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Abstract

Porphyrins (Pors) are well-known photoactive molesuwwith recognized features to be
explored as photosensitisers in the photodynanaictivation (PDI) of microorganisms. The use
of appropriate moieties like pyridinium groups iseanarkable strategy to add peripheral and
internal positive charges in the Por structure mglkthem more effective PSs against Gram-
negative bacteria lik&scherichia coli(E. col). In this context, an easy synthetic access to
obtain cationic Zn(ll) porphyrins bearing thiopyirichm and inverted methoxypyridinium units
(ZnPorslc and2c) was developed and their photo-physical and phb#mical properties were
evaluated. The photodynamic effectiveness of ticesgplexes againstB&. coli strain was also
studied and compared with the efficacy of the gpoading free-bases (Pdrls and2b) and of
the neutral precursof®orsl, 1a, 2, 2a), these last ones in the absence and in the mewEn
potassium iodide salt (KI). The obtained resultsndestrate high PDI efficiency with the
cationic free-baséb and the ZnPo2c; both derivatives were able to photoinactivitecoli till
the detection limit of the method at a concentratd1.0 uM after 20 and 15 min of white light
irradiation (25 mW.cr), respectively. Interestingly, under the same erpental conditions
(1.0 pM and white light), the neutral Pofls {a, 2 and2a) with addition of Kl salt show a fast
inactivation rate, reaching the detection limitled method after 5 min of irradiation.

1. Introduction

The increase and the incorrect use of antibiotisslad to an unintentional selective process
of the microbial population resistant to the actidrseveral antibiotic§ The growth number of
resistant bacterial strains promoted a fast refpdiceof this population and also the ability of
developing mutations which can turn a microorganitmn survive in the presence of
antibiotics?® This microbial mutation has led the scientific coomity to increase efforts to find
efficient alternatives against this resistanceneantimicrobial agents®

Photodynamic inactivation (PDI) of microorganismsmegges as an efficient alternative
methodology to conventional therapeutic strategiBise combination of light irradiation,
molecular oxygen and a photosensitizer (PS) pralueactive oxygen species (ROS), such as
singlet oxygen '0,) and free radicals, that are cytotoxic againsesavpathogenic microbial
agents, such as: bacteria, viruses, fungi and zwafo® One of the main focus of PDI research
is related with the development of promising PSat tban kill rapidly and efficiently
microorganisms under white light irradiatidh.PSs, namely porphyrin (Pdf);*® chlorin
(Chl)*** and phthalocyanine (PEf* derivatives have the ability to interact with
microorganisms, and their capability to generateéSR{ave been related with the efficiency of



microbial inactivation mediated by oxidative streggerted at different cellular targets
simultaneously;?>**thus avoiding the development of resistance meashei* In fact, this
antimicrobial approach has been successfully applieder different contexts like inactivation
of pathogenic microorganisms in wastewate? blood disinfectior,"* skin lesions? dental
infections®***antiviraf***among others>*

It is well-known that the susceptibility differenda Gram-positivevs. Gram-negative
bacteria towards the photodynamic effect is dugaéadifferent constitution of the bacterial cell
wall.>?*3" The use of cationic PS as well as neutral or aniB'$ accompanied by membrane
disruptors (like ethylenediamine tetraacetic a&i)TA, polymypolymyxin B, etc) allow the
close interaction between these PS and the outenbname components (lipoproteins,
lipopolysaccharides) of the Gram-negative bactetia, most difficult to inactivate by PDI.
These interactions increase the efficiency of thetgdynamic process through the favourable
bond of the PS to the bacteria cell w&f3” On the other hand, the photoinactivation of Gram-
positive bacteria can be also easily achieved hytrakeor anionic PS8 Recently, it was
observed that the addition of inorganic salts, uafassium iodide (Kl), can also potentiate the
PDI effect of certain PS§* Even, some neutral or anionic PSs can photoiretetiGram-
negative bacteria when combined with K1 $&it! This extra killing effect is caused by a serial
of side reactions which is initiated by the reattaf 'O, with K| salt producing peroxyiodide
species (HOQYI), that can be degraded according two pathwaysndiépg on the PS binding
degree to the microbial cell. The first pathwayadives the formation of free iodine/l;) and
hydrogen peroxide (D) species®*~**The free iodine, a well-known antimicrobial agest,
able to kill microbial cells when in solution aftezaching a specific threshold concentration.
The amount off15 is not only dependent on the amount®f produced but also on the iodide
anion concentration in solution.

The second pathway involves a homolytic cleavagegss of HOQI producing reactive
iodine radicals 1) that when generated close to the target cellstareh more toxic when
compared with the previous mechanism. These spkais a short lifetime and consequently a
short diffusion distance. The occurrence of an ptoRDI profile in the presence of Kl salt
means that the main contributor for that behavidtarthe free iodine and a gradual
photoinactivation rate means that the short-liwatirie radical is the main killing spedfe.

Considering our interest in developing efficientsRfised on tetrapyrrolic macrocycles and
to evaluate their photodynamic efficacy in the alogeand in the presence of co-adjuvants like
Kl, 3#*“®we decided to evaluate, for the first time, how firesence of thiopyridinium or
inverted methoxypyridinium units in the porphyriore, either as free-base or as zZn(ll)
complexes, could affect the PS photodynamic efficawards a bioluminescent recombin&nt
coli strain, used as a Gram-negative pathogenic bacfEnie establishment of this structure-
activity relationship involved the previously syatized free-base thiopyridinium Pab*" and
inverted methoxypyridinium P&b*® and the corresponding new ZnPticsand2c (Scheme 1).
Additionally, the study was also extended to thetra free-base Porsand2*"*®and to their
corresponding zinc(ll) complexes (ZnPdka and 2a, Scheme 1), where Kl was used as a
potentiator of the PDI effect. The obtained phateiivation results are discussed and compared
considering the photophysical and photochemicgbgnies of the different studied Pors.
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i) Zn(OAc),, MeOH:acetone (3:1), 60 °C; ii) MTPPF, HS@N, K>CO3, DMF, 50 °C;
iii) HoTPPF, HO@N, K2CO3, DMF, 0 °C tor.t.; iv) CH3l, DMF, 50 °C; v) (CH3),SO4, DMF, 80 °C.

Scheme 1

2. Experimental section
2.1. Synthesis and characterization of the photossitizers

The Por derivatives hereafter identifiedhylb, 2, and2b were synthesized according to the
approach developed previously by our research g{8apeme 1§7“® The corresponding ZnPor
derivativesla, 1¢, 2a, and2c were prepared following a similar methodology apidted also in
Scheme 1. All reagents used in this work were m@sell from Sigma-Aldrich and not subject to
any purification process, being directly used ihrahctions due to its elevated purity. The
solvents were used as received or distilled aneddny standard procedur8sAnalytical thin
layer chromatography (TLC) was carried out on pa¢ed sheets with silica gel (Merck 60, 0.2
mm thick). Column chromatography was carried oingisilica gel (Merck, 35-70 mesh).

'H and™F NMR spectra were recorded on a Bruker AMX 300 400 NMR spectrometers,
respectively at 300.13 and 400.13 MHz fbr and 282.38 and 376.46 MHz f&fF. The'*C
NMR spectra were recorded on a Bruker AMX 400 afd MR at 100.62 and 125.77 MHz,
respectively. DMSQJ; was used as the deuterated solvent and tetrarsiding (TMS) as the
internal reference. The chemical shifts are exgedso (ppm) and the coupling constan® (
in Hertz (Hz). ESI-MS spectra were recorded on a@F 2 instrument (Micromass,
Manchester, UK). Solutions of the samples with acemtration of 1 mg/mL were prepared
dissolving the compound in GBI, or MeOH. Samples for ESI analysis were prepared by
diluting 2 puL of the solutions with 20QL of methanol/formic acid (0.1%). Nitrogen was used
as nebulizer gas. Samples were introduced intorthss spectrometer at a flow rate of 10
uL/min, the needle voltage was set at 3000 V, with ion source at 80 °C and desolvation
temperature of 150 °C. The spectra were acquined fmne voltage of 30 V. Data acquisitions
were carried out with a Micromass MassLynx 4 datstesn. The absorption spectra were
recorded on a Shimadzu UV-2501-PC usiNgN'-dimethylformamide (DMF) as solvent.
Steady-state fluorescence spectra oflPBx1c, 2 and2a-2c were recorded in DMF in 1x1 cm
quartz optical cells under PTN conditions on a cotapcontrolled Horiba Jobin Yvon Fluoro-
Max-3 spectrofluorometer. The widths of both exwita and emission slits were set at 5.0 nm.
The fluorescence quantum yielid of the same Pors was calculated in DMF by comgattie
area under spectrum emission of each Por with tha ander the emission spectrum of
5,10,15,20-tetraphenylporphyrifiRP) used as standard referende € 0.11 in DMF)»



2.2. Synthesis of the Zn(Il) complex of the neutraand of the cationic porphyrins
221 Synthesis of 5,10,15,20-tetrakis[2,3,5,6-tafluoro-4-(pyridin-4-

ylsulfanyl)phenyl]porphyrinato zinc(ll), 1a

5,10,15,20-Tetrakis(pentafluorophenyl)porphyrinaiac(ll) (ZNnTPPF,) (420.0 mg, 0.405
mmol), 4-mercaptopyridine (209.0 mg, 1.824 mmoljl arethylamine (188 pL, 1.824 mmol)
were left stirring overnight in 25 mL of DMF at Z&. Then, the reaction mixture was
evaporated until dryness and purified by silicaoamatography column using GEI,/MeOH
(95:5) as eluent. The obtained purple compound, after ysealization from
CH,CIl/MeOH/hexane (2:1:0.5) afforded the desired purévdive 1ain 61% vyield (350.7 mg,
0.247 mmol) being the structure confirmed throdgh *°F, **C NMR, ESI-MS, UV-Vis and
emission characterization techniqu#s.NMR (300.13 MHz, DMSGd): 6 7.71 (dd,J = 4.7,
1.5 Hz,, 8H, Pys-H), 8.61 (ddJ = 4.7, 1.5 Hz, 8H, Pya-H), 9.43 §, 8H, -H) ppm.**F NMR
(282.37 MHz, DMSOQdg): 0 -137.28 (ddJ = 26.5, 11.3 Hz, 8FAr-m-F), -133.19 (dd, = 26.5,
11.3 Hz, 8F Ar-o-F) ppm. **C NMR (100.6 MHz, DMSQd): § 103.8, 109.2, 121.1, 132.9,
144.9, 145.7 — 148.4 (CF), 149.5, 150.0 ppm. ESIN$ 1401.1 [M+H], 701.4 [M+2Hf",
468.1 [M+3H]3+. UV-Vis (DMF): Amax (log €): 423 (5.8), 553 (4.5) nm. Fluorescence (DMF)
Amax 594, 647 nm; Fluorescence Quantum Yidd)(in DMF; ®g = 0.05.

2.2.2 Synthesis of 5,10,15,20-tetrakis[2,3,5,6-tatluoro-4-(1-methylpyridinium-

4-ylsulfanyl)phenyllporphyrinato zinc(ll), 1c

In a sealed tube, Pdm (76.0 mg, 0.054 mmol) and methyl iodide (3 mL,148imol) was
stirred in 10 mL of DMF for 48 h at room temperatuAfterwards, the mixture was cooled in
an ice bath and the product precipitated with dgiegther. The product was retaken in acetone,
re-precipitated with CkCl,, filtered and well washed with GBI,. The compound was dried
under vacuum to yield a purple powder (75.0 mg03&mol, 70%). The structure was
identified as1c by 'H, *F, ®C NMR, ESI-MS, UV-Vis and emission characterization
techniques*H NMR (400.13 MHz, DMSQ4d,): § 4.35 &, 12H, -NCH), 8.44 (d,J = 6.7 Hz, 8H,
Py-0-H), 8.93 (d,J = 6.7 Hz, 8H, Pyn-H), 9.46 6, 8H, -H) ppm.'*F NMR (376.46 MHz,
DMSO-d): ¢ -136.56 (d, J = 26.0, 10.5 Hz, 8F, An-F), -132.51 dd, J = 26.6, 10.5 Hz, 8F,
Ar-0-F) ppm.**C NMR (100.62 MHz, DMSQ): 6 47.3 (NCH), 103.8, 107.0, 123.5, 133.0,
144.9, 145.8 — 148.4 (CF), 149.5, 156.7 ppm. ESIfVS 366.5 [MI* and 487.6 [M + 2H +e
13*. UV-Vis (DMF): Amax (I0g €) 421 (5.6), 553 (4.4) nm; Fluorescence (DM, 592, 645 nm;
Fluorescence Quantum Yield£) in DMF: @ = 0.04.

2.2.3 Synthesis of 5,10,15,20-tetrakis[2,3,5,6-tatluoro-4-(1,4-dihydro-4-

oxopyridin-1-yl)phenyl]porphyrinato zinc(ll), 2a

Por 2 (51.6mg, 0.04Immol) and zinc(ll) acetate (14m8g, 0.081 mmol) were left stirring
overnight in 5mL of MeOH/CHC} (1:1) at 6(°C. Then, the reaction mixture was evaporated
until dryness, re-dissolved in MeOH, precipitatgddioopwise addition of CkCl,/Hexane (1:1),
filtered and washed with water to remove excesBndOAc),. The obtained purple precipitate
was isolated in 76% yield (41.4 mg, 0.031 mmol)e Biructure was identified &s by *H, °F
NMR, ESI-MS, UV-Vis and emission characterizatic&chniques.lH NMR (300.13 MHz,
DMSO-dg): 0 6.55 (d,J = 7.9 Hz, 8H, Pyn-H), 8.24 (dJ = 7.9 Hz, 8H, Py-H), 9.32 (s, 8Hf-
H) ppm.**F NMR (282.38 MHz, DMSQ3): ¢ -145.84 (ddJ = 26.0, 10.1 Hz, 8F, Am-F), -
134.77 (ddJ = 26.0, 10.1 Hz, 8F, Ao-F) ppm."*C NMR (125.77 MHz, DMSQt): 6 103.5,
118.5, 121.1, 122.3, 132.5, 141.4, 143.3 — 14619,(C49.6, 177.5 (C=0). ESI-M@&/z 1337.2
[M+H]*, 669.4 [M+2HF", 446.8 [M+3Hf’+. UV-Vis (DMF): Amax (l0g €) 421 (5.6), 551 (4.2),



582 (3.3) nm. Fluorescence (DMFK)ax 592, 645 nm; Fluorescence Quantum Yieleb)(in
DMF: ® = 0.05.

2.2.4 Synthesis of 5,10,15,20-tetrakis[2,3,5,6-tatluoro-4-(4-methoxypyridinium-

1-yl)phenyl]porphyrinato zinc(ll), 2c

In a sealed tube, P@a (80.0 mg, 0.060 mmol) and dimethylsulphate (300 3..6 mmol)
were dissolved in 5 mL of DMF stirring for 48 h&a °C. After, the mixture was cooled until
room temperature, the product was precipitated digithyl ether. The product was retaken in
MeOH, re-precipitated with Ci€l./hexane, filtered and washed with the same solvEme.
compound was dried under vacuum system for 8 19 &C8to yield a purple powder (50.0 mg,
0.031 mmol, 53%). The structure was identifieady 'H, *F NMR, ESI-MS, UV-Vis and
emission characterization techniquéd. NMR (400.13 MHz, DMSQd): 6 4.37 (s, 12H, -
OCHg), 8.20 (d,J = 6.9 Hz, 8H, Pyn-H), 9.36 (s, 8Hp-H), 9.52 (d,J = 6.9 Hz, 8H, Pys-H)
ppm.*°F NMR (282.37 MHz, DMSQk): J -148.41 (dd,) = 24.0, 8.5 Hz, 8F, Am-F), -137.60
(dd,J = 24.0, 8.5 Hz, 8F, Ao-F) ppm.**C NMR (100.62 MHz, DMSQi): 6 59.3 (O-CH),
103.2, 114.9, 123.3, 132.5, 140.6 — 147.1 (CF),941749.5, 173.9_(C-O-CH ppm. ESI-MS
m/z 349.5 [M[* and 465.3 [M + 2H +F*. UV-Vis (DMF): Amax(l0g €): 423 (5.6), 553 (4.4)
nm. Fluorescence (DMRB).x 597, 648 nm; Fluorescence Quantum Yielg)(in DMF: @ =
0.04.

2.3 Singlet oxygen generation studies

The ability of Porsl, lalc, 2, 2a2c to generate singlet oxygen was evaluated by
monitoring the photooxidation of 9,10-dimethylamtbene (9,10-DMA), a singlet oxygen
quencher™** Solutions of the Pors derivatives afBP in DMF (Abs;;s ~ 0.20) were aerobic
irradiated in quartz cuvettes with monochromatighti(. = 420 nm) in the presence of 9,10-
DMA (~50 uM). A solution of TPP in DMF was used as referenek, (= 0.65)>°°* The kinetics
of 9,10-DMA photooxidation was studied by followitlye decrease in its absorbance at 378 nm
and the result registered in a first-order plot ftive photooxidation of 9,10-DMA
photosensitized by Pors, la-lc, 2, 2a-2c and TPP in DMF. The kinetics of 9,10-DMA
photooxidation in the absence of any compound wa® atudied and no significant
photodegradation was observed under irradiaticfL8tnm in DMF. The results are expressed
as mean and standard deviation obtained from timdependent experiments with two
replicates.

2.4 Photodynamic inactivation studies
2.4.1 Photodynamic inactivation studies and biolunmiescence monitoring

Bioluminescen€k. coli culture was grown overnight #in30 mL of Tryptic Soy Broth (TSB)
and diluted in PBS (pH = 7.49) to a final concetiwraof ~10 CFU.mL?* (corresponding nearly
to 10 RLU). TheE. coli suspension was equally distributed in a sterilidesell cell culture
plate. The bioluminesceR. coli suspension was exposedPSsl, 1a, 2, 2aat 5.0 and 1.0 uM
and1b, 1c, 2b, 2c at 5.0, 2.5 and 1.0 uM that were achieved withatidition of appropriate
volumes of each Por stock solution. ForP%a, 2 and2athe combined effect of each Por with
the potentiator agent Kl salt at 100 mM was alsalated. The samples and controls were
protected from light with aluminium foil and wereamtained in the dark for 10 min to promote
the PS binding to bioluminesce. coli cells. Light control (LC) comprising bacterial
suspension exposed to the same light conditiomeasamples, light control with KI (LC+KI)
comprising bacterial suspension with 100 mM of Kpesed to the same light condition as the
samples and dark controls (DC) comprising bacteigipension incubated with the PS at 5.0



UM and protected from light were also evaluatedeAthe incubation period, samples and
controls were exposed to the white light irradiationder stirring (400 rpm); the room was
maintained cooled in order to keep the samplesmdtant temperature (25 °C). Aliquots of 1.0
mL of samples and controls were collected at dffértimes of light exposure and the
bioluminescence signal was measured in the lumitem@D-20/20 Luminometer, Turner
Designs, Inc., Madison, WI, United States). Theagssvere finished whenever the detection
limit of the luminometer was achieveck( 2.3 log).

Simultaneously, aliquots of treated and control @aswere collected at time 0 and 60 min
or when the detection limit of the luminometer veatieved, serially diluted and pour-plated in
duplicate in Tryptic Soy Agar (TSA) medium. Thempelates were incubated for 24 h at 37 °C
and the concentration of viable cells was deterthibg counting the CFU on the most
appropriate dilution. Three independent experimants three replicates were performed and
the results averaged.

2.4.2 Photosensitizer binding studies

Bioluminescen€. coli suspension adjusted fol0’ CFU mL* in PBS was incubated for 10
min in the dark at 25 °C alone or in the preseriagoh PS], 1a-1c and2, 2a-2c) at the same
concentrations used in the photoinactivation stidie0, 2.5 and 5 uM for cationic species —
1b, 1c, 2b, 2c— and 1.0 and 5.0 uM with and without KI (100 mid) neutral species %, 13,

2, 2a). The unbound PS was removed from the suspengiceridrifugation at 9500 g for 5 min
(Gyrozen 1730R, Korea). The pellets were washeld RBS (3x) and then centrifugated at the
same conditions. The washed pellets were thenpersdsd in 80 pL of DMSO and vigorously
agitated in the vortex, to promote the PS dissmtutiThe content was transferred into a black
96-well-plate and the fluorescence of the cellsnoea PS was measured using a Synergy HT
Pro microplate reader (BioTek Instruments, EUA)MGENS software with excitation set at
550 nm and emission set at 590 nm. The measureneficence intensity allowed the
determination of the corresponding concentrationnipgrpolation with a calibration plot made
with established concentrations of each PS.

Simultaneously, aliquots of 100 pL of the sampled eontrol after incubation time were
collected, serial diluted and plated in TSA for thetermination of the concentration of viable
cells (CFU.mLY). The results were shown in nmol PS/log(CFU). €hirdependent assays
were performed, and the results averaged.

3. Results and discussion
3.1 Synthesis, photophysical and photochemical cheaterization of the porphyrin

derivatives

The neutral T and2) and cationic 1b and2b) free-base Pors were prepared according to
Gomeset al>* and Costat al*’ The zinc(Il) complexeda and2a were prepared using different
sequential approaches: i) in case of Pa(61%), the nucleophilic substitution reaction with
mercaptopyridine was performed after metalation tbé starting template 5,10,15,20-
tetrakis(pentafluorophenyl)porphyritd {TPPF,o) with zinc acetate to obtain thEnTPPF,;
and ii) in case of Pd2a (74%), the reaction dfl,TPPF,, with the 4-hydroxypyridine affording
the free-bas@ preceded the metalation step with zinc acetates&metalation reactions were
easily followed by UV-Vis, being possible to obseithe disappearance of one of the Q bands
of the corresponding free-base Por, due to the ®tmymincrease, characteristic of
metalloporphyrins (Figure 2). The ZnPois and 2c (Scheme 1) were prepared through
cationization of ZnPorda and2a with methyl iodide and dimethylsulphate, respeadtiv Both



cationic ZnPorsXc and2c) were isolated in moderate yields (70 and 53%peaetively). The
structures of all Pors were confirmed by NMR spestopy (Figs. Sl 1-12), ESI-MS
spectrometry (Figs. Sl 13-16), UV-Vis absorption @mission spectroscopy (Figure 1).

The positive mode ESI-MS spectra of the ZnPla$m/z1401.1 [M+H], 701.4 [M+2HF",
468.1 [M+3HF*, Fig. SI 13) and®a (m/z 1337.2 [M+HT, 669.4 [M+2Hf", 446.8 [M+3HJ",
Fig. SI 15) were acquired GBH/formic acid and show, besides the formationhef éxpected
mono-charged ion [M+H]the formation of multi-charged ions due to theatid tri-protonation
of the basic sites present in the porphyrin ¢dta.case of the tetracationic derivatives ZnPors
1c and2c were observed the expected peaksat366.5 and 487.6 (Fig. Sl 14) amiz349.5
and 465.3 (Fig. S| 16) respectively correspondimghe expected [M] and also the resulting
reduction [M + 2H + 8°" species.

The absorption and emission spectra of Horsa-1c and Pors?, 2a-2c were recorded in
DMF solutions at 298 K (Figure 1). All the main pbphysical features such as Soret and Q
band wavelengths, molar extinction coefficierfs fluorescence emission wavelengthgnkJ,

Stokes shift and fluorescence quantum yiedeld &re summarised in Table 1.

-n

3 o F10 T

3 B} s
3 1] El "y @

o < [ 13
P @ - [ o
@ = o @®
Q [z] @ v =3
< ] e oy 2
< = S Y =
£ 2 20. i Lo.s 5
5 ) = v )
[ 3 o ) 2
2 2 3 e o
< < < 4 Z

® >

> N 3 c

r 0.0 T T — 0.0
400 400 600 800
Wavelength /nm Wavelength /nm
— Abs1 — Abs1a — Abs 1b Abs 1c — Abs2 — Abs2a — Abs2b Abs 2c

== Emiss1 --- Emiss1a --- Emiss 1b Emiss 1c --- Emiss 2 --- Emiss 2a --- Emiss 2b Emiss 2¢

Figure 1. Normalized absorption (solid lines) and emissidasfied lines) spectra of Pdrsla-
1cand Porg, 2a-2cin DMF at 298 K.

The UV-Vis absorption spectra of Pats1lb and Pors2, 2b in DMF solutions exhibit a
typical free-base Por features with a strong Smmat atca. 400 nm and three Q bands between
450 and 700 nm (Figure 1, solid lines).

The steady-state fluorescence spectra of Bdts-1c and Porg, 2a-2c were also achieved
in DMF (Figure 1, dashed lines) and exhibit a tworsg emission between 600 and 750 nm.
The fluorescence quantum vyieldBg] of the free-base Poik 1b and Por2, 2b and of their
ZnPorsla, 1c and ZnPora, 2c are presented in Table 1, were it's showed thayt Hre lower
than the standard reference F&P in DMF (@ = 0.11)%° It is worth to refer that the emission
and the fluorescence quantum yield were affectetthéynetalation as expect&d.

Table 1.Photophysical properties of Pdrsla-1c and Por®, 2a-2cin DMF.

Compound | Soret (nm)| loge | Q bands (nm) | loge | Aemiss(NM) | ®F* | @4+ 0.05
506 4.4
637
1 413 5.6 581 3.9 200 0.06 0.87
634 3.1
594
la 423 5.8 553 4.5 647 0.05 0.66
505 4.3 636
1b 413 5.6 a3 20 701 0.02 0.47
592
1c 421 5.6 553 4.4 645 0.04 0.56




505 4.3 637
2 412 55 580 3.9 701 0.08 0.91
646 3.1
551 4.2 592
2a 421 5.6 a7 33 645 0.05 0.56
507 4.4 642
2b 413 5.5 83 39 704 0.03 0.35
597
2c 423 5.6 553 4.4 648 0.04 0.28
#Using TPP as reference in DMF.

The generation ofO, (Fig. Sl 17) was assessed considering that ihigeneral, the major
ROS produced upon irradiation by this type of coomms and one of the main responsible
specie for cell damage and further cell death. Thues production ofO, by each Por was
assessed indirectly by the absorption decay of-B)}I@ solution irradiated in the presence of
each PSY, 1a-1cand2, 2a-2c) having as comparison the got@} generatoPP (@, = 0.65 in
DMF).* According to the obtained results summarized ibl@d., all derivatives are able to
generate singlet oxygen species upon light irraatiaind the free-base Patsand 2 clearly
generate more singlekygen than the ZnPodsa and2a under same irradiation conditions. As
far as the cationic porphyrins are concerned theaZtc shows a slight better performance to
generatéO, than the free-baskb (0.56versus0.47) whilethe opposite is observed for P@ts
and2c (0.35versus0.28).

It is also important to mention that UV-Vis spearof PS solution during its irradiation in
the presence of 100 mM of KI, showed a new banah#tion between 340 and 355 nm due to
the appearance of iodine specie (Fig. SI%38)Here, it is possible to say that during the
photodynamic process, there will be iodine presehich in case of reaching a specific
threshold, it is possible to kill additionally badf. In order to confirm the presence of iodine
specie in the solution it was performed the sintpkt with the amylose of the starch, which
produces a purple color in the presence of iodihe. results of this assay are present in Figure
2 for the neutral Pord(1a, 2 and2a) where it is possible to see the purple colohim$amples
that were used in the photostability assay aftefatiidiction of three drops of a starch solution.

A B
Figure 2. Starch test to assess if there was iodine presetitd irradiated solution in the
presence of 100 mM of KI. A — PS solution addedhwi®0 mM of Kl and three drops of starch



before irradiation and B — PS solution added wiiB inM of Kl and three drops of starch after
irradiation.

It is noteworthy that in case of the irradiated pbam (B), there was the presence of free
iodine derived from the reaction of water with pefiodide which, in turn, came from the
reaction with singlet oxygen and potassium iodide.

The photophysical and photochemical propertiesrdest above for all studied Pors, make
them suitable to be used as potential PSs aganash-GegativeE. coli bacterium. In fact, the
formation of iodine species can help to elucidaterhechanism of the photodynamic process.

3.4 Photodynamic inactivation of bioluminescentEscherichia coli
3.4.1 Photodynamic effect of cationid®S 1b, 1c, 2b and 2c

The free-base thiopyridinium Pab already proved to be efficient in the photoinaation
of Penicillium chrysogenum conidia S. aureusand P. aeruginosd’ Having in mind these
results, it was considered relevant to extend tii3k studies against the bioluminescént
coli, and at the same time to see how the distributidhepositives charges in the macrocycle
and the presence of Zn in its inner core affectpietodynamic action. So, in this section the
PDI results obtained with the cationic free-baseppgrins 1b and 2b and with their Zn(Il)
complexeslc and2c are discussed.

The photodynamic efficiency of the cationic P%s 1c, 2b and2c against the recombinant
bioluminescentE. coli, was evaluated at concentrations 5.0, 2.5 and JMD under
photosynthetically active radiation (PAR) whiteHigat an irradiance of 25 mW.&nThe
results obtained are summarized in Figure 3 anddhmadvn that the inactivation profile of
bioluminescent. coliwith cationic Por derivativesb, 1c, 2b and2cis dependent on the tested
concentration. Also, in these cases, LC and DCs rmbtl promote a decrease on the
bioluminescencde. coli signal, showing that the viability of this recoméant bioluminescent
bacterium was not affected by irradiation and yphesence of PS.

=

5uM B) 2.5uM

KA1

Log bioluminescence (RLU)

N

Log bioluminescence (RLU)
»

Log bioluminescence (RLU)
»

N

0 20 40 60 20 40 60

=)

Time (min) Time (min) Time (min)
LC - Bacteria Control -+ 1b DC-1b -+ 1c DC-1c
- 2b DC-2b - 2C DC-2c

Figure 3. Bioluminescence monitoring of bioluminescé&ntcoli treated with cationic PShb,
1c, 2b and2cat 5.0, 2.5 and 1.0 uM after 60 min of irradiatwith white light at an irradiance
of 25 mW.cnT. The values are expressed as the means of tidtepeindent experiments with
replicates; error bars indicate the standard dewiaDC - dark control; LC - light control.

As expected for Gram-negative bacteria, the cati®ttr derivatives had promoted higher
decrease in the bioluminescence signak.ofoli when compared with the neutral derivatives
(when were tested alone). The most effective PEsmisdo be derivative®c and 1b, since, at
the lowest concentration tested (1.@), the decrease of the bioluminescent signaE otoli
promoted by these compounds achieved the detdatiin(decreases of 4.1 lgg ANOVA, p



< 0.001) after 20 min of irradiation (Figure 3C)h@h these compounds were evaluated at 2.5
and 5.0uM (Figure 3B and 3A, respectively), the detectiamitl of the methodology was
achieved sooner, after 10 min of the PDI protoCaltionic Porslc and2b at 1.0uM (Figure
3C) were also capable to photoinactivecoli, promoting a decrease of 2.7 {jpgnd 1.4 log,
(ANOVA, p < 0.0001), after 60 min of irradiation. At 28 Por 1c (Figure 3B) had promoted
a decrease of the bioluminescent signaEotoli of 2.8 logo (ANOVA, p < 0.0001) after 30
min of the PDI protocol, achieving the detectianitiafter 45 min of PDI protocol. At the same
concentration, Pdzb had affected the viability of the recombinant leaicim causing a decrease
of 3.5 logo (ANOVA, p < 0.0001) in the bioluminescence after 45 minrdiation achieving
the detection limit of the methodology after 15 it the higher concentration (5., Figure
3A) these PSs presented similar photodynamic pfitausing a significant decrease in the
bioluminescence oE. coli till the detection limit of the methodology (deases of 3.7 log,
ANOVA, p < 0.001) after 30 min of irradiation.

In order to correlate the bioluminescence reduaic. coli with the reduction of CFU.mt
at the lower tested concentration (1.0 pM), thevalxiudy was accompanied by the pour plate
methodology. Thus, aliquots of the samples androtamvere collected at times 0 and 60 min of
the PDI assay, serially diluted in PBS and platettiplicate in TSA. The results are presented
in Figure 4.

6- T B 0 min

*%

B 60 min

Log (CFU/mL)
&

Figure 4. Photodynamic inactivation &. coli treated with cationic PSS, 1c, 2b and2cat 1.0
1M after 60 min of irradiation with white light ah irradiance of 25 mW.cfn The values are
expressed as the means of two independent expdsimemor bars indicate the standard
deviation; * there was no colony present; p* 0.0001) significantly different from time O.

These results confirm that the PBsand2c were the most efficient PSs, causing a viability
decrease of 7.3 Igg(ANOVA, p < 0.0001) in the viability oE. coli after 60 min of irradiation
(90 J.cnf). Additionally, the ZnPorilc and Por 2b promoted lowest decrease in
photoinactivation ofE. coli of 2.6 and 1.6 log (ANOVA, p < 0.0001), respectively. These
results also confirm that the irradiation (LC) does affect the viability oE. coli.

It is important to highlight that the results redjag the free-base P3b and2b showed that
the thiopyridinium PofLb could cause a higher decrease in the bioluminescggnal oE. coli
than the methoxypyridinium Pa2b, meaning that the inserted charged units can ttirec
influence the photodynamic activity. The resultsoashowed that the insertion of Zn(ll) in the
nucleus of the cationic Pofd and2b seems to significantly improve the photoinactivati
activity of Por2b, but the same was not verified for Pldr which as free-base have a better
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activity than ZnPorlc. This could be related with their spatial geomettyich could directly
influence their uptake in the bioluminescéntcoli. To understand this fact, PSs binding studies
were also performed for compountls, 1c, 2b and2c for all tested concentrations. The amount
of cationic PSs1b, 1c, 2b and2c) bound to the bioluminesceft coli cells after 10 min of
incubation in the dark is presented in Figure 5.
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Figure 5. Amount of cationic PSslb, 1c, 2b and2c¢) delivered at concentration of 5.0, 2.5 and
1.0 uM bound tce. coli cells after 10 min of incubation in the dark at°25 Values correspond
to the average of three independent experimentsr Bars represent the standard deviation.

The binding PS studies showed that the adsorptiptake) of each PS by bacterial cells is
proportional to the PS concentration tested. At B\, PSslc and2b presented the highest
adsorption values with 3.5 and 4.5 nmol.Log(CEUpspectively. For the same concentration,
PSs1b and2c presented lower adsorption values [1.6 and 1.4.hog(CFU)", respectively].
These results suggest that the most effective RP8geiinactivation ok. coli (Por1b and2c)
have modest adsorption values to the PS uptake bgli cells. Once again, we cannot neglect
all factors that can contribute to the efficiendyaoPS during the photodynamic process. For
example, although Pdrc presented one of the highest adsorption values@nguantum yield,
the PDI efficiency towardE. colifell short of the results achieved for Adrand2c.

Comparing the results with the ones achieved wiih s$tructural analogue 5,10,15,20-
tetrakis(1-methylpyridinium-4-yl)porphyrin tetradae (Tetra-Py(+)-Me), it is possible to
observe that this compound at u® when acting alone with 10 times less irradianeel h
promoted a total inactivation of bioluminescé&ntcoli after 70 min of irradiation (10.5 J/éni®
In the case of metal free tetra-substituted poilipeytb and 2b the total inactivation of
bioluminescentE. coli was achieved after 5 min (7.5 Jignand 30 min of irradiation (45
Jlenf), respectively. These results suggest thatlP® more efficient that the widely studied
Tetra-Py(+)-Me, most probably due tthe higher rotational mobility of the methylpyridim-
4-sulphanyl subunit in porphyribb, allowing a better target adhesion to the baateridn the
contrary, P2b showed to be less efficient th@etra-Py(+)-Me, which can be justified by the
less exposed localization of the positive chargefée macrocycle. In the caseTdtra-Py(+)-

Me the charges are localized at the periphery of theratycle, favouring the adhesionEo
coli, enhancing its photodynamic efficiency.
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Nevertheless, other factors such as PS distribwtiod localization cannot be neglected

when trying to understand the relationship betwienstructural and photophysical properties
with their PDI efficiency.

3.4.2 Photodynamic effect of neutralPSs1, 1a, 2 and 2a
The high efficacy of the neutral porphyritis 13, 2 and2a to generatéO, prompt usto
evaluate their photodynamic action against the méoant bioluminescenE. coli in the
absence in the presence of KI. The effect of timesgral PSs was evaluated at 5.0 and 1.0 uM
under the same irradiations conditions used forctit®nic PSs mentioned aboffégure 6).
The assays with KI were performed using this salt® mM and the PSs also at 5.0 and 1.0
KUM. The KI concentration was selected considermgresults obtained in previous studies and

knowing that higher concentrations can limit thetpcol to clinical area due to the osmotic
stress®®*
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Figure 6. Bioluminescence monitoring &. coli treated with PS4, 1a, 2 and2a at 5.0 (left)
and 1.0 pM (right) at different periods of time den white light irradiation of 25.0 mW.c¢m

The values are expressed as the means of thregeeimdlent experiments; error bars indicate the
standard deviation; DC - dark control; LC - liglontrol.

In the cases of the LCs (bacteria and bacteria Miittand DC (bacteria with PS in the dark)
no decrease irE. coli bioluminescent signal was detected. These resudicate that the
viability of this recombinant bioluminescent baatem was not affected by irradiation, by
presence of the Kl salt or by the PS in the datkehighest tested concentration.
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The obtained results for the neutral P§sla 2, 2a at 5.0 and 1.0 uM (Figure 6
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Figure 6) demonstrated that their efficacy is gjigimproved by the presence of KI. In the
case of results achieved after photodynamic treattiordy with the PS at a concentration of 1.0
uM, no significant reductions on the bioluminescent&. coli was attained. However, when
these PS4, 1a, 2, 2a at concentrations of 1,0M were combined with KI at 100 mM it was
observed a decrease of the bioluminescent sighdketilimit of detection of the methodology
[reduction > 4.3 log (ANOVA, p < 0.0001)] after 5 min of irradiation. When thd38 were
tested at 5.0 uM alone, A& and2a had promoted equal photoinactivation rates wittreleses
of the bioluminescent signal of 1.3 IggANOVA, p < 0.0001). PSL at 5.0uM caused a
decrease of the bioluminescent signal ofEheoli of 1.2 log, (ANOVA, p < 0.0001) and P3
was the less efficient PS, causing a decrease9fo@, (ANOVA, p < 0.0001). As in the
previously case, the combination of these PS90qtM.with KI had promoted a decrease of the
bioluminescent signal till de limit of detection tfie methodology [reduction of 4.3 lgg
(ANOVA, p < 0.0001)] after 5 min of irradiation.

These results show that all these PSs, althougigbetutral, when combined with Kl are
capable to photoinactivate a Gram-negative bacteriy similar effect, in this case using the
anionic 5,10,15,20-tetrakis(4-sulfonatophenyl)perph dihydrochloride TPPS), was also
reported by Hamblin, where the combination of taisonic PS with Kl had promoted the
efficient photoinactivation oE. coli*® Also, Hamblinet al. had shown that the addition of KI
(100 mM) to xanthene Rose Bengal (a non-efficieSt tB photoinactivate Gram-negative
bacteria when used alone), potentiated its effethé photoinactivation of the Gram-negative
E. coli andP. aeruginosa® More recently, an efficient combination of the Rdengal and
Eosin with Kl was reported in the photoinactivati® Typhimurium a Gram-negative
bacteriunt® It was also demonstrated, for the first time, thae photoinactivation ofs.
Typhimuriumby both xanthenes with Kl did not induce the depetent of resistance.
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It is important to highlight that according withethest of the amylose in starch (Figure 2) and

the killing curve of bioluminescent E. coli (Figure 6
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Figure 6), it is possible to observe that the poedufree iodine specie reached a sufficient
threshold that could photoinactivate to the detectimit of the methodE. coli after 5 min of
irradiation. Due to the abrupt decrease inEheoli survival (Figure 4) it is possible to infer that
the mechanism of action of the combination oflP$a, 2, 2a and Kl is probably related to the
preferential decomposition of the peroxyiodide ifree iodine (/13).%%4+4

In order to correlate the bioluminescence reduatidh. coli with the reduction of CFU mit
with the smallest concentration of PS (1.0 uM), phevious study was accomplished with the
pour plate methodology. So, aliquots of the samatesb controls were collected at times 0 and

60 min of the PDI assay, serially diluted in PBS @tated in triplicate in TSA. The results are
presented in Figure 7.
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Figure 7. Photodynamic inactivation of bioluminescéntcoli treated with PS§, 1a, 2 and2a
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at 1.0 uM with and without KI (100 mM) after 60 mai irradiation with white light at an
irradiance of 25 mW.cih The values are expressed as the means of twgendent
experiments; error bars indicate the standard temia* there was no colony present; *p €
0.0001) significantly different from time 0.

The results showed that, as previously mentioneédydtentiated the PDI effect of Pots
1a, 2 and 2a when combined with Kl at 100 mM. These combinaiaaused a bacterial
viability decreasing of 7.5 log (ANOVA < 0.0001) ofE. coli after 60 min of light irradiation
(25 mw.cnf). These results also confirm that the irradiat{b@ - bacteria) and Kl (LC -
bacteria with KI) does not affect the viability thie bioluminescert. coli. It is also evident that
when these PSs act alone, no effect on the vigbiliE. coliwas observed.

In order to explain the results of the PDI assays @ccess the influence of Kl in adsorption
of PS toE. coli, PS binding studies were performed. The amoumteotral PSs( 1a, 2 and
2a) bound toE. coli cells after 10 min of incubation in the dark at Z5is summarized in
Figure 8.
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Figure 8. Amount of neutral PS<l(1a, 2 and2a) delivered at the concentration of 5.0 and 1.0
LM in the absence or presence of Kl at 100 mM bdarkd coli cells after 10 min of incubation
in the dark at 25 °C. Values correspond to theameeof three independent experiments. Error
bars represent the standard deviation.

PSs2aand2 at 5 uM, showed the highest adsorptioit@oli cells with an average value of
5.0 and 4.4 nmol.Log(CFU) respectively. PSs andla presented the lowest adsorption having
an average of 0.4 and 0.7 nmol.Log(CEU)espectively. It is also possible to observe that
neither Kl nor the insertion of Zn(ll) seems tolirgnce the adsorption of Pdtsla, 2 and2a
by the bioluminescenE. coli. On the other hand, the different substituentg¢sum the Por
skeleton (thiopyridyl or pyridinone) promoted diéat results in the binding studies: the
pyridinone PorR and ZnPoRa have better adsorption (4 times higher) when coatwith the
corresponded thiopyridyl Pdrand ZnPorla. This aspect can be due to the PS localization in
the bacterial cell which will be also responsibte the different photodynamic behaviour
profile.

The adsorption results can justify, in one hand, tigher PDI effect of Pda (5.0 uM) in
the absence of KI. However, this cannot supportetipgal activity of PS ofa which revealed
one of the lowest adsorption values. It is wellwoented that the photodynamic inactivation
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efficiency of PSs is dependent not only by the Rty to the bacterial cell but also by the
singlet oxygen generation capacity and the ampliipttiaracter of the molecufélIn this case,
PSsla have higher capability to generdt®, when compared t@a, which may explain the
similarity of the photodynamic efficiencies of teeBSs. The same concept could explain the
results achieved with P8 this compound has one the lowest value of adsergo E. coli,
however it was not the less efficient in the phodgtivation ofE. coli. Looking to the quantum
yield of 'O, generation it is possible to observe that thisiea$ similar to compoungia, which
may also explain the photodynamic efficiency. RBesides the high affinity t&. coli cell and
the higher yield'O,, was the less efficient PS in the photoinactivatid this bacterium. To
understand this behavior, we cannot neglect othetofs that can also contribute to the
efficiency of these PSs, such as aggregation behawid photostability. In fact, PSrevealed

to be the less stable compound when in solutiomingahigher rates of photodecomposition
when irradiated in the PDI conditions and highegragation behavior (when maintained in
solution in dark). These two factors can justife foor ability to photoinactivate. coli. The
results achieved in this study are really promisiviten compared with the ones previously
reported for the neutral analogue 5,10,15,20-#@4pg(idyl)porphyrin (Tetra-Py) in the
photoinactivation of bioluminesceht coli:*® this PS alone or combined with K| was not able to
photoinactivate this bacterium, even after 240 winirradiation (36 J/cf3). However, the
neutral PS4 and2 were able to inactivaté. coli, showing higher photoinactivation rates, even
in the absence of KI. This fact could be also duthé higher aggregation behavior observed for
Tetra-Py in agueous media, limiting its action #&Sa

4. Conclusion

The ZnPorslc and 2c were prepared and structurally characterized byRNNMIV-Vis
absorption, emission spectroscopy and mass spestinom The photophysical and
photochemical studies showed that all the syntbdtRors 1, la-1c and2, 2a-2c) were able to
generate singlet oxygen species and presented atedephotostability under white light
irradiation.

From the PDI studies it was found that even thdérae®orsl, 1a, 2 and2a, at 5.0 and 1.0
uM when combined with Kl were capable to photoinze efficiently Gram-negative
bacterium bioluminescei. coli. The starch assays led us to infer that the freméoproduced
reached an enough threshold that could photoiratetivompletel\E. coli after 5 min of white
light irradiation.

Cationic PSsdlb, 1c, 2b and 2c were also effective as PSs in the photoinactinatib the
Gram-negative bacterium. At concentration of 5.0, jaMthese PSs promoted a decrease in the
viability of E. colitill the detection limit of the methodology. Howexy at lower concentrations,
1 uM, only PSdb and2c were capable to promote a decreask.igoli bioluminescent signal
till the method detection limit, after 20 and 15oif treatment, respectively.

The binding studies of all neutral and cationic Boowed that the PDI efficiency of each
PS, are related not only to the PSs uptakg.bgoli cells, but also to their capability to generate
'0,, photostability and aggregation behavior, chaig&idution and amphiphilicity.
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Highlights

PDI with thiopyridyl/pyridinone porphyrins combined with potassium iodide and
thiopyridinium/methoxypyridinium porphyrins were effective to photoinactivate E. coli.

Neutral and cationic porphyrins are able to generate singlet oxygen under white light
irradiation.

Neutral PSs 1, 1a, 2 and 2a with addition of Kl salt show a fast inactivation rate of the Gram-
negative bacterium, reaching the detection limit of the method after 5 min of light irradiation.

Cationic PSs 1b, 1c, 2b and 2c at concentration of 5.0 UM promoted a decrease in the viability
of E. coli till the detection limit of the methodology.
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