
maximum packing in this solvent, where the SASA is minimized
and thus it is independent of branching.

Determination of critical water concentration

Preparation of nanoparticles from acetylated lignin is based on
the hydrophobicity of the modified lignins. During a gradual
addition of water to a solution of lignins in a water-miscible
organic solvent, the proportion of the organic solvent
decreases. As a consequence, the lignin molecules begin to
associate in the form of spheres to minimize hydrophobic
interactions, until the formation of nanometric size particles,
when the solvent is mainly composed of water. This progressive
association can be demonstrated by measuring the intensity of
the light scattered by an organic solution of lignins as a function
of the volume of water added. The results obtained for AcKL-1
and AcKL-2 initially dissolved in THF are presented in Fig. 1. As
the graph shows, for the two acetylated lignin solutions, the
intensity of the scattered light increases suddenly from a water
proportion of 30%, which is a sign that the polymer chains
begin to aggregate. It should also be noted that the intensity of
the scattered light increases more rapidly in the case of AcKL-2
than AcKL-1, signifying that the association of lignins takes
place more slowly in the latter case. This proportion of water,
from which nanoparticles begin to form, is defined as the crit-
ical water concentration (CWC)." This concentration, although
the same for the two lignins studied, is 10% lower than the one
obtained by Qian et al** These results are not surprising
because Qian et al. used a lignin with a molar weight of 4200 g

+ AcKL-1
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Fig. 1 Evolution of the scattered light intensity by acetylated lignin
solutions in THF as a function of the quantity of added water.
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mol ' against lignins that are 13 100 and 9900 g mol " for
AcKL-1 and AcKL-2, respectively, and it has been previously
described that the CWC of a polymer solution is a function of it
molar mass.

The CWC was also evaluated with dialysis MD simulation,
starting from 100% acetone. A decrease of the SASA was
observed after the solvent mixture was 93% water (% mol,e./
MOlyeerone)s Which is equivalent to 76% water (% Viacer/Vacetone)
(Fig. S4t). The higher CWC compared to experimental results
shown in Fig. 1 could be explained by the difference of solvent
(THF vs. acetone) or by the difference of polymer molar mass.

Preparation of acetylated lignin nanoparticles

Nanoparticles were prepared from two sources of softwood kraft
acetylated lignins, AcKL-1 and AcKL-2, according to two
different methods: by addition of an anti-solvent and by
dialysis.

Anti-solvent addition. This method of preparation is based
on the work of Qian et al.*' and consists in a gradual addition of
water to a THF solution of acetylated lignins. Nanoparticles
were made according to this method, from acetylated lignins
AcKL-1 and AcKL-2, and respectively named NP-1' and NP-2'.
For each source of lignin, preparations were made in ten
replicates. The size distribution of the obtained nano-objects
was then estimated for each case by DLS spectroscopy. Also,
transmission electron microscopy analyses complemented
these observations. Analysis of the size distribution of NP-1" and
NP-2' (Fig. 2 and Table S3t) showed that both nanoparticles
were obtained with mean sizes of 60.54 nm and 80.02 nm, while
the distribution of 95% of the nanoparticle population (Dys) is
found between 24.9 and 96.18 nm, and 30.18 and 129.86 nm,

[/

Number (%)
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respectively. Thus, we can observe a slight variation in the mean
size, depending on the starting material used. These observa-
tions were confirmed by transmission electron microscopy
analysis. These results should be qualified in view of the low
repeatability observed during the various preparations. Indeed,
regardless of the starting material used, large standard devia-
tions from the average particle diameters were observed.

Dialysis. This method of preparation consists in dissolving
acetylated lignin in a water-miscible solvent such as THF or
acetone, and in dialyzing the lignin solution against water. During
this process, the organic solvent is gradually exchanged with
water, resulting in the aggregation of acetylated polymer chains
and thus leading to the formation of nanoparticles, as was
described by molecular dynamics simulations. Nanoparticles were
made according to this method from acetylated lignins AcKL-1
and AcKL-2 and respectively named NP-1 and NP-2. Five prepa-
rations were made for each source of lignin. The size distributions
of the nanoparticles obtained were estimated for each case by DLS
spectroscopy (Fig. 2). The obtained mean sizes correspond to
157 nm and 163.3 nm, respectively, while their Dy; is found to be
between 45.82 and 268.18, and 52.18 and 274.42 nm, respectively.
These observations were confirmed by transmission electron
microscopy analysis (Fig. 2).

The two previously described methods have been compared,
in order to choose the more suitable one for the preparation of
nanoparticles, and especially to study their ability for drug
encapsulation.

Although nanoparticles obtained by anti-solvent addition
could be of smaller size than those obtained by dialysis, this
first method has many disadvantages compared to dialysis, the
first of them being that there is a high variance found between
the samples (Fig. 2 and Table S17). Indeed, the sizes observed

TEM pictures of NP-1, NP-2| NP-1and NP-2

—s NP-2": NP obtained by anti-solvent addition from KL-2
—+ NP-1: NP obtained by anti-solvent addition from KL-1
—s— NP-2: NP obtained by dialysis from KL-2
—=— NP-1: NP obtained by dialysis from KL-1

0 ) 4N \**31%—#

300 400 500 600

Diameter (mm)

Fig. 2 Size distribution of NP-1/, NP-2', NP-1 and NP-2. Inset: TEM pictures of NP-1', NP-2', NP-1 and NP-2.
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for nanoparticles produced by the anti-solvent method vary
significantly between the different syntheses, while the size of
the nanoparticles obtained by dialysis is more constant.
Therefore, this latter method allows us to work on populations
of nanoparticles having relatively constant sizes.

SEM pictures (Fig. 3) confirm these observations and clearly
show that several populations of nanoparticles, with different
morphologies, were obtained by the anti-solvent method, while
the ones obtained by dialysis are relatively similar in their
shape, size and morphology.

In addition, the anti-solvent method involved a filtration
step, in which a large proportion of the nanoparticles were
retained on the filter. This provoked a mass concentration of
lignin nanoparticles, not only too low, but also too complex to
determine. This method therefore does not seem appropriate
for the production of nanoparticles for biological activity
measurements, where nano-objects have to be in sufficient and
known quantity. Conversely, dialysis not only allowed the
preparation of nanoparticles in sufficient quantity, but also the
estimation of the mass concentration in solution. Indeed, no
significant loss of material was observed by this method of
preparation. To ensure this, NP-2 solutions were lyophilized,
and the mass of each residue was determined. These masses
were found to be substantially identical to the masses of lignins
initially introduced into the dialysis membranes since the
observed mass loss is less than 1% (Table S4+1).

sk {4 B3 LD
EMT= 100KV WD= 33mm SignalA=inlens Mag= 3000 KX 3 Sep 2020

EWT= 100KV WD= 33mm SgnalA=inLens Mag= 30.00 KX 3 Sep 2020

Fig. 3 SEM pictures of NP-2 and NP-2'.
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Finally, the production of nanoparticles by dialysis has the
advantage of being, experimentally, the simpler of the two
methods. Indeed, it requires fewer steps than the anti-solvent
method. Moreover, it is not necessary to leave the acetylated
lignin solution for three days before the nanoparticle prepara-
tion step as various tests have shown that only twenty minutes
of stirring is necessary for a good future structuring of the
nanoparticles.

In conclusion, dialysis, by making it possible to obtain
nanoparticles in a simple and repeatable manner, appeared to
be the most suitable method for the preparation of nano-
particles of acetylated lignins.

Stability of lignin nanoparticles prepared by dialysis

In order to test the stability and endurance of the acetylated
lignin nanoparticles, we subjected them to several treatments.
One of the key steps in the preparation of lignin nanoparticles is
their centrifugation to collect and concentrate them. During
this step, nanoparticles are subjected to high centrifugal forces.
It is therefore fundamental to know if the nanoparticles can
endure this stage. Transmission electron microscopy observa-
tions showed that no degradation of acetylated lignin nano-
particles was observed after centrifugation up to 10 000 x g.
Furthermore, TEM pictures (Fig. S5f) showed that nano-
particles keep their spherical shape after this step. The stability
of nanoparticles was also evaluated over time. The size distri-
bution of NP-2 was measured regularly by DLS spectroscopy for
36 days. The analysis of the results did not reveal any degra-
dation of the nanoparticles over this period. Considering the
advantages outlined in previous paragraphs and the stability
that NP-2 demonstrated during and after centrifugation and
over time, dialysis was retained as the method of choice for the
preparation of acetylated lignin nanoparticles in the rest of this
work.

Separation of nanoparticle populations by centrifugation

We have demonstrated so far the feasibility of our method for
the preparation of acetylated lignin nanoparticles. However, the
obtained nanoparticles have a heterogeneous distribution of
sizes, which could diminish their potential for further appli-
cations. Thus, it was demonstrated that nanoparticles could be
separated through differential centrifugal speeds, thus allowing
nanoparticle populations with a narrower size distribution to be
obtained. Therefore, after being prepared by dialysis, nano-
particles were centrifuged under the normal centrifugation
conditions (2740 x g, 20 minutes). The supernatant was recov-
ered and centrifuged at a higher speed (5480 x g, 20 minutes);
the obtained nanoparticles were recovered, and the supernatant
was treated in the same way at 8220 and 8768 x g, for 20
minutes each. The recovered nanoparticle pellets were then
suspended in distilled water and analyzed by DLS. The size
distributions of the obtained nanoparticles were compared in
Fig. 4.

It was observed that with an increasing applied centrifugal
force, the mean size decreased from 253.2 nm to 66.18 nm. Also,
a decrease of the Dy; was observed when we compared the Dy
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Fig. 4
centrifugal forces.

with an applied centrifugal speed of 2740 x g (103.36 nm to
403.4 nm) to that when 8768 x g was applied (36.46 to 95.9 nm).
These analyses demonstrated that using differential centrifu-
gation speeds allows nanoparticles with decreasing mean size
and increasingly tight population distributions to be collected.
So, although normally a relatively wide distribution of size of
nanoparticles is obtained, smaller fractions can also be ob-
tained by a simple modification of the centrifugation
procedure.

Optimization of the preparation by dialysis

To complete the study on this method of preparation, we eval-
uated various factors that can influence the structure of nano-
particles of acetylated lignins. Herein, we will only focus on NP-
2 nanoparticles.

The influence of the solvent in which the acetylated lignins
are initially dissolved was evaluated. The AcKL-2 material was
dissolved at a concentration of 2 g L' in various organic
solvents: acetone, dimethylformamide (DMF) and dime-
thylsulfoxide (DMSO), all three being water-miscible. Each
preparation was made in triplicate. No nanoparticle was formed
when AcKL-2 was initially dissolved in DMF or DMSO, while
nanoparticles (NP-2-Atn) were obtained with acetone. However,
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(A) Distribution curves for the obtained nanoparticles at different centrifugal forces; (B) mean size obtained for nanoparticles at different

nanoparticles could also be obtained from a mixture of THF and
DMSO, at a 8 : 2 proportion. The nanoparticles obtained indi-
cated that the addition of DMSO to the mixture increased the
nanoparticles’ mean size from 124.7 to 184.6 nm, but a more
drastic effect is observed on the width of the Dy; distribution,
going from a basal 54 to 195.4 nm to 12.06 to 357.14 nm when
DMSO is added to the mixture. Nevertheless, nanoparticles
formed from a starting solution of THF or acetone, and both
solutions had similar size distribution profiles (Fig. S6). These
various findings were confirmed by scattering and transmission
electron microscopy (Fig. 57 and S81). SEM analysis also showed
that the morphology of nanoparticles prepared with acetone is
not different from that prepared using THF, thus making it
possible to validate the use of acetone and THF as solvents for
the preparation of acetylated lignin nanoparticles. Also, the use
of DMSO as a mixture is possible, but the mean size and Dy;
range are increased (Table 2). However, the choice of a more
polar solvent, like DMSO, may enable the encapsulation of
highly insoluble compounds, such as phthalocyanines and
porphyrins.

The influence of the mass concentration of acetylated lignins
in the starting solution was also studied. AcKL-2 was dissolved
to obtain concentrations of 1, 2 and 4 g L ! in THF. The size

Table 2 Characteristics of nanoparticles based on acetylated lignins, as a function of the solvent, the starting concentration and the degree of

acetylation of lignins

Starting concentration  Acetylation Mean Distribution range with 95%
Acetylated lignins (g L™%) rate (%) Solvent NP formation  size (nm) of the nanoparticles (Dy;)
AcKL-2 2 100 THF Yes 163.3 45.82-268.18
Acetone Yes 146.7 56.8-236.6
DMSO No — —
DMF No — —
DMSO: THF 8: 2 Yes 184.6 12.06-357.14
1 100 THF Yes 156.2 42.64-269.76
4 100 THF Yes 227.2 79.12-375.28
Ac;KL-2 2 7 THF Yes 95.04 45.8-144.28
AcisKL-2 2 35 THF Yes 107.1 43.92-170.28
AcsoKL-2 2 59 THF Yes 102.8 43.76-161.84
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distributions of the nanoparticles formed, respectively named
NP-2(1gL ') NP-2 (2 gL ") and NP-2 (4 g L '), were analyzed by
DLS spectroscopy (Fig. $91) and results are reported in Table 2.
Each preparation was made in triplicate.

NP-2 (4 g L") exhibited a medium size of around 227.2 nm,
which is significantly higher than that of NP-2 (1 gL ') and NP-
2 (2 gL~ "), which were respectively equal to 156.2 and 163.3 nm.
In addition, the particle size distribution of NP-2 (4 g L")
extended over a much larger range than NP-2 (1 g L 1] and NP-2
(2gL 1) as the Dy; of NP-2 (4 g L") is wider (79.12 to 375.28 nm)
than the NP2 (1 g1 ") and NP-2 (2 g L ') distributions (42.64 to
269.76 nm and 52.18 to 274.42 nm, respectively). The results
indicated that the nanoparticles obtained, whether with 2 g L™*
or 1 g L ', share the same distribution and mean size. Never-
theless, nanoparticles prepared with a starting solution of 2 g
L' were routinely prepared, as more nanoparticles could be
obtained from the same batch and with the same quality.

The effect of the degree of lignin acetylation on nanoparticle
formation was also investigated. For this purpose, three partially
acetylated lignins, respectively at 7% (Ac;KL-2), 35% (Ac;sKL-2)
and 59% (AesgKL-2), were dissolved in THF to achieve a concen-
tration of 2 g L™ ". The size distributions of the nanoparticles
formed, respectively named NP(Ac,KL-2), NP(Ac,;KI-2) and
NP(AcsoKL-2), were measured and compared with that of the fully
acetylated NP-2 nanoparticles (Fig. S10%). As shown in Table 2, the
nanoparticles formed from partially acetylated materials have
similar mean diameters: 95.04, 107.1 and 102.8 nm for NP(Ac,KL-
2), NP(AcssKL-2) and NP(AcsoKL-2), respectively. These mean
diameters appeared to be smaller than the ones obtained for
nanoparticles made from totally acetylated lignins. Moreover, the
size distributions of nanoparticles prepared from partially acety-
lated lignins were narrower than that of NP-2. Indeed, Do5 of
nanoparticles prepared from partially acetylated lignins ranges
between 40 and 170 nm. The incomplete acetylation of the poly-
mers therefore seems to favor the formation of nanoparticles of
smaller sizes. These results agreed with those presented by Qian
et al.* whereby the authors obtained particles with similar sizes by
preparing them via the addition of an anti-solvent to solutions of
partially acetylated lignins (82 and 94%) in THF. SEM pictures of
Ac;KL-2 (Fig. S111) show that, apart from the size, the nano-
particles prepared from partially acetylated lignins do not show
any differences in morphology compared to those prepared from
fully acetylated lignins.

THPP encapsulation

In order to validate the feasibility of the encapsulation of
hydrophobic bioactive compounds in acetylated lignin nano-
particles, a poorly water-soluble model compound, 5,10,15,20-
tetrakis(4-hydroxyphenyl)porphyrin, abbreviated THPP (Fig. 5),
was encapsulated. This compound also has the advantage of
having a distinguishable UV-Visible spectrum, facilitating the
monitoring of its encapsulation. The encapsulation of THPP
was performed via dialysis according to the work described by
Figueiredo et al,"™ on the encapsulation of sorafenib and
capecitabine in lignin and metal-complexed lignin nano-
particles. The obtained nanoparticles (abbreviated NP-THPP)

This journal is @ The Royal Society of Chemistry 2020
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OH

Fig. 5 Chemical structure of 5,10,1520-tetrakis(4-hydroxyphenyl)
porphyrin (THPP}

were characterized by DLS spectroscopy (Fig. 6A), scattering
electron microscopy (Fig. 6B) and transmission electron
microscopy (Fig. $127).

NP-THPP nanoparticles were smaller (99.17 nm) than NP-2-
Atn nanoparticles (146.7 nm). Additionally, a narrower distri-
bution is found for NP-THPP (43.47 to 154.87 nm) than the
distribution observed for NP-2-Atn (56.8-236.6 nm). This
feature should indicate a strong interaction between nano-
particles and THPP. SEM analysis (Fig. 6B) shows that the
morphology of NP-THPP is not different from that of NP-2-Atn.
An encapsulation yield of 0.13 (+0.02) mmol of THPP per gram
of lignin was determined by UV-Vis measurement at 419 nm,
a wavelength where lignin light absorption is negligible. This
encapsulation level corresponds to an encapsulation of 85 &
12% of the THPP initially introduced. This value is quite similar
to those obtained by Figuerido et al.,*' respectively of 75% +
10% and 68% + 19% for capecitabine and sorafenib.

The stability of the encapsulation of NP-THPP was tested
over time. A freshly prepared batch of NP-THPP was suspended
in phosphate buffer (pH 7.0) and stored away from light. Peri-
odically, a fraction of these nanoparticles was centrifuged
(10 000 x g, 30 minutes), and both the supernatant and the
centrifuged nanoparticles were analyzed through their UV-Vis
spectra. Leaking of THPP on phosphate buffer is found only
after ten days of suspension, but the leaked amount remained
the same after 60 days. This leakage can be attributed to THPP
found on the outermost part of the nanoparticles, where THPP
is retained by weak interactions with lignins, and so is more
susceptible to leaking out (Fig. 6C). Other methods, reported in
the literature, where porphyrinic compounds were intended to
be transported through lignin® or through other biopolymeric
matrices,” generally involved chemical modification of the
porphyrin in order to avoid undesired leaking. Thus, the
present formulation seems to be able to encapsulate porphyr-
inic compounds, without further chemical modifications.

Nanoscale Adv., 2020, 2, 5648-5658 | 5655
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Interaction of THPP at the surface of lignin nanoparticles

To evaluate the possible use of acetylated lignin nanoparticles
as carriers for hydrophobic compounds, the interaction
between THPP and lignin nanoparticles was investigated in
stlico by docking and molecular dynamics simulations.

For each lignin model, 1000 structures were taken from the
simulated annealing simulations, and THPP was docked on
these 1000 structures for each lignin model. Docking calcula-
tions showed no significant difference of affinity distribution
between lignin models (Fig. S137). No significant difference in
average binding affinity was measured when performing time
block analysis (10 blocks corresponding to 10 ns of simulated
annealing simulation, Table S§5f). Small differences were
observed for the best docking affinity for each model (from
—9.9 keal mol™' for Lé-acetyl to —11.5 kcal mol™"' for Loa-
acetyl); however these differences are smaller than the re-
ported accuracy of Autodock Vina (2.85 keal mol ™ !). Moreover,
the proportion of poses with a docking affinity lower than
9.0 keal mol ' was 0.8%, and these poses correspond to very
short-lived lignin structures in the simulated annealing simu-
lations (less than 1 ns). The spatial and temporal repartition of
docking poses were visualized by projecting the density of THPP
atoms on the lignin nanoparticle surface (ESI2, Video S1f).
From one lignin conformation to the other, the position of the
best docking poses fluctuated widely. Therefore, there is no
specific binding site of THPP at the surface of lignin nano-
particles, and the interaction is independent of the lignin

5656 | Nanoscale Adv, 2020, 2, 5648-5658

model used. This non-specificity correlates with the fractal and
fluid nature of the lignin surface previously reported."

Docking affinities suggest a strong interaction between
THPP and lignin nanoparticles. These results were confirmed
by MD simulations in water, where THPP molecules were
initially placed in water, far from the nanoparticles. For every
lignin model, all THPP molecules moved to the lignin nano-
particle surface in less than 10 ns. The position adopted by
THPP molecules at the surface of lignin nanoparticles was the
closest from the starting position in water. Then they stayed in
the same position at the surface for the rest of the 100 ns
simulations. This confirms the strong affinity of THPP for the
lignin nanoparticle surface, and the lack of specific binding
sites.

In order to assess whether THPP could be encapsulated
inside the lignin polymer during dialysis rather than being
located at its surface, 2 THPP molecules were added at the
beginning of the dialysis simulation. These apolar molecules
only started to interact with the acetylated lignin surface at
around the CWC, i.e., 76% (v/v) water in the solvent. At the end
of the dialysis both molecules were located at the surface of the
NP, and not encapsulated inside the polymer globules (Fig. 7).
Both THPP molecules were close to each other on the surface,
favoring 7-7 stacking between them. This suggests that stable
THPP molecules, that did not leak during experimental
measurements, were trapped in between different polymers
forming a NP, rather than inside individual polymers.

This journal is @ The Royal Society of Chemistry 2020
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Fig.7 Position of the THPP molecules at the surface of the LOa-acetyl
NP at the end of the dialysis simulation

Molecular description of the encapsulation in lignin
nanoparticles

As the suspensions of NP-1 and NP-2 in water were stable over
time, we can assume that their density is close to that of water.
However, taking into account their respective average diameters
(157 nm and 163.3 nm) and the molar weight of the acetylated
lignin polymers (13 100 and 9900 g mol ! for AcKI~1 and AcKL-
2, respectively), we find that the nanoparticles must consist of 9
% 10* to 1.4 % 10° individual polymers, aggregated during
dialysis.

Assuming that these individual lignin polymers are spheres,
the sum of their surfaces in one nanoparticle is about 4 pm?,
while the exterior surface of the spherical nanoparticle is about
0.08 pm?. The ratio of the exterior surface to the total surface is
therefore 2%. As the docking and MD simulations showed,
THPP molecules are located at the surface of these polymers,
with no specific binding site. Thus, the uniform repartition of
THPP molecules at the surface of the polymers while nano-
particles aggregate during dialysis indicates that about 2% of
THPP is located at the surface of lignin nanoparticles. The
remainder is encapsulated inside the nanoparticle, between
polymers. This correlates with the 2% increase of absorbance in
the supernatant after 30 days (Fig. 6C). Therefore, this suggests
that the leakage of THPP over time arises from the THPP
molecules located at the surface of the nanoparticle, while
THPP that is hidden at the surface of the polymers inside the
nanoparticle remains encapsulated.

Conclusions

Acetylated lignin nanoparticles appear to be an economical and
easy-to-prepare formulation. The procedure for preparing and
obtaining the nanoparticles by dialysis indeed demonstrated its
robustness, as we were able to obtain nanoparticles under
several solvent conditions and substitutional degrees of lignin.
Acetylated lignin nanoparticles seem to be an appropriate

This journal is @ The Royal Society of Chemistry 2020
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vehicle for the delivery of small photosensitizer molecules.
Experiments so far had demonstrated the ease of their prepa-
ration, being reproducible and quite stable as suspensions. The
present experiments and our previous evidence of the photo-
sensitizing activity of acetylated lignins may provide a powerful
tool for photodynamic applications. The biological role of
nanoparticles loaded with photosensitizing molecules is an
interesting topic that is currently being addressed in our
research group, as an antibacterial treatment. Future work
includes the encapsulation of other porphyrinic compounds,
the analysis of their spectrophotometric and photophysical
properties, and also a more detailed analysis of their endurance
under several conditions. Furthermore, we expect that this
formulation will have broader applications, as an oxidant of
small molecules in aqueous media, an application with an
environmental impact.
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1. Analysis of partially acetylated lignins Ac;KL-2, Ac;sKL-2 and AcsgKL-2

The IRTF analysis of the products shows clear signs of partial acetylation (Figure S 1).
It is especially observed the appearance of bands corresponding to the valence
vibrations of the C=0 bonds of the aromatic and aliphatic esters (respectively at 1761
and 1739 cm™) and CO ester bonds (at 1190 cm™). The intensity of these bands is
proportional to the quantity of anhydride used. Similarly, the disappearance of the
valence band of the OH bonds between 3100 and 3600 cm™' and the increase of the
band located at 1370 cm™!, corresponding to the vibrations of deformation of the CH

bonds of the CH; is observed.
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Figure S1. IRTF spectra of KL-2 lignins before and after total or partial acetylation

3P NMR spectroscopy also made it possible to confirm these previous observations.
This analysis technique requires the prior functionalization of lignins with a reagent
carrying a phosphorus atom: 2-chloro-4,4’,5,5-tetramethyl-1,3,2-dioxaphospholane
(TMDP). The aliphatic alcohol and phenol functions of the polymer, functionalized by
TMDP, exhibit different chemical shifts in 3P NMR making it possible to differentiate
them from one another. As showing on 3P NMR spectra of partially acetylated
products (Figure S 2) a progressive reduction of the signals corresponding to the
different alcohol functions functionalized by TMDP is observed. No significant signal

was observed in the case of fully acetylated lignin.
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Figure S2. 3P NMR spectra of phosphorylated KL-2 lignins before and after total or
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partial acetylation.

31P NMR make also possible to quantify the aliphatic and phenolic alcohols remaining
on each material. This quantification method requires the use of an eternal standard.
This compound must have a free hydroxyl group capable to react with TMDP.
Cyclohexanol, molecule widely describe for this application, is employed. After
acquisition, the integral of the signal of TMDP-derivatized alcohol of cyclohexanol is
normalized to 1. The amount of hydroxy groups of each partially acetylated lignins are

then determined as follow:

Quantity of cyclohexanol (mol) Value of the integral of
the considered signal

Number of OH groups (mol g%} =
Quantity of lignins (g)

Each sample (raw, fully and partially acetylated lignins) is analysed in triplicate.

Obtained values are presented in the following table (Table S1):
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Table S1. NMR data for KL-2 and partially or fully acetalized lignins

KL-2 | AcKL-2 | Ac/KL-2 | AcssKL-2 | AcsKL-2 Mtegration
area (ppm)
Total
aliphatic OH | 3.02 ; 2.71 1.76 095 | 150.0-1455
(mol g)
Total
phenolic OH | 1.32 - 1.34 1.08 082 | 138.2-1445
(mol g
Total OH | 54 - 4.05 283 1.78 }
(mol g")

A total alcohol remaining rate (KL-2 total OH / partially acetylated lignins total OH) is

calculated for each sample from which is deduced an acetylation rate:

Table S2. Acetylation Rate

AC7KL-2 AC35KL-2 AC59KL-2
Total OH o o o
remaining 93% 65% 41%
Acetylation rate 7% 35% 59%

It was thus determined that respectively 7, 35 and 59% of the hydroxyl groups of the
lignins Ac7KL-2, Ac3sKL-2 and AcsgKL-2 had been acetylated.
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2. Molecular modelling of acetylated lignin nanoparticles formation
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Figure S3. Solvent accessible surface area (SASA) of acetylated lignin models, in

water or in THF, averaged over the molecular dynamics simulations (the first 50 ns

were discarded for analysis).
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3. DLS data of NP-1; NP-2; NP-1’ and NP-2’

Table S3. DLS raw data for NP-1’, NP-2’, NP-1 and NP-2

Size Number (%) Standard deviation
(nm) | NP-1' NP-2' | NP-1 NP-2 | NP-1' NP-2' NP-1 NP-2
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
7.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
8.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
11.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
13.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
15.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
18.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
21.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
244 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
28.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
32.7 2.3 0.6 0.0 0.0 3.7 0.6 0.0 0.0
37.8 7.8 2.1 0.0 0.0 11.4 2.1 0.0 0.0
43.8 13.7 3.8 0.0 0.0 12.1 4.1 0.0 0.0
50.8 18.0 8.2 0.0 0.0 3.8 6.0 0.0 0.0
58.8 18.8 14.9 0.0 0.0 6.7 6.6 0.0 0.0
68.1 15.5 18.9 0.3 0.0 8.7 4.5 0.5 0.0
78.8 10.5 16.9 2.0 0.2 7.0 34 3.2 0.4
91.3 6.2 13.7 6.5 3.1 4.5 4.9 6.6 1.6
105.7 3.4 10.2 12.4 10.0 2.6 6.5 6.3 2.4
122.4 1.8 6.6 16.1 16.3 1.4 5.6 29 1.4
141.8 0.9 3.9 16.1 17.8 0.7 3.9 1.6 0.6
164.2 0.5 2.3 14.2 16.2 0.4 2.5 3.2 1.3
190.1 0.3 1.3 11.6 13.4 0.3 1.6 3.9 1.5
220.2 0.2 0.8 8.5 9.7 0.2 1.1 36 1.2
255.0 0.1 0.4 5.4 6.2 0.1 0.7 2.8 0.8
295.3 0.1 0.2 3.3 3.6 0.1 0.4 2.0 0.4
342.0 0.0 0.1 1.8 2.0 0.0 0.2 1.4 0.2
396.1 0.0 0.1 1.0 1.0 0.0 0.1 0.9 0.1
458.7 0.0 0.0 0.5 0.4 0.0 0.1 0.5 0.0
531.2 0.0 0.0 0.2 0.1 0.0 0.0 0.3 0.0
615.1 0.0 0.0 0.1 0.0 0.0 0.0 0.1 0.0
712.4 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0
825.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
955.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6
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4. Measurement of the loss of material during dialysis

Table S4. Measurement of the loss of material during dialysis

Mass of NP-2
Mass of KL-2before | i ined after dialysis | Lost mass (%)
dialysis (g)
(@)
Measurement 1 2.016 1.985 1.54
Measurement 2 2.004 1.994 0.50
Measurement 3 1.998 1.989 0.45
Average 2.006 1.989 0.83 +/- 0.61

5. Influence of centrifugation on lignin nanoparticles shape

TEM picture of NP-2 before centrifugation ‘ | TEM picture of NP-2 after centrifugation

Figure S5.TEM pictures of NP-2 before and after centrifugation.
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6. Influence of the solvent in AcKL-2 nanoparticles preparation
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Figure S6. Size distribution of NP-2 (prepared with THF as solvent) and NP-2-Atn
prepared with acetone as solvent.

Figure S7. TEM pictures of NP-2 using A: THF or B: acetone, as the starting solvent.
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Figure S8. SEM picture of NP-2Atn

7. Influence of the initial lignin concentration in AcKL-2 nanoparticles

preparation
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Figure S9. Size distribution of NP-2(1g L") (black lines), NP-2(2g L") (blue lines) and
NP-2(4g L) (orange lines) nanoparticles (average over 3 independent

measurements).
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8. Influence of the degree of acetylation in AcKL-2 nanoparticles preparation
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Figure S10. Size distribution of NP(Ac4,KL-2) (black lines), NP(Ac4KL-2) (red lines),

NP(AcgKL-2) (orange lines) and NP-2 nanoparticles (blue lines) (average over 3

0

independent measurements).

}_‘ EHT= 100kv WD=33mm Signal A=InLens Mag= 30.00 KX 3 Sep 2020

Figure S11. SEM picture of NP(Ac;KL-2)
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9. THPP encapsulation

Figure S12. TEM pictures of NP-THPP.

10. Docking of THPP in acetylated lignin nanoparticles

Figure S13. Distribution of docking affinities for each acetylated lignin model
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Table S§5. Minimum, maximum and average docking affinities for each acetylated lignin

model

Liani Minimum docking | Maximum docking | Average docking

ignin model 5 ) g
energy (kcal mol') | energy (kcal mol') | energy (kcal mol")

LOa-acetyl -11.5 -6 -7.187
LOb-acetyl -11 -6.1 -7.241
L1a-acetyl -10 -6.2 -7.186
L1b-acetyl -10.4 -6 -7.144
L2-acetyl -10.3 -6 -7.144
L3-acetyl -11.3 -6.1 -7.316
L4-acetyl -9.9 -6.1 -7.25
L5-acetyl -10.6 -6 -7.277
L6-acetyl -9.9 -6.1 -7.215

Video S1. Density of THPP atoms from docking poses on the lignin nanoparticles

surface along the simulated annealing trajectory. Red color indicates high density, and

thus best docking poses for a given lignin NP conformation. The instability of the

highest density (red spots) suggests that there is no specific binding site for THPP at

the surface of lignin. Other acetylated lignin model provided similar results.

12
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Il. Porphyrin-loaded nanoparticles as an antibacterial alternative

THPP is an efficient photosensitizer, which has been widely used for both PDT and PACT.
However, although THPP is a good singlet oxygen producer in organic solvents, its triplet
quantum yield is severely affected in aqueous media. This is due to the porphyrin’s tendency
to aggregate, forming strong intermolecular Tr-interactions, in the form of head-to-head
aggregates (H-aggregates) or head-to-tail aggregates (J-aggregates) (Figure 5) [19].

H-aggregate

J-aggregate

Figure 5: Depiction of porphyrinic monomers and how they aggregate to form J-aggregates (tail-to-
head structure) or H-aggregates (head-to-head structure)

In our previous paper it was demonstrated the capacity of acetylated lignin nanoparticles
to encapsulate THPP, a photosensitizer able to produce ROS through a Type-ll mechanism
[42]. However, the photophysical characterization of these porphyrin-loaded acetylated lignin
nanoparticles was left unexplored, as well as the characterization of its antimicrobial activity.

In Publication 4, we present the physical and photophysical characterization of THPP-
loaded acetylated lignin nanoparticles (THPP@AcLi). The characterization included
absorption and fluorescence spectroscopy, and singlet oxygen production through electron
paramagnetic resonance (EPR). The nanoparticles stability under long-term storage and light
irradiation was demonstrated, showing that THPP does not leak out from the nanoparticles
and that THPP does not photobleach under white-LED light irradiation. The THPP@AcLi
nanoparticles were tested against five bacterial strains, three Gram-positive (Staphylococcus
aureus, Staphylococcus epidermidis and Enterococcus faecalis) and two Gram-negative
(Escherichia coli and Pseudomonas aeruginosa), demonstrating an effective photodynamic
bacteriostatic effect against the Gram-positive bacteria, but not against the Gram-negative
bacteria. Furthermore, the antibacterial effect was demonstrated solely to be due to the
encapsulated porphyrin, with the non-loaded nanoparticles @AcLi being innocuous against
bacteria, either with or without light irradiation.

Publication 4. “Porphyrin-Loaded Lignin Nanoparticles Against
Bacteria: A Photodynamic Antimicrobial Chemotherapy Application” [43]
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The need for alternative strategies to fight bacteria is evident from the emergence of
antimicrobial resistance. To that respect, photodynamic antimicrobial chemotherapy
steadily rises in bacterial eradication by using light, a photosensitizer and oxygen,
which generates reactive oxygen species that may kill bacteria. Herein, we report
the encapsulation of 5,10,15,20-tetrakis(4-hydroxyphenyl)-21H,23H-porphyrin  into
acetylated lignin water-dispersible nanoparticles (THPP@AcLI), with characterization of
those systems by standard spectroscopic and microscopic techniques. We observed
that THPP@AcLi retained porphyrin’s photophysical/photochemical  properties,
including singlet oxygen generation and fluorescence. Besides, the nanoparticles
demonstrated enhanced stability on storage and light bleaching. THPP@AcLi were
evaluated as photosensitizers against two Gram-negative bacteria, Escherichia coli and
Pseudomonas aeruginosa, and against three Gram-positive bacteria, Staphylococcus
aureus, Staphylococcus epidermidis, and Enterococcus faecalis. THPP@AcLi were
able to diminish Gram-positive bacterial survival to 0.1% when exposed to low white
LED light doses (4.16 J/cm?), requiring concentrations below 5 WM. Nevertheless, the
obtained nanoparticles were unable to diminish the survival of Gram-negative bacteria.
Through transmission electron microscopy observations, we could demonstrate that
nanoparticles did not penetrate inside the bacterial cell, exerting their destructive effect
on the bacterial wall; also, a high affinity between acetylated lignin nancoparticles and
bacteria was observed, leading to bacterial flocculation. Altogether, these findings
allow to establish a photodynamic antimicrobial chemotherapy alternative that can be
used effectively against Gram-positive topic infections using the widely available natural
polymeric lignin as a drug carrier. Further research, aimed to inhibit the growth and
survival of Gram-negative bacteria, is likely to enhance the wideness of acetylated lignin
nanoparticle applications.

Keywords: tetrapyrrolic compounds, valerized lignin, nanoparticles, photodynamic antimicrobial therapy,
antimicrobial alternatives
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INTRODUCTION

Antimicrobial resistance (AMR) upraise is one of the greatest
challenges that modern medicine and chemistry are facing.
After the “golden age of antibiotics] the decay on the
discovery rate of new and more efficient molecules was
conjugated with the appearance of antimicrobial-resistant
strains. AMR alone is expected to cause 10 million deaths
by 2050, with an accumulative cost of 100 trillion USD
(O'Neill, 2016). However, this prediction only accounts for
developed countries, and this number is expected to be
higher and still to be determined, with the greatest impact
on developing countries. The World Health Organization
has devised a global action plan (WHO, 2015) emphasizing
the necessity to find new antimicrobial alternatives and to
improve disinfection processes, while exploring therapeutic
approaches that are less prone to generate resistance (Lewis, 2013;
Regiel-Futyra et al., 2017).

In that respect, photodynamic therapy (PDT) has revealed
to be a suitable alternative. PDT is the conjugation of light
and a photosensitizer molecule, generating reactive oxygen
species (ROS) from either molecular oxygen in the media
(Type II mechanism) or a substrate (Type I mechanism)
(Josefsen and Boyle, 2012). When these ROS are directed against
microorganisms, the process is addressed as photodynamic
antimicrobial chemotherapy (PACT) (Wainwright, 2019). These
in situ-generated ROS are able to destroy biomacromolecules,
including proteins, membrane lipids, and nucleic acids,
through a non-specific target mechanism (Wainwright et al.,
2017). Commonly in PDT addressed against cancer, desired
photosensitizers are molecules with strong absorption bands
near the infrared range (700-900 nm), which coincides
with the skin transparent wavelengths, and permit light to
reach deeper through the skin (Josefsen and Boyle, 2012). In
contrast, most of the applications of PACT are at surfaces
or topic applications, thus photosensitizing molecules are
not limited to absorption in the infrared range. Recent
PACT applications have been developed for usage under
white light (Nzambe Ta keki et al, 2016; Ringot et al,
2018; Aroso et al, 2019; Khaldi et al, 2019), blue light
(Buchovec et al, 2016), and even solar light (Jia et al,
2019). Currently, PACT applications are actively pursued
by several research groups, with applications in dentistry as
a complement of systemic antibiotic treatments (de Freitas
et al., 2016; Bechara Andere et al., 2018), as a non-invasive
treatment against Helicobacter pylori (Baccani et al., 2019),
and even as an environment-friendly alternative for active
food packaging (i.e., biodegradable coatings for strawberries
disinfection), food disinfection (i.e., curcumin derivatives for
lettuce and mung beans disinfection), and other agronomical
applications (i.e.,, porphyrinic insecticides and pesticides)
(Riou et al.,, 2014; Buchovec et al., 2016; Glueck et al.,, 2017;
Martinez et al., 2017).

In parallel, organic matrices (e.g., cellulose, chitosan,
cyclodextrin) have been used for the transport and encapsulation
of small molecules, with some examples of conjugating
photosensitizers, enabling bacterial eradication and, in some

cases, demonstrating a synergistic effect with the organic
matrix (Hsieh et al., 2019; Maldonado-Carmona et al., 2020).
In this regard, an organic matrix that has been neglected is
lignin. Lignin is a natural aromatic polymer, representing
up to 20-35% of the total lignocellulosic biomass, and it is
usually a by-product of the paper industry. It is a polymer
of p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol
units, whose proportions vary according to its botanic origin
(Faix, 1991). Due to its chemical nature, it can withstand
several chemical modifications, either through the creation
of new chemically active sites or through the substitution of
the already available ones (Calvo-Flores and Dobado, 2010;
Duval and Lawoko, 2014; Wang et al, 2016; Figueiredo
et al.,, 2018; Marchand et al, 2018). In addition to chemical
modifications, different methods for the preparation of lignin-
based nanomaterials had been developed. One of the main
applications given to these nano-objects is the loading and
release of active substances.

Understandably, lignin has not been widely used as a
photosensitizing molecule’s vehicle mainly due to the widely
known antioxidant activity of lignin (Ponomarenko et al., 2015;
Yang et al, 2016). To the best of our knowledge, only one
approach is reported in literature using lignin-coated noble
metal nanoparticles for Staphylococcus aureus and Escherichia
coli photo-induced disinfection (Rocca et al., 2018). Another
report has been found where lignin was linked to a phenyl
porphyrin, resulting in a biopolymer with increased fluorescence,
but no photodynamic approach was implied (Tse et al., 2019).
Besides, lignin nanoparticles are demonstrated to be innocuous
to Chlamydomonas reinhardtii, an aquatic microorganism, and
to Saccharomyces cerevisiae, a eukaryotic cell model (Frangville
etal,, 2012). Additionally, they are demonstrated to be innocuous
against Caco-2 cells (Algahtani et al,, 2019), a human colon
carcinoma cell line. Among all the possible lignin modifications,
lignin acetylation is widely described in the literature (Qian
et al, 2014b). For instance, recent reports have demonstrated
that acetylated Kraft and Organosolv lignins (AcLi) work as weak
photosensitizers (Marchand et al., 2018) and that AcLi is also able
to form spherical nanoparticles (Qian et al., 2014a,b; Marchand
et al., 2020), further demonstrating the capability to transport
active molecules (Zhou et al., 2019; Marchand et al., 2020).

Considering all the above, here we report the encapsulation
of commercial 5,10,15,20-tetrakis(4-hydroxyphenyl)-21H,23H-
porphyrin  (THPP) inside acetylated lignin nanoparticles
(@AcLi). The nanoparticles were characterized through
transmission electron microscopy (TEM), dynamic light
scattering (DLS), =zeta potential, UV-vis absorption and
fluorescence, and electron paramagnetic resonance (EPR) in
order to evaluate their capacity to generate singlet oxygen. The
nanoparticles were tested against three Gram-positive bacteria,
S. aureus CIP 76.25, Staphylococcus epidermidis CIP 109562,
and Enterococcus faecalis CIP 76.1170, and against two Gram-
negative bacteria, E. coli CIP 53.126 and Pseudomonas aeruginosa
CIP 76.110, under white LED light irradiation. Additionally,
THPP-loaded @AcLi (THPP@AcLi) were evaluated for their
stability over long storage periods, and their properties were
assessed at different pH ranges.
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MATERIALS AND METHODS

Materials and Microbiological Strains

Kraft lignin was kindly donated by the Université du Québec a
Trois-Rivieres, Canada. THPP, acetic anhydride, dry pyridine,
and other reagents were purchased at Sigma-Aldrich (Lyen,
France) and used as received, without further purification. E. coli
CIP 53.126, E. faecalis CIP 76.1170, P. aeruginosa CIP 76.110,
S. aureus CIP 76.25, and S. epidermidis CIP 109562 were obtained
from the Institute Pasteur Collection (Institute Pasteur, Paris,
France). All bacterial strains were kept frozen as small aliquots
(100 ), at —78°C, with glycerol 50% as cryopreservant. A whole
aliquot was used for each culture, avoiding defrosting of the other
samples. P. aeruginosa was grown in Luria-Bertani (LB) broth
(tryptone 10 g/L, sodium chloride 10 g/L, yeast extract 5 g/L),
while all the other bacterial strains were routinely growth at
trypto-casein soy medium (TS, Biokar; tryptone 17 g/L, papaic
digest of soybean meal 3 g/L, glucose 2.5 g/L, dipotassium
phosphate 2.5 g/L, sodium chloride 2 g/L), prepared as a broth
(LBB and TSB) or as a solid media (LBA and TSA; 1.7% agar)
according to standard procedures. Saline solution (0.9% NaCl)
and phosphate buffer pH 7 (PB pH 7, NaH,PO4 6.045 g/L,
Na;HPO, 10.5 g/L) were routinely prepared and sterilized.

Preparation of Acetylated Lignin

AcLiwas prepared according to previous publications (Marchand
et al, 2018). A kraft lignin solution (50 mg/ml) was prepared
in an acetic anhydride/dry pyridine (1:1) mixture and stirred at
25°C, under a calcium chloride (CaClz) trap, for 48 h. Then, the
reaction mixture was poured onto 500 ml distilled water, and the
precipitate was filtrated, dissolved on chloroform, and washed
three times with distilled water. The organic phase was dried with
MgSO, and evaporated to dryness.

Acetylated Lignin Characterization

Acetylated lignin was dissolved in acetonitrile, and its UV-
vis absorption spectrum was recorded on a spectrophotometer
Specord 210 Lambda (Analytik Jena) on quartz cells. FT-IR
spectrum of materials was obtained using a Frontier PerkinElmer
spectrometer in the attenuation total reactance analysis mode.
Spectra were collected between 600 and 4,000 cm ! after placing
the pure product on a diamond crystal plate.

Preparation and Quantification of
Acetylated Lignin Nanoparticles

Nanoparticles were prepared as previously described (Figueiredo
et al, 2017). Acetylated lignin nanoparticles were prepared
starting from an acetylated lignin solution (2 mg/ml) in acetone.
For THPP encapsulation, THPP (0.2 mg/ml) was added in
the acetonic solution. The AcLi solution was dialyzed on a
regenerated cellulose membrane rod (Fisherbrand, 12-14 kDa)
against distilled water for 24 h. After dialysis, nanoparticles
were centrifuged at 10,000 x g for 1 h. Then, nanoparticles
were washed with distilled water and centrifuged again. Finally,
nanoparticles were suspended in distilled water and stored for
further use. Routinely, after the harvest of THPP@AcLI, a small

amount of nanoparticles was dissolved in acetone, and THPP
quantification was done using the Soret band absorption (hyax
419 nm, £ = 388,500 L/mol cm). Similarly, nanoparticles were
dissolved in acetonitrile for AcLi quantification. The volume of
dissolved nanoparticles was always below 3%, regarding the final
volume on organic solvent. For THPP@AcLI analysis in aqueous
media, nanoparticles were diluted on an appropriated buffer and
their spectra were recorded. Spectra were collected between 200
and 800 nm. The encapsulation rate was calculated, as the ratio
of the amount of THPP inside the nanoparticles, to the initial
amount (Eq. 1):

Craipe VpMWrnpp

x 100 (1)
THPP,

Encapsulation rate (%) =
where Crypp was the observed concentration of THPP in the
final volume of nanoparticles (V). considering the molecular
weight of THPP (MW ppp) and the initial mole number of
THPP (THPP;).

Apparent Size and Zeta Potential

Analysis

Nanoparticle size was analyzed through DLS on a Zetasizer Nano-
ZS (Malvern Instrument). Three measurements were performed
on each sample at 20°C using a light scattering angle of 173°
and a refractive index of 1.59 for lignins. Nanoparticles were
diluted on distilled water for each DLS determination. The
obtained DLS raw data were fit to a Gaussian model, excluding
the values with less than 1% of presence. The obtained data were
validated through the analysis of their R square coefficient and
through the analysis of the residuals with a D’Agostino-Pearson
Omnibus K2 test. With this statistical approach, we obtained
the mean size (geometrical mean) and the standard deviation
(o), which allowed us to approximate the range where 95% of
the nanoparticles were found (20). Zeta potential was obtained
with the same equipment, and nanoparticles were diluted on an
appropriated aqueous solution for each determination.

Transmission Electron Microscopy

Observations

The samples were observed using the TEM, model H-800
(Hitachi), using an accelerating voltage of 150 kV. For
nanoparticle imaging, a dense suspension of nanoparticles in
water was used. Two microliters of each sample were deposited
on carbon on the copper grid. The excess of liquid was carefully
blotted with a filter paper and air-dried for 1 h. For bacterial
and interaction observations, an overnight culture of S. aureus
in TSB was washed with PB pH 7.4 (5,000 x g, 5 min) three
times. Then, bacteria were carefully suspended on a minimal
volume of buffer. After deposition of the 2 jul of the sample on
grid and blotting, the samples were fixed and negative stained
with 2 pl drop of 2% uranyl acetate deposited on the grid.
The stain was blotted after 60 s, and the samples were air-
dried for 1 h. For the interaction observations, 150 pl from the
bacterial suspension was mixed with 150 pl of the nanoparticle
suspension. Light irradiation was done with the 2 pl mixed
sample on the TEM grid, under an incandescent lamp, with
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light irradiation of around 2,500 lux for 5 min. After that,
the samples were blotted and fixed as described above. The
scheme of the preparation process is shown in Supplementary
Material 1. For nanoparticle size determination, Image] Fiji
(Schindelin et al., 2012; Schneider et al., 2012) software was
used (Thresholding default, size 0.01-1.00 jum?, circularity 0.06—
1.00).

Stability of 5,10,15,20-Tetrakis(4-
Hydroxyphenyl)-21H,23H-Porphyrin

Inside Acetylated Lignin Nanoparticles

The stability of the encapsulation was tested over time.
For this, a suspension of THPP@AcLi at 100 pM was
prepared and divided in small 500-pl fractions, which were
stored at 25°C in the dark. When analyzed, samples were
centrifuged (10,000 x g 30 min) and the supernatant was
retired. The pelleted nanoparticles were resuspended in distilled
water, and both nanoparticles and supernatants were analyzed
by UV-vis absorption spectroscopy. The stability of the
nanoparticles was followed through the changes of the Soret
band absorption (k. 430 nm) over time in both nanoparticles
and supernatants.

Singlet Oxygen Detection by Electron

Paramagnetic Resonance

Measurements were recorded as described elsewhere (Riou
et al, 2014). The samples were exposed to a 20 W halogen
lamp, with a light irradiation of 20,000 lux. The intensity
of illumination was measured by a lux meter (Digital
Lux Tester YF-1065). EPR spectra were recorded with a
Bruker Model ESP300E spectrometer operating at room
temperature. Routinely, a fresh solution of 25 mM 2,2,6,6-
tetramethylpiperidine (TEMP) was prepared in phosphate
buffer pH 7.4. Acetylated lignin nanoparticle suspension
was prepared at a concentration of 4 mg/ml of AcLi, while
THPP@AcLi suspension was diluted at 120 pM of THPP
or 0.2 mg/ml of AcLi. For singlet oxygen detection, 50 pl
of the fresh TEMP solution were mixed with 50 pl of the
nanoparticle suspension. The solution obtained was immediately
transferred into quartz capillaries (100 pl) and placed at
20 c¢m from the source of illumination with a light intensity
of 270 pE/(s m?) during periods of 5 min. A dark control
was prepared, and rose Bengal in dimethylformamide (DMF)
was used as a standard. EPR spectra were performed under
the following conditions: modulation frequency, 100 kHz;
microwave frequency, 9.78 GHz; microwave power, 4 mW;
modulation amplitude, 0.987 G; time constant, 10.24 ms;
scans number, 2.

Fluorescence Quantum Yield

Fluorescence quantum yield was calculated as described
elsewhere (Vinagreiro et al., 2020). The fluorescence emission
spectra were recorded in a Horiba Scientific Spectrofluorometer
Fluoromax-4. The spectra were collected from 550 up to
800 nm using standard quartz cuvettes of 1 cm of optical path.
Fluorescence quantum yields (@) were obtained by comparing

the area of integrated fluorescence of the samples (F,) with that
of the reference (F,;) compound, with known ®p, corrected
by the absorption of sample (A;) and reference (A,.) at the
excitation wavelength and by the refractive index of the solvents
used for the sample (1) and reference (n,ef) solutions (Eq. 2).

FiApom?
Op = dlrffsr—"fn; (2)
FrefAsrl,-f]
Tetraphenylporphyrin (TPP) in toluene (@ ref = 0.11) was used
as standard (Pineiro et al,, 1998). The absorbance of the sample at

the excitation wavelength was around 0.01.

Photobleaching Quantum Yield
Photobleaching experiments were done at similar conditions
as those carried away for the microbiological experiments and
following the procedure stated elsewhere (Vinagreiro et al., 2020).
THPP@AcLi were diluted to a final concentration of 10 pM in
PB pH 7. A volume of 200 pl (V;,) was deposited on a flat-
bottom 96-well plate (1 = 1 ¢cm) and irradiated, ensuring that all
the light went through the solution. The samples were irradiated
for a time A; using a white LED light with emission (hg,) at
447 nm and output power Py of 1 mW. The actual light power
absorbed was determined for each compound and properly taken
into account in the calculation of the photobleaching quantum
yield, as described in the Supplementary Material 2 (Schaberle,
2018). Photobleaching quantum yield (@) is defined as the ratio
between the rate of disappearance of photosensitizer molecules
(v4) and the rate of absorption of photons (vp) (Eq. 3).

Vd VirrNahe AAsoret

Dy = = 3
B T SsaralhEnP(1 — 10 20) A, )

where Ay is the initial absorption at the Soret band. The Soret
band absorbance was found to decrease, and its decay was
followed during the light exposure.

Photodynamic Antimicrobial
Chemotherapy Bacteriostatic Effect

The bacteriostatic effect was evaluated against planktonic bacteria
in the middle of the exponential phase of growth. An aliquot of
bacteria was inoculated in 5 ml of TSB or LB and incubated for
16 h, 37°C, 100 rpm. The ODgpy was measured for the resulting
culture, and it was diluted at an ODggp = 0.05 in 5 ml of fresh
TSB or LB. Bacteria subcultures were incubated under the same
previous conditions, during 2 h for E. coli, and 3 h for the other
bacteria. Bacteria were washed with sterile PB pH 7 (5,000 x g,
5 min), and 100 pl were diluted in 10 ml of PB pH 7 for a
final concentration of ~10° CFU/ml Onto a 96-well plate, a
volume of 50 pul of bacterial suspension was mixed with 50 pl of a
solution with THPP@AcLi or @AcLi, at geometrically decreasing
concentrations, ranging from 50 to 0.010 pM and 1.6 mg/ml to
6.25 pg/ml, respectively. The plate was irradiated under white
LED light (1.2 mW/cm?) for 1 h. A volume of 100 pl of TSB
media was added to each well, and the initial ODsgs (S;) was
acquired using an iMark multiplate reader (Bio-Rad). The plate
was incubated at 37°C in the dark for 6 h, and then its ODsgs
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was measured again (S;). Appropriated controls were prepared, a
sample without bacteria and treatment (By) was used as a blank,
while a sample without treatment was used as growth control
and addressed as concentration zero (G;) and followed over time
(G¢). Normalized bacterial growth (Gg) was obtained according
to Eq. 4.

St —5i

Gp = 4
E= G TG (4)

A second 96-well plate was prepared, with bacteria and
nanoparticles at the same concentrations and conditions and kept
away from the light. Bacterial growth was allowed and monitored
as the light-irradiated plate, becoming the dark control.

Photodynamic Antimicrobial
Chemotherapy Bactericidal Effect

The bactericidal effect was evaluated against planktonic bacteria
in the middle of the exponential phase of growth. An aliquot of
bacteria was inoculated in 5 ml of TSB or LB and incubated for
16 h, 37°C, 100 rpm. The ODggp was measured and diluted at an
ODgo = 0.05 in 5 ml of fresh TSB or LB. Bacteria subcultures
were incubated under the same previous conditions for 2 h for
E. ecoli and 3 h for the other bacteria. Bacteria were washed with
sterile PB pH 7 (5,000 x g, 5 min) and suspended in 10 ml of
PB pH 7 for a final concentration of ~10® CFU/ml. Onto a 96-
well plate, a volume of 50 pl of bacterial suspension was mixed
with 50 pl of a solution with THPP@AcLI, at geometrically
decreasing concentrations, ranging from 2.5 to 0.010 M, while
@AcLi was only tested at 1.6 mg/ml, the highest concentration
tested at the PACT bacteriostatic effect. Appropriated controls
were prepared; a sample without nanoparticle treatment was used
as a survival control. The plate was irradiated under white LED
light (1.2 mW/ cm?) for 1 h. Besides, a second identical plate was
prepared and kept away from light. Then, the solution on the
wells was serially diluted on 900 pl of saline solution, and 50 jul
were spread on TSA or LBA plates using an automatic plater
EasySpiral (Interscience). Petri dishes were incubated at 37°C, in
the dark, for 16 h. Colony-forming units (CFUs) were counted
using a colony counter Scan 100 (Interscience). Bacterial survival
was calculated, comparing the number of viable bacteria after the
treatment (CFU/ml T eqtmen:) with the number of viable bacteria
without treatment (CFU/mly,01) (Eq. 5).

CFU/mL
Bacterial survival (%) = M x 100 (5)
CFU/‘mLCumrui

Statistical Analysis

Experiments were performed at least in triplicate. The results
were analyzed with GraphPad Prism 6.01. Biological data were
analyzed with a two-way ANOVA using a Sidak’s test for multiple
comparisons with 95% of the cohort. The obtained DLS raw
data were fit to a Gaussian model, excluding the values with
less than 1% of presence. The obtained data were validated
through the analysis of their R square coefficient and through
the analysis of the residuals with a D’ Agostino-Pearson Omnibus
K2 test. With this statistical approach, we obtained the mean
size (geometrical mean) and the standard deviation (o), which

allowed us to approximate the range of size that have 95% of the
nanoparticles (Dys).

RESULTS

Preparation of Acetylated Lignin
Nanoparticles and Their

Physicochemical Characterization

AcLi was prepared as previously described (Marchand
et al, 2018), and their chemical properties are discussed in
Supplementary Material 3. Acetylated lignin nanoparticles
were prepared as previously described (Figueiredo et al., 2017;
Marchand et al., 2020) from an acetone solution (Figure 1).
THPP encapsulation was done at similar conditions, through the
addition of THPP into the acetone solution. In both cases, the
acetone solution was dialyzed against water. The thereof obtained
nanoparticles were centrifuged and suspended in distilled water.

THPP@AcLi suspension was analyzed with UV-vis
absorption spectroscopy (Figure 2), and the spectroscopic
data were summarized in Table 1. Due to the low aqueous
solubility of THPP, the UV-vis spectrum of THPP@AcLi was
compared with the spectra of THPP in dimethylsulfoxide
(DMSO) and in a mixture of PB and DMSO (95/5 v/v), with
the last simulating biological aqueous conditions. THPP@AcLi
kept the typical porphyrin UV-vis absorption profile: one
intense Soret band and four Q-bands at higher wavelengths.
When compared with THPP, a red-shift of the Soret band in
THPP@AcLi (» = 430.5 nm) was observed compared with
the observed Soret band in pure DMSO (. = 424.5 nm). The
observed red-shift and diminished absorbance that occurred
were due to a solvatochromic effect and/or 7-7 interactions
with the lignin aromatic core. Additionally, these features could
also be due to the formation of THPP J-aggregates, as it has
been previously described that, in the presence of water, THPP
aggregates show a red-shifted Soret band with a diminished
absorbance (Zannotti et al., 2018). THPP proneness to aggregate
in aqueous medium was further corroborated with the observed
wide and diminished Soret band for THPP in 5% DMSO. In
addition, the appearance of extra bands at 457 nm (B-band)
and at 701.5 nm (Q,) indicates the presence of protonated
THPP (THPPH,2") species inside the nanoparticles (Zannotti
et al, 2018; Leroy-Lhez et al.,, 2019). Moreover, it seems that
encapsulation of THPP inside AcLi nanoparticles reduced the
aggregated state when compared to THPP dissolved in a mixture
of aqueous media/organic solvent, where we observed a broad
Soret band with diminished absorption.

Given the presence of THPPH,*" species, further
investigations on the effect of the pH on the loaded nanoparticles
were deemed necessary. Thus, UV-vis absorption spectra of
THPP@AcLi nanoparticles were recorded at several pH values
using different buffers (0.1 M), as displayed in Figure 3. The
THPP@AcLi UV-vis absorption profile remained stable at pH
values above 4, as the proportion between the THPP and its
protonated species THPPH,>* (expressed as ratio Ays7/Aysg)
remained constant. Upon pH acidification, a change in the
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FIGURE 1 | Preparation of acetylated lignin nanoparticles (@AcLi) and 5,10,15,20-tetrakis(4-hydroxyphenyl)-21H, 23H-porphyrin (THPP)-lcaded @AcLi
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FIGURE 2 | Comparison of the Uv-vis spectra of 5,10,15,20-tetrakis
(4-hydroxyphenyl)-21H, 23H-porphyrin (THPP) 5 M in DMSQO (DMSO 100%)
in & mixture of PB pH 7 and DMSO 5% (DMSO 5%) and as THPP-loaded
acetylated lignin nanoparticles (THPP@AcLI), suspended in PB pH 7.

UV-vis absorption profile can be observed by a decrease
of the absorbance at 430 nm with concomitant increase of the
absorbance at 457 nm, reaching its maximum at pH 2, as depicted
by the evolution of the ratio A4s7/A430 (Figure 3 inset, left axis).
This, along with an increase of the absorbance at 701.5 nm,
suggested an increased presence of protonated porphyrin
THPPH,>" at values below pH 4. This experiment seems to
corroborate the presence of both THPP and THPPH:> " species

inside nanoparticles. Interestingly, neither at basic pH do the
THPPH;’* related bands disappear, which either suggests the
stability of the initial mixture or the solvent inaccessibility inside
the nanoparticles. The last one has been previously analyzed
through computational analysis on @AcLi formation, where
nanoparticles have a lower solvent accessible surface area than
lignin dissolved in organic solvent (Marchand et al., 2020).
Nevertheless, THPP encapsulated inside @AcLi appears to
be stable on a wide pH range (ca. 4-10), with its absorbance
remaining unaffected by changes in the surrounding media.

Additionally, we could determine the amount of THPP
encapsulated inside the nanoparticles through UV-vis
quantification in acetone, as previously reported (Marchand
et al,, 2020). Our results demonstrated that up to 87.6% of the
initial amount of THPP was encapsulated inside @AcLi; thus, the
encapsulation process is not only sustainable but highly effective,
allowing a good recovery of our photosensitizing molecule.

The size and shape of nanoparticles were also analyzed
through two different methods, DLS and TEM. DLS indirectly
permits to know the hydrodynamic size and the polydispersity
index (PDI). The hydrodynamic size takes into account
the presence of salts and water molecules surrounding the
nanoparticles; thus, the size obtained is apparent and depends
on the interaction of nanoparticles with the surrounding media.
On the other hand, TEM observations directly analyze the size of
opaque nanoparticles without taking into account the influence
of the media; however, TEM observations need specialized
software for image processing. In order to fully characterize the
nanoparticles, both methods were compared for THPP@AcLi
and @AcLi (Figure 4), with the results being summarized
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TABLE 1 | Absorption bands of THPP 5 uM in DMSO 100%, PB and DMSO 5%, and as THPP@AcLi suspended in PB pH 7.

Soret band % max B X max Q1 * max Q2 % max Q3 * max Qa * max Q¢
e max € max (L/mol cm)
DMSO 424.5 3.214 x 10° 519.5 558.5 594.5 653
PBpH 7 DMSO 5% 424.5 8.320 x 107 526 568.5 509.5 657
PBpH 7 @AcLi 430.5 1.836 x 10° 457 516.5 559.5 596.5 656 701.5
THPP, 5,10,15,20-tetrakis(4-hydroxyphenyl)-21H,23H-porphynn; THPP@AcLi, THPP-ioaded acetylated lignin nanoparticles.
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FIGURE 3 | Absorption spectra of 5.87 M 5,10,15,20-letrakis(4-hydroxyphenyl)-21H,23H-porphyrin-loaded acetylated lignin nanoparticles (THPP@AcLi)
suspensions at different pHs [0.1 M glycine-HCI buffer {pH 2 and pH 3), 0.1 M acetate buffer {pH 4 and pH 5), 0.1 M phosphate buffer (0.1 M pH 6, pH 7, and pH 8),
0.1 M glycine-NaOH buffer (pH 9 and pH 10)]. The black arrows depict the changes found through increasing the pH of the media. Inset, the ratio of absorbance
values at 457 and 430.5 nm (squares, left axis) and the absorbance at 701.5 nm (circles, right axis) are depicted as a function of pH.

in Table 2. The results obtained were compared under the
assumption that the nanoparticle populations follow a Gaussian
distribution. DLS and TEM analysis obtained similar size values
for both nanoparticles (approximately 200 nm). In both cases,
@AcLi were slightly smaller than THPP@AcLI, by less than
10 nm. When analyzed, the PDI values obtained were below
0.2, which indicates that the degree of size dispersion was in the
desired range of reported nanoparticles (Danaei et al.,, 2018), as
high PDI values describe a wide distribution in the size of the
population and is associated to flocculation of the samples. The
wideness of the size of the nanoparticles was analyzed through
the comparison of the range where 95% of the nanoparticles
were found (Dgs). Both TEM and DLS analysis provided evidence
that both populations had similar distributions, between 30 and
380 nm. These results were slightly different from those obtained
by previous experiences (Marchand et al., 2020), where loaded
nanoparticles have a smaller size than non-loaded nanoparticles.
However, these differences could be due to differences in the
workup of nanoparticles, as in the present work, nanoparticles
are centrifuged at 10,000 x g.

In addition to size, another important parameter to
characterize is the zeta potential. The zeta potential helps

to describe both the apparent charge of a nanoparticle, as well
as the stability of a colloidal suspension. As the apparent charge
of a suspended particle, the zeta potential is deeply related to
the presence of ions in the surrounding media and to its pH.
Additionally, it allows us to understand the interactions of the
particles with themselves and with other nano molecules that
may lead to flocculation. Thus, the zeta potentials of @AcLi and
THPP@AcLi were measured in PB pH 7 (—23.42 4+ 2.17 and
—17.00 = 1.67, respectively). A negative charge was observed
for both nanoparticles, and no significant difference was found
between them (two-way ANOVA, Sidak’s multiple comparison
test, P > 0.05). As the values obtained for both nanoparticles were
similar, it could be assumed that THPP did not exert an effect
on the charge of the nanoparticle and in its zeta potential. Thus,
for further analysis, nanoparticle zeta potential was measured
at different pH values in 0.1 M buffers (Figure 5). Interestingly,
both types of nanoparticles had a similar behavior, with an
increase on the zeta potential value at pH 2, reaching a plateau
and then decreasing at basic pH 9 and 10. However, we could
observe that the addition of THPP into @AcLi nanoparticles
leads to an increase on the zeta potential (Two-way ANOVA,
Sidak’s multiple comparison test, P < 0.05), excepting pH 7
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FIGURE 4 | Size distribution of acetylated lignin nanoparticles (@AcLi) and 5,10,15,20-telrakis(4-hydroxyphenyl)-21H, 23H-porphyrin-loaded @AcLi (THPP@AcLI)
measured through dynamic light scattering (DLS) (A,B) and through transmissicn electron microscopy (TEM) (C,D). Also, the spherical shape of nanoparticles is

and pH 8 (two-way ANOVA, Sidak’s multiple comparison test,
P = 0.05). The magnitude of the zeta potential can predict the
stability of a colloidal suspension, being that suspensions with
higher magnitudes of zeta potential tend to be more stable and
less likely to flocculate (Kumar and Dixit, 2017). Thus, our
findings indicate that at acidic pH, @AcLi are more likely to
flocculate, reaching their highest stability in basic pH. As we
found differences between THPP@AcLi and @AcLi, THPP
exerts an effect in the apparent charge of the nanoparticles,
increasing the likeness of nanoparticle flocculation, when
compared with @AcLi.

To further demonstrate the viability of our process, we
tested the stability of THPP@AcLi by monitoring the UV-
vis absorption spectra of the nanoparticles suspended in PB
pH 7, over 60 days, when stored in the dark at 25°C
(Supplementary Material 4). THPP@AcLi demonstrated a high
stability, with negligible THPP leaking, after 60 days of storage
(9%). Additionally, the UV-vis profile did not change over time.
Thus, THPP@AcLi withstood suspension in aqueous media in
the dark and at 25°C, which makes it suitable for storage,
without specific conditions in order to preserve the stability of
the formulation.

TABLE 2 | Size of nanoparticles determined by DLS and TEM, expressed as the Gaussian mean and the distribution of 95% of the nanoparticles (Dgs).

DLS TEM
Mean size (nm) Range (Dgs) R? Gaussian model fitting PDI Mean size (nm) Range (Dags) R? Gaussian model fitting
@AcLi 199.6 79.02-320.18 0.9160 0.189 198.7 130.7-266.7 0.8410
THPP@AcLI 210.8 73.4-348.2 0.9154 0.176 200.8 114.16-287.4 0.8637

@AcLi, acelylated lignin nanoparticles; DLS, dynamic light scattering; PDI, polydispersity index; TEM, transmission electron microscopy; THPP, 5,10, 15,20-tetrakis(4-

hydroxyphenyl)-21H,23H-porphyrin; THPP@AcLi, THPP-loaded @AcLl.
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FIGURE 6 | Monitoring of singlet oxygen production, as
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) radical detection through
electron paramagnetic resonance (EPR) of acetylated lignin nanoparticles
(@AcLi) [2 mg/ml] (diamonds) and 5,10,15,20-tetrakis{4-hydroxyphenyl)-
21H,23H-porphyrin-loaded @AcLi (THPP@AcLI) [THPP 60 M, AcLi

100 pg/ml] (squares). Rose bengal [1.5 uM] (circles) was used as a reference.
Singlet oxygen production was measured as a function of time under light
irradiation (white symbols) or dark incubation (gray symbals).

Acetylated Lignin Nanoparticles Singlet
Oxygen Production

Tt has been demonstrated that AcLi can produce ROS, specifically,
singlet oxygen and superoxide anion (Marchand et al, 2018).
We extrapolate these observations to the particular case of
@AcLi, acting as photosensitizers in aqueous media and
producing ROS. The singlet oxygen generated by @AcLi and
THPP@AcLi was monitored by TEMP quenching, which easily
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FIGURE 7 | Normalized UV-vis absorption spectra (black lineg) and
fluorescence emission spectra (red lines) of (A) acetylated lignin nanoparticles
(@AcLi) [30 pg/ml] and (B) 5,10,15,20-tetrakis(4-hydraxyphenyl)-21H,23
H-porphyrin-loaded @AcLi (THPP@AcLI) [THPP 2.5 M, AcLi 30 pg/mi);
recorded in PB 0.1 M pH 7, room temperature, hex = 425 nm.

reacts with singlet oxygen to form 2,2,6,6-tetramethylpiperidine-
1-oxyl (TEMPO), a stable radical that can be detected with
EPR spectroscopy (Riou et al., 2014; Marchand et al., 2018).
In Figure 6, the nanoparticle suspensions in PB pH 7.4 of
@AcLi (2 mg/ml) and TPPOH®@AcLi (100 pg/ml lignin, 60
LM THPP) were compared, with or without light irradiation
[halogen lamp, 270 pE/(s m?)]. Rose bengal (1.5 pM, DMF),
a well-known photosensitizer and singlet oxygen generator,
was used as a reference. It is worth mentioning that the
concentration of @AcLi nanoparticles was 20 times superior
to that of THPP@AcLi but showed similar singlet oxygen
generation, meaning that THPP@AcLi is approximately 20 times
more efficient at producing singlet oxygen under the tested
conditions. Both @AcLi and THPP@AcLi singlet oxygen was
light-driven, corroborated by the differences observed between
the dark and light irradiated samples, after 30 min (two-way
ANOVA, Sidak’s multiple comparison test, P < 0.01). The
more efficient generation of singlet oxygen of THPP@AcLI,
compared with @AcLi, demonstrated that THPP keeps its
photosensitizing activity after encapsulation. Remarkably, the
singlet oxygen produced by the encapsulated THPP is able to
diffuse outside the nanoparticles, react with TEMP, and form the
more stable TEMPO radical.
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Acetylated Lignin Nanoparticle
Fluorescence

Tt has been previously documented that molecular aggregation
due to water coordination is a fluorescence quencher for
porphyrins (Zannotti et al., 2018), a quantum phenomenon that
is competitive with singlet oxygen production. To evaluate the
extent of this issue, the fluorescent emission spectra of @AcLi
(30 pg/ml) and THPP@AcLi (THPP 2.5 pM, AcLi 30 pg/ml)
were measured as suspended in PB pH 7, with excitation at
425 nm (Figure 7).

Previous reports indicate that different chemical derivatives of
lignin are fluorescent (Donaldson and Radotic, 2013). However,
most of these observations have been done in organic solvents,
where lignin is deployed without aggregation. Reports in the
literature indicate that the fluorescence of lignin depends on the
degree of aggregation, as the architecture of the nano-objects
affects the interaction of the fluorophores (Xue et al., 2020).
However, most of the studies on lignin fluorescence have been
done with excitation wavelengths on the UV region, where lignin
was known to strongly absorb. In our studies, we aimed at
exciting the porphyrin, thus using excitation wavelength in the
400-500 nm range, where lignin did not absorb significantly.
Thus, it is not surprising that a defined fluorescence band was not
found for @AcLi; therefore, AcLi contribution to the fluorescence
of THPP@AcLi was negligible in the tested conditions.

The THPP@AcLi emission spectrum, after excitation at
425 nm, showed two main peaks, a defined peak at 663 nm
and a stronger less defined peak at around 733 nm. Additional
experiments (Supplementary Material 5) showed that the peak
found at 663 nm corresponds to THPP emission, while the peak
at 733 nm could correspond to both THPP and THPPH,2 "
centered emission, as evidenced by the corresponding excitation
spectra. The calculated quantum yield (@p) for THPP@AcLI is
0.0016 + 0.0001, a value that is lower than the one reported
for THPP (®p = 0.17, DMF) (Ormond and Freeman, 2013).
Nevertheless, the obtained fluorescence still represents a success,
as previous experiments have demonstrated that the fluorescence
of THPP in aqueous media (®r = 0.00071, PB pH 7, with 2.5%
DMSO) is almost completely quenched. Thus, the encapsulation
of THPP@AcLI partially prevented the quenching of THPP in
aqueous medium and additionally avoided the usage of organic
solvents to increase the availability of THPP.

Porphyrin’s fluorescence is sensitive to the medium, especially
to the pH (Zannotti et al, 2018; Leroy-Lhez et al, 2019).
Previously in this work, we have demonstrated that THPP@AcLi
were resistant to the fluctuation of pH in the media,
according to UV-vis absorption and zeta potential studies. To
further corroborate our findings, the fluorescence emission of
THPP@AcLi was also recorded at different pH values (Figure 8).
We could observe a pronounced decrease of fluorescence
intensity with pH at 663 nm (Figure 8, inset), while the
intensity of the fluorescence of the second band remained stable.
Concomitantly, a red-shift of the wavelength of emission for
this second band was also observed (from 733 nm at pH 10 to
745 nm at pH 2). This was not surprising as the peak at 663 nm
is related to THPP, which in acidic media transforms into the

protonated species THPPH,>t; meanwhile, the second peak was
related to both species and was thus affected by the equilibrium
between THPP and THPPH,?* as a function of pH. Therefore,
ata low pH value, THPPH,>* must be the predominant species,
characterized by an emission at higher wavelength than THPP.
However, when ®p was calculated for the whole pH range, it
was found that besides variations on the emission profile, @y
remained stable (~0.16) (Supplementary Material 6). This is
consistent with our previous results, where we observed changes
on the absorption spectra at acidic conditions. Nevertheless, the
global quantum yield remained stable at different pHs.

Photodynamic Antimicrobial
Chemotherapy Effect of

Porphyrin-Loaded Nanoparticles Against
Bacteria

The nanoparticles were tested against five bacterial strains, three
Gram-positive (S. aureus, S. epidermidis, and E. faecalis) and
two Gram-negative (E. coli and P. aeruginosa). The highest
concentration of THPP encapsulated in @AcLi was 50 pM,
corresponding to 0.33 mg/ml of AcLi. For @AcLi, the highest
concentration used was 1.6 mg/ml; reports in the literature
indicate that at this concentration, lignin nanoparticles were
innocuous to human cells (Algahtani et al., 2019). The results
found in this study showed that @AcLi have a bacteriostatic effect
at 1.6 mg/ml; nevertheless, @AcLi do not have a bactericidal effect
at the highest concentration tested (Supplementary Material 7).

First, THPP@AcLi were evaluated as bacteriostatic agents,
analyzing its capability to arrest bacterial growth. THPP@AcLi
demonstrated a high capacity to diminish the growth of Gram-
positive bacteria, after 1 h of irradiation, under a white
LED light dose (4.16 Jfem?). For Gram-positive inactivation,
concentrations as low as 0.078 wM were enough to diminish
growth at around 85% (Figure 9A). On the other hand,
THPP@AcLi was not able to diminish the growth of Gram-
negative E. coli but seemed to exert a bacteriostatic non-
photodynamic effect on P. aeruginosa (Figure 9B). The most
sensitive strain was S. epidermidis, followed by E. faecalis and,
lastly, 8. aureus. Usually, in PACT, low dark toxicities are desired,
as it ensures that the antimicrobial effect is only triggered by
light irradiation. Our results fulfill this necessity, as when using
0.640 pM of THPP@AcLI, the bacterial growth of E. faecalis
was less than 10% after light irradiation; meanwhile, at dark
incubation, the bacterial growth in the dark was around 85%.
Similar results were found with S. aureus and S. epidermidis
(Supplementary Material 8).

Although it can be addressed that growth arrest was due to
the cellular death, it can also be provoked by a decrease on the
bacterial metabolism or due to cellular damage, which may be
overcome with enough recovery time. The difference between
bacteriostatic and bactericidal effect is dose-dependent. Thus,
the bacterial survival was assessed under similar conditions.
As previously observed, THPP@AcLi was not effective against
Gram-negative bacteria (Supplementary Material 8). Indeed,
THPP@AcLi was unable to diminish the Gram-negative bacterial
survival rate at 50 pM either at light (white LED light dose,
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FIGURE 8 | Emission spectra of 5,10,15,20-tetrakis(4-hydroxyphenyl)-2 1H, 23H-porphyrin-loaded acetylated lignin nanoparticles (THPP@AcLI) [3 11M), as a function
of pH [0.1 M glycine-HCI buffer (pH 2 and pH 3), 0.1 M acetate buffer (pH 4 and pH 5), 0.1 M phosphate buffer (0.1 M pH 6, pH 7, and pH 8), 0.1 M glycine-NaOH
buffer (pH 8 and pH 10)]; recorded at room temperature, kg, = 425 nm. Inset: evolution of the fluorescence intensities recorded at 663 nm (red circles), the
maximum emission at around 733 (blue squares), and the wavelength for the maximurm emission found for the ~733 nm band (green triangles) as a function of pH.
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FIGURE 9 | Bacteriostatic effect of 5,10,15,20-tetrakis(4-hydroxyphenyl)-21H, 23H-porphyrin-loaded acetylated lignin nanoparticles (THPP@AcLI) after light
irradiation (white LED light dose, 4.16 J/cm?, white symbols) or dark incubation (gray symbols) against (A) three Gram-posilive bacteria and (B) two Gram-negalive
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4.16 J/em?) or dark conditions (two-way ANOVA, Sidak’s
multiple comparisons test, P > 0.05).

Otherwise, several concentrations were tested for
THPP@AcLi  against the Gram-positive strains. They
demonstrated a great efficiency at killing bacteria, being
able to destroy up to 99.9999% of E. faecalis (Figure 10). Previous
experiments (Figure 9) demonstrated a low dark chemotoxic
effect for THPP@AcLI; in agreement, similar results were found
on the bacterial survival rate (Supplementary Material 10),
with differences between the light and dark conditions of several
orders of magnitude. We found an efficient bactericidal effect
at concentrations as low as 2.5 pM of THPP@AcLi and just
4.16 J/em? of white LED light dose.

Our previous experiments had demonstrated that
THPP@AcLi were stable at a wide range of pH. This is important
for antibacterial applications. Usually, bacteria are viable within a
limited range of pH values; with pathogenic bacteria being viable
at a range between 5.5 and 8 (Madigan et al., 2014). However,
bacterial metabolism provokes changes in the pH in different
ways. Excretion of organic acids, such as propionic acid and
isopropylic acid, can decrease the pH of the surrounding media,
while amine compounds, formed through the degradation of
amino acids and proteins, can increase the pH of the bacterial
surrounding media (MacFaddin, 2000). Additionally, the pH of
the medium has been found to influence the efficiency of several
antibiotics (Yang et al., 2014). PACT is usually addressed as a
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FIGURE 10| 10| Bacterial survival of (A) S. aureus, (B) S. epidermidis, and
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FIGURE 11 | Bacterial survival of S. aureus, as a function of pH, when treated
with 5,10,15,20-tetrakis(4- hydraxyphenyl)-2 1H, 23H-porphyrin-loaded
acetylated lignin nanoparticles (THPP@AcLI) 2.5 uM under light irradiation
(white LED light dose, 4.16 J/cm?) or dark incubation. A two-way ANOVA
analysis was made, with a Sidak's multiple comparison lest, 1o analyze the
differences found between pH 7 and the other pH conditions tested (ns,
non-significant P > 0.05; **F < 0.01; ****P < 0.0001). At all pH conditions, a
diffierence was found between the light and dark conditions (P < 0.0001).

being unviable, these results were not included in the analysis.
THPP@ACcLi was able to diminish bacterial survival at all the pH
conditions, through an effective photodynamic effect observed,
with differences between light irradiation and dark incubation
samples (two-way ANOVA, Sidak’s multiple comparisons test,
P < 0.0001). When compared with the PACT effect obtained at
pH 7, no differences were found at pH 5 and pH 6 (P > 0.05).
Nevertheless, at pH 8, the PACT effect had a slight improvement
(P < 0.01), while at pH 9, the bacterial survival increased
up to 0.184 (P < 0.0001). Although statistically there were
some differences found, in general, the PACT effect permitted a
bacterial survival below 0.2%. The fluctuation of the values found
could be attributed to either the pH effect on the cells or the buffer
composition, as three buffers with different compositions were
used for this experiment. Thus, THPP@AcLi PACT effect was
stable at a wide range of pH. Their stability corresponded to our
previous observations, where their photophysical characteristics
remained relatively stable at different pH conditions. This good
correlation between the photophysical properties and their
biological applications enhanced the applications spectra for
@AcLi loaded with a photosensitizer.
In order to further demonstrate the stability of THPP@AcLAi,

topical treatment or for surface disinfection due to the difficulty
of irradiating the inside of a living being (Wainwright et al.,
2017). Thus, a formulation that works on a wide range of pH is
desirable, as it can withstand the changes provoked by bacteria
or the conditions found on several surfaces.

In that perspective, THPP@AcLi was tested against S. aureus
on aqueous media from pH 5 to pH 9, at a concentration
of 2.5 pM, where we had previously observed a decrease of
bacterial survival of at least 99.9% (Figure 11). Other pH
conditions were tested, but as the bacterial controls demonstrated

their resistance to light irradiation was assessed. THPP@AcLi
were exposed to light irradiation periods before incubation with
bacteria under conditions similar to previously done PACT
experiments. Afterward, the irradiated nanoparticles were mixed
with §. aureus bacteria and the PACT irradiation was carried out,
as routinely for bacterial eradication. A non-irradiated control
was used, and bacterial survival was reported after S. aureus
photodynamic eradication (Figure 12A). The THPP@AcLi
withstood the light irradiation, remaining as effective as the
previously non-irradiated sample (0 Jfcm?). This would allow
nanoparticles to remain functional after long irradiation periods
or after several cycles of usage. To analyze the effect of light
irradiation on THPP@AcLi, nanoparticles were irradiated under
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FIGURE 12 | Effect on 5,10,15,20-tetrakis(4-hydroxyphenyl)-21

H, 23H-porphyrin-loaded acetylated lignin nanoparticles (THPP@AcLI) of
previous light irradiation. (A) Photoeradication of 8. aureus (white LED light
dose, 4.16 J/cm?), with nanoparticles previously irradiated with white LED
light. As a control, a non-iradiated sample was used (0 J/om?).

(B) THPP@AcLI absorbance at 433 nm was monitored through its irradiation
with white LED light (1 mW/em?). Inset: the spectra between 400 and 500 nm
are observed for the whole irradiation time.

similar conditions and the absorbance at 433 nm was monitored
after irradiation in order to evaluate potential degradation due
to light-driven self-annihilation (Figure 12B). Interestingly, the
absorption of the Soret band diminished quickly and then
reached a plateau, with around 73.32% of the original absorbance
found, even after 7 h of constant irradiation (1 mW/cm?).
By analyzing the UV-vis absorption spectra, a decrease on the
B-band intensity at 457 nm was also observed, with changes
in the ratio between this and the Soret band (initial Ag37/A45
0.465, final Ay37/A4s2 0.334). As the B-band can be attributed to
the protonated molecule THPPH, >+ according to the literature
(Zannotti et al., 2018; Leroy-Lhez et al., 2019), we can conclude

that this species was more sensitive to photobleaching than the
non—prutonated one.

5,10,15,20-Tetrakis(4-Hydroxyphenyl)-
21H,23H-Porphyrin Inside Acetylated
Lignin Nanoparticle Interaction With
Bacteria
In this work, the stability of THPP@AcLi photophysical
properties has been demonstrated, being effective against Gram-
positive bacteria at different pH values, even after previous
light irradiation. However, the previous experiments had not
clarified how bacteria are eradicated, as is less likely that the
photosensitizer gets in direct contact with bacteria. The uptake
of porphyrins and other photosensitizers by bacteria had been
widely studied (Ferro et al, 2007; Orekhov et al, 2018), but
our results suggested that THPP@AcLi do not leak out the
photosensitizer. In order to have an insight into the interaction
between bacteria and THPP@AcLi, we made TEM observations
over a mixture of bacteria and nanoparticles. S. aureus cells
were observed without typical chemical fixation (Figure 13A).
The observed cells did not have the characteristic round shape
found for staphylococci bacteria; rather, they had a “squashed”
shape likely due to the acidic uranyl acetate fixation/staining.
When nanoparticles were mixed, a spontaneous binding was
observed, as no incubation time elapsed for the first observation
(Figure 13B). Interestingly, the amount of observable free
nanoparticles was low when compared to the observed bound
nanoparticles. Nanoparticles were observed surrounding the
surface of bacteria. The attached nanoparticles were observed as
spheres, with only a partial merge within the bacterial membrane.
This suggested that nanoparticles do not penetrate inside the cell
but remained in the outskirts of the membrane. Preparations
made from a mixture of bacteria and nanoparticles, done 30 min
ahead, still presented this pattern. Thus, the penetration of
nanoparticles inside bacteria is not time dependent. The mixture
of nanoparticles and bacteria was irradiated in situ over the
copper grid with an incandescent bulb light (2,500 lux, 5 min)
and was observed at TEM. After light irradiation, bacteria
were scarce and cellular debris was observed throughout the
place. Bacteria were also found surrounded by THPP@AcLi
(Figures 13C,D). In some cases, bacteria were observed while
spilling their cellular contents (Figure 13D). The cellular contents
include proteins and nucleic acids, which are transparent to the
TEM, but we were able to observe them after being contrasted
with uranyl acetate, observable at TEM, as black debris. The TEM
observations suggest that bacteria suffered extensive damage on
their cellular wall when exposed to light and THPP@AcLi. As
presumably nanoparticles were unable to completely penetrate
inside the cell, a local ROS production against the cellular wall
was likely to trigger the photodynamic effect. Insufficient damage
to the bacterial wall may provoke an arrest on the bacterial
growth, which corresponds to our previous observations of a
large bacteriostatic effect for THPP@AcLi.

An interesting observation was the spontaneous binding of
THPP@AcLi with bacteria. Tt had been previously observed
that lignin nanoparticles worked as flocculants, capturing
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light iradiation (incandescent bulb, 2,500 luxes, 5 min).

FIGURE 13 | Transmission electron microscopy (TEM) cbservations of () S. aureus cells in vivo; (B) S. aureus and 5,10,15,20-tetrakis(4-hydroxyphenyl)-21H,23H-
porphyrin-loaded acetylated lignin nanoparticles (THPP@AcLI), the black arrow indicates a non-bound nanoparticle; (C) and (D) S. aureus and THPP@AcLI after

E. coli and S aureus (Yin et al, 2018). This effect was
observed in our experiments, where the mixture of bacteria
and nanoparticles quickly flocculated to the bottom of the
flask. The high affinity of bacteria and THPP@AcLi may work
as a synergic system. Although we had observed through
EPR a low production of singlet oxygen for THPP@AcLI, the
tight interaction between bacteria and nanoparticles results in
a higher concentration of ROS at the cellular level. Thus,
both flocculant and photodynamic effect could be a promising
alternative as a PACT system. Such system could find wide
applications in wastewater purification, a complex media with
biological and chemical pollutants that require disinfection
before release into the environment. Purification of wastewater
usually comprises physical methods, involving sedimentation,
aeration, and filtration, and at these steps, lignin could be used
as an alternative.

DISCUSSION

Our results demonstrate that THPP encapsulation into @AcLi is
an easy, effective, and reproducible method, increasing the value
of lignin as a biopolymer with biomedical applications. Besides,
this encapsulation method may be suitable for a wide range of
molecules, which are our current subject of study.

The effect of aggregation on porphyrins and tetrapyrrolic
compounds has been addressed as one of the main issues for
biological applications of both PDT and PACT, as aggregation
quenches ROS production, diminishing their efficiency and
potential (Liu et al, 2018). The present work has produced

a formulation that efficiently delivers THPP into an aqueous
media, with less aggregation than the non-encapsulated THPP.
Besides, THPP inside @AcLi is able to withstand a wide pH
range without being affected, as demonstrated by its UV-vis
absorption and fluorescence emission properties. Additionally,
the pH stability is extended to its physicochemical properties, as
its zeta potential, and the changes in the pH of the media do not
affect their efficiency against bacteria.

Lignin nanoparticles are currently under research as vehicles
for small molecules, with reports of nanoparticles being able
to diffuse the small molecules over time or over pH changes
(Zhou et al., 2019). Nevertheless, we were able to demonstrate
that THPP@AcLi are stable over time, releasing less than 10% of
THPP into the surrounding media after 60 days of observations.
However, the stable encapsulation of THPP inside nanoparticles
leads to the question if ROS generated by THPP would be
able to escape from the nanoparticles and actually produce an
observable macroscopic effect. Through EPR, we detected singlet
oxygen generation for @AcLi and for THPP@AcLi. However,
the evidence has demonstrated that THPP@AcLi singlet oxygen
generation is mostly due to THPP, as THPP@AcLI is 20 times
more efficient at producing singlet oxygen than @AcLi. Then,
singlet oxygen generated by THPP was able to diffuse through
the@AcLi.

Although it has been indicated that a light dose of 4.16 J/cm?
is necessary to kill bacteria, recent reports have indicated that the
UV-vis absorbance of PACT and PDT molecules need to be taken
into account for a corrected light dose (Schaberle, 2018). With
this correction done (Supplementary Material 2), THPP@AcLi
is only able to absorb 65% of the white LED light irradiated on it,
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resulting in a corrected light dose of 2.71 J/cm®. Qur experiments
had demonstrated that the nanoparticles were stable under light
doses 20 times higher than the corrected light dose, and thus
higher doses could be applied on bacteria, while maintaining
their efficiency.

In regard to bacterial eradication, THPP@AcLi was only
able to diminish the bacterial growth and survival of Gram-
positive bacteria. This is not surprising, as PACT has been
described as more effective against Gram-positive bacteria
than against Gram-negative ones ([Huang et al, 2012). The
differences in the efficiency were addressed to be due to the
impermeability of its double membrane, a common problem with
the development of successful antibiotic treatments (Nikaido,
2003). Interestingly, PACT applications on Gram-negative
bacteria had overcome this obstacle through the usage of cationic
photosensitizers (Ragas et al., 2010; Cieplik et al.,, 2018; Aroso
et al, 2019) or photosensitizers linked to antimicrobial peptides
(Le Guern et al., 2017, 2018), which have a high affinity for
the anionic heads of the lipopolysaccharides, facilitating the
interaction between bacteria and photosensitizer. Interestingly,
in our work, we observed that although nanoparticles have a
negative charge, they seem to strongly interact with bacteria,
demonstrated by TEM observations. Thus, further investigations
are underway with cationic molecules inside @AcLi, aiming
for Gram-negative bacteria eradication. Additionally, lignin
modifications could lead to the construction of cationic lignin
nanoparticles. Nevertheless, we had observed strong spontaneous
interactions between nanoparticles and bacteria. It has been
previously addressed that lignin nanoparticles were prone to
act as flocculant agents, working as a physical method for
water disinfection (Yin et al, 2018). Our strategy combines
physical decontamination and a light-driven chemotoxic effect, a
combination that could be ideal for wastewater decontamination.
Wastewater is a complex mixture that needs to be purified
before being released into the environment. Acetylated lignin
nanoparticles could be used for light-driven water purification
and, at the same time, for physical removal of bacteria and
bacterial debris.

This work represents a cornerstone on lignin applications, as
it is the first time it has been used on PACT applications. The
present work, although able to eradicate Gram-positive bacteria,
was unable to affect the survival of Gram-negative bacteria. Our
future work comprises the modification of lignin with “sticky”
moieties and the encapsulation of cationic porphyrins, hoping to
obtain a wide-range formulation for antibacterial and antibiofilm
purposes. Additionally, our future work aims to enhance the
comprehension of the mechanism of the interaction between
THPP/AcLi/bacteria through porphyrin uptake experiments
and flow cytometry.

CONCLUSION

Acetylated lignin nanoparticles were able to encapsulate a
porphyrinic compound, THPP. Additionally, the encapsulation

system was stable at a wide pH range, conserving its
physical and photophysical properties, without leaking the
encapsulated compound. Furthermore, it was demonstrated
that this system was able to produce ROS and exert a
photodynamic eradication effect on three Gram-positive strains.
The photodynamic eradication could be due to a synergic effect
of the flocculant properties of lignin nanoparticles and the light-
driven ROS production of THPP. The encapsulation of further
photosensitizers is likely to improve the presented results, and
this strategy is currently under study for water decontamination
and other applications.
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Figure S1. Transmission electron microscopy preparation process for nanoparticles (A), bacteria (B)
and nanoparticle-bacteria interaction (C): I - clean and hydrophilic carbon grid, 1l - sample drop, 111 -
light irradiation, IV - sample blot, V - negative stain drop, VI - negative stain blot after 60s, VII - air-
drying, VIII - sample ready for observation.
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2. Light Dose correction
Light dose correction was done, accordingly to the literature (Schaberle, 2018). For this, the power of

the light emission source was obtained with a handheld power meter (LaserCheck, Coherent), and the
light dose calculation was obtained using the equation S1:

Z-’:f“)(l_lo-}l(v))

LDC = P

(Equation S1)

with P(v) being the emission of the light source at a certain wavenumber (v, cm™!), A(v) the absorption
of THPP at a certain wavenumber, v, the wavenumber of the Soret band and A, the absorbance of the
Soret band. The obtained light dose correction, is the ratio of light that it is actually absorbed by the
compound (Figure S2).
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Figure S2. Normalized spectrum of the LED light output power (black line), the absorption spectrum
of THPP@AcLi in PB pH 7 (blue line), and the merged spectrum (red line), with its area under the
curve (light red) corresponding to the light dose correction rate.
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3. Acetylated lignin characterization

Lignin acetylation and the photosensitive properties of acetylated lignins have been recently studied

on another paper (Marchand et al.,

2018). Acetylated lignin (AcLi) was prepared as previously

described and it was obtained as a crystalline brilliant brown powder. The material was characterized

through FTIR (Figure S3.1).

| Acetylated lignin

. ~
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Figure S3.1. FTIR spectra of AcLi and raw kraft lignin. Significant absorbance patterns are gray

highlighted.

The substitution of the hydroxyl groups at AcLi was observed through the disappearance of the wide
0O-H bond stretching band between 3100 and 3600 cm™, and with the appearance of a band at 1191 cm-
!, corresponding to the C-O ester bond stretch. Additionally, the lignin acetylation was confirmed
through the appearance of the bands corresponding to C=0 aromatic ester bond stretching and C=0
aliphatic ester bond stretching, respectively at 1761 and 1739 cm!'. The CH; moiety, corresponding to

the acetyl group, appeared at 1464 cm’!,
2018).

as previously reported (Qian et al., 2014; Marchand et al.,

The UV-vis absorption spectra of AcLi was recorded in acetonitrile at increasing concentrations,

ranging from 0.010 to 0.400 mg/mL (Figure S3.2).
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Figure S3.2. UV-vis characterization of AcLi in acetonitrile. (A) UV-vis spectra at increasing
concentrations. (B) Absorbance of AcLi at several wavelengths, as a function of the concentration of
the sample.

Interestingly, the AcLi UV-vis absorption profile is concentration sensitive; a defined band was
observed at around 205 nm at 10 pg/mL, but at increasing concentrations, the band suffered a
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progressive red shift from 205.5 to 248 nm, at 400 pg/mL, concomitantly with the appearance of a
small peak at 280 and a shoulder at around 325 nm. The characteristics of AcLi absorption profile
required the test of several random wavelengths to monitorize the changes of absorption as a function
of concentration, and calculate its extinction coefficient (Table 53.1). The epsilon was calculated in a
range where the increase demonstrated a linear behaviour, with a R square of at least 0.95. The best
results were obtained on wavelengths above 350 nm, where the analytical range is bigger (0.01 — 0.4
mg/mL). Nevertheless, it would still be possible to use other wavelengths to determine analyse the
AcLi concentration, on a smaller range of concentrations. For the present work, 350 nm was routinely

monitored for determining the concentration of AcLi in nanoparticles samples.

Table S3.1. Epsilon calculated for AcLi at different wavelengths.

Wavelength (nm) Range (mg/mL) R Square (R?) g (L/g cm)

400 0.01-04 0.9979 1.189 £0.01178
375 0.01-04 0.9986 1.897 £ 0.01527
350 0.01-04 0.9896 3.077 £ 0.06898
300 0.01-0.1 0.9946 11.33+£0.2160
280 0.01-0.1 0.9825 13.37 + 0.4603
250 0.01-0.1 0.9724 1544+ 0.6713
225 0.01 -0.03 0.9830 28.92 +1.440
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4. Stability and leaking of THPP inside acetylated lignin nanoparticles
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Figure S4. UV-vis absorbance spectra of the THPP@AcLi 2.39 pM in PB 0.1 M pH 7, followed up
during 60 days. In the insert, the absorbance of the Soret band (430 nm) for the nanoparticles and the

supernatants.
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5. Excitation spectrum of THPP@AcLi

For further analysis, the excitation spectra recorded for observation wavelengths at 663, 733 and 780
nm were analyzed (Figure S5B). Interestingly, the excitation spectrum at 663 nm corresponds to the
spectra of THPP, without presence of the protonated THPPH>?*. However, excitation spectrum at 733
and 780 nm showed two main peaks at 426 nm and 453 nm, which correspond to the Soret band and
the B-band; the Q bands are observed at 521, 559, 595 and 652 nm for all the excitation spectra. In
order to know if the porphyrinic species could be analyzed separately, the emission spectra were
recorded at several excitation wavelengths (Figure S5C). Excitation at the B-band (455 nm) lead to a
spectrum without the 663 nm band. However, excitation at other wavelengths always showed both
emission bands, which is not surprising, as UV-vis absorption spectra of both species, THPP and
THPPH:?" have spectral overlap in the whole range of wavelength, but between 450 — 475 nm.
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Figure S5. Fluorescent characterization of THPP@AcLi | uM. (A) UV-vis absorbance (black) and
fluorescence emission (red dashed lines) spectra; (B) Excitation spectra at different wavelengths; (C)
Emission spectra at different wavelengths. Recorded at PB 0.1 M pH 7, room temperature, Aex = 425

nm.
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6. Fluorescent quantum yield of THPP@AcLi as a function of pH

Table S6. ®r for THPP@AcLi 3 pM at different pH, using TPP in toluene as a standard (®r=0.11).

pH @y

2 0.0016
3 0.0014
4 0.0014
5 0.0014
6 0.0015
7 0.0015
8 0.0014
9 0.0015
10 0.0016
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7. PACT effect of @AcLi
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(@AcLi nanoparticles were tested against three Gram-positive (S. aureus, S. epidermidis and E.
Jaecalis) and two Gram-negative bacteria (£. coli and P. aeruginosa) (Figure S7.1). As the density of
nanoparticles was high, results obtained at higher concentrations were difficult to analyze, as
nanoparticles, as @AcLi also absorb at 600 nm. Nevertheless, the obtained data presents evidence of
the lack of photodynamic effect of @AcLi against any bacterial strain, as there’s not a significant
decrease on the bacterial growth when bacteria are exposed to light and @AcLi (Table S7.1). However,
the presented data seems to indicate that @AcLi exerts a non-light-driven bacteriostatic effect, as a
decrease on the bacterial growth is observed,in both light and dark conditons. Other researchers have
indicated that lignin has an antibacterial effect (Kaur, Uppal and Sharma, 2017; Yang et al., 2018), but
no similar evaluations were found in the literature. Interestingly, at some cases (Table S87.1, S. aureus,
E. coli and P. aeruginosa), the bacteriostatic effect was more evident for the dark controls than for the
light irradiated samples. When data was analyzed we found statistical difference between dark and
light conditions (P value < 0.05), for S. aureus and E. coli. Interestingly, in the case of S. epidermidis
we observed an inversion of the growth tendency at the highest concentrations, while we observe a
minor growth in the remaining concentrations (Figure S7.1A). Thus, in general, the presence of lignin
into the dark results more toxic than the combination of lignin and light irradiation. As the only
difference between the dark and light samples is precisely light irradiation, light seems to be mitigating
the bacteriostatic effect of @AcLi. Light irradiation is done at room temperature, with the dark plates
covered and away from the light source. As light irradiation is done during one hour, the temperature
increases slightly (1 - 2 °C), which may propitiate bacterial growth. Nevertheless, at irradiation time,
bacteria are deprived from culture media and thus, bacteria should be able to use lignin as a carbon
source in order to continue growing. It has been previously addressed that lignin can be degraded by
Proteobacteria, Actinobacteria and Firmicutes, with biodegradation of lignin resulting in a widening
research area (Xu et al., 2019). Nevertheless, lignin degrading activity is usually found in lignin-rich
environments, Although interesting, the usage of lignin as the sole carbon source is far from the scope
of this research but should be noted for future investigations. Figure S7.1. Bacteriostatic effect of
@AcLi under light irradiation (4.16 J/cm?, white symbols) or dark incubation (dark symbols), against
A, three different Gram-positive bacteria and B, two Gram-negative bacteria, £. coli and P. aeruginosa.
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Table S§7.1. Comparison of bacterial growth, measured as ODsoo, after light irradiation (4.16 J/em?) or
dark incubation, with @AcLi. Data was analyzed with a Two-way ANOVA, with a Sidak’s multiple
comparisons test, statistical differences are considered when the adjusted P value is lower than 0.05.

Bacterial growth

Strain Concentration (mg/mL) Adjusted P value
Light Dark
E. faecalis 1.6 0.2027 +0.0294 0.2683 + 0.0405 0.9330
S. aureus 1.6 0.9266 £ 0.2444 0.6883 +0.0773 0.0317
S. epidermidis 1.6 0.2850+ 0.0356 0.4555 +0.0358 0.1911
E. coli 1.6 0.5618 &= 0.0799 0.3182 +0.0331 0.0273
P. aeruginosa 1.6 0.1737 + 0.0886 0.0534 £ 0.0796 0.5298

When bacterial growth results were compared with results from bacterial survival, it was observed that
neither a photodynamic or a bactericidal effect was observed when bacteria were exposed to 1.6 mg/mL
of @AcLi, considering a bactericidal effect when the bacterial survival is lower than 0.1% (Figure
S§7.2). In conclusion, @AcLi may work as a mild bacteriostatic at 1.6 mg/mL, but this effect is not
related to the presence of light. There’s small evidence that @AcLi could be used as carbon source,
but these observations would need further experiments that escape the scope of this study. Is likely that
the bacteriostatic effect at 1.6 mg/mL is due to the surfactant properties of lignin. Nevertheless, when
loaded with a photosensitizer, as THPP, acetylated lignin nanoparticles work as a water-dispersible
photosensitizing system, with low chemotoxicity, without any significant contribution of toxicity by

@AcLi.
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Figure §7.2. Bacterial survival of several bacterial strains with @AcLi 1.6 mg/mL treatment, after
light irradiation (4.16 J/cm?) or dark incubation; no differences are found between the light and dark
treatment (Two-way ANOVA, Sidak’s multiple comparisons test £ > 0.05).
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8. Bacterial growth of five bacterial strains after THPP@AcLi PACT

Table S8. Comparison of bacterial growth, measured as ODgoo, after light irradiation or dark
incubation, with THPP@AcLi. Data was analyzed with a Two-way ANOVA, with a Sidak’s multiple
comparisons test, statistical differences are considered when the adjusted P value is lower than 0.05.

Strain [THPP] if] Hacterial growth Adjusted P value
THPP@AcLi (uM) Light Dark
E. faecalis 0.64 0.0843 + 0.0094 0.8595 + 0.0230 <0.0001
S. aureus 2.56 0.1592 + 0.0084 0.5874 + 0.0288 <0.0001
S. epidermidis 0.078 0.1423 + 0.0390 0.6274 + 0.0620 <0.0001
E. coli 50 1.1981 + 0.0101 1.2123 £ 0.0111 0.9768
P. qeruginosa 50 0.0247 + 0.0101 0.0283 +£0.0122 >0.9999
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9. Bacterial survival of three Gram positive strains after THPP@AcLi PACT

Table S9. Comparison of bacterial survival after light irradiation or dark incubation, with
THPP@AcLi. Data was analyzed with a Two-way ANOVA, with a Sidak’s multiple comparisons
test, statistical differences are considered when the adjusted P value is lower than 0.05.

[THPP] in Bacterial survival (%)
Strain THP(]:(;%ACLi Light Dark Adjusted P value
S. aureus 2.56 0.0739 £ 0.0060 43.0662 + 3.0837 < (.0001
S. epidermidis 2.56 0.2874 £ 0.1775 56.65854 £4.9189 <0.0001
E. faecalis 1.28 0.0148 £0.0111 397717 £5.1293 < (.0001
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lll. Porphyrin-loaded nanoparticles: challenging our concept

In Publication 4 we demonstrated that THPP, once encapsulated inside acetylated lignin
nanoparticles, kept its photophysical properties, i.e., absorption spectra, fluorescence
emission and singlet oxygen production. Furthermore, it was demonstrated that all these
properties were due to the presence of THPP, without evident contribution of the lignin
material. However, in this paper it was left unexplored the comparison between the free
porphyrin and the porphyrin-loaded nanoparticles. This was fully explored in Publication 5,
where THPP, as a single molecule, was compared with THPP@AcLi. Furthermore, four
analogues of THPP were synthesized, aiming for a full structure comparison of the single
molecules, taking in account a wide variability of structures of porphyrins. Then, a non-polar
porphyrin (T(OAc)PP), and a zinc-metallated porphyrin (ZnTHPP) were prepared.
Additionally, two cationic porphyrins were prepared, aiming for disinfection of Gram-negative
bacteria, bearing an alkyl (T(MAP)PP) or an aromatic (T(PrOH)PyP) quaternary ammonium
moiety, with T(PrOH)PyP also bearing a terminal hydroxyl group (Figure 6).

HO OH HO OH
O Q
HO OH O O HO OH
THPP T(OAc)PP ZnTHPP

ch;N ~"o o/\/\N(::Hz

"o, " T(MAP)PP HyC
Figure 6: Porphyrin derivatives of THPP

T(PrOH)PyP

The five porphyrin derivatives were encapsulated inside acetylated lignin nanoparticles,
and were fully characterized, demonstrating that the encapsulated porphyrins kept their
original photophysicial properties. Furthermore, in this research, it was demonstrated that
T(OAc)PP was able to eradicate S. aureus only when encapsulated inside acetylated lignin
nanoparticles, which demonstrates the efficiency of our formulation for the delivery of non-
polar molecules into biological media. Additionally, it was demonstrated that nanoparticles
loaded with T(PrOH)PyP, a cationic porphyrin, were able to decrease the bacterial survival of
Gram-negative bacteria E. coli.

Publication 5. “Photophysical and Antibacterial Properties of
Porphyrins Encapsulated inside Acetylated Lignin Nanoparticles” [44]
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Abstract: Lignin has recently attracted the attention of the scientific community, as a suitable raw
material for biomedical applications. In this work, acetylated lignin was used to encapsulate five
different porphyrins, aiming to preserve their photophysical properties, and for further use as
antibacterial treatment. The obtained nanoparticles were physically characterized, through dynamic
light scattering size measurement, polydispersity index and zeta potential values. Additionally, the
photophysical properties of the nanoparticles, namely UV-vis absorption, fluorescence emission,
singlet oxygen production and photobleaching, were compared with those of the free porphyrins.
It was found that all the porphyrins were susceptible to encapsulation, with an observed decrease
in their fluorescence quantum yield and singlet oxygen production. These nanoparticles were able
to exert an effective photodynamic bactericide effect (blue-LED light, 450-460 nm, 15 J/ em?) on
Staphylococcus aureus and Escherichia coli. Furthermore, it was achieved a photodynamic bactericidal
activity on an encapsulated lipophillic porphyrin, where the free porphyrin failed to diminish the
bacterial survival. In this work it was demonstrated that acetylated lignin encapsulation works
as a universal, cheap and green material for the delivery of porphyrins, while preserving their
photophysical properties.

Keywords: tetrapyrrolic compounds; photodynamic therapy; lignin valorization

1. Introduction

Antimicrobial resistance (AMR) is one of major threats to our current way of life,
with enduring humanitarian and economic consequences if not addressed assertively [1].
For instance, concerns on the negative influence of the concurrent COVID-19 pandemic
over AMR, are arising [2,3], particularly from the extensive use and misuse of mechanical
ventilation [4,5]. Moreover, conventional antibiotics” bacterial resistance advocates explor-
ing less resistance-prone therapeutic approaches [6], where photodynamic antimicrobial
chemotherapy (PACT) [7] has proved as an efficient alternative in the inactivation of several
bacterial strains [8—13]. This therapeutic strategy involves the concomitant use of a light
source in appropriate dosage, a photosensitizer molecule and molecular oxygen, generating
reactive oxygen species (ROS), namely singlet oxygen ('03), super oxide anion (02"7),
and hydroxyl radical (HO®). These ROS produce oxidative stress in bacteria through a
non-specific molecular target mechanism, which ensures cellular death without risk of
antimicrobial resistance [14].

Concurrently, organic matrices (e.g., cellulose, chitosan, cyclodextrin) have been used
for the formulation of photosensitizers, aiming for the valorization of biopolymers available
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in the nature. Lignin is a natural aromatic polymer, usually obtained as a paper industry
by-product, containing p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol units,
in proportions that vary depending on the botanic origin of the sample [15]. Its aromatic
character, easy chemical tuning and low cost of the raw material have paved the way
for a current tendency of lignin valorization in biomedical, chemical and environmental
applications. Specially, the role of lignin in the preparation of nanomaterials for loading
and release of active substances is under growing scientific scrutiny [16].

Justifiably, the use of pristine lignin as a photosensitizer’s vehicle is hampered by
its known antioxidant activity [17,18]. Consequently, it is not surprising the lack of ex-
amples in the literature of lignin as part of a photodynamic treatment [19]. Our latest
work reported the use of acetylated lignin nanoparticles as a vehicle for 5,10,15,20-tetrakis
(4-hydroxyphenyl)-21H,23H-porphine (THPP), and its efficient antibacterial effect against
Gram-positive bacteria [20]. Here, we concluded that the use of acetylated lignin as vehicle
might be highly advantageous, for weak and non-hydrophillic photosensitizers. Addition-
ally, improvements were foreseen that would enable the killing of Gram-negative bacteria,
which were unaffected by the encapsulated THPP.

Herein, we report the encapsulation inside acetylated lignin nanoparticles of THPP
and four derived porphyrins, 5,10,15,20-tetrakis (4-acetyloxyphenyl)-21H,23H-porphine,
T(OAC)PP; zinc (II) 5,10,15,20-tetrakis (4-hydroxyphenyl)-21H,23H-porphine, ZnTHPP;
5,10,15,20-tetrakis(4-(3-N,N,N-trimethylammoniumpropoxy)-phenyl)-21H,23H-porphine
bromine, TIMAP)PP and 5,10,15,20-tetrakis (4-(3-hydroxy)propyloxypyridyl)-21H,23H-
porphine bromine, T(PrOH)PyP. The nanoparticles were characterized through dynamic
light scattering (DLS), zeta potential, UV-vis absorption, fluorescence, and singlet oxy-
gen production through electron paramagnetic resonance (EPR). The nanoparticles were
tested against Staphylococcus aureus and Escherichia coli, under blue-LED light irradiation
(450460 nm, 15 J /cm?).

2. Results and Discussion
2.1. Porphyrins Synthesis

Different porphyrins were synthesized, accordingly to already published methods,
as shown in Scheme 1. These porphyrins were intended to be structural derivatives of
5,10,15,20-tetrakis (4-hydroxyphenyl)-21H,23H-porphine (THPP), by blocking the hydroxyl
moiety with an acetyl group (5,10,15,20-tetrakis (4-acetyloxyphenyl)-21H,23H-porphine,
T(OAC)PP) [21,22], through its metallation with a divalent metal (zinc (II) 5,10,15,20-
tetrakis (4-hydroxyphenyl)-21H,23H-porphine, ZnTHPP) [23-25], and through the forma-
tion of a cationic porphyrin (5,10,15,20-tetrakis(4-(3-N,N,N-trimethylammoniumpropoxy)-
phenyl)-21H,23H-porphine bromine, T(MAP)PP) [12,26]. Additionally, a cationic por-
phyrin with four free hydroxyl moieties was synthesized (5,10,15,20-tetrakis (4-(3-hydroxy)
propyloxypyridyl)-21H,23H-porphine bromine, T(PrOH)PyP) [12], allowing a comparison
between two cationic porphyrins with or without free hydroxyl moieties. The role of
hydroxyl seems to be important for their hydrophilic character, as solubility and encapsu-
lation efficiency, as well as for their possible antioxidant properties [27]. These targeted
compounds have been designed for the sake of comparison and for a better understanding
of the hydroxyl group role in the whole studied system.

2.2. Preparation of Acetylated Lignin Nanoparticles

Porphyrin-loaded acetylated lignin nanoparticles were prepared as previously re-
ported [20], and as described in detail in Materials and Methods 4.3. Nanoparticles were
obtained and kept as suspensions in distilled water, during the whole characterization and
evaluation process.
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Scheme 1. Structure of the porphyrins used along the present work.

2.3. Physical Properties of Acetylated Lignin Nanoparticles

The obtained nanoparticles suspensions were physically characterized. The size distri-
bution was analyzed through dynamic light scattering (DLS), which provides the hydrody-
namic size of any particle. Usually, the hydrodynamic size takes into account the ions that
may surround a particle, so can differ from the size obtained through other methods, such
as microscopic observations. Previous research has demonstrated that the hydrodynamic
size correlates with the size measured through transmission electron microscopy (TEM)
observations, for acetylated lignin nanoparticles [20]. The obtained size, the polydispersity
index (PDI) and the zeta potential (Table 1) provide information of the stability and the
way that nanoparticles interact.

Table 1. Physical characteristics of nanoparticles.

DLS
Nanoparticles Mean Size a R? Gaussian Norm.allly PDI Zetz POtell:ha]
Range (Dgs) e of Residuals (mV)
(nm) Model Fitting
(p Value)

@AcLi 184.3 57.16-311.44 0.7517 0.2232 0.183 + 0.026 —22.1 +2.041

THPP@AcLi 160.4 51.29-262.98 0.8112 0.4243 0.126 + 0.028 —20.8 +0.474
T(OAc)PP@AcLi 199.6 78.92-320.28 0.8535 0.1327 0.122 + 0.117 —21.180 + 0.887
T(MAP)PP@AcLi 886.2 597.8-1174.6 0.8931 0.8561 0.653 + 0.145 —2.808 + 1.461
T(PrOH)PyP@AcLi 1348 880.6-1815.4 0.6612 0.9621 0.457 £ 0.016 —9.962 £ 1.301
ZnTHPP@AcLi 208.2 77.88-338.52 0.8721 0.2714 0.117 + 0.020 —24.140 + 1.618

2 The range denotes the distribution of 95% of the nanaparticles in suspension, calculated as +2¢ obtained from the Gaussian fitting. b Zeta
potential measured in phosphate buffer 0.01 M, pH 7.0.

The obtained values were compared with the empty acetylated lignin nanoparticles
(@AcLi). We could observe that the presence of the porphyrins affects the size of the ob-
tained nanoparticles, this being more evident for the cationic porphyrins, which have a size
of around 1 um, with a wide Dgs distribution. The resulting size of the cationic porphyrins
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nanoparticles could be due to the rejection between the cationic charges, preventing the
formation of tight nanoparticles. Furthermore, the encapsulation of cationic porphyrins
affected the PDI and the zeta potential. Normally, suspensions with a PDI below 0.2 and
zeta potentials above £:20 mV are desirable, which ensure that the suspension preserves its
efficiency and its proper dosage. Both nanoparticles obtained with the cationic porphyrins
have PDI above 0.2 and zeta potentials close to zero, resulting in suspensions that quickly
sediment over time (Figure 1), with T(PrOH)PyP@AcLi being the quickest to sediment, as
these nanoparticles are also the largest, with a size difference of 462 nm with respect to
T(MAP)PP@AcLi nanoparticles. The difference of size seems to overweight the observed
values of PDI and zeta potential, which indicated that T(MAP)PP@AcLi would tend to
sediment faster than T(PrOH)PyP@AcLi [28]. In all cases, a gentle shake was enough to
suspend the nanoparticles again.

Time THPP@AcLi T(OAc)PP@AcLI T(MAP)PP@AcLi  T(PrOH)PyP@AcLi ZnTHPP@AcLI

0 hours

o '

Figure 1. Sedimentation of the acetylated lignin nanoparticles, as a function of time.

Previous studies [20] have demonstrated that THPP encapsulated inside acetylated
lignin nanoparticles conserved their main photophysical features (i.e., absorption and
emission spectra), as well as their capacity to generate singlet oxygen under light irradiation.
In order to investigate the impact of the metallation, the blockage of the hydroxyl moieties,
and the presence of positive charges in the porphyrins, the nanoparticles library, as well as
the free porphyrins, were characterized on these different parameters.

2.4. Photophysical Properties

2.4.1. UV-Vis Absorption Characterization

Nanoparticles absorption spectra was measured on phosphate buffer 0.01 M pH 7
and compared with the absorption spectra of the single porphyrins in DMF or in PB pH 7
(Table 2). The obtained raw spectra for the nanoparticles were blanked from the light disper-
sion effect of nanoparticles. Similar treatment was used for all UV-vis spectra presented in
this work. An example of the nanoparticles original raw spectra compared with the treated
spectra and the spectra of the free porphyrin are presented as Supplementary Figure S1.

In all cases, the absorbance profile of the porphyrin remained distinctive, with a Soret
band between 400 and 450 nm and Q bands observable in the 500-700 nm range. The
absorbance of their Soret bands was analyzed through their intensity and their wavelength
of maximum absorbance (Table 2). As previously described, except for T(PrOH)PyF, the
Soret band of the porphyrins in PB pH 7 showed a red shift, between 3 and 16 nm, when
compared with the free porphyrins in DMF. Additionally, a decrease in the absorption
coefficient was observed, showing between 12 and 78% of their original absorbance, with
all the neutral porphyrins, namely THPP, T(OAc)PP and ZnTHPP, being below 20%.

Nidia MALDONADO CARMONA | These de doctorat | Université de Limoges | 2021

144


http://creativecommons.org/licenses/by-nc-nd/2.0/fr/

Antibiotics 2021, 10, 513

50f26

Meanwhile, T(MAP)PP, a cationic porphyrin, conserved the intensity of its Soret band, with
78% of the original value. The decrease in absorbance and the red-shift observed could be
due to the difference of solvent, as well as the consequence of the formation of J-aggregates
because of -t stacking between porphyrins [29,30]. As the case of the cationic porphyrins,
especially for T(PrOH)PyP, their solubility in aqueous media is superior than for the other
porphyrins, supporting the hypothesis of aggregates formation for the neutral compounds.

Table 2. Absorption spectra properties at the Soret band wavelength of different porphyrins dissolved in DMF or PB pH 7,

or encapsulated in acetylated lignin nanoparticles, and suspended in PB pH 7. The effect of encapsulation on the absorption

capacity of the porphyrins is described as the ratio of absorption coefficients of the encapsulated porphyrins and of the free

porphyrins (¢ /fpee). Additionally, the shift of the observed Soret bands wavelength upon encapsulation is given (A ).

. : Free in PB pH 7 vs. Encapsulated in Encapsulated vs. Encapsulated vs.
Free in DMF Free in PB pH7* Free in DMF PB pH 7 Free in DMF Free in PB
Porphyrin
; A A Ax ) A Ax Ay
-1 -1 -1 -1 -1 -1
(M- 1Tem 1) @m (M-1em-1) (nm) £pp/EDMF om) ¢ (M-1em-1) @m) €/ €Free (nm) €/ €Free (o)
THPP 35.0668 x 10* 424 5.9361 x 10* 440 0.169 16 12.9984 x 10* 434 0.3707 10 2.1897 —6
T(OAc)PP 36.1354 x 104 419 44123 x 10* 429 0.122 10 12.0609 x 10* 426 0.3338 7 2.7335 -3
T(MAP)PP 20.1871 x 104 422 15.7138 x 10* 425 0.778 3 20.7684 x 10* 432 1.0288 10 1.3217 -7
T(PrOH)PyP 13.2376 x 10* 427 13.2908 = 10* 419 1.004 -8 1.3472 x 107 448 0.1018 21 0.1014 -19
ZnTHPP 47.7749 x 10* 430 59163 x 10 426 0.124 —4 18,5219 x 10° 435 0.3877 5 3.1307 -9

2 Free porphyrins in PB pH =7, 5% DMFE.

When the absorption coefficient of the Soret band of the free porphyrins in aqueous
media was compared with their respective value for encapsulated porphyrins, it was
generally observed that the encapsulation presents an advantage over the delivery of the
free porphyrin, as encapsulated porphyrins have higher absorption coefficients than the
free porphyrins in aqueous media. The exception for this rule is, once again, T(PrOH)PyP,
as this cationic porphyrin has a better absorption coefficient in aqueous media, possibly
due to the presence of the four hydroxyl moieties that enable the formation of hydrogen
bonds with water. The Soret band wavelength of encapsulated porphyrins, suspended in
PB pH 7, were neither the same than the free porphyrin in DMF nor in PB pH 7 with 5%
of DME. This suggests that aggregation of porphyrins is not the sole factor that affects the
absorption of porphyrins, but also the encapsulation process modifies the absorption of
the porphyrins.

In silico simulations of nanoparticles formation suggest that, when water content
reaches a threshold concentration, it triggers the spontaneous formation of acetylated lignin
nanoparticles [31]. However, the effect that water introduction has over the porphyrin
aggregation and how it correlates with nanoparticles formation has been unexplored. In
order to gain further insight into this process, acetylated lignin and porphyrins were
dissolved in the solvent or solvents mixtures routinely used for the formation of loaded-
porphyrin acetylated lignin nanoparticles (Table 7). Acetylated lignin aggregation, as
increase in corrected scattered light, and porphyrin aggregation, as diminishment of Soret
band’s absorption, were followed up as a function of water addition into the solvent
mixture (Figure 2).

These observations showed that the acetylated lignin nanoparticles formation starts at
a critical water concentration (CWC) of around 30%, an inflexion point where corrected
scattered light increases, which correlates with previous reports [31]. On the other hand,
porphyrin aggregation was assumed to be indicated by a decrease in absorbance in the
Soret band upon water addition (Supplementary Figure S2). In the case of non-cationic
porphyrins THPP, T(OAc)PP and ZnTHPP, water addition into the starting solution led
to a widening of the Soret band, in addition to a decrease in absorbance. Meanwhile
cationic porphyrins solutions showed an unaltered profile. Similarly to AcLi collapsing,
non-cationic porphyrins reached a critical water concentration, as the inflexion point where
absorbance suddenly decreases, indicating the aggregation point of porphyrins. The CWC
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for each porphyrin was different and structure-dependent. As an example, for T(OAC)PP, a
porphyrin without hydroxyl moieties, its CWC was found at around 10%, while THPP and
ZnTHPP, both with four free hydroxyl moieties, CWC is found at 70 and 75%, respectively.
The increase in the aggregation tolerance is likely due to the presence of the hydroxyl
moieties, which favors their partial solubility in aqueous media. The blockage of their
hydroxyl moieties seems to provoke the rapid aggregation of T(OAc)PP in the presence
of water. Meanwhile, cationic porphyrins do not aggregate upon water addition. This
was expected, as both porphyrins are water-soluble, but, while absorbance of T(PrOH)PyP
is not altered by water addition, T(MA)PP doubles its absorbance when water is added,
suggesting that the mixture of acetone and DMSO does not favor its proper solubility.
These observations suggest that encapsulation of porphyrins can happen either with the
molecules as monomers (cationic porphyrins) or when porphyrins are aggregated polymers
(T(OAC)PP). As result, porphyrins with a higher tolerance for water addition (T(MAP)PP >
T(PrOH)PyP > ZnTHPP > THPP > T(OAc)PP) also have a better absorbance ratio, when
compared to the encapsulated and free porphyrins (T(MAP)PP > ZnTHPP > THPP >
T(OAC)PP) > T(PrOH)PyP). The exception of this observation is T(PrOH)PyP, as their
absorbance diminishes to only 15% of its original absorbance (Table 2).

) . (B)
/. 2.0

15 4 1 I

CSL/CSLOo
A/AQ
| i

T T T T T T T T T 00- T T T T T T T T T O T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 B0 70 80 390 100
Water content (%) Water content (%)

B Acli © THPP O T(OAc)PP O T(MAP)PP @ T(PrOH)PyP @ ZnTHPP

Figure 2. Simulation of nanoparticles formation. (A) Corrected scattered light (CSL) of an acetylated lignin solution (acetone,
2 mg/mL) as a function of water addition. (B) Porphyrin aggregation as a function of water addition. Porphyrins were
dissolved in the organic solvent or solvents mixture used as the starting solution for nanoparticles formation, at a final
concentration of 5 uM. Porphyrin aggregation was monitored through the maximum absorbance of the Soret band in their
respective solvent: THPF, acetone; T(OAc)PF, acetone:DMF 9:1; T(MAP)PT, acetone:DMSO; T(PrOH)PyT, acetone:DMSO 9:1;
ZnTHPF, THE.

Although aggregation of porphyrins has an important role in the diminishing of light
absorption, it appears that the encapsulation process per se affects the porphyrins’ ability
to absorb light, with the most evident effect being light dispersion of the nanoparticles sus-
pension. In the literature, there are several reports where formulations of photosensitizers
present affected photophysical properties [32], representing a challenge for the formulation
of photosensitizers.

2.4.2. Fluorescence Quantum Yield

Fluorescence of porphyrins was analyzed as a function of their encapsulation. Emis-
sion spectra were obtained upon excitement at 425 nm (Supplementary Figure S3), using
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tetraphenyl porphyrin (TPP) in toluene as a reference [33] to calculate the fluorescent
quantum yield ®f (Table 3).

Table 3. Fluorescent quantum yields for porphyrins dissolved in DMF, in PB pH 7 0.5% DMF or encapsulated in acetylated

lignin nanoparticles and suspended in PB pH 7. Fluorescent emission was measured at a porphyrin concentration of 0.5 uM,
upon excitation at 425 nm, at 25 °C, and using TPP as a standard (& = 0.11 in toluene).

Fluorescent Quantum Yield (®§)

@5 encaps ulated/PF free in PB

Porphyrin Free Porphyrin Free Porphyrin Encapsulated Porphyrin (PB pH 7)
(DMEF) (PB pH7) (PBpH7)
THFP 0.1696 0.0034 0.0103 3.029
T(OAC)PP 0.1176 0.0089 0.0690 7.753
T(MAP)PP 0.1341 0.1349 0.0310 0.230
T(PrOH)PyP 2 0.1933 0.4219 3.58352 8.494 7
ZnTHPP 0.0648 0.0063 0.0101 1.603

? The obtained value of the T(PrOH)PyP@AcLi fluorescence is a result of low fluorescence and low absorbance obtained after the light
scattering correction, resulting in an extremely high value that is unlikely to have any relevance.

In all cases, once porphyrins were encapsulated, they kept their distinctive emission
spectra, with two main emission bands between 600 and 800 nm (Supplementary Figure S3).
As previously explored, porphyrins in aqueous media greatly aggregated, leading to flu-
orescence quenching. Aggregation of porphyrins, due to high concentrations or due to
water presence, is a common issue that leads to quenching of fluorescence emission and,
most importantly, singlet oxygen production. The encapsulated porphyrins succeeded at
delivering the porphyrins in an aqueous media, while improving their fluorescence, when
compared with obtained values of the free porphyrins in PB pH 7. Thus, the encapsula-
tion inside acetylated lignin nanoparticles aids in delivering non-cationic porphyrins into
aqueous media, while preserving their fluorescence.

Although all the porphyrins kept their emission spectra bands, in some cases, there
were changes in their profiles. The most relevant changes were monitored for THPP emis-
sion, which in DMF presents a major band at 663 nm, and a secondary band at 733 nm. In-
deed, when THPP is encapsulated, its relative intensity of the two emission bands inverted,
with a higher emission band at 733 nm, instead of 663 nm, for the encapsulated porphyrin.
This has been explained by the formation of the protonated species THPPH,?* [29], which
suggests that the microenvironment inside acetylated lignin nanoparticles is acidic [20].
Further analysis (Supplementary Figure S4) revealed that encapsulated ZnTHPP and
T(PrOH)PyP have similar emission profiles, with the principal emission band was found
after 700 nm; this profile does not fluctuate even upon pH change in the media. Fur-
thermore, a red-shift was observed for the excitation spectra of the “acidic” bands, when
compared with the excitation spectra of the free porphyrins in DMF, and corresponding to
the excitation spectra of the free porphyrins in acidic pH. Interestingly, this behavior was
not found for T(OAc)PP and T(MAP)PF, as their principal emission bands were found at
around 650 nm, as found in the emission spectra for the free porphyrins in DMF. These
observations are structure-dependent, as THPP, T(PrOH)PyP and ZnTHPP have four free
hydroxyl groups, susceptible to changes upon pH change. As a contrast, both T(OAc)PP
and T(MAP)PP have blocked their hydroxyl moieties and seem to be less prone to struc-
tural changes upon pH alteration. Consequently, the structural differences between the
porphyrins used in this study has permitted the elucidation of the internal environment of
acetylated lignin nanoparticles, an environment that seems slightly acidic, confirming our
previous observations [20].
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2.4.3. Singlet Oxygen Production

Fluorescence emission is not the only photophysical feature of importance for those
porphyrins, as these molecules work as excellent photosensitizers, producing singlet oxy-
gen upon light irradiation [34]. Singlet oxygen production of porphyrin-loaded nanoparti-
cles was monitored through electron paramagnetic spectroscopy (EPR), in combination
with the use of a singlet oxygen trap, 2,2,6,6-pyperidine (TEMP), as already reported in
the literature [20,35]. TEMP easily reacts with singlet oxygen to form 2,2,6,6-tetramethyl-
1-piperidinyloxy (TEMPO), a stable radical that can be detected through EPR. Singlet
oxygen production was driven through irradiation of the samples with blue LED-light
(450-460 nm, 60 mW /cm?) through increasing light doses (Figure 3). The tendencies of
the singlet oxygen production were compared with the singlet oxygen quantum yield of
the free porphyrins (Table 4), obtained through measuring the singlet oxygen phospho-
rescence decay with near-infrared spectroscopy (NIRS), using phenalenone as standard
(Pa = 1.0 [36]) and excitation at 355 nm (Supplementary Figure S5).

(A) (B)40,000 1
200,000 4
3- 330,000-
< <
@ 150,000 1 3
c c
i 2
a @ 20,000 4
o «
& 100,000 &
g 2
H & 10,0001
= 50,000 A =
04 04
0 10 20 30 40 50 60 70 B0 90 100 110 0 10 20 30 40 50 60 70 B8O 90 100 110
Light dose (J/em?) Light dose (J/cm?)
Q© e Q Tmarre @ ziTHRP 0 mrr@acl O toerereacy [l zoTHPP@ACL
QO Tomrr @ TROHPY () Rose Bengal O moaorresct @ TPoOHPw@Ali [ Rose Bengal

Figure 3. Singlet oxygen production, detected as TEMPO formation through EPR for (A) free porphyrins and (B) encapsu-
lated porphyrins, using 12.5 mM of TEMF, either in DMF or in PB pH 7. Free porphyrins were dissolved in DME, for a final
concentration of 1.5 M, while encapsulated porphyrins were suspended in PB pH 7, at 25 uM of their corresponding por-
phyrin. Rose Bengal was used as a standard, at (A) 1.5 uM and (B) 5 uM. The samples were irradiated with blue LED-light
(450-460 nm, 60 mW /cm?), at different light doses. The results shown are the average of three independent experiments.

Table 4. Singlet oxygen quantum yield for the free porphyrins, calculated through the decay of

singlet oxygen phosphorescence at 1270 nm.

Singlet Oxygen Quantum (P4)

Porphyrin
Free Porphyrin 2 Literature ©
THPP 0.5900 0.57 (DMA oxidation, DMF, air, Ag, = 401 nm) [37]
T(OAC)PP 0.6560
T(MAP)PP 0.6321 0.51 (DMA oxidation, DMEF, air, Ag, = 420 nm) [38]
T(PrOH)PyP 0.5804
ZnTHPP 0.7320

* Porphyrins dissolved in DME, with an optical density of around 0.18 at the excitation wavelength (355 nm),

using phenalenone as standard (&, = 1[36]). b The reported values found in the literature are presented wi
method used, the solvent, the kind of aeration and the wavelength of excitation.
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Singlet oxygen quantum yields for the free porphyrins in DMF showed that our most
efficient photosensitizer is ZnTHPP (P4 = 0.7320), followed by T(OAc)PP and T(MAP)PP
and lastly by THPP and T(PrOH)PyP. The results obtained with EPR for the free por-
phyrins dissolved in DMF contrast with the results obtained through NIRS, as the singlet
oxygen production efficiency is shown as ZnTHPP > T(PrOH)PyP > THPP > T(OAc)PP >
T(MAP)PP. These discrepancies between EPR and NIRS obtained values have been pre-
viously explored [39], and it has been demonstrated that TEMP can act as a quencher of
the excited triplet state of certain photosensitizers, leading to an overestimation of the
production of singlet oxygen. Nevertheless, NIRS could not be used for the detection of sin-
glet oxygen quantum production for the encapsulated porphyrins, not even in deuterated
water. Thus, EPR was used for the detection of singlet oxygen production of encapsu-
lated porphyrins, and the results show that singlet oxygen production tendency goes
T(PrOH)PyP@AcLi > T(OAc)PP@AcLi > T(MAP)PP@AcLi > THPP@AcLi > ZnTHPP@AcLi.
Interestingly, these results coincide with the fluorescent quantum yield of the encapsulated
porphyrins, with T(PrOH)PyP@AcLi and ZnTHPP@AcLi having the highest and lowest
fluorescent quantum yield, respectively (Table 3). This suggests that encapsulation affects
both singlet oxygen and fluorescence in the same magnitude, as could be expected.

Something remarkable is that we were able to find singlet oxygen production at all
our nanoparticles, similarly to our previous report [20]. Lignin has been rarely used as
a material on PDT and PACT applications, due to its well-known antioxidant activity,
but a report indicates that esterified lignin is able to produce singlet oxygen upon light
irradiation [40]. However, other reports also specify that, even if lignin is able to produce
singlet oxygen, the amount produced by the non-loaded nanoparticles @AcLi is insignifi-
cant when compared with the singlet oxygen produced by the porphyrins [20]. Here, we
provide evidence that several types of porphyrins, once encapsulated inside acetylated
lignin nanoparticles, are still able to generate singlet oxygen. Additionally, it has been
hypothesized that porphyrins remain inside the nanoparticles and that only the singlet
oxygen is diffusing through and towards the outside of the nanoparticle

2.4.4. Photobleaching

The production of reactive oxygen species can lead to the self-destruction of the pho-
tosensitizer. Previous reports indicate that THPP encapsulated inside acetylated lignin
nanoparticles does not photobleach over white-LED light irradiation [20]. In order to
deepen insight into the behavior of porphyrins encapsulated into acetylated lignin nanopar-
ticles, the destruction of the porphyrins, as a loss of absorbance at the Soret band, was
followed up for both free porphyrins (Supplementary Figure S6) and their encapsulated
formulations (Supplementary Figure S7), under blue-LED light irradiation, at several light
dosages (Figure 4).

In most cases, porphyrin degradation was easily followed up at the Soret band, with
porphyrins profile remaining similar through the whole irradiation process. However,
in the case of T(PrOH)PyP and T(PrOH)PyP@AcLi, since the beginning of irradiation,
there was a blue shift of the Soret and Q bands, leading to a fast disruption, followed
up by a slower degradation. This could be indicative of the destruction of aggregates of
porphyrins, as it has been previously observed that T(PrOH)PyP solubility is not favored
in DMF (Table 2). Nevertheless, when the spectra of T(PrOH)PyP is compared with the
spectra of THPyP, the starting porphyrin for T(PrOH)PyP, a match was found between
the photobleached T(PrOH)PyP and THPyP (Supplementary Figure S8). Then, blue light
irradiation could be led to the fast degradation of T(PrOH)PyP to THPyP, which has a
slower rate of photodegradation and worst solubility in DMF (Scheme 2). This is similarly
observed in T(PrOH)PyP nanoparticles.

Nidia MALDONADO CARMONA | These de doctorat | Université de Limoges | 2021

149


http://creativecommons.org/licenses/by-nc-nd/2.0/fr/

Antibiotics 2021, 10, 513 10 of 26

0.

@

0.6

04

o
B
Lo
00
=0

Normalized Soret's band absorption (A.U.)

Normalized Soret's band absorption (A.U.)
z
—5— 3
._._. =
mm
-
-l

- B
5]
o
0.2 0.2 m i
B o
1]
B m
0.0 00 P
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

Light dose (J/cm?) Light dose (J/cm?)

@ THPP O T(OAG)PP © T(MAP)PP @ T(PrOH)PYP @ ZnTHPP

O THPP@AcLi O T(OAc)PP@AcLi O T(MAP)PP@AcLi @ T(PrOH)PyP@AcLi B ZnTHPP@AcLI

Figure 4. Photobleaching of (A) free porphyrins and (B) encapsulated porphyrins. Free porphyrins were dissolved in
DMF at 5 uM, while nanoparticles were suspended in PB pH 7, at 5 uM of their respective porphyrin. Three milliliters of
both solutions were deposited in an open quartz square cell of 1 cm width, with constant stirring, under blue-LED light
irradiation (100 mW /cm?), under several lapses. The normalized absorbance is presented and the results presented are the
average of two independent experiments.

4 ,//’O” DMF, 110 °C, 24 hrs
+ = Blue-LED light irradiation
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N
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Scheme 2. Synthesis of T(PrOH)PyP, from THPyP. When T(PrOH)PyP is irradiated with blue light, it seems to be destroyed
back to THPyP.
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Previous reports indicated that THPP@AcLi, when exposed to white light in static con-
ditions, withstood photodegradation [20]. In this report, we present data with a different
experimental approach, as light irradiation is five times higher, using a narrow-band light
source and with constant stirring that ensures both aeration and prevents nanoparticles
precipitation. Under these conditions, it was found that encapsulated porphyrins degrade
at a similar or higher speed than the free porphyrins. This could be due to the high con-
centration of porphyrins in the nanoparticles volume, leading to an easier self-destruction.
Interestingly, THPP@AcLi, T(OAc)PP@AcLi and T(MAP)PP@AcLi have similar photo-
bleaching rates when encapsulated, unlike when they are dissolved in organic solvent.
This is interesting, as the singlet oxygen production is greatly reduced for the encapsulated
porphyrins, and then a lower photobleaching would be expected. This finding corroborates
our hypothesis of a singlet oxygen diffusion through the nanoparticle, creating a high
concentration of singlet oxygen inside the nanoparticles and leading to an accelerated rate
of photobleaching for the encapsulated porphyrins.

On the other hand, it was previously described that THPP@AcLi presents a Soret
band and a B-band, which corresponds to the protonated form of THPP, THPPHZZ". This
B-band was described to degrade at a faster pace than the main Soret band and to have a
great contribution on the fluorescence of the nanoparticles [20]. Our results so far indicate
a similar trend, with the B-band degrading at a faster pace than the Soret band, until
reaching the base of the peak of THPP (Figure 5). This suggest that THPPH?* could have
an important role on ROS production, as it does in fluorescence, even though it has a
short half-life.
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Figure 5. Compared photodegradation of THPP and THPPH,>*, as both co-exist inside acetylated
lignin nanoparticles, with the cationic species degrading faster upon blue-LED light irradiation.
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2.5. Effect of the Aqueous Media on Porphyrins and Porphyrin Loaded Nanoparticles

Through all the present work, the pH of the medium has played an important role
at the different photophysical parameters of our nanoparticles. To corroborate and elab-
orate this aspect, the influence of the pH on the medium for the free porphyrins and the
encapsulated porphyrins was analyzed. In the literature, there are some examples where
drug-loaded lignin nanoparticles are able to release their cargo into the media, in acidic
pH [41-44]. However, porphyrins loaded into acetylated lignin nanoparticles seem to be un-
altered when the pH of the media fluctuates [20], and this could be due to a diminishing of
the accessibility of the solvent during acetylated lignin nanoparticles formation [40], which
could eventually lead to the permanent entrapment of porphyrins inside nanoparticles.

2.5.1. Effect of Fluctuations of pH into the Medium

It has been hypothesized that, inside the nanoparticles, an acidic media permits the
formation of THPPH,2*, the protonated derivative of THPP, which appears to have an
important role on the fluorescence, singlet oxygen formation and photobleaching. To
demonstrate if these observations are extensive to other porphyrins encapsulated inside
nanoparticles, the influence of pH in the media for both free and encapsulated porphyrins
was analyzed (Figure 6).

As previously reported, encapsulation of porphyrins inside acetylated lignin nanopar-
ticles prevents changes of the porphyrins, as a result of pH changes. This is particularly
evident when comparing the spectra of the free and encapsulated porphyrins, with the
latest remaining unaltered through the pH changes (Supplementary Figure 59). This corrob-
orates our previous reports, supporting our hypothesis of diminished solvent accessibility
for the porphyrins, once inside the nanoparticles.

2.5.2. pH Driven Release

The lack of interaction between the medium and the encapsulated porphyrins could
mean that the porphyrins are not released into the media, even when a pH change occurs.
In the literature, there are reports that indicate that lignin nanoparticles loaded with benza-
zulene [41,42], sorafenib [42], 10-hydroxycamptothecin [43] and emamectin benzoate [44]
are able to release their cargo in acidic pH. Furthermore, some reports indicate that release
happens even at neutral pH, but is enhanced in acidic pH [41]. However, none of these
reports were done in acetylated lignin, but in lignin chemically modified with functional
groups that are susceptible to pH changes, as carboxyl and histidine moieties. Nevertheless,
the capacity of our nanoparticles to leak the compound in response to an acidic pH was
analyzed (Figure 7).

Nanoparticles were suspended either at pH 3 or pH 7 buffer and at each time a sample
was taken and centrifuged, sampling over the supernatant obtained. The supernatants
were analyzed through fluorescence and reported as free porphyrin, with respect to the
initial amount of porphyrins (20 uM). Interestingly, we could observe differences between
the amount of free porphyrin at time zero as a function of pH, for THPP and ZnTHPP. Both
samples showed a higher amount of free porphyrin when suspended in pH 7. Nevertheless,
this namely free porphyrin quickly degrades and at the final time of observation there
could be no distinguishable differences as a function of pH.

For most of the cases, the amount of free porphyrin remained stable from the begin-
ning to the end of the experiment (Supplementary Table S1). Remarkably, besides the
decrease in free porphyrin found for THPP and ZnTHPF, it was found that the amount of
free T(MAP)PP increased significantly from 9.38 to 16.4% when the nanoparticles were sus-
pended in pH 3 buffer. Furthermore, this effect was not found for the same nanoparticles
when suspended in pH 7. Similar behavior could not be found in the other porphyrins, not
even in T(PrOH)PyP, which shares T(MAP)PP’s cationic nature. Qur previous report has
indicated that THPP@AcLi would keep its porphyrin for up to 60 days, with minimal leak-
ing (9%). Although the present approach lasted a shorter time, this was a more dynamic
experiment, as nanoparticles suspensions were under constant stirring, ensuring a better
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interaction with the media. Nevertheless, we were not able to observe leaking in any other
than for TMAP)PTP in acidic pH.
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Figure 6. Effect of pH on the UV-vis absorption of (A) THFPF, (C) T(OAc)FP, (E) TIMAP)PF, (G) T(PrOH)PyP and (I) ZnTHPP,
as free porphyrins (circles) or as encapsulated poprhyrins (squares). The effect on the Soret band maximum wavelength
was also analyzed, for (B) THPP, (D) T(OAc)PP, (F) T(MAP)PF, (H) T(PrOH)PyP and (J) ZnTHPP, as free porphyrins (circles)
or as encapsulated porphyrins (squares). Free porphyrins were dissolved in DMF and diluted in aqueous media to a final
concentration of 5 pM and 5% DMF; encapsulated porphyrins were suspended in aqueous media, for a final concentration
of 5 uM, of their corresponding porphyrin. Data were normalized, as based on the obtained absorbance and Soret’s band
wavelength at pH 7.
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Figure 7. Leaking of porphyrins over time, as a function of pH. Porphyrin leakage was evaluated in pH 3 and pH 7 for
THPP (A,B), T(OAc)PP (C,D), T(MAP)PP (EF), T(PrOH)PyP (G,H) and ZnTHPP (L)), respectively. The leakage is presented
as free porphyrin, with respect to the initial amount of porphyrin, 20 uM.

The tight entrapment of porphyrins inside nanoparticles is interesting as an immobi-
lization vehicle for porphyrins. Normally, to ensure such a tight interaction with a material,
covalent bonds are used, increasing the cost of the developed technology, but ensuring
their lasting, and even providing molecular targeting [45]. Our nanoparticles then provide
an effective and endurable strategy, without the nuisance of chemical modifications to
prevent leakage from the material.
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2.6. Photodynamic Antimicrobial Chemotherapy Effect

Our latest report indicated that THPP@AcLi was able to eradicate three strains of
Gram-positive bacteria, while remaining ineffective against Gram-negative bacteria, using
white-LED light irradiation as a light source. This was a breakthrough, as it was demon-
strated that nanoparticles with low apparent singlet oxygen production were able to kill
bacteria using concentrations below 1 uM. The challenge was set then to eradicate Gram-
negative bacteria as well, bacteria which are normally impermeable to porphyrins, but
which are sensitive to cationic photosensitizers.

2.6.1. Bacteriostatic Effect

The bacteriostatic effect of both free and encapsulated porphyrins was tested against
Staphylococcus aureus and Escherichia coli, as Gram-positive and Gram-negative models,
respectively. The minimal inhibitory concentrations (MIC) for the light and dark conditions
are shown in Table 5, while the obtained graphs of growth as a function of concentration
can be found in Supplementary Figures 510 and 511.

Table 5. Minimal inhibitory concentrations found for S. aureus and E. coli, when treated with the free
or encapsulated porphyrins. Irradiated bacteria were incubated with the treatment for 30 min, before
irradiation under blue-LED light (15 J/em?).

S. aureus E. coli

Porphyrin
Light Dark Light Dark
THPP 0.78 uM. >50 uM >50 uM >50 uM
THPP@AcLi >25 uM >50 uM >50 uM >50 uM
T(OAc)PP >50 uM >50 uM >50 uM >50 uM
T(OAc)PP@AcLi >50 uM >50 uM >50 uM >50 uM
T(MAP)PP 1.56 uM 3.13 uM 1.56 uM >50 uM
T(MAP)PP@AcLi >50 uM >50 uM 50 uM 50 uM
T(PrOH)PyP 6.25 uM 50 uM 1.56 uM >50 uM
T(PrOH)PyP@AcLi >50 uM >50 uM 50 uM 50 uM
ZnTHPP 0.78 uM 313 uM >50 uM >50 uM
ZnTHPP@ACcLi 50 uM 50 uM 50 uM 50 uM

In the conditions tested, only the free porphyrin T(OAc)PP was unable to arrest the
growth of S. aureus, while only the free cationic porphyrins were able to arrest the growth
of E. coli. However, all the encapsulated porphyrins seemed to be unable to inhibit the
growth of both S. aureus and E. coli. Nevertheless, these results, which contrast with our
previous report, could be due to a methodological difference. In our last report, bacteria
were grown for 6 h at 37 °C after the light treatment, before measuring the resultant growth.
However, experimental limitations due to COVID-19 restrictions prevented from observing
bacterial growth in a narrower time window, monitoring bacteria growth at 16 h after light
irradiation. Then, any lack of growth can be due a total annihilation of bacteria due to a
photodynamic effect, or due to a slow, dark chemotoxic effect. Our previous observations
indicated that THPP@AcLi were unable to produce dark toxicity in Gram-positive bacteria
strains [20], and thus the high MIC values for the nanoparticles could be camouflaged by a
bacterial recovery and low dark toxicity.

2.6.2. Bactericidal Effect

The obtained MIC results were complemented with the minimal bactericidal concen-
tration (MBC), understood as the concentration with at least three logarithmic orders of

Nidia MALDONADO CARMONA | These de doctorat | Université de Limoges | 2021

155


http://creativecommons.org/licenses/by-nc-nd/2.0/fr/

Antibiotics 2021, 10, 513

16 of 26

magnitude reduction in the bacterial counting. When compared, MBC are expected to
be several orders of magnitude lower than MIC. Normally, in chemotherapy, this is the
other way around, with MBC > MIC, but this is considering that the chemotoxic effect is
always present and rarely disappears over time. In the case of photodynamic compounds,
normally after light irradiation, bacteria cells are cultured and able to recover after the ROS
production driven by light, so it is not surprising that obtained MIC values are overestima-
tions of the actual concentrations needed to kill bacteria. Here, we present the MBC values
obtained for S. aureus (Supplementary Figure S12) and E. coli (Supplementary Figure S13),
after blue-LED light irradiation (Table 6).

Table 6. Minimal bactericidal concentrations found for S. aureus and E. coli, when treated with the
free or encapsulated porphyrins. Irradiated bacteria were incubated with the treatment for 30 min,
before irradiation under blue-LED light (15 J/cm?). In parenthesis is indicated the rate MIC/MBC
for the concentrations where MBC could be precisely determined.

S. aureus E. coli
Porphyrin
Light Dark Light Dark

THPP 0.0488 uM (16) 0.1953 uM >50 uM >50 uM
THPP@ACcLi 0.7813 uM (32) >1.5625 pM >50 uM =50 uM
T(OAC)PP >50 uM =50 uM >50 uM =50 uM
T(OAc)PP@AcLi >50 uM =50 uM >50 uM =50 uM
T(MAP)PP 0.0500 uM (32) >0.2 uM 0.4 uM (4) >0.4 uM
T(MAP)PP@AcLi =50 uM >50 uM >50 uM =50 uM
T(PrOH)PyP 0.200 uM (32) >0.2 uM 0.2 uM (8) >0.2 uM
T(PrOH)PyP@AcLi 1.0 uM (50) >2 uM 6.25 pM (8) >50 uM
ZnTHPP 0.0977 uM (8) >0.1953 uM >50 uM =50 uM
ZnTHPP@AcLi 6.25 uM (8) >50 uM >50 uM >50 uM

As expected, the MBC values found were lower than the MIC values, indicating that
most of the bacteriostatic effect observed in the MIC values are due to the light-driven
bactericide effect. Additionally, the MBC values for all the treatments were lower for the
irradiated samples than for the non-irradiated bacteria, and then bacterial death results in
a photodynamic effect.

Interestingly, while free T(OAC)PP fails to diminish the bacterial concentration of
S. aureus, the nanoparticles T(OAc)PP@AcLi were able to diminish in ~2.5 log the bacterial
concentration of S. aureus with 12.5 uM of the porphyrin. Surprisingly, this was the best
result obtained, with an increase in concentration failing to further diminish the bacterial
concentration of 5. aureus. Similar results were observed for TMAP)PP@AcLi and Zn-
THPP@ACcLi with an increase in bacterial survival on the highest concentrations tested,
50 uM. This effect is likely to be due to the high concentration of nanoparticles, which may
provoke light diffraction, preventing nanoparticles and bacteria from the bottom being
reached by the light. Consequently, it is likely that this problem could be overcome with
stirring of the sample, which was not done due to the short irradiation times and the
small volume of the samples (30 s and 100 uL). This effect is not observed for THPP@AcLi
and T(PrOH)PyP@AcLi, as their MIC values are 0.7813 and 1 pM, respectively, and the
presence of lignin and light dispersion is neglected. Nevertheless, it is remarkable that
T(OAc)PP@AcLi was able to diminish the bacterial concentration, where the free T(QOAc)PP
failed to do so. As previously explored throughout this report, T(OAc)PP is the most
lipophilic porphyrin, and greatly aggregates in aqueous media. Then, through our ap-
proach we were able to deliver a lipophilic porphyrin and provide it with an antibacterial
activity against Gram-positive bacteria.
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In general, the encapsulation of porphyrins diminished their efficiency, when com-
pared with the free porphyrins in aqueous media, despite its aggregated character. Nev-
ertheless, encapsulated porphyrins were unable to diminish the bacterial concentration
when incubated in the dark. This was previously observed for THPP@AcLi, where null
dark toxicity was found for several Gram-positive strains [20]. In this report, it was shown
that THPP and ZnTHPP, are able to diminish the bacterial viability after light irradiation
(MBC 0.0488 and 0.0977 uM, respectively), but they also diminish the bacterial viability in
the dark, with reductions of 2.5 and 1.4, respectively, at the same concentrations. One of
the most appreciated characteristics of PACT is its activation upon light irradiation, which
permits modulation and control of the bactericidal effect, keeping at bay any antibacte-
rial resistance which may arise. Thus, the presence of dark toxicity is pernicious to any
research related to PACT. Our formulation presents an advantage over the use of the free
porphyrins, as our formulation requires a precise light dose to exert their antibacterial
activity. As an example, in the dark against S. aureus, ZnTHPP@AcLi is unable to diminish
the bacterial survival at 50 uM, the highest concentration tested, while ZnNTHPP diminishes
in 3-log the bacterial survival at around 0.3 uM. Consequently, encapsulation of porphyrins
prevents dark toxicity, with the latest being a consequence of chemotoxicity and likely to
be unrelated to ROS production. It is remarkable that the free cationic porphyrins did not
present dark toxicity for S. aureus or E. coli.

The lack of dark toxicity from our formulation also suggests that porphyrins, once
entrapped inside the acetylated lignin nanoparticles, are unable to enter the cell and
provoke chemotoxic damage in the absence of light, which is supported by the stability
of our formulation at pH 7. This gives an insight into their killing mechanism, and it can
be hypothesized that nanoparticles interact with the bacterial wall or membrane, with the
resulting death being due to the localized production of singlet oxygen from the entrapped
porphyrins, without requiring the entry of the porphyrins into the cell.

While most of the free porphyrins and nanoparticles were able to diminish the bac-
terial count of S. aureus, only the free cationic porphyrins were able to kill E. coli, as
thoroughly explored in the literature [38,46,47]. Interestingly, TIMAP)PP@AcLi was unable
to diminish the bacterial counts of E. coli. This corresponds with the results presented for
S. aureus, where we observed a decrease of approximately 2-log, at its best. Interestingly,
T(PrOH)PyP@AcLi was able to diminish 3-log of bacterial survival at 6.25 uM, and so the
lack of effect of TIMAP)PP@AcLi is not due to its cationic charges, but is a consequence of
another factor.

3. Conclusions

In this work the encapsulation of five porphyrins was analyzed, with different chemi-
cal characteristics, inside acetylated lignin nanoparticles. It was demonstrated that acety-
lated lignin nanoparticles are a suitable vehicle for several kinds of porphyrins, preserving
their photochemical and antibacterial properties. Here, the stability of the nanoparticles
was demonstrated, which seem to be unable to leak the porphyrins once encapsulated.
Furthermore, it was demonstrated that, through the increase in bioavailability, a lipophilic
porphyrin as T(OAc)PP was able to diminish bacterial survival. This observation is a funda-
mental stone for easy, cheap and green encapsulation of lipophilic tetrapyrrolic compounds,
which in aqueous media greatly aggregate, quenching the production of singlet oxygen.

Although the mechanisms of cellular death driven by porphyrin-loaded acetylated
lignin nanoparticles are still unclear, these observations are likely to push forward the
research on lignin and lignin nanoparticles, as suitable materials for the formulation of
photosensitizers against bacterial proliferation.

4, Materials and Methods
4.1. Materials, Equipment and Microbiological Strains

Kraft lignin was kindly donated by the Université du Québec a Trois-Rivieres, Canada.
5,10,15,20-tetrakis(4-hydroxyphenyl)-21H,23H-porphine (THPP), 5,10,15,20-tetrakisphenyl-
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21H,23H-porphine (TPP), 2,2,6,6-tetramethylpiperidine (TEMP), and Rose Bengal, were
purchased at Sigma-Aldrich (Lyon, France). THPyP was purchased at Porphychem (Dijon,
France). Other solvents and reagents were bought at Fluorochem (Hadfield, UK), Alfa
Aesar (Haverhill, MA, USA), TCI (Paris, France), Carlo Erba (Barcelona, Spain), Fisher
Chemicals (Hampton, VA, USA) and VWR Chemicals (Radnor, PA, USA). All chemicals
were used as received, without further purification.

The 'H spectra were recorded on a 400 Bruker Advance spectrophotometer or a Bruker
DPX500 NMR spectrophotometer, using tetramethylsilane as an internal standard.

E. coli CIP 53.126 and S. aureus CIP 76.25 were obtained from the Institute Pasteur
Collection (Institute Pasteur, Paris, France). All bacterial strains were kept frozen as small
aliquots (200 puL), at —78 °C, with glycerol 50% as cryopreservant. A whole aliquot was
used for each culture, avoiding defrosting of the other samples. L. coli was grown in Luria
Bertani (LB) broth (Biokar, Allone, France; tryptone 10 g/L, sodium chloride 10 g/L, yeast
extract 5 g /L), while S. aureus was routinely grown in trypto-casein soy medium (Biokar,
Allone, France; tryptone 17 g/L, papaic digest of soybean meal 3 g/L, glucose 2.5 g/L,
dipotassium phosphate 2.5 g/L, sodium chloride 2 g /L), prepared as a broth (LBB and TSB)
or as a solid media (TSA; 1.7% agar) according to standard procedures. Saline solution (0.9%
NaCl) and phosphate buffer pH 7 (PB pH 7, NaH;PO402H,0 0.964 g /L, Na,HPO,2H,0
3.463 g /L) were routinely prepared and sterilized.

4.2. Synthesis of Porphyrins
4.2.1. 5,10,15,20-Tetrakis (4-acetyloxyphenyl)-21H,23H-porphine

Freshly distilled pyrrole (1.2210 g, 18.2 mmol, 1 eq.) was added dropwise to a refluxing
solution of propionic acid (68.5 mL) containing 4-acetoxybenzaldehyde (2.987 g, 18.2 mmol,
1 eq). The mixture was stirred under reflux for 30 min and cooled to room temperature. The
reaction mixture was filtered and washed with MeOH. The crude product was purified by
silica gel column chromatography (CHCl3/MeOH 9/1, v/v) to afford T(OAc)PP as a purple
solid (yield 12.3%). TH NMR (500 MHz, CDCls): & (ppm) = 8.88 (s, 8H, Hpyrr), 8.21 (d,
J =11.0 Hz, 8H, H-Ar), 7.52 (d, | = 11.0 Hz, 8H, H-Ar), 2.5 (s, 12H, CHj3), —2.81 (s, 2H, NH).

4.2.2. 5,10,15,20-Tetrakis(4-(3-N,N,N-trimethylammoniumpropoxy)-phenyl)-21H,23H-
porphine bromine

Previously dried commercial THPP (150 mg, 0.2652 mmol, 1 eq.) were dissolved in dry
DMEF (5 mL), with further addition of cesium carbonate (753.1 mg, 2.3114 mmol, 8.7 eq.), un-
der constant stirring and nitrogen atmosphere. Then, (3-bromopropyl)trimethylammonium
bromide (583.1 mg, 2.2337 mmol, 8.4 eq.) was added and the reaction was heated at 100 °C
for 24 h. The reaction was cooled to room temperature and precipitated with CH2Cl;
(100 mL). The obtained solid was filtrated and evaporated. The solid was dissolved in
water (50 mL) and extracted with 50 mL of CH,Cl, three times. The aqueous phase was
recovered and evaporated, to afford T(PrOH)PyP as a crystalline violet solid (yield 72%).
'H NMR (400 MHz, DMSO-dg): & (ppm) = 9.59 (d, ] = 6.68 Hz, 8H, H-Ar), 9.23 (s, 8H,
Hpyrr), 9.02 (d, | = 6.68 Hz, 8H, Har), 5.07 (m, 8H, CH,-N), 3.80 (m, 8H, CH,-0), 2.46 (m,
8H, CH3), —3.08 (s, 2H, NH).

4.2.3. 5,10,15,20-Tetrakis (4-(3-hydroxy)propyloxypyridyl)-21H,23H-porphine bromine
Previously dried commercial THPyP (101.2 mg, 0.1636 mmol, 1 eq.) were dissolved in
dry DMF (8 mL), under constant stirring and nitrogen atmosphere. Then, 3-bromopropanol
(922 mg, 6.6350 mmol, 40 eq.) were added dropwise and the reaction was heated at 100 °C
over 24 h. The reaction was cooled to room temperature and precipitated with CH,Cl,
(50 mL). The obtained solid was filtrated and evaporated. The solid was dissolved in MeOH
and purified by silica gel flash column chromatography (Acetonitrile/MeOH /Water 6/2/2),
to afford a T(MAP)PP as a violet powder (yield 62%). "H NMR (400 MHz, DMSO-dg): &
(ppm) =892 (s, 8H, Hpyrr), 8.21 (d, ] =8 Hz, 8H, H-Ar), 7.42 (d, | = 8 Hz, 8H, H-Ar), 445 (m,
8H, CH,-0), 3.76 (m, 8H, CH,-N), 3.29 (s, 36H, CHj), 2.36 (m, 8H, CH,), —2.83 (s, 2H, NH).
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4.2.4. Zinc (II) 5,10,15,20-Tetrakis (4-hydroxyphenyl)-21H,23H-porphine

Commercial THPP (60 mg, 0.09 mmol, 1 eq.) was dissolved in DMF anhydre (10 mL),
with further addition of zinc acetate (0.1 g, 0.44 mmol, 5 eq.). The mixture was stirred
under reflux under a nitrogen atmosphere, over 1.5 h and cooled to room temperature.
The reaction mixture was then precipitated in distilled water over 12 h, at 4 °C. The solid
was filtrated, obtaining ZnTHPP as a violet powder solid (yield 84%). 'H NMR (500 MHz,
DMSO-dg): & (ppm) = 9.81 (s, 4H, Ar-OH), 8.88 (s, 8H, Hpyrr), 7.95 (d, ] = 8.28 Hz, 8H,
H-Ar), 7.17 (d, | = 8.36, 8H, H-Ar).

4.3. Preparation and Quantification of Porphyrin-Loaded Acetylated Lignin Nanoparticles

Nanoparticles were prepared using acetylated lignin [30]. Acetylated lignin (2mg/mL)
and porphyrins (0.2 mg/mL) were dissolved in a solvent or mixture solvent, accord-
ingly to the porphyrins’ solubility (Table 7). The starting solutions were dialyzed on a
regenerated cellulose membrane rod (Fisherbrand, Ottawa, Canada; 12-14 KDa), against
distilled water, at room temperature and without stirring, for 24 h. After dialysis, nanopar-
ticles were centrifuged at 10,000x ¢ for 30 min and washed twice with distilled water.
Nanoparticles were suspended in distilled water and kept in the dark at room temperature
until further use. For quantification, nanoparticles were diluted and quantified, using
their absorption coefficients, in acetone (THPP (€419 nm = 388,500 M 'em ') and ZnTHPP
(€425 nm = 485,914 M~ 'em 1)), DMSO (T(MAP)PP (€495 nm = 242,207 M~ tem™ 1)) or DMF
(T(OAC)PP (£418 nm = 388,725 M~ lem 1) and T(PrOH)PyP (426 nm = 132,376 M~ Lem 1)),

Table 7. Solvents used for the starting solution of each type of nanoparticle analyzed in the
present work.

Porphyrin Solvent or Solvents Mixtures
THPP Acetone
T(OAC)PP Acetone:DMF 9:1
T(MAP)PP Acetone:DMS0 9:1
T(PrOH)PyP Acetone:DMSQO 9:1
ZnTHPP THF

4.4. Physical Characterization

Nanoparticles size was analyzed through DLS on a Zetasizer Nano-ZS (Malvern
Instrument, Malvern, UK). For each sample, three measurements were performed on each
sample, using a disposable plastic cuvette, at 20 °C and using a light scattering angle
of 173° and a refractive index of 1.61, for lignin materials [48]. The obtained DLS raw
data were fitted to a Gaussian distribution model, excluding the values with less than 1%
of frequency. The normality of the obtained model was evaluated through its R square
coefficient and through the analysis of the residuals, with a D’Agostino-Pearson Omnibus
K2 test, affording the mean size (geometrical mean) and the standard deviation (o), which
allowed us to approximate the range where 95% of the nanoparticles were found (20).

Zeta potential was measured using a DTS51070 cuvette (Malvern Instrument, Malvern,
UK), in a Zetasizer Nano-ZS (Malvern Instrument, Malvern, UK), obtaining five measure-
ments for each sample.

4.5. Photophysical Characterization

UV-vis spectra were recorded on a Hitachi U-2001 (Tokyo, Japan) or Analytic Jena
Specord 210 (Jena, Germany). Spectra were collected from 350 up to 800 nm, using standard
quartz cuvettes of 1 cm of optical path.

The fluorescence quantum yield was calculated as described elsewhere [11,20]. Flu-
orescence spectra were recorded in a Horiba Scientific Spectrofluorometer Fluoromax-4
(Potsdam, Germany) or in an Edinburgh Instruments FLS980 (Edinburgh, UK). Spectra
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were collected from 550 up to 800 nm, using standard quartz cuvettes of 1 cm of optical
path, at room temperature. Fluorescence quantum yields (®g) were calculated using TPP
dissolved toluene in a reference (®r = 0.11), by comparing the area of the integrated flu-
orescence of the samples (Fs) with the fluorescence of the reference (Fyef) and corrected
by the absorption of the sample (As) and the reference (A,) at the excitation wavelength
and by the refractive index of the solvents used for the sample (1) and reference (ny.f)
solutions (Equation (1)).

¢ F -"Arcfng

O = D
E rqusnggf

4]

Singlet oxygen phosphorescence decay was monitored at room temperature, according
to previously described procedures [11]. Porphyrins were dissolved in DMF, until they
reached an optical density of 0.18. The porphyrins solutions were excited at 355 nm, using
an Nd-YAG laser Spectra-Physics Quanta-Ray GRC-130 (Stahnsdorf, Germany). The singlet
oxygen phosphorescence was collected at 1270 nm, in a Hamamatsu R5509-42 (Hamamatsu,
Japan) photomultiplier, cooled to 193 K in a liquid nitrogen chamber, after selection of the
wavelength with a monochromator with 600 lines grading. A Newport filter model 10LWEF-
1000-B was used in the emission to prevent light scattering and fluorescence. As a reference
for the singlet oxygen production, phenalenone was used (®5™f = 1.0) [35]. The decays
obtained were extrapolated to time-zero, obtaining the initial emission intensities as a
function of laser intensity. The singlet oxygen quantum yields were obtained by comparing
the linear dependence of the singlet oxygen emission and the energy of the laser pulse for
the sample (Ss) and the reference (Syef), corrected by the absorption of the sample (As) and
reference (Af) at the excitation wavelength, considering the singlet oxygen quantum yield
of the reference (Equation (2)).

B — et 51— 10 Aret
A=

e 2
55 1—10"4 @

Singlet oxygen production detected through EPR were recorded as described else-
where [20,35]. The samples were exposed to a blue-LED light (LED-Illuminator, Luzchem,
Gluocester, Canada); light irradiation was measured with a handheld powermeter
(Lasercheck, Coherent, Santa Clara, CA, USA), centered at 455 nm. EPR spectra were
recorded with a Bruker Model ESP300E spectrometer (Berlin, Germany) operating at room
temperature. Routinely, a fresh solution of 25 mM 2,2,6,6- tetramethylpiperidine (TEMP)
was prepared in DMF or PB pH 7. Free porphyrins were dissolved in DMF and diluted
in DMF until they reached 3 uM. Nanoparticles suspensions were diluted at 50 uM in PB
pH 7. For singlet oxygen detection, 50 uL of the fresh TEMP solution were mixed with
50 pL sample to analyze. The solution obtained was immediately transferred into quartz
capillaries (100 pL) and placed at 14.5 cm from the source of illumination with a light
intensity irradiation of 60 mW/ cm?, for appropriate periods of time. A dark control was
prepared, and Rose Bengal in DMF or PB pH 7 was used as a standard. EPR spectra were
performed under the following conditions: modulation frequency, 100 kHz; microwave fre-
quency, 9.78 GHz; microwave power, 4 mW; modulation amplitude, 0.987 G; time constant,
10.24 ms; scans number, 2.

Photobleaching experiments were done as stated elsewhere [11]. Free porphyrins
were dissolved in DMF, while the encapsulated porphyrins were suspended in PB pH 7,
both at a final concentration of 5 uM. A volume of 3 mL was deposited in a standard quartz
cuvette of 1 cm of optical path. The sample was stirred and irradiated with a blue-LED
light (LED-Illuminator, Luzchem, Gluocester, Canada), with emission at 450-460 nm and
an output power of 100 mW/ cm?. The Soret band absorbance was followed for the light
irradiation, and its decay was followed through UV-vis absorption (350-800 nm).
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4.6. Influence of pH for the Nanoparticles Behaviour and Stability
4.6.1. pH Buffers

Aqueous buffer solutions prepared for the pH analysis were prepared using appro-
priated acid-base pairs, at the same molarity. Namely, glycine-HCI 0.01 M was used for
buffers at pH 2.0, 2.6, 3.0 and 3.6. Sodium acetate-acetic acid 0.01 M was used for buffers
at pH 4.0, 4.6, 5.0 and 5.6. Sodium phosphate-sodium biphosphate 0.01 M was used for
buffers at pH 6.0, 6.6, 7.0, 7.6 and 8.0. Glycine-NaOH 0.01 M was used for buffers at pH 8.6,
9.0, 9.6, 10.0 and 10.6. The pH of all buffers was verified and adjusted, using a pH meter
(Mettler Toledo, Columbus, OH, USA).

The influence of pH was analyzed through UV-vis absorption, measured between 350
and 800 nm. Free porphyrins were dissolved in DMF at a concentration of 1 mM and then
diluted to 5 uM in the buffer for analysis, resulting in a final concentration of 5% DMF v /2.
Nanoparticles suspensions were diluted in the buffer to analyze at a final concentration of
5 uM. The Soret band absorption and maximum wavelength were followed up, and the
values were normalized according to the values obtained at pH 7.

4.6.2. pH Driven Release

Porphyrin-loaded nanoparticles were suspended either in buffer glycine-HCI 0.01 M
pH 3 or phosphate buffer 0.01 M pH 7, at a final concentration of 20 pM. The nanoparticles
suspensions were stirred on an orbital shaker, at 200 rpm. For analysis, 500 uL of the
nanoparticles suspension were taken and immediately centrifuged (10,000 g, 10 min).
Afterwards, 200 uL of the supernatant were carefully taken and stored at 4 °C until
analysis. For analysis, the samples were diluted with 1.8 mL of methanol, and excited at the
porphyrin’s wavelength of the Soret’s band in methanol, for monitoring at the maximum
emission wavelength, according to Table 8.

Table 8. Wavelengths for excitation and emission, for the porphyrins dissolved in methanol with

10% aqueous buffer.

Porphyrin Excitation Wavelength Emission Wavelength
THPP 419 nm 652 nm
T(OAc)PP 415 nm 648 nm
T(MAP)PP 418 nm 652 nm
T(PrOH)PyP 427 nm 650 nm
ZnTHPP 424 nm 607 nm

4.7. Photodynamic Antimicrobial Chemotherapy

All experiments used planktonic bacteria in the middle of the exponential phase of
growth. For this, an aliquot of frozen bacteria was inoculated in 5 mL of culture media and
incubated overnight, at 37 °C and constant stirring at 100 rpm. The optical density at 600 nm
(ODgpg) was measured for the resulting culture, and further diluted at an ODggp = 0.1 in
5 mL of fresh culture media. This subculture was incubated for two hours, at 37 °C and
constant stirring. Bacteria were collected, centrifuged (4000x g, 10 min), washed with
sterile PB pH 7 and resuspended in 1 mL of PB pH 7, resulting in a bacterial suspension
with around 108 CFU/mL.

Free porphyrins were dissolved in DMSQO, for a stock concentration of 1 mM. Then,
the DMSO solution was geometrically diluted in DMSO, obtaining solutions ranging from
1000 to 7.8125 uM. Then, each dilution was diluted 1:10 in PB pH 7, resulting in a solution
with 10% DMSO and concentrations of porphyrins ranging between 100 and 0.78125 uM.
Porphyrin-loaded nanoparticles were diluted in PB pH 7, at a stock concentration of 100 uM
and geometrically diluted until 0.78125 uM.
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For the bacteriostatic effect analysis, bacteria were diluted to ~10° CFU/mL in PB pH 7.
Bacteria aliquots (50 uL) were delivered in a 96-well plate (Corning, Corning, NY, USA)
and mixed with 50 puL of the treatment solution, for a final range of concentrations of 50 to
0.35625 uM. Bacteria and the treatment were incubated in the dark for 30 min. Afterwards,
each well was irradiated with a vertical array of blue-LED light (LED-Illumintor, Luzchem,
Gluocester, Canada) at 1.4 cm from the plate and with an intensity of 500 mW /cm? for
30 s, resulting in a light dosage of 15 ] /cm?. Light irradiance was routinely verified using a
handheld powermeter (Lasercheck, Coherent, Santa Clara, CA, USA), centered at 455 nm.
During the irradiation of each well, the rest of the plaque was protected from light with
a black cardboard mold. A similar plaque was prepared, kept in the dark during the
irradiation and worked as dark control. Without further incubation, 100 pL of culture
media were added into each well and the initial optical density at 595 nm (ODsg5) was
measured on a multiplate reader (iMark, Bio-Rad, Marnes-la-Coquette, France) as time-
zero (ODsgs’). Each plate was incubated in the dark, at 37 °C, and its optical density
was measured again (ODsg5'%). Appropriated controls were prepared: a sample without
bacteria and without treatment was used as a blank (Gg), while a bacterial sample with
PB pH 7 or PB pH 7 5% DMSO was used as growth control (Gc). Growth was obtained as
the difference between ODsg5'® and ODsgs”, while the normalized growth (Gy) for each
sample was obtained according to the Equation (3), where Gg is the growth of the sample.
The MIC was considered to be the lowest concentration where the normalized growth
was below 0.1.
~ Gs—Gg
~ Gc—Gp

For the bactericidal effect analysis, bacteria were diluted to ~10” CFU/mL in PB pH 7.
Bacteria aliquots (50 uL) were delivered in a 96-well plate (Corning, Corning, NY, USA)
and mixed with 50 uL of the treatment solution, descending from the MIC concentration
values. Bacteria and the treatment were incubated in the dark for 30 min. Afterwards,
each well was irradiated with a vertical array of blue-LED light (LED-Illumintor, Luzchem,
Gluocester, Canada) at 1.4 cm from the plate and with an intensity of 500 mW/ em? for
30 s, resulting in a light dosage of 15 ]/ cm?. Light irradiance was routinely verified using a
handheld powermeter (Lasercheck, Coherent, Santa Clara, CA, USA), centered at 455 nm.
During the irradiation of each well, the rest of the plaque was protected from light with
a black cardboard mold. A similar plaque was prepared and kept in the dark during
the irradiation and worked as a dark control. A bacterial control with PB pH 7 or PB
pH 7 5% DMSO was used as growth control (G¢). Without further incubation, bacterial
suspensions were recovered and serially diluted in saline solution. Afterwards, 50 pL of
the diluted bacterial suspension were plated into TSA culture media, using an automatic
plater (EasySpyral, Interscience, Mourjou, France). Colony-forming units were counted
using a colony counter (Scan100, Interscience, Mourjou, France). Bacterial survival was
expressed as the logarithm of the concentration (log(CFU/mL)). The MBC was considered
to be the lowest concentration where a reduction of 3-log was observed.

Gn 3

4.8. Statistical Analysis

Physical and photophysical experiments were performed at least in duplicate. Mi-
crobiological experiments were performed at least in triplicate. The obtained DLS raw
data were analyzed with GraphPad Prism 6.01, and data were fit to a Gaussian model,
excluding the values with less than 1% of presence. The obtained data were validated
through the analysis of their R square coefficient and through the analysis of the residuals
with a D" Agostino-Pearson Omnibus K2 test. Statistical significance was determined using
a Two-Way ANOVA and a Tukey's test for multiple comparisons, with 95% of the cohort.

Graphs presented throughout this work were prepared with RStudio (R version 4.0.4),
using ggplot and diplyr libraries.

Nidia MALDONADO CARMONA | These de doctorat | Université de Limoges | 2021

162


http://creativecommons.org/licenses/by-nc-nd/2.0/fr/

Antibiotics 2021, 10, 513

23 0f 26

Supplementary Materials: The following are available online at https: / /www.mdpi.com/article/1
0.3390/antibiotics10050513/s1. Figure S1. Comparison of the spectra of (A) THPP, (B) T(MAP)PP,
(C) T(OAC)PF, (D) T(PrOH)PyP and (E) ZnTHPP as free porphyrins (black), or as the encapsulated
porphyrins before (blue) and after (red) the correction of the baseline. Figure S2. Spectra of (A) THPP,
(B) T(OAC)PP, (C) TIMAP)PF, (D) T(PrOH)PyPF, and (E) ZnTHPP upon water addition. Porphyrins
were initially dissolved in (A) acetone, (B) acetone:DMF 9:1, (C) acetone:DMSO 9:1, (D) acetone:DMSO
9:1, and (E) THE, at a concentration of 5 uM (black line), through increasing water addition. Figure S3.
Normalized absorbance (solid lines) and emission (dashed lines) spectra of (A) THPP, (B) T(MAP)PP,
(C) T(OAC)PP, (D) T(PrOH)PyP and (E) ZnTHPP, dissolved in DMF (black), in PB pH 7, 0.5% DMF
(blue), or as encapsulated porphyrins (red). Emission spectra were collected from a solution at 0.5 pM,
at 25 °C, with excitation at 425 nm. Figure S4. Fluorescence emission (black solid lines) and excitation
(black and blue dashed lines) spectra of the free porphyrins in DMF (A, B, C, D, E) or in aqueous
buffer at pH 2 (F, G, H, L, J); or as encapsulated porphyrins suspended in pH 7 (K, L, M, N, O) or
in pH2 (P, Q, R, S, T). The black horizontal line indicates the wavelength of the Soret band of each
porphyrin in DMF, while the dashed horizontal lines indicate the peak of the emission bands of
each porphyrin in DMF, also indicating as well the emission wavelength monitored in the excitation
spectra. Emission spectra were after excitation at 425 nm; all spectra were measured at 25 °C, from a
solution 0.5 pM of the corresponding porphyrin. Figure S5. Slopes of the decay of singlet oxygen
phosphorescence, detected at 1270 nm, measured through near infrared spectroscopy, as a function
of laser energy. Porphyrins were dissolved in DMF, with an absorption of around 0.18 at 355 nm, the
excitation wavelength. Phenalenone in DMF was used as a standard (@A = 1). Figure S6. Absorption
spectra of free porphyrins (A) THPP, (B) T(OAc)PF, (C) TIMAP)PF, (D) T(PrOH)PyP and (E) ZnTHPF,
after irradiation under blue LED light (100 mW /cm?). Porphyrins were dissolved in DMF, 5 uM, with
constant stirring on an open quartz cell. Shown spectra are the average of two individual experiments.
Figure S7. Absorption spectra of encapsulated porphyrins (A) THPP@AcLi, (B) T(OAc)PP@AcLi,
(C) TIMAP)PP@AcLI, (D) T(PrOH)PyP@AcLi and (E) ZnTHPP@AcLI, after irradiation under blue-
LED light (100 mW/cmz). Nanoparticles were suspended in PB pH 7, at 5 uM of their corresponding
porphyrin, with constant stirring on an open quartz cell. Shown spectra are the average of two
individual experiments. Figure 58. Comparison of spectra for T(PrOH)PyP before light irradiation
(black), after light irradiation (blue), and the raw porphyrin, THPyP in DMF (red). Figure 59. Effect of
pH on the UV-vis absorbance profile of the free porphyrins (A) THPP, (C) T(OAc)PP, (E) T(MAP)PP,
(G) T(PrOH)PyYF, (I) ZnTHPF, or as encapsulated porphyrins (B) THPP@AcLi, (D) T(OAc)PP@AcLi,
(F) TIMAP)PP@ACcLi, (H) T(PrOH)PyP@AcLi, (J) ZnTHPP@AcLi. Red lines represent the pH below
7, while blue lines represent the pH above 7. Both free and encapsulated porphyrins were setin a
final concentration of 5 uM of their corresponding porphyrin, in an adequate aqueous buffer. Free
porphyrins were dissolved in DMF and diluted into an aqueous buffer, for a final DMF concentration
of 5%. Table S1. Free porphyrin observed at initial and final observation times, expressed as percent
of free porphyrin, with respect to the global amount of encapsulated porphyrins (20 pM). Similar
superscript letters indicate the pairs that have differences with a statistical significance, found as
p < 0.05 with a two-way ANOVA, and a multiple comparisons Tukey’s test. Figure S10. Growth
inhibition of Staphylococcus aureus, after treatment with (A) THPP, (B) THPP@AcLI, (C) T(OAc)PF,
(D) T(Oac)PP@AcLi, I T(MAP)PP, (F) TMAP)PP@AcL, (G) T(PrOH)PYF, (H) T(PrOH)PyP@AcLi,
(I) ZnTHPP and (J) ZnTHPP@AcLi. Bacteria were incubated for 30 min and then irradiated with
blue-LED light (15 J/cm?, white symbols) or incubated in the dark (grey symbols). Afterwards,
culture medium was added and bacteria were incubated at 37 °C, in the dark for 16 h. Results
shown are the average of three independent experiments. Figure $11. Growth inhibition of Es-
cherichia coli, after treatment with (A) THPP, (B) THPP@AcLi, (C) t{OAc)PP, (D) t{(OAc)PP@AcLI,
(E) T(MAP)PP, (F) TMAP)PP@AcLi, (G) T(PrOH)PYP, (H) T(PrOH)PyP@AcLi, (I) ZnTHPP and
() ZnTHPP@AcLi. Bacteria were incubated for 30 min and then irradiated with blue-LED light
(15 J/cm?, white symbols) or incubated in the dark (grey symbols). Afterwards, culture medium
was added and bacteria were incubated at 37 °C, in the dark for 16 h. Results shown are the average
of three independent experiments. Figure S12. Bacterial survival of S. aureus, after treatment with
(A) THPP, (B) THPP@AcLI, (c) T(OAC)PE, (d) T(OAC)PP@L, (E) T(MAP)PP, (F) T(MAP)PP@AcLi,
(G) T(PrOH)PyF, (H) T(PrOH)PyP@AcLi, (I) Zn'THPP and () ZnTHPP@ACLI. Bacteria were incubated
for 30 min and then irradiated with blue-LED light (15 J /cm?, white symbols) or incubated in the dark
(grey symbols). Afterwards, bacteria were diluted and plated in Petri dishes, which were incubated in
the dark 16 h, before counting colonies. The dotted line indicates the limit of quantification (2.9 log),
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while the dashed line indicates a diminish of at least 3 log. Figure S13. Bacterial survival of E. coli,
after treatment with (A) THPT, (B) THPP@AcLi, (C) T(OAC)PP, (D) T(OAc)IAcLi, (E) T(MAP)PP,
(F) TIMAP)PP@AcLi, (G) T(PrOH)PyP, (H) T(PrOH)PyP@AcLi, (I) ZNTHPP and (J) ZnTHPP@AcLI.
Bacteria were incubated for 30 min and then irradiated with blue-LED light (15]/cm?, white symbols)
or incubated in the dark (grey symbols). Afterwards, bacteria were diluted and plated in Petri dishes,
which were incubated in the dark for 16 h, before counting colonies. The dotted line indicates the
limit of quantification (2.9 log), while the dashed line indicates a decrease of at least 3 log.
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Supplementary Figure S1. Comparison of the spectra of (A) THPP, (B) T(MAP)PP, (C) T(OAc)PP, (D) T(PrOH)PyP and (E)
ZnTHPP as free porphyrins (black), or as the encapsulated porphyrins before (blue) and after (red) the correction of the baseline.
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Supplementary Figure S2. Spectra of (A) THPP, (B) T(OAC)PP, (C) T(MAP)PP, (D) T(PrOH)PyP, and (E) ZnTHPP upon water
addition. Porphyrins were initially dissolved in (A) acetone, (B) acetone:DMF 9:1, (C) acetone:DMSO 9:1, (D) acetone:DMSO 9:1, and
(E) THE, at a concentration of 5 pM (black line), through increasing water addition.
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(red). Emission spectra were collected from a solution at 0.5 nM, at 25 °C, with excitation at 425 nm.
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Supplementary Figure S3. Normalized absorbance (solid lines) and emission (dashed lines) spectra of (A) THPP, (B) T(MAP)PP, (C)
T(OAC)PP, (D) T(PrOH)PyP and (E) ZnTHPP, dissolved in DMF (black), in PB pH 7, 0.5% DMF (blue), or as encapsulated porphyrins
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Supplementary Figure 54. Fluorescence emission (black solid lines) and excitation (black and blue dashed lines) spectra of the free
porphyrins in DMF (A, B, C, D, E) or in aqueous buffer at pH 2 (F, G, H, I, J); or as encapsulated porphyrins suspended in pH 7 (K, L, M,
N,O)orinpH 2 (P, Q, R, S, T). The black horizontal line indicates the wavelength of the Soret band of each porphyrin in DME, while the
dashed horizontal lines, indicate the peak of the emission bands of each porphyrin in DMF, indicating as well the emission wavelength
monitored in the excitation spectra. Emission spectra were after excitation at 425 nm; all spectra were measured at 25 °C, from a solution
0.5 pM of the corresponding porphyrin.
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Supplementary Figure S5. Slopes of the decay of singlet oxygen phosphorescence, detected at 1270 nm, measured through near infrared
spectroscopy, as a function of laser energy. Porphyrins were dissolved in DMF, with an absorption of around 0.18 at 355 nm, the excitation
wavelength. Phenalenone in DMF was used as a standard (®a = 1).
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Supplementary Figure S6. Absorption spectra of free porphyrins (A) THPP, (B) T(OAc)PP, (C) T(MAP)PP, (D) T(PrOH)PyP and (E)
ZnTHPP, after irradiation under blue LED light (100 mW/cm?). Porphyrins were dissolved in DMF, 5 pM, with constant stirring on an
open quartz cell. Shown spectra are the average of two individual experiments.
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Supplementary Figure S7. Absorption spectra of encapsulated porphyrins (A) THPP@ACcLI, (B) T(OAc)PP@ACcLI, (C)

T(MAP)PP@ACLI, (D) T(PrOH)PyP@AcLi and (E) ZnTHPP@ACcLI, after irradiation under blue LED light (100 mW/cm?).

Nanoparticles were suspended in PB pH 7, at 5 pM of their corresponding porphyrin, with constant stirring on an open quartz cell. Shown
spectra are the average of two individual experiments.
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Supplementary Figure S8. Comparison of spectra for T(PrOH)PyP before light irradiation (black), after light irradiation (blue), and the
raw porphyrin, THPyP in DMF (red).
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Supplementary Figure S9. Effect of pH on the UV-vis absorbance profile of the free porphyrins (A) THPP, (C) T(OAC)PP, (E) T(MAP)PP,
(G) T(PrOH)PyP, (1) ZnTHPP, or as encapsulated porphyrins (B) THPP@ACcLI, (D) T(OAc)PP@ACLI, (F) TMAP)PP@AcLi, (H)
T(PrOH)PyP@AcLi, (J) ZnTHPP@ACcLIi. Red lines represent the pH below 7, while blue lines represent the pH above 7. Both free and
encapsulated porphyrins were set in a final concentration of 5 pM of their corresponding porphyrin, in an adequate aqueous buffer. Free
porphyrins were dissolved in DMF and diluted into an aqueous buffer, for a final DMF concentration of 5%.

Nidia MALDONADO CARMONA | These de doctorat | Université de Limoges | 2021 175

MmN


http://creativecommons.org/licenses/by-nc-nd/2.0/fr/

Supplementary Table S1. Free porphyrin observed at initial and final observation times, expressed as percent of free porphyrin, with respect

to the global amount of encapsulated porphyrins (20 pM). Similar superscript letters indicate the pairs that have differences with a statistical
significance, found as P < 0.05 with a Two-way ANOVA, and a multiple comparisons Tukey’s test.

pH3 pH?7
Porphyrin
0 hours 96 hours 0 hours 96 hours

THPP 1.67 + 0.63? 1.11 +0.17 7.23 +0.732 2.81+0.16
T(OAC)PP 16.82 + 0.02 7.58 £ 0.49 10.32 £5.30 9.00 + 0.75
T(MAP)PP 9.38 + 1.96° 16.4 + 0.55b¢ 5.07 + 4.94 0.97 + 0.32¢
T(PrOH)PyP 3.25+0.87 3.22+£0.17 3.46 +£1.12 2.07 £0.21
ZnTHPP 1.76 + 0.044 1.09 + 0.50 11.86 + 3.34de 2.56 +0.47°
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Supplementary Figure 510. Growth inhibition of Staphylococcus aureus, after treatment with (A) THPP, (B) THPP@ACcLI, (C)
T(OACQPP, (D) T(OAc)PP@ACLI, (E) TIMAP)PP, (F) T(MAP)PP@ACLI, (G) T(PrOH)PyP, (H) T(PrOH)PyP@ACcLi, (I) ZnTHPP
and (J) ZnTHPP@AcLi. Bacteria were incubated for 30 minutes and then irradiated with blue-LED light (15 J/cm?, white symbols) or
incubated in the dark (grey symbols). Afterwards, culture medium was added and bacteria were incubated at 37 °°C, in the dark for 16
hours. Results shown are the average of three independent experiments.
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Supplementary Figure S11. Growth inhibition of Escherichia coli, after treatment with (A) THPP, (B) THPP@ACcLI, (C) T(OAc)PP,
(D) T(OAC)PP@ACLI, (E) TIMAP)PP, (F) TMAP)PP@AcLI, (G) T(PrOH)PyP, (H) T(PrOH)PyP@AcLi, (I) ZnTHPP and (J)
ZnTHPP@ACLI. Bacteria were incubated for 30 minutes and then irradiated with blue-LED light (15 J/cm?, white symbols) or incubated
in the dark (grey symbols). Afterwards, culture medium was added and bacteria were incubated at 37 °°C, in the dark for 16 hours.
Results shown are the average of three independent experiments.
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Supplementary Figure S12. Bacterial survival of S. aureus, after treatment with (A) THPP, (B) THPP@ACLI, (C) T(OAc)PP, (D)
T(OAC)PP@ACLI, (E) T(MAP)PP, (F) T(MAP)PP@ACcLI, (G) T(PrOH)PyP, (H) T(PrOH)PyP@AcLi, (1) Zn'THPP and (1)
ZnTHPP@ACLI. Bacteria were incubated for 30 minutes and then irradiated with blue-LED light (15 J/cm?, white symbols) or incubated
in the dark (grey symbals). Afterwards, bacteria were diluted and plated in petri dishes, which were incubated in the dark 16 hours, before
counting colonies. The dotted line indicates the limit of quantification (2.9 log), while the dashed line indicates a diminish of at least 3

log.
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Supplementary Figure S13. Bacterial survival of E. coli, after treatment with (A) THPP, (B) THPP@ACcLIi, (C) T(OAc)PP, (D)
T(OAPP@ACLi, (E) T(MAP)PP, (F) T(MAP)PP@AcLi, (G) T(PrOH)PyP, (H) T(PrOH)PyP@AcLi, (I) ZnTHPP and (J)
ZnTHPP@ACLI. Bacteria were incubated for 30 minutes and then irradiated with blue-LED light (15 J/cm?, white symbols) or incubated
in the dark (grey symbols). Afterwards, bacteria were diluted and plated in petri dishes, which were incubated in the dark 16 hours, before
counting colonies. The dotted line indicates the limit of quantification (2.9 log), while the dashed line indicates a diminish of at least 3 log.

Nidia MALDONADO CARMONA | Thése de doctorat | Université de Limoges | 2021

180


http://creativecommons.org/licenses/by-nc-nd/2.0/fr/

Nidia MALDONADO CARMONA | These de doctorat | Université de Limoges | 2021 181

MmN


http://creativecommons.org/licenses/by-nc-nd/2.0/fr/

GENERAL ConcLusions AND PERSPECTIVES

The exhausted pipeline of antibiotic drugs waiting for FDA approval is a concern that has
been aggravated by the COVID-19 pandemic, a reminder that microorganisms can shape the
future of mankind. This urgent need of antibacterial alternatives has promoted the use of
alternative therapies, as PACT. In this work, it was intended to create an alternative for
bacterial disinfection, while increasing the value of a biosourced polymer, as lignin.

Then, along this project, we were able to prepare acetylated lignin nanoparticles and load
them with a porphyrinic compound. These nanoparticles were fully characterized and it was
demonstrated that they were able to transport the porphyrin in aqueous solvent, preserving
the porphyrin’s photochemical properties. The obtained nanoparticles were able to efficiently
disinfect Gram-positive bacteria, while the disinfection of Gram-negative bacteria was only
achieved when the nanoparticles were loaded with a cationic porphyrin. Remarkably, only
one of the candidate cationic porphyrins was able to achieve E. coli eradication.

This work has thoroughly described this novel delivery system, while also demonstrating
its universality towards porphyrinic compounds. Although there are some hints that this
system could also be used for other kinds of photosensitizers (i.e., chlorins, BODIPY,
phenalenone derivatives, curcumin, hypericin), this was left unexplored. Also, this work was
only able to explore one modification of lignin, while other modifications of lignin, and its
effects on the photosensitizer’s photophysical properties and its interaction with bacteria, is
still left to be explored. Finally, although we were able to demonstrate the efficiency of our
system towards model bacteria, its efficiency towards multi-drug resistant bacteria is to be
analyzed.

Then, this work could be the first step for designing better lignin-based photosensitizers
vehicles, while modifying lignin to achieve better interaction with bacteria, and preserving the
photophysical properties of the photosensitizers. Then, the implemented methodologies and
analysis that were thoroughly used along this work could settle the bases for future research.
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Nanoparticules de lignine acétylée comme nouveau véhicule photosensibilisant
pour la Chimiothérapie Antimicrobienne Photodynamique

La résistance aux antibactériens est une menace pour les développements de la médecine
moderne, représentant un fardeau économique et social dans les années a venir. Cette crise
est aggravée par un pipeline déprécié de nouveaux médicaments antibactériens, en raison
des colits de recherche élevés et de la faible rentabilité. De plus, le développement de
nouvelles molécules spécifiques ne garantit pas I'absence de résistance antibactérienne
contre une nouvelle molécule, et il existe alors une tendance croissante a rechercher des
alternatives antibactériennes avec des cibles moléculaires non spécifiques. Dans cet aspect,
la Chimiothérapie Antimicrobienne Photodynamique réalise une désinfection bactérienne
grace a l'utilisation d'une molécule photosensibilisante qui n'est active que lors d'une
irradiation lumineuse, ajoutant un autre niveau de contrble au processus. Dans ce travalil,
nous présentons un systéeme de livraison biopolymére pour les molécules
photosensibilisantes, sous forme de nanoparticules de lignine acétylée. La préparation, la
caractérisation physique et la caractérisation photophysique sont discutées tout au long de
ce projet, en explorant les effets de I'encapsulation vis-a-vis du photosensibilisateur. Enfin,
ces nanoparticules ont été testées contre les bactéries, constatant qu'elles n'étaient
capables de les éradiquer efficacement que par irradiation lumineuse, démontrant une faible
toxicité dans l'obscurité et une stabilité dans le temps et I'exposition a la lumiére. Ensuite,
cette formulation pour molécules photosensibilisantes s'est avérée étre une formulation
antibactérienne efficace, remplissant sa fonction, tout en s'attaquant a la désinfection
antibactérienne et en valorisant un biopolymére trés abondant.

Mots-clés: valorisation de la lignine, formulation antibactérienne, désinfection par la
lumiére

Acetylated lignin nanoparticles as a new photosensitizer’s vehicle for
Photodynamic Antimicrobial Chemotherapy

Antibacterial resistance is a threat to the developments of modern medicine, representing an
economic, and social burden in years to come. This crisis is enhanced by a belittled pipeline
of novel antibacterial drugs, due to the high research costs and low profitability. Furthermore,
the development of new, specific molecules is not guarantee that antibacterial resistance will
not arise against any new molecule, and then there is a growing tendency to look for
antibacterial alternatives with unspecific molecular targets. In this aspect, Photodynamic
Antimicrobial ChemoTherapy achieves bacterial disinfection through the use of a
photosensitizing molecule which is only active upon light irradiation, adding another level of
control to the process. In this work, we present a biopolymeric delivery system for
photosensitizing molecules, as acetylated lignin nanoparticles. The preparation, physical
characterization and photophysical characterization are discussed along this project,
exploring the effects of the encapsulation towards the photosensitizer. Finally, these
nanoparticles were tested against bacteria, finding that they were able to efficiently eradicate
them only upon light irradiation, demonstrating low dark toxicity, and stability over time and
light exposure. Then, this formulation for photosensitizing molecules has proven to be an
efficient antibacterial formulation, fulfilling its purpose, while tackling antibacterial disinfection
and valorizing a highly abundant biopolymer.

Keywords: lignin valorization, antibacterial formulation, light-driven disinfection



Nanoparticulas de lignina acetilada como um novo veiculo fotossensibilizador
para quimioterapia antimicrobiana fotodinamica

A resisténcia antibacteriana € uma ameaga ao desenvolvimento da medicina moderna,
representando um fardo econdmico e social nos proximos anos. Esta crise é agravada por
um reduzido portfélio de novos medicamentos antibacterianos, devido aos altos custos de
investigagdo e baixa lucratividade. Além disso, o desenvolvimento de novas moléculas
especificas ndo € garantia de que nao surja resisténcia antibacteriana contra qualquer nova
molécula, e ha uma tendéncia crescente de buscar alternativas antibacterianas com alvos
moleculares inespecificos. Nesse aspecto, a Quimioterapia Antimicrobiana Fotodinamica
realiza a desinfec¢ao bacteriana por meio do uso de uma molécula fotossensibilizadora que
s6 é ativa sob irradiagdo de luz, adicionando outro nivel de controle ao processo. Neste
trabalho, apresentamos um sistema de transporte biopolimérico para moléculas
fotossensibilizantes, como nanoparticulas de lignina acetilada. A preparagao, caracterizagéo
fisica e caracterizacao fotofisica sdo discutidas ao longo deste projeto, explorando os efeitos
do encapsulamento para o fotossensibilizador. Finalmente, essas nanoparticulas foram
testadas contra bactérias, descobrindo que eram capazes de erradica-las de forma eficiente
apenas apos irradiacéo de luz, demonstrando baixa toxicidade no escuro e estabilidade ao
longo do tempo e exposicdo a luz. Entdo, essa formulacdo para moléculas
fotossensibilizantes tem se mostrado uma formulacdo antibacteriana eficiente, cumprindo
seu proposito, ao mesmo tempo em que atua na desinfeccdo antibacteriana e valoriza um
biopolimero altamente abundante.

Palavras-chave: valorizagéo da lignina, formulacao antibacteriana, desinfeccao por luz
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