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ABSTRACT: Antibiotics are excreted in the environment after being used to treat bacterial infections in human and animals. These residues are
poorly eliminated by the actual wastewater treatment processes, affecting animal, human and environmental health. This has led to the emergence
of antibiotic resistance in bacterial pathogens. To combat this problem, photopharmacology has emerged in the last decades. This approach, based
on the coupling of a drug with a photochromic component, is a promising way to control antibiotic activity by light irradiation and consequently
limit antibioresistance. Thus, this review summarizes the study on the effect of the irradiation light on the antimicrobial activity of coupling
compounds.
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1. Introduction

Natural compounds produced by microorganisms have been used to treat bacterial infections for more than 50 years and have
been involved in increasing of the human life expectancy [1]. Originally, the term antibiotic was used to refer to natural products
of microorganisms. Then, antimicrobial chemotherapeutic agents were synthesized by relying on the structure of natural products
[2]. Thus, the term antibiotics includes natural products of microorganisms, semisynthetic compounds derived from natural products,
and drugs chemically inspired by the structure of natural products [1]. Two types of antibiotics exist. Bacteriostatic antibiotics
inhibit bacterial growth without killing the bacteria by targeting protein and folate synthesis. Bactericidal antibiotics kill bacteria
by targeting the cell-wall, cytoplasmic membrane, and DNA replication [3]. Since the accidental discovery of penicillin in 1928 by
Alexander Fleming [4] and its appearance on the drug market, in 1941, as an important chemotherapeutic agent [2], about 10-20
principal classes of antibiotics have been identified. These can be classified based on their mechanism of action, which targets
components of bacteria such as cell-wall, cytoplasmic membrane, enzymes, folates and ribosomes.

Peptidoglycan is an essential component of the bacterial cell wall [5] which is the target of B-lactam antibiotics. This class of
antibiotics, including penicillins, cephalosporins, carbapenems, and monobactams, is most commonly used to treat bacterial
infections [6]. B-lactam antibiotics, known as inhibitors of the cell-wall synthesis of both Gram-negative and Gram-positive bacteria
[7], share a common 4-membered B-lactam ring containing an amide bond (Figure 1) [8]. Their mechanism of action is based on
covalent binding to penicillin-binding proteins (PBP) [6], transpeptidase enzymes involved in the final step of peptidoglycan
synthesis [9,10]. Similarly, glycopeptides, including vancomycin and teicoplanin, form the second class of antibiotics that inhibit
the cell-wall synthesis of Gram-positive bacteria [11,12]. They are produced from Actinomycetes bacteria and consist of cyclic or
polycyclic heptapeptide cores that are generally glycosylated [13].

The cytoplasmic membrane of Gram-positive and Gram-negative bacteria, located within the cell-wall, delimits the bacterial
cytoplasm [14] and is targeted by the antibiotics polymyxin [15] and gramicidin [16]. Polymyxins are natural antibiotics obtained
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by fermentation from different species of Paenibacillus polymyxa [14]. Five classes of polymyxins (A, B, C, D, E) are known, but
only polymyxin B and E (colistin) are used clinically due to their lower nephrotoxicity [15,17]. Those medications are polycationic
lipopeptides with 1200 Da consisting of a characteristic heptapeptide ring and a short prominent tripeptide bound to a fatty acid tail
(Figure 1) [18,19]. The cationic moiety of these drugs makes them water soluble, while the hydrophobic part enables their
incorporation into bacterial membranes readily [20]. Although their mechanism of action is still poorly understood, it’s clear that
polymyxins destabilize phospholipids and lipopolysaccharides (LPS) present in the outer membrane and stabilized by divalent
cations as Ca* and Mg?*. In fact, the positively charged polymyxins interact with the negative charges localized on lipid A of LPS,
generating displacement of cations from phosphate groups. As a result, destabilization and permeabilization of the outer membrane
are observed. Then, polymyxins insert into the cytoplasmic membrane causing the cell lysis [15,21,22]. Another class of antibiotics
called gramicidin is involved in the disturbance of the cytoplasmic membrane. Discovered in 1942, Gramicidin S is an ionophore
antibiotic produced by Bacillus brevis [23]. Its structure is based on a cyclodecapeptide comprised of two comparable pentapeptides
with the head attached to the tail (Figure 1) [24]. Gramicidin S acts on the cell membrane by disrupting the structure of the lipid
bilayer and generating the appearance of pores or other localized anomalies [25,26]. However, Gramicidin S also shows hemolytic
activity which limits its use as a topical antibiotic [27].

The DNA replication is a process in which both identical DNA molecules are formed from an original DNA molecule [28].
Quinolones inhibit DNA synthesis by targeting topoisomerase enzymes, more specifically DNA gyrase and topoisomerase IV [29].
Emerged in the 1960’s for treating Gram-positive and Gram-negative bacterial infections, quinolones are synthetic antibiotics whose
structure contains a bicyclic core (Figure 1) [30]. Quinolones bind in a non-covalent manner to the enzyme-DNA cleavage complex,
presenting a double strand break, and prevent the ligation of DNA fragments [31]. In this way, DNA strands cannot assemble
anymore, leading to inhibition of the replication process and consequent slow cell death. Moreover, quinolones can interfere with
the positioning of the topoisomerase on DNA, making the strand-break free. If the strand-break remains unfixed, the chromosomal
fragmentation and subsequent rapid cell death will occur. Furthermore, the presence of breaks and cleavage complexes in the DNA
molecule can generate ROS (Reactive Oxygen Species). The accumulation of these toxic molecules can lead to more DNA breaks
and eventually rapid cell death [32,33].

Folates are used by prokaryotic and eukaryotic cells for metabolic processes, including the synthesis of nucleic basis,
particularly purine and thymine, and the synthesis of methionine, which are essential for DNA replication and transcription. Due to
the presence of a pathway for folate synthesis in bacteria and its absence in mammalian cells, folate synthesis is an interesting target
for antimicrobial agents. Sulfonamides are antibiotics composed of a sulfonamide group within their structure (Figure 1) and
involved in the inhibition of folate biosynthesis. The molecular structure of sulfonamide is close to p-aminobenzoic acid, which is
one of the constituting cores of folate [34], which may explain these mechanism of action. This class of antibiotics targets the last
step of folate synthesis [35]. Trimethoprim is a synthetic antibiotic used to treat various bacterial infections such as urinary tract
ones [36]. This antibiotic is described as an inhibitor of DHFR (dihydrofolate reductase), an enzyme involving in the last step of
folate synthesis [34]. Thus, trimethoprim blocks folate synthesis and, therefore, hinders nucleic acids synthesis in bacteria.

Transcription is the process by which mRNA is synthetized from DNA strand by RNA polymerase. This process includes
three steps: Initiation, elongation, and termination [37]. Some antibiotics are able to act on these stages of transcription. Rifamycins,
as rifampicin, belonging to the family of ansamycin antibiotics, are naturally produced by the bacterial strain Amycolatopsis
mediterranei. They have a particular basket-like structure obtained by the junction of non-adjacent positions of the aromatic moiety
via an aliphatic chain forming an ansa loop (Figure 1). The aromatic side is composed of a napthalene, a naphtoquinolone, a benzene,
or a benzoquinolone ring [38,39]. The antibacterial activity of rifamycin interlinks with its capacity to interfere with the initiation
step by binding to the B-subunit of RNA polymerase. It leads to disruption of the binding of B-subunit to DNA. This prevents the
elongation of mRNA, leading to cell death [39].

Tetracyclines and aminoglycosides inhibit protein synthesis by linking with high affinity to the 30S ribosomal subunit. Other
classes of antibiotics inhibit protein synthesis by linking to the 50S ribosomal subunit, such as macrolides, chloramphenicol, and
oxazolidinones. Tetracyclines, discovered in the 1940s, present a chemical structure composed of linear merged tetracyclic cores
containing a large number of substituents (Figure 1). The mechanism of action of tetracyclines is based on strong link with the small
ribosomal subunit and prevention of the link of the tRNA at the A site. Thus, the elongation step is inhibited leading to the stop of
the polypeptide chain growth [40]. Aminoglycosides, as gentamycin, are natural or semisynthetic antibiotics derived from
Actinomycetes. They are formed by a central structure of amino sugars linked by glycosidic bonds to a 2-deoxystreptamine (Figure
1) [41]. They also link to the A site of the 30S ribosomal subunit. Thus, aminoglycosides induce a false codon leading to a false
translation. Thereupon, a false amino acid is added to the polypeptide chain damaging the cell membrane and entailing the cellular
death [41]. Macrolides are constituted by a macrocyclic lactone core of 12 or more components with deoxy—sugars attached to the
ring (Figure 1). These antibiotics bind to the 50S ribosomal subunit conducing to the protein synthesis shutdown [42—44].
Chloramphenicol is a natural antibiotic produced by Streptomyces venezuelae [45]. This drug is an organochloride compound
formed by a nitrobenzene core linked to a dichloroacetamide group through the two carbon atoms substituted by two alcohol
functions (Figure 1) [46,47]. Its mechanism of action is the same as that of macrolides. This antibiotic binds to the 50S ribosomal
subunit and avoid the transpeptidation by the peptidyltransferase enzyme [48]. Oxazolidinones, as linezolid, are antibiotics
containing a 2-oxazolidone in their structure (Figure 1). Oxazolidinones are used against Gram-positive bacteria by binding to P
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site of the 50S ribosomal subunit and inhibiting the initiation complex [49]. Thus, the formation of the ribosome is prevented.
However, if the ribosome is already formed, the link of oxazolidinones on the ribosome inhibits the translocation of the peptide

chain from the A site to the P site during the peptide bond formation [50,51]. These data are compiled in Table 1.

Table 1. Antibiotic classes and their targets. Adapted from [52].

Targets Classification Antibiotics
Natural Penicillins Penicillin G; Penicillin V
Procaine Penicillin G; Benzathine Penicillin G
Antistaphylococccal Methicillin; Nafcillin; Oxacillin
Penicillins Cloxacillin; Dicloxacillin; Fluocloxacillin
Aminopenicillins Ampicillin; Amoxicillin
Penicillins Broad Spectrum Ampicillin/Sulbactam; Sultamicillin
Penicillins Co-Amoxidav (Amoxicillin/Clavulanate)
Carboxypenicillins Ticarcillin; Carbenicillin
Anti-Pseudomonas Ureidopenicillins Piperacillin; Mezlocillin; Azlocillin
B-lactams Penicillins Combinaison Ticarci} lip /Clavulanate
Piperacillin/Tazobactam
Sc;rlllt_h“:sllli 1st Generation Cefadroxil; Cephalaxin; Cephadrine; Cefazolin
2nd Generation Cefaclor; Cefuroxime; Cefproxil; Cefoxitin
Ceftriaxone; Cefotaxime; Cefoperazone
Cephalosporins 3rd Generation Ceftazidime; Ceftazidime/Avibactam
Cefixime; Cefdinir; Cefpodoxime; Cefditoren
4th Generation Cefepime; Cefpirome
5th Generation Ceftobiprole; Ceftaroline; Ceftolozane/Tazobactame
Monobactams Aztreonam
Carbapenems Imipenem/Cilastatin; Meropenem; Doripenem; Ertapenem
Non Glny)pepFide Vancomycin; Tei.coplar'lin; Tel'avancin
B-lactams Antibiotics Dalbavancin; Oritavancin
Others Fosfomycin; Bacitracin; Cycloserine; Nitrofurantoin
Polymyxins Colistin
Cell membrane - - - T
Lipopeptides Daptomycin, Gramicidin
Tetracyclines Tetracycline; Oxytetracycline; Doxycycline; Minocycline
308 Glycyleyclines Tigecycline
Aminoglycosides Streptomycin; Neomycin; Amikacin; Gentamycin; Tobramycin
Macrolides Erythromycin; Clarithromycin; Azithromycin; Spiramycin; Josamycin
Ketolides Telithromycin
Protein Macrocyclic Fidaxomycin
Synthesis 508 Chloramphenicol Chloramphenicol
Oxazolidinones Linezolid; Tedizolid
Lincosamides Clindamycin
Streptogramins Quinupristin/Dalfopristin; Pristinamycin
Others Fusidic Acid; Rifaximin; Retapamulin
Plazomicin; Mupirocin; Nitrofurantoin
Quinolones Nalidixic acid; Cinoxacin
. Ciprofloxacin; Norfloxacin; Ofloxacin
2nd Generation . . .
DNA Enoxacin; Lomefloxacin; Pefloxacin
Topoisomerases Fluoroquinolones 3rd Generation Levofloxacin; Sparfloxacin; Grepafloxacin
. Trovafloxacin; Moxifloxacin; Gatifloxacin
4th Generation . .
Nucleic Gemifloxacin
Acid ‘ Sulf d Sulfamethoxazole; Sulfadiazine; Silver Sulfadiazine
Synthesis Folic acids uHonamides Sulfadoxine; Mafenide; Sulfacetamide
synthetis DHFR inhibitors Trimethoprim; Pyrimethamine
CO Co-Trimazole; Sulfadoxine/Pyrimethamine
DNA (damage) Nitroimidazoles Metronidazole
DNA . . .
(transcritpion) ansamycines Rifamycines
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Figure 1. Structures of antibiotics.
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2. Bacterial Resistance to Antibiotics

Unlike antiseptics used to cure microorganism infections, antibiotics are specific to bacteria and, as a result, they are only used
to treat bacterial infections from both Gram-negative and Gram-positive bacteria [52]. However, the previous decades have been
marked by the emergence of bacterial antibiotic resistance due to the massive consumption of antibiotic exerting selective pressure
on bacterial genome [53]. This issue spearheads different kinds of resistance mechanisms in bacteria to escape the lethal effects of
antimicrobial substances such as the modification of the antibiotic molecule, loss of antibiotic permeability and greater efflux, and
modification of target sites (Figure 2).

Antibiotic targets Antibiotic resistance

<« Efflux pum
RNA/DNA synthesis EEnE

Cell-wall Immunity

and by-pass
Folate synthesis

Cytoplasmic
membrane
Modifications

Protein synthesis of target sites

(ribosome) Inactivating enzyme

Figure 2. Comparison of antibiotic targets and mechanisms of antibiotic resistance. Adapted from [54].

The production of enzymes, able to introduce chemical modifications on the antibiotic, is a well-known mechanism in the
antibiotic resistance acquisition in Gram-positive and Gram-negative bacteria. Most antibiotics concerned by this type of
mechanism perform their activity by inhibiting the protein synthesis as chloramphenicol and aminoglycosides. Acetylation,
phosphorylation, and adenylation are biochemical reactions most currently catalyzed by enzymes leading to an important steric
hindrance decreasing the affinity of the drug for its target [55].

The mechanism of antibiotic destruction involves, in particular, B-lactam antibiotics. B-lactamase enzymes are able to
hydrolyze the B-lactam ring of antibiotics to destroy the amide bond and make the drug inactive [55-57]. These hydrolytic enzymes
are divided into two classes: Ser f-lactamases and metallo-p-lactamases. Ser B-lactamases form an enzyme-antibiotic intermediate
quickly hydrolyzed, while metallo-B-lactamases use Zn?* ion to activate the B-lactam ring hydrolysis [58-60].

Porins are membrane proteins capable of transporting antibiotic molecule inside of the Gram-negative bacterial cells by
diffusion [61]. However, bacteria developed many mechanisms to avoid antibiotics to achieve their cytoplasmic and periplasmic
targets by decreasing the antibiotic absorption by porins. Therefore, mutations on genes coding for porins are responsible of a
decrease of the outer membrane permeability to antibiotics. These mutations can lead to porin loss, change of the size or the
conductance of the porin channel, or a decrease of the number of porins within the membrane. These modifications lead to the
lowest diffusion of the antibiotic in the cell and thus to lower capacity to kill bacteria [62,63].

Discovered in the 1980s in E. coli, efflux pumps are located and encased within the bacterial plasma membrane of both Gram-
positive and Gram-negative bacteria. These bacterial complexes are able to recognize toxic molecules that have penetrated the
bacterial cell-wall and reached the periplasm or the cytoplasm, and bring them out before they reach their targets [64]. These systems
affect a wide range of antibiotics including inhibitors of protein synthesis, quinolones, B-lactams, and polymyxins [62].

A common strategy for bacteria to develop an antibiotic resistance is to avoid the antibiotic action by interfering with the
target site. In this purpose, bacteria has developed many strategies, including the protection of targets and the modification of the
target site that lead to a decrease of the affinity for the antibiotic [65].

e  The alteration of ribosomal subunits leads to drug resistance that affects the protein synthesis.

e  The alteration of PBP is a favored mechanism for Gram-positive bacteria resistance. Mutations in PBP lead to a decrease of
the B-lactam antibiotic affinity to PBP.

e  The alteration of cell-wall precursors consists of a modification of D-Ala-D-Ala sequence to a D-Ala-lactate sequence.
Glycopeptides cannot link to residues, resulting in a resistance development.

e  The mutation of DNA gyrase and topoisomerase IV leads to a bacterial resistance to quinolones. The resistance mechanism
implies modifications of two enzymes. It leads to a failed replication and, so, quinolones cannot bind with enzymes.

e  Ribosomal protection mechanisms induce a bacterial resistance to tetracyclines.

e  RNA polymerase modifications make bacteria resistant to rifampicin.
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3. Useful Photopharmacology

The spread of bacterial antibioresistance is favored by selection pressure, related to the repeated exposure of environmental
microbial populations to active principles released in the environment and via mechanisms of gene resistance transfer [66]. To
combeat this problem, according to the “one health” concept whereby the human, animal and environmental health are closely related
[67], photopharmacology, derived from the combination of photochemistry and pharmacology, is a promising interdisciplinary
approach [68]. This technology is an effective way to photoregulate many essential biological processes [69—72], such as structure
and function of nucleic acid [73] and peptides [74], DNA transcription and translation [75], protein fold [76], enzymatic activity
[77], protein—ligand interactions [78], membrane transport [79], and modulation of receptors [57,70,71]. Photopharmacology is
based on the use of light as an external stimulus to activate drug reversibly [74,75]. First, the medicine is irradiated at the wavelength
of the incident light stemming from a first source, leading to the drug activation as well as a reversible modification of structure
and properties of the compound [80]. After the interaction with its target, the drug is irradiated at the wavelength of the incident
light stemming from a second source making the drug inactive (Figure 3) [57,74,79]. One of the most generally applied strategy for
adding a light-responsive moiety to an antibiotic molecule is its functionalization with a molecular photoswitch [81] which offers
a high level of spatiotemporal resolution and a precise control of the light wavelength and intensity [82].

Recently, several classes of photochroms have been developed and their use on photopharmacology has been widely reported
in literature [67,83—86]. Thus, azobenzenes/stilbenes [83—85], spiropyrans/spirooxazines [86—90], hemiindigos/hemithioindigos
[91,92], fulgides/fulgimides [93-95], and diarylethenes [96,97] are the most used photochromic compounds for biomolecules
functionalization (Figure 4). These photoresponsive moieties can be divided into two groups according to their isomerization mode.
Azobenzenes/stilbenes [98—101], indigos/thioindigos [102—104], and hemiindigo/hemithioindigo [104—106] isomerize via an E/Z
isomerization mode (Figure 4, blue box) [107—109]. Spiropyrans/spirooxazines, fulgides/fulgimides and diarylethenes [75,107],
isomerize via an electrocyclization reaction (Figure 4, red box). As the result, a modification of the geometry of the photoswitch is
observed. Moreover, the modification of certain photoswitches conformation as azobenzenes, spiropyrans and diarylethenes, leads
to polarity and charges changes within the molecule [110,111].
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Q targetted
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i D biological >\ D
@ - effect [ Y
T - —_— =
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~ Drug target O inactive photodynamic/photopharmaceutical agent
" Other receptors [] active photodynamic/photopharmaceutical agent

Figure 3. The concept of photopharmacology. The isomerization of the photopharmaceutical agent, induced by the light, leads to the activation
of the drug which can interact with its target [112].
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Figure 4. Molecular photoswitches based on E/Z-isomerization (left box) and electrocyclization (right box) [113].
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4. Coupling between Photoswitches and Antibiotics

Although the coupling between photoswitches and antibiotics is recent, it was used to fight bacterial antibiotic resistance.
Incorporation of a photochromic group, such as azobenzenes, diarylethenes and spiropyrans, on a classical antibiotic molecule
enables the design of photoresponsive antibiotics of which the antibacterial capacity can be regulated by a light irradiation [81,114—
116]. Thus, several research teams studied this photopharmacologic approach. Among them, Feringa et al. demonstrated the
efficiency of a modified-trimethoprim on bacterial growth inhibition in E. coli [117,118]. They also worked on ciprofloxacin and
norfloxacin on which they incorporated different photoswitches such as azobenzenes and spiropyrans [119,120] to evaluate the
antibacterial activity of photoresponsive molecules. Furthermore, Fu et al. [121,122] also used azobenzenes and coupled them with
a fluoroquinolone antibiotic via an amide bond. Moreover, Zhang et al. [123] and Li et al. [124] used dithienylethenes as
photoswitches to couple them with a fluoroquinolone antibiotic whereas Babii et al. [125] incorporated a diarylethene photoswitch
with Gramicidin S antibiotic.

4.1. Coupling between Azobenzenes and Antibiotics

Trimethoprim is a synthetic antibiotic acting as a DHFR inhibitor to block the folates synthesis in bacteria. Wegener et al.
[117] synthetized photoresponsive analogues of trimethoprim to control their activity in a spatio-temporal manner by the light. In
this way, they synthetized azobenzenes and incorporated them to the 2, 3 or 4 positions of the methoxyphenyl group of the
trimethoprim by Suzuki cross-coupling (2a—f), or by hydroxyl group alkylation at the 4 position via linkers (2g—j). When the
compound was irradiated with a UV light, trans-azobenzene isomerized to cis-azobenzene. Inversely, when the cis-azobenzene was
exposed to visible light, or thermally, it returned to its trans conformer (Figure 5).

All compounds were tested on E. coli before and after irradiation with UV light at 365 nm and the authors determined the
minimal inhibitory concentration of molecules at which 50% of bacterial growth was inhibited (MICso). Among all compounds, 2f
and 2j were mostly inactive up to a concentration of 20 uM before and after irradiation. However, other molecules were active on
E. coli with different degrees of efficacy. If, for most of compounds, the light irradiation did not improve the antibacterial activity,
irradiated compound 2i showed a better antibacterial activity (MICso = 10 uM) than the non-irradiated compound (MICso = 20 uM)
attesting that frans-cis isomerization increased the antibacterial activity. The attainment of compounds coming from the coupling
of azobenzene photoswitches and antibiotics is the most commonly used coupling method. Feringa et al. widely worked on this
subject. In a first publication [112], they brought the proof of concept whereby the use of photoactivable antibiotics enabled the
light-control of the bacterial growth. In this way, they obtained a photoactivable antibiotic by substituting the piperazine ring of a
quinolone by an aryldiazo moiety bearing different substituents (Figure 6). The addition of an aryldiazo moiety made the compound
photoswitchable. Under a UV-light irradiation at 365 nm, the trans-isomer was converted into the cis-isomer. Inversely, under a
visible-light irradiation, the cis-isomer was converted into the frans-isomer. The cis-trans conversion was also possible at room
temperature (Figure 6).

The efficiency of photoswitchable compounds 1-9 was tested, before and after UV-light irradiation by determining their MIC
on E. coli strain. Among the compounds, 2, 4 and 7 showed an increase of antimicrobial activity after irradiation compared to the
antimicrobial activity of non-irradiated compounds (Table 2). The compound 2 showed the higher discrepancy between the
antibacterial activity before irradiation (MIC > 64 pg/mL) and the antibacterial activity after irradiation (MIC = 16 pg/mL). The
compound 2 was, then, tested on M. luteus. The antimicrobial activity after UV-light irradiation at 365 nm (MIC =2 ug/mL) was
8 times higher than the antimicrobial activity before irradiation (MIC = 16 pg/mL). Thus, the UV-light irradiation on
photoswitchable antimicrobial agents enabled the trans—cis isomerisation which led to an increase of molecules potency whereas
the visible-light irradiation enabled the cis—trans conversion which led to a large decrease of the antibiotic activity.
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Figure S. Structurally diverse set of UV light-responsive diaminopyrimidines [117].
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Table 2. MIC values of all compounds * stemming from the incorporation of a photoswitch with an antibiotic before and after irradiation. MIC

8 of 16

values determined for E. coli 3, S. aureus ), M. luteus 1), S. epidermidis 19, S. xylosus €I (values from [117,119,120,122-125)).

Compound Bacterial Strains Bacteria
. . . Non-irradiated MIC /mL 20
Trimethoprim + Azobenzene 2i Irradiated MICso (Sfxgtn%L) : 10%
1 Non-irradiated MIC (ug/mL) glal
Irradiated MIC (ug/mL) 161
2 Non-irradiated MIC (ng/mL) >641; 16l
Irradiated MIC (ug/mL) 161; 2
3 Non-irradiated MIC (ng/mL) >641
Irradiated MIC (ug/mL) >6412]
4 Non-irradiated MIC (ng/mL) >6414]
Irradiated MIC (pg/mL) 320
~ A [a]
Fluoroquinolone + Azobenzene S No&lr;g?a(iizgel\(}&\él(igjﬁn)lL) ig[a]
6 Non-irradiated MIC (ug/mL) >6412
Irradiated MIC (pg/mL) 640
7 Non-irradiated MIC (ug/mL) >6412
Irradiated MIC (ug/mL) 320
8 Non-irradiated MIC (ng/mL) 168
Irradiated MIC (ug/mL) 161
9 Non-irradiated MIC (ng/mL) 640
Irradiated MIC (ug/mL) 64141
. Non-irradiated ICso (UM 94.891; 26.82)
Norfloxacin + Azobenzene Azo-Nor irradiated ICsp (SELISIL) ) 122.950; 40 4T
Ciprofloxacin + Azobenzene Azofloxacin Ni?;;gﬁgﬁ?g&ﬁ;“ ) 0055[ [13;06.255[;]
S Bl > 5
Ciprofloxacin + Spiropyran Spirofloxacin N()Irrlr;gf;:ﬁ\%l\él(iﬁ)lw ) 01.A62255["‘]; >22‘.55[C]
la Non-irradiated MIC (ng/mL) 320, gl
Irradiated MIC (ug/mL) 16%; 8
1b Non-irradiated MIC (ng/mL) 320 161
Irradiated MIC (ug/mL) 20 160
2a Non-irradiated MIC (ng/mL) 161%; 320
Irradiated MIC (ug/mL) 16%; 320
2b Non-irradiated MIC (ug/mL) 16%); 320
Fluoroquinolone + Irradiated MIC (pg/mL) 161%; 320
Dithienylethene (DTE-FQ) 3a Non-irradiated MIC (ug/mL) 320, 16
Irradiated MIC (pg/mL) 8l 161
3b Non-irradiated MIC (ug/mL) 320 16"
Irradiated MIC (pg/mL) 204k 16l
4a Non-irradiated MIC (ng/mL) 320 16
Irradiated MIC (ug/mL) 165 161
4b Non-irradiated MIC (ng/mL) 161; 16
Irradiated MIC (ug/mL) 4, 160
DTE-2FQ1 Non-irradiated MIC (ng/mL) 4k, 160
Fluoroquinolones + Irradiated MIC (pg/mL) 11; 161
Dithienylethene (DTE-2FQ) DTE-2FQ2 Non-irradiated MIC (ug/mL) 41, 1601
Irradiated MIC (pg/mL)) 2al; gib}
GS-Sw(LF) Non-irradiated MIC (ng/mL) 81, 1614; glel
Irradiated MIC (pg/mL)) 1281%); 128141128l
o . GS-Sw(FP Non-irradiated MIC mL 4[bl. gldl: glel
Gramicidin S + Diarylethene (EP) Trradiated MIC (“é}”ﬁ/‘)} ) 3207, 64132)
GS-Sw(PV) Non-irradiated MIC (ng/mL) 401, 414, 4 [l
Irradiated MIC (ug/mL) 16%); 3214); 32

* The numbering of compounds has been retained from articles used to make the table, to facilitate the link between the table and articles
[117,119,120,122-125].

Fu et al. [122] coupled a commercial fluoroquinolone, norfloxacin, with a photochromic azobenzene. Norfloxacin is formed
by a piperazine ring with a free amino group that can be used to be linked to an azobenzene. Thus, they synthetized a
photoswitchable antibacterial agent by conjugating azobenzene (blue) to the amino group of the piperazine ring of norfloxacin (red)
via a linker (black) (Figure 7). The incorporation of the molecular azobenzene photoswitch on the antibiotic enabled the drug
activity control by the light. Indeed, under UV light irradiation, the trans—cis azobenzene isomerization occured whereas the
cis—trans azobenzene isomerization happened under visible light irradiation. To evaluate the capability of the compound to control
the antibacterial activity, it was tested on E. coli and S. aureus by determining the corresponding half maximal inhibitory
concentration (ICsp). Contrary to the results of Feringa et al, the tests showed a large decrease of the antimicrobial activity after
UV-light irradiation on both bacterial strains. In E. coli, the antimicrobial activity was ICso = 94.89 uM before irradiation and I1Cs
= 122.9 uM after irradiation. Similarly, in S. aureus the antimicrobial activity before irradiation was ICso= 26,82 pM and ICso =
40.40 uM after irradiation. So, the antimicrobial effect can be turned-off under UV light.
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The use of an amide linker to couple a fluoroquinolone with a photoswitch unit was used and conduced to coupled compounds.
Thus, Velema et al. [120] worked on the coupling between ciprofloxacin and either an azobenzene, or, a spiropyran photoswitch to
compare both obtained compounds. To synthetize the compounds, carboxylic acid-modified spiropyran and azobenzene were used.
The corresponding acyl chlorides were obtained and conjugated to the amine of the piperazine ring constituting ciprofloxacin. It
led to compounds named spirofloxacin and azofloxacin (Figure 8A) [120]. Spirofloxacin and azofloxacin isomerized under UV
light irradiation at 365 nm by two processes. Indeed, spirofloxacin was composed of a spiropyran photoswitch having an
electrocyclization isomerization process. Under a UV light irradiation, the ring-closed isomer was converted into the open-ring
isomer also called merocyanine. Under visible light irradiation or thermally, the open-ring isomer was converted into the ring-
closed isomer (Figure 8B). Furthermore, azofloxacin, was composed of an azobenzene photoswitch unit, having a trans/cis
isomerization process. Indeed, under a UV light irradiation, the trans—-cis azobenzene isomerization occured whereas under visible-
light irradiation or thermally, the cis—trans azobenzene isomerization happened (Figure 8C).

o
I I
R OH
Oy = e |
N
RNy i Vis, KT SN NK
Trans KCH3 Cis CHs
R= CHj,
O 0 T O O
? 9 7 g e 7
CHs CHs CH3  CH, CH, CH,
F s  F s F Ve o Ve
1 ORI S
0 ? 9
CHj CHy F CHj CHj
6 7 8 9

Figure 6. [somerization process and synthesis of photoswitchable compounds from quinolone. Adapted from [119].
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Figure 7. Structure and isomerization process of the compound Azo-Nor [122].
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Figure 8. Syntheses and isomerization processes of azofloxacin and spirofloxacin [120].
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After the synthesis, the researchers compared the antibacterial activity of spirofloxacin with the antibacterial activity of
azofloxacin by determining the MIC of compounds on E. coli and M. luteus. They also tested the antibacterial activity of the
ciprofloxacin alone to use it as control. Without irradiation, spirofloxacin showed a MIC of 1.25 uM on E. coli, whereas, under UV
light irradiation at 365 nm, the value of MIC was 0.625 uM. Moreover, there was no difference of activity before (MIC > 2.5 uM)
and after (MIC > 2.5 uM) irradiation on M. luteus. In the case of azofloxacin, the antibacterial activity was the same before and
after UV light irradiation (MIC = 0.5 uM) on E. coli. However, on M. luteus, a significant difference between antibacterial activities
before and after UV light irradiation was observed. Indeed, the non-irradiated azofloxacin showed a better antibacterial activity
(MIC = 0.250 uM) compared to the antibacterial activity of the irradiated azofloxacin (MIC = 0.5 uM). Thus, the trans-isomer of
azofloxacin had a better antibacterial activity when it was non-irradiated. Nevertheless, it’s interesting to note that the antibacterial
activity of azofloxacin was 50 times lower than the antibacterial activity of the control (MIC = 12 uM) on M. luteus.

4.2. Coupling between Diarylethene and Antibiotics

The synthesis of new compounds composed of an antibiotic and a photochromic unit different than azobenzene were developed.
Thus, Li et al. [124] worked on the synthesis of a dithienylethene bearing a carboxylic acid group to use it as a photochrom and
coupled it with ciprofloxacin or norfloxacin antibiotics. Indeed, the peptide coupling between the amine of the piperazine ring of
fluoroquinolone and the carboxylic acid group of dithienylethene was realized, by using coupling agents HATU and DIPEA, to
obtain products 1-4 (Figure 9).

s
6

—_—
/ \Hewy \
Cl S CH; g Cl

5 R
7a:R =H 8a:R, =H
7b: R, = CF3 8b: R, = CF3
7c: R1 = OCH3 8c: R1 = OCHS
7d:R, =NMe, 8d: R, = NMe,

HN Rz
10 a: R, = ethyl z
10 b: R, = cyclopropy! :
HATU, DIPEA
DMF, rt, 24h
36-69% la:R =H;R, = ethyl
9c: R, =OCH, 1b: R, = H; R, = cyclopropyl
9d: R, = NMe, 2a:R, =CF,; R, =ethyl
2b: R, =CF,; R, = cyclopropyl
3a: R, =OCH,; R, = ethyl
3b: R, =OCH, ; R, = ethyl
4a: R =NMe,; R, =ethyl
4b: R, =NMe,; R, = ethyl

Figure 9. Synthesis route of switchable antibacterial agents 1-4. Adapted from [122].

The isomerization capacity of all compounds was tested at room temperature. It was found that dithienylethene compounds
14 isomerized by an electrocyclization process. The irradiation by a UV-light at 254 nm of the open-ring isomer led to the ring
closed isomer. Inversely, upon a visible light irradiation (£ > 402 nm), the ring-closed isomer underwent a cycloreversion reaction
leading to the initial open-ring isomer.

The antibacterial properties of all compounds were tested before and after irradiation at 254 nm by determining their MIC on
E. coli and S. aureus (Table 2). Thus, the photoresponsive antimicrobial molecules 1-4 had a similar activity before the UV-light
irradiation on E. coli (MIC = 16-32 pg/mL) and S. aureus (MIC = 8-32 pg/mL). Moreover, all closed-ring isomers did not show a
difference of activity in comparison with opened-ring isomers on S. aureus (MIC = 8-32 pg/mL). On E. coli, all compounds, except
2a and 2b showed an increase of the antibacterial activity after the light irradiation (MIC = 2—16 pg/mL). The observed results
confirmed that the light irradiation can modulate the antibacterial activity of compounds, but in a weakly efficient manner in
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comparison with native fluoroquinolone activity (MIC = 0.125 ug/mL). To increase the antimicrobial activity of the previous
compound, Zhang et al. [123] synthetized a molecule formed by a dithienylethene (DTE) linked to two fluoroquinolone units (FQ)
via an amide bond. In this way, they designed DTE-2FQ1 and DTE-2FQ2 compounds by condensation reaction between
carboxylic groups of dithienylethenes and amine of piperazine ring from norfloxacin and ciprofloxacin, respectively, by using
coupling agents HATU and DIPEA (Figure 10). These two compounds presented an electrocyclization process of isomerization.
Indeed, under a UV-light irradiation at 254 nm, the open-ring isomer isomerized into the ring-closed isomer. Inversely, under a
blue light irradiation at 460-470 nm, ring-closed isomer underwent a cycloinversion reaction which led to the initial open-ring
isomer (Figure 10).

(o] o o o
HO OH
| F F \
o o HATU

DIPEA N N
OH —_———— R N,ﬁ (\N R

N DMF, rt, 24 h K/N I/ \ ]\ N\)

HOOC | S S
HN\) R 46-51% o ©
1 2a: R = ethyl DTE-2FQ1: R = ethyl
2b: R = cyclopropyl DTE-2FQ2: R = cyclopropyl

2 o
e

f F F

N

8 N N
Q ]\ ]\ N(:)

s s
0 )

DTE-2FQ1(0): R = ethyl
DTE-2FQ2(0): R = cyclopropyl

*gn"@w

r& \‘)\(
B DTE-2FQ2(c): R = cyclopropyl

DTE-2FQ1(c): R = ethyl

Figurel0. (A) Synthesis of Diethienylethene-bridged Fluoroquinolones (DTE-2FQ); (B) isomerization process of compounds DTE-2FQ1 and
DTE-2FQ2 [123].

Both compounds were tested on E. coli and S. aureus before and after UV light irradiation by determining their MIC (Table
2). Before UV light irradiation, DTE-2FQ1 and DTE-2FQ2 had lower antimicrobial activities on E. coli (MIC =4 pg/mL) and S.
aureus (MIC = 16-32 pg/mL) compared with ciprofloxacin and norfloxacin (MIC = 0.125 pg/mL). This observation was probably
due to the DTE switch which limited the access to bacteria. However, DTE-2FQ1 and DTE-2FQ2 including two fluoroquinolone
molecules showed an improvement of the antibacterial activity especially on E. coli compared to the corresponding mono-
fluoroquinolone molecules (DTE-FQ1 and DTE-FQ2) [124]. Indeed, before UV light irradiation, DTE-2FQ1 (MIC = 4ug/mL)
had a higher potency than its analogue DTE-FQ1 (MIC = 32 pg/mL). In the same way, DTE-2FQ2 (MIC =4 ng/mL) had a higher
potency than its analogue DTE-FQ2 (MIC = 8 pg/mL). Moreover, a difference of antimicrobial activity for both compounds on E.
coli was observed after UV light irradiation. However, the most interesting was the difference of activity of DTE-2FQ1 compound
which showed a four times higher antimicrobial activity after irradiation (MIC = 1 pg/mL) compared to its activity before irradiation
(MIC =4 pg/mL). Nevertheless, on S. aureus, the difference of antimicrobial activity before and after irradiation was negligible.
Finally, this work showed that the introduction of a DTE photoswitch enabled an increase of antimicrobial activity after the UV
light irradiation of compounds. However, compounds activities remained low in comparison with the native antibiotics.

4.3. Coupling between Diarylethenes and Antibiotics

Babii et al. [125] worked on the synthesis of Gramicidin S analogues containing a diarylethene unit to control its activity by
the light. In this way, they firstly synthetized the photochromic molecule from a diarylethene carboxylic acid 2 by protecting one
of both carboxylic acid group with Fmoc—NH-NH,. Thus, they obtained a protected diarylethene-based amino acid analogue 1 in
one step (Figure 11A). Then, they selected three nonpolar dipeptide units of Gramicidin S (LPF, PFP, and PV) and replaced it with
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the photoswitchable diarylethene (Sw). Therefore, they obtained three different photoresponsive cyclic peptides (GS-Sw(LF), GS-
Sw(FP), and GS-Sw(PV)) that mimic Gramicidin S (Figure 11B). Moreover, the incorporation of a diarylethene photoswitch in
Gramicidin S enabled the compounds isomerization. Diarylethenes showed an electrocyclization photoisomerization process which
involved the transition between opened and closed photoswitches. Under UV light irradiation at 256 nm the compound isomerized
into its ring-closed isomer from its open-ring isomer. Inversely, under visible light irradiation at 530 nm, the ring closed isomer
underwent a cycloreversion and isomerized into the open-ring isomer.

o. X ™\ o . o. [\ 7\ .0
A S S 50% NH S S bu
HO OH ®  FmocHN~ 1
2
NH, NH;
0 0 0 ﬁrﬁ 0
B O)Lj;rJLﬁ; —~) ey
Noowoo 0 ¥° Yo
o%\ o o +|q N ofl\ ok o
! N
o g o} g 0
N CS PN Gs-sw(FP)
NH, NH,
§ o
e HN)\./ - /) %) Q Q H
N i!1 (o] PJ1 S'/ N H o
o’& o H 0 p? N/'o 03\ O H HN<NH
3 ! N ; oy
o} g o} g \QK =
O = —
GS-Sw(LF) "N et -
GS-Sw(PV)

Figure 11. (A) Synthesis of the photoswitching building block.Conditions: Fmoc-hydrazine, DIC, DIPEA, DMF, 8 h. Fmoc—9-
fluorenylmethyloxycarbonyl, DIC—1,3-diisopropylcarbodiimide, DIPEA—N,N-diisopropylethylamine, DMF—AN,N-dimethylformamide. (B)
Gramicidin S (GS) and its three analogues; the photoswitchable peptidomimetics GS-Sw(LF), GS-Sw(FP), and GS-Sw(PV) [125].

The three Gramicidin S analogues were tested on different Gram-positive bacteria by determining their MIC. The results
showed that all analogues exhibited antimicrobial activity at 256 nm without UV light irradiation and had similar antibacterial
activity to Gramicidin S (Table 2). Under UV light irradiation, the compounds isomerized and the ring-closed isomer were less
active than the open-ring isomer for all bacteria strains tested. Moreover, in some concentration ranges, the analogues were able to
suppress the bacterial growth without light irradiation, while they were completely inactive under UV light irradiation.

5. Conclusions

Antibiotics are widely used to treat bacterial infections in animals and human. However, their excessive use is a cause for concern
because of the development of high bacterial resistance due to the accumulation of antibiotics in the environment. Therefore, the use
of photopharmacology seems to be a promising way to combat this problem. This approach, based on the coupling of photochromic
compounds such as azobenzenes, spiropyrans, and diarylethenes, with antibiotics, was applied to determine the effects of light use on
the antibacterial activity of the obtained compounds. For most of the evaluated compounds on E. coli, light exposure allowed an
increase in their antibacterial activity (Table 2). However, the compounds derived from the coupling between norfloxacin and
azobenzene showed a loss of antibacterial activity on E. coli and S. aureus throughout light irradiation. Similarly, Gramicidin S
derivatives showed a decrease in antibacterial activity upon light irradiation on many Gram-positive bacteria (Table 2). Thus, the use
of light is an interesting way to enhance or decrease the antibacterial activity of compounds. Consequently, light is an attractive
alternative to control drug activity and thus to limit the antibiotic resistance in bacteria.
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