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Abstract 
Porphyrins (Pors) are well-known photoactive molecules with recognized features to be 

explored as photosensitisers in the photodynamic inactivation (PDI) of microorganisms. The use 
of appropriate moieties like pyridinium groups is a remarkable strategy to add peripheral and 
internal positive charges in the Por structure making them more effective PSs against Gram-
negative bacteria like Escherichia coli (E. coli). In this context, an easy synthetic access to 
obtain cationic Zn(II) porphyrins bearing thiopyridinium and inverted methoxypyridinium units 
(ZnPors 1c and 2c) was developed and their photo-physical and photo-chemical properties were 
evaluated. The photodynamic effectiveness of these complexes against a E. coli strain was also 
studied and compared with the efficacy of the corresponding free-bases (Pors 1b and 2b) and of 
the neutral precursors (Pors 1, 1a, 2, 2a), these last ones in the absence and in the presence of 
potassium iodide salt (KI). The obtained results demonstrate high PDI efficiency with the 
cationic free-base 1b and the ZnPor 2c; both derivatives were able to photoinactivate E. coli till 
the detection limit of the method at a concentration of 1.0 µM after 20 and 15 min of white light 
irradiation (25 mW.cm-2), respectively. Interestingly, under the same experimental conditions 
(1.0 µM and white light), the neutral Pors (1, 1a, 2 and 2a) with addition of KI salt show a fast 
inactivation rate, reaching the detection limit of the method after 5 min of irradiation. 
 
 

1. Introduction 
The increase and the incorrect use of antibiotics has led to an unintentional selective process 

of the microbial population resistant to the action of several antibiotics.1 The growth number of 
resistant bacterial strains promoted a fast replication of this population and also the ability of 
developing mutations which can turn a microorganism to survive in the presence of 
antibiotics.2,3 This microbial mutation has led the scientific community to increase efforts to find 
efficient alternatives against this resistance to the antimicrobial agents.2–5 

Photodynamic inactivation (PDI) of microorganisms emerges as an efficient alternative 
methodology to conventional therapeutic strategies. The combination of light irradiation, 
molecular oxygen and a photosensitizer (PS) produces reactive oxygen species (ROS), such as 
singlet oxygen (1O2) and free radicals, that are cytotoxic against several pathogenic microbial 
agents, such as: bacteria, viruses, fungi and protozoa.6–8 One of the main focus of PDI research 
is related with the development of promising PSs that can kill rapidly and efficiently 
microorganisms under white light irradiation.8,9 PSs, namely porphyrin (Por),10–18 chlorin 
(Chl),14,19 and phthalocyanine (Pc)20,21 derivatives have the ability to interact with 
microorganisms, and their capability to generate ROS have been related with the efficiency of 
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microbial inactivation mediated by oxidative stress exerted at different cellular targets 
simultaneously,5,22–24 thus avoiding the development of resistance mechanisms.5,25 In fact, this 
antimicrobial approach has been successfully applied under different contexts like inactivation 
of pathogenic microorganisms in wastewater,26–28 blood disinfection,11,29 skin lesions,30 dental 
infections,31,32 antiviral33,34 among others.1,35,36 

It is well-known that the susceptibility difference in Gram-positive vs. Gram-negative 
bacteria towards the photodynamic effect is due to the different constitution of the bacterial cell 
wall.5,23,37 The use of cationic PS as well as neutral or anionic PS accompanied by membrane 
disruptors (like ethylenediamine tetraacetic acid, EDTA, polymypolymyxin B, etc) allow the 
close interaction between these PS and the outer membrane components (lipoproteins, 
lipopolysaccharides) of the Gram-negative bacteria, the most difficult to inactivate by PDI. 
These interactions increase the efficiency of the photodynamic process through the favourable 
bond of the PS to the bacteria cell wall.1,23,37 On the other hand, the photoinactivation of Gram-
positive bacteria can be also easily achieved by neutral or anionic PSs.23,37 Recently, it was 
observed that the addition of inorganic salts, such potassium iodide (KI), can also potentiate the 
PDI effect of certain PSs.38,39 Even, some neutral or anionic PSs can photoinactivate Gram-
negative bacteria when combined with KI salt.39–41 This extra killing effect is caused by a serial 
of side reactions which is initiated by the reaction of 1O2 with KI salt producing peroxyiodide 
species (HOOI2

-), that can be degraded according two pathways depending on the PS binding 
degree to the microbial cell. The first pathway involves the formation of free iodine (I2/I�

�) and 
hydrogen peroxide (H2O2) species.38,41–43 The free iodine, a well-known antimicrobial agent, is 
able to kill microbial cells when in solution after reaching a specific threshold concentration. 
The amount of I2/I�

� is not only dependent on the amount of 1O2 produced but also on the iodide 
anion concentration in solution. 

The second pathway involves a homolytic cleavage process of HOOI2
- producing reactive 

iodine radicals (I�
�.) that when generated close to the target cells are much more toxic when 

compared with the previous mechanism. These species have a short lifetime and consequently a 
short diffusion distance. The occurrence of an abrupt PDI profile in the presence of KI salt 
means that the main contributor for that behaviour is the free iodine and a gradual 
photoinactivation rate means that the short-lived iodine radical is the main killing specie.41 

Considering our interest in developing efficient PSs based on tetrapyrrolic macrocycles and 
to evaluate their photodynamic efficacy in the absence and in the presence of co-adjuvants like 
KI, 38,44–46 we decided to evaluate, for the first time, how the presence of thiopyridinium or 
inverted methoxypyridinium units in the porphyrin core, either as free-base or as Zn(II) 
complexes, could affect the PS photodynamic efficacy towards a bioluminescent recombinant E. 
coli strain, used as a Gram-negative pathogenic bacteria. The establishment of this structure-
activity relationship involved the previously synthetized free-base thiopyridinium Por 1b47 and 
inverted methoxypyridinium Por 2b48 and the corresponding new ZnPors 1c and 2c (Scheme 1). 
Additionally, the study was also extended to the neutral free-base Pors 1 and 247,48 and to their 
corresponding zinc(II) complexes (ZnPors 1a and 2a, Scheme 1), where KI was used as a 
potentiator of the PDI effect. The obtained photoinactivation results are discussed and compared 
considering the photophysical and photochemical properties of the different studied Pors. 
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Scheme 1 

 
 

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

The Por derivatives hereafter identified by 1, 1b, 2, and 2b were synthesized according to the 
approach developed previously by our research group (Scheme 1).47,48 The corresponding ZnPor 
derivatives 1a, 1c, 2a, and 2c were prepared following a similar methodology as depicted also in 
Scheme 1. All reagents used in this work were purchased from Sigma-Aldrich and not subject to 
any purification process, being directly used in all reactions due to its elevated purity. The 
solvents were used as received or distilled and dried by standard procedures.49 Analytical thin 
layer chromatography (TLC) was carried out on precoated sheets with silica gel (Merck 60, 0.2 
mm thick). Column chromatography was carried out using silica gel (Merck, 35-70 mesh). 

1H and 19F NMR spectra were recorded on a Bruker AMX 300 and 400 NMR spectrometers, 
respectively at 300.13 and 400.13 MHz for 1H and 282.38 and 376.46 MHz for 19F. The 13C 
NMR spectra were recorded on a Bruker AMX 400 and 500 NMR at 100.62 and 125.77 MHz, 
respectively. DMSO-d6 was used as the deuterated solvent and tetramethylsilane (TMS) as the 
internal reference. The chemical shifts are expressed in δ (ppm) and the coupling constants (J) 
in Hertz (Hz). ESI-MS spectra were recorded on a Q-TOF 2 instrument (Micromass, 
Manchester, UK). Solutions of the samples with a concentration of 1 mg/mL were prepared 
dissolving the compound in CH2Cl2 or MeOH. Samples for ESI analysis were prepared by 
diluting 2 µL of the solutions with 200 µL of methanol/formic acid (0.1%). Nitrogen was used 
as nebulizer gas. Samples were introduced into the mass spectrometer at a flow rate of 10 
µL/min, the needle voltage was set at 3000 V, with the ion source at 80 °C and desolvation 
temperature of 150 °C. The spectra were acquired for a cone voltage of 30 V. Data acquisitions 
were carried out with a Micromass MassLynx 4 data system. The absorption spectra were 
recorded on a Shimadzu UV-2501-PC using N,N´-dimethylformamide (DMF) as solvent. 
Steady-state fluorescence spectra of PS 1, 1a-1c, 2 and 2a-2c were recorded in DMF in 1×1 cm 
quartz optical cells under PTN conditions on a computer controlled Horiba Jobin Yvon Fluoro-
Max-3 spectrofluorometer. The widths of both excitation and emission slits were set at 5.0 nm. 
The fluorescence quantum yield (ΦF) of the same Pors was calculated in DMF by comparing the 
area under spectrum emission of each Por with the area under the emission spectrum of 
5,10,15,20-tetraphenylporphyrin (TPP) used as standard reference (ΦF = 0.11 in DMF).50 
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2.2. Synthesis of the Zn(II) complex of the neutral and of the cationic porphyrins 

2.2.1 Synthesis of 5,10,15,20-tetrakis[2,3,5,6-tetrafluoro-4-(pyridin-4-
ylsulfanyl)phenyl]porphyrinato zinc(II) , 1a 

5,10,15,20-Tetrakis(pentafluorophenyl)porphyrinato zinc(II) (ZnTPPF20) (420.0 mg, 0.405 
mmol), 4-mercaptopyridine (209.0 mg, 1.824 mmol) and diethylamine (188 µL, 1.824 mmol) 
were left stirring overnight in 25 mL of DMF at 25 ºC. Then, the reaction mixture was 
evaporated until dryness and purified by silica chromatography column using CH2Cl2/MeOH 
(95:5) as eluent. The obtained purple compound, after recrystallization from 
CH2Cl2/MeOH/hexane (2:1:0.5) afforded the desired pure derivative 1a in 61% yield (350.7 mg, 
0.247 mmol) being the structure confirmed through 1H, 19F, 13C NMR, ESI-MS, UV-Vis and 
emission characterization techniques. 1H NMR (300.13 MHz, DMSO-d6): δ 7.71 (dd, J = 4.7, 
1.5 Hz,, 8H, Py-o-H), 8.61 (dd, J = 4.7, 1.5 Hz, 8H, Py-m-H), 9.43 (s, 8H, β-H) ppm. 19F NMR 
(282.37 MHz, DMSO-d6): δ -137.28 (dd, J = 26.5, 11.3 Hz, 8F, Ar-m-F), -133.19 (dd, J = 26.5, 
11.3 Hz, 8F, Ar-o-F) ppm. 13C NMR (100.6 MHz, DMSO-d6): δ 103.8, 109.2, 121.1, 132.9, 
144.9, 145.7 – 148.4 (CF), 149.5, 150.0 ppm. ESI-MS m/z: 1401.1 [M+H]+, 701.4 [M+2H]2+, 

468.1 [M+3H]3+. UV-Vis (DMF): λmax (log ε): 423 (5.8), 553 (4.5) nm. Fluorescence (DMF) 
λmax 594, 647 nm; Fluorescence Quantum Yield (ФF) in DMF: ФF = 0.05. 
 

2.2.2 Synthesis of 5,10,15,20-tetrakis[2,3,5,6-tetrafluoro-4-(1-methylpyridinium- 
4-ylsulfanyl)phenyl]porphyrinato zinc(II) , 1c 

In a sealed tube, Por 1a (76.0 mg, 0.054 mmol) and methyl iodide (3 mL, 48.1 mmol) was 
stirred in 10 mL of DMF for 48 h at room temperature. Afterwards, the mixture was cooled in 
an ice bath and the product precipitated with diethyl ether. The product was retaken in acetone, 
re-precipitated with CH2Cl2, filtered and well washed with CH2Cl2. The compound was dried 
under vacuum to yield a purple powder (75.0 mg, 38.0 mmol, 70%). The structure was 
identified as 1c by 1H, 19F, 13C NMR, ESI-MS, UV-Vis and emission characterization 
techniques. 1H NMR (400.13 MHz, DMSO-d6): δ 4.35 (s, 12H, -NCH3), 8.44 (d, J = 6.7 Hz, 8H, 
Py-o-H), 8.93 (d, J = 6.7 Hz, 8H, Py-m-H), 9.46 (s, 8H, β-H) ppm. 19F NMR (376.46 MHz, 
DMSO-d6): δ -136.56 (dd, J = 26.0, 10.5 Hz, 8F, Ar-m-F), -132.51 (dd, J = 26.6, 10.5 Hz, 8F, 
Ar-o-F) ppm. 13C NMR (100.62 MHz, DMSO-d6): δ 47.3 (NCH3), 103.8, 107.0, 123.5, 133.0, 
144.9, 145.8 – 148.4 (CF), 149.5, 156.7 ppm. ESI-MS m/z: 366.5 [M]4+ and 487.6 [M + 2H + e-

]3+. UV-Vis (DMF): λmax (log ε) 421 (5.6), 553 (4.4) nm; Fluorescence (DMF) λmax 592, 645 nm; 
Fluorescence Quantum Yield (ФF) in DMF: ФF = 0.04. 
 

2.2.3 Synthesis of 5,10,15,20-tetrakis[2,3,5,6-tetrafluoro-4-(1,4-dihydro-4-
oxopyridin-1-yl)phenyl]porphyrinato zinc(II) , 2a 

Por 2 (51.6 mg, 0.041 mmol) and zinc(II) acetate (14.8 mg, 0.081  mmol) were left stirring 
overnight in 5 mL of MeOH/CHCl3 (1:1) at 60 °C. Then, the reaction mixture was evaporated 
until dryness, re-dissolved in MeOH, precipitated by dropwise addition of CH2Cl2/Hexane (1:1), 
filtered and washed with water to remove excess of Zn(OAc)2. The obtained purple precipitate 
was isolated in 76% yield (41.4 mg, 0.031 mmol). The structure was identified as 2a by 1H, 19F 
NMR, ESI-MS, UV-Vis and emission characterization techniques. 1H NMR (300.13 MHz, 
DMSO-d6): δ 6.55 (d, J = 7.9 Hz, 8H, Py-m-H), 8.24 (d, J = 7.9 Hz, 8H, Py-o-H), 9.32 (s, 8H, β-
H) ppm. 19F NMR (282.38 MHz, DMSO-d6): δ -145.84 (dd, J = 26.0, 10.1 Hz, 8F, Ar-m-F), -
134.77 (dd, J = 26.0, 10.1 Hz, 8F, Ar-o-F) ppm. 13C NMR (125.77 MHz, DMSO-d6): δ 103.5, 
118.5, 121.1, 122.3, 132.5, 141.4, 143.3 – 146.9 (CF), 149.6, 177.5 (C=O). ESI-MS m/z: 1337.2 

[M+H] +, 669.4 [M+2H]2+, 446.8 [M+3H]3+. UV-Vis (DMF): λmax (log ε) 421 (5.6), 551 (4.2), 
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582 (3.3) nm. Fluorescence (DMF) λmax 592, 645 nm; Fluorescence Quantum Yield (ФF) in 
DMF: ФF = 0.05. 
 

2.2.4 Synthesis of 5,10,15,20-tetrakis[2,3,5,6-tetrafluoro-4-(4-methoxypyridinium-
1-yl)phenyl]porphyrinato zinc(II) , 2c 

In a sealed tube, Por 2a (80.0 mg, 0.060 mmol) and dimethylsulphate (300 µL, 3.16 mmol) 
were dissolved in 5 mL of DMF stirring for 48 h at 80 ºC. After, the mixture was cooled until 
room temperature, the product was precipitated with diethyl ether. The product was retaken in 
MeOH, re-precipitated with CH2Cl2/hexane, filtered and washed with the same solvent. The 
compound was dried under vacuum system for 8 h at 80 ºC to yield a purple powder (50.0 mg, 
0.031 mmol, 53%). The structure was identified as 2c by 1H, 19F NMR, ESI-MS, UV-Vis and 
emission characterization techniques. 1H NMR (400.13 MHz, DMSO-d6): δ 4.37 (s, 12H, -
OCH3), 8.20 (d, J = 6.9 Hz, 8H, Py-m-H), 9.36 (s, 8H, β-H), 9.52 (d, J = 6.9 Hz, 8H, Py-o-H) 
ppm. 19F NMR (282.37 MHz, DMSO-d6): δ -148.41 (dd, J = 24.0, 8.5 Hz, 8F, Ar-m-F), -137.60 
(dd, J = 24.0, 8.5 Hz, 8F, Ar-o-F) ppm. 13C NMR (100.62 MHz, DMSO-d6): δ 59.3 (O-CH3), 
103.2, 114.9, 123.3, 132.5, 140.6 – 147.1 (CF), 147.9, 149.5, 173.9 (C-O-CH3) ppm. ESI-MS 
m/z: 349.5 [M]4+ and 465.3 [M + 2H + e-]3+. UV-Vis (DMF): λmax (log ε): 423 (5.6), 553 (4.4) 
nm. Fluorescence (DMF) λmax 597, 648 nm; Fluorescence Quantum Yield (ФF) in DMF: ФF = 
0.04. 
 

2.3 Singlet oxygen generation studies 
The ability of Pors 1, 1a-1c, 2, 2a-2c to generate singlet oxygen was evaluated by 

monitoring the photooxidation of 9,10-dimethylanthracene (9,10-DMA), a singlet oxygen 
quencher.51,52 Solutions of the Pors derivatives and TPP in DMF (Abs418 ~ 0.20) were aerobic 
irradiated in quartz cuvettes with monochromatic light (λ = 420 nm) in the presence of 9,10-
DMA (~50 µM). A solution of TPP in DMF was used as reference (Φ∆ = 0.65).50,53 The kinetics 
of 9,10-DMA photooxidation was studied by following the decrease in its absorbance at 378 nm 
and the result registered in a first-order plot for the photooxidation of 9,10-DMA 
photosensitized by Pors 1, 1a-1c, 2, 2a-2c and TPP in DMF. The kinetics of 9,10-DMA 
photooxidation in the absence of any compound was also studied and no significant 
photodegradation was observed under irradiation at 418 nm in DMF. The results are expressed 
as mean and standard deviation obtained from three independent experiments with two 
replicates. 
 

2.4 Photodynamic inactivation studies 
2.4.1 Photodynamic inactivation studies and bioluminescence monitoring 

Bioluminescent E. coli culture was grown overnight in ≈ 30 mL of Tryptic Soy Broth (TSB) 
and diluted in PBS (pH = 7.49) to a final concentration of ~107 CFU.mL-1 (corresponding nearly 

to 107 RLU). The E. coli suspension was equally distributed in a sterilized 6-well cell culture 
plate. The bioluminescent E. coli suspension was exposed to PSs 1, 1a, 2, 2a at 5.0 and 1.0 µM 
and 1b, 1c, 2b, 2c at 5.0, 2.5 and 1.0 µM that were achieved with the addition of appropriate 
volumes of each Por stock solution. For PS 1, 1a, 2 and 2a the combined effect of each Por with 
the potentiator agent KI salt at 100 mM was also evaluated. The samples and controls were 
protected from light with aluminium foil and were maintained in the dark for 10 min to promote 
the PS binding to bioluminescent E. coli cells. Light control (LC) comprising bacterial 
suspension exposed to the same light condition as the samples, light control with KI (LC+KI) 
comprising bacterial suspension with 100 mM of KI exposed to the same light condition as the 
samples and dark controls (DC) comprising bacterial suspension incubated with the PS at 5.0 
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µM and protected from light were also evaluated. After the incubation period, samples and 
controls were exposed to the white light irradiation under stirring (400 rpm); the room was 
maintained cooled in order to keep the samples at constant temperature (25 ºC). Aliquots of 1.0 
mL of samples and controls were collected at different times of light exposure and the 
bioluminescence signal was measured in the luminometer (TD-20/20 Luminometer, Turner 
Designs, Inc., Madison, WI, United States). The assays were finished whenever the detection 
limit of the luminometer was achieved (ca. 2.3 log). 

Simultaneously, aliquots of treated and control samples were collected at time 0 and 60 min 
or when the detection limit of the luminometer was achieved, serially diluted and pour-plated in 
duplicate in Tryptic Soy Agar (TSA) medium. The petri plates were incubated for 24 h at 37 ºC 
and the concentration of viable cells was determined by counting the CFU on the most 
appropriate dilution. Three independent experiments with three replicates were performed and 
the results averaged. 
 

2.4.2 Photosensitizer binding studies 
Bioluminescent E. coli suspension adjusted for ≈107 CFU mL-1 in PBS was incubated for 10 

min in the dark at 25 ºC alone or in the presence of each PS (1, 1a-1c and 2, 2a-2c) at the same 
concentrations used in the photoinactivation studies (1.0, 2.5 and 5 µM for cationic species – 
1b, 1c, 2b, 2c – and 1.0 and 5.0 µM with and without KI (100 mM) for neutral species – 1, 1a, 
2, 2a). The unbound PS was removed from the suspension by centrifugation at 9500 g for 5 min 
(Gyrozen 1730R, Korea). The pellets were washed with PBS (3x) and then centrifugated at the 
same conditions. The washed pellets were then resuspended in 80 µL of DMSO and vigorously 
agitated in the vortex, to promote the PS dissolution. The content was transferred into a black 
96-well-plate and the fluorescence of the cells bounded PS was measured using a Synergy HT 
Pro microplate reader (BioTek Instruments, EUA) with GEN5 software with excitation set at 
550 nm and emission set at 590 nm. The measured fluorescence intensity allowed the 
determination of the corresponding concentration by interpolation with a calibration plot made 
with established concentrations of each PS. 

Simultaneously, aliquots of 100 µL of the samples and control after incubation time were 
collected, serial diluted and plated in TSA for the determination of the concentration of viable 
cells (CFU.mL-1). The results were shown in nmol PS/log(CFU). Three independent assays 
were performed, and the results averaged. 
 
 

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

derivatives 
The neutral (1 and 2) and cationic (1b and 2b) free-base Pors were prepared according to 

Gomes et al.54 and Costa et al.47 The zinc(II) complexes 1a and 2a were prepared using different 
sequential approaches: i) in case of Por 1a (61%), the nucleophilic substitution reaction with 4-
mercaptopyridine was performed after metalation of the starting template 5,10,15,20-
tetrakis(pentafluorophenyl)porphyrin (H2TPPF20) with zinc acetate to obtain the ZnTPPF20; 
and ii) in case of Por 2a (74%), the reaction of H2TPPF20 with the 4-hydroxypyridine affording 
the free-base 2 preceded the metalation step with zinc acetate. These metalation reactions were 
easily followed by UV-Vis, being possible to observe the disappearance of one of the Q bands 
of the corresponding free-base Por, due to the symmetry increase, characteristic of 
metalloporphyrins (Figure 2). The ZnPors 1c and 2c (Scheme 1) were prepared through 
cationization of ZnPors 1a and 2a with methyl iodide and dimethylsulphate, respectively. Both 
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cationic ZnPors (1c and 2c) were isolated in moderate yields (70 and 53%, respectively). The 
structures of all Pors were confirmed by NMR spectroscopy (Figs. SI 1-12), ESI-MS 
spectrometry (Figs. SI 13-16), UV-Vis absorption and emission spectroscopy (Figure 1).  

The positive mode ESI-MS spectra of the ZnPors 1a (m/z 1401.1 [M+H]+, 701.4 [M+2H]2+, 
468.1 [M+3H]3+, Fig. SI 13) and 2a (m/z 1337.2 [M+H]+, 669.4 [M+2H]2+, 446.8 [M+3H]3+, 
Fig. SI 15) were acquired CH3OH/formic acid and show, besides the formation of the expected 
mono-charged ion [M+H]+ the formation of multi-charged ions due to the di- and tri-protonation 
of the basic sites present in the porphyrin core.55 In case of the tetracationic derivatives ZnPors 
1c and 2c were observed the expected peaks at m/z 366.5 and 487.6 (Fig. SI 14) and m/z 349.5 
and 465.3 (Fig. SI 16) respectively corresponding to the expected [M]4+ and also the resulting 
reduction [M + 2H + e-]3+ species. 

The absorption and emission spectra of Pors 1, 1a-1c and Pors 2, 2a-2c were recorded in 
DMF solutions at 298 K (Figure 1). All the main photophysical features such as Soret and Q 
band wavelengths, molar extinction coefficients (ε), fluorescence emission wavelengths (λemiss), 
Stokes shift and fluorescence quantum yields (ΦF) are summarised in Table 1. 

Figure 1. Normalized absorption (solid lines) and emission (dashed lines) spectra of Pors 1, 1a-
1c and Pors 2, 2a-2c in DMF at 298 K. 
 

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

The steady-state fluorescence spectra of Pors 1, 1a-1c and Pors 2, 2a-2c were also achieved 
in DMF (Figure 1, dashed lines) and exhibit a two strong emission between 600 and 750 nm. 
The fluorescence quantum yields (ΦF) of the free-base Pors 1, 1b and Pors 2, 2b and of their 
ZnPors 1a, 1c and ZnPors 2a, 2c are presented in Table 1, were it’s showed that they are lower 
than the standard reference Por TPP in DMF (ΦF = 0.11).50 It is worth to refer that the emission 
and the fluorescence quantum yield were affected by the metalation as expected.56 
 
Table 1. Photophysical properties of Pors 1, 1a-1c and Pors 2, 2a-2c in DMF. 
Compound Soret (nm) log ε Q bands (nm) log ε λemiss (nm) 

ФF
a 
Φ∆ ± 0.05a 

1 413 5.6 
506 4.4 

637 
700 

0.06 0.87 581 3.9 
634 3.1 

1a 423 5.8 553 4.5 
594 
647 

0.05 0.66 

1b 413 5.6 
505 4.3 636 

701 
0.02 0.47 

583 4.0 

1c 421 5.6 553 4.4 
592 
645 

0.04 0.56 
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2 412 5.5 
505 4.3 

637 
701 

0.08 0.91 580 3.9 
646 3.1 

2a 421 5.6 
551 4.2 592 

645 
0.05 0.56 

582 3.3 

2b 413 5.5 
507 4.4 642 

704 
0.03 0.35 

583 3.9 

2c 423 5.6 553 4.4 
597 
648 

0.04 0.28 

aUsing TPP as reference in DMF. 

 
The generation of 1O2 (Fig. SI 17) was assessed considering that it is, in general, the major 

ROS produced upon irradiation by this type of compounds and one of the main responsible 
specie for cell damage and further cell death. Thus, the production of 1O2 by each Por was 
assessed indirectly by the absorption decay of 9,10-DMA solution irradiated in the presence of 
each PS (1, 1a-1c and 2, 2a-2c) having as comparison the good 1O2 generator TPP (Φ∆ = 0.65 in 
DMF).53 According to the obtained results summarized in Table 1, all derivatives are able to 
generate singlet oxygen species upon light irradiation and the free-base Pors 1 and 2 clearly 
generate more singlet oxygen than the ZnPors 1a and 2a under same irradiation conditions. As 
far as the cationic porphyrins are concerned the ZnPor 1c shows a slight better performance to 
generate 1O2 than the free-base 1b (0.56 versus 0.47) while the opposite is observed for Pors 2b 
and 2c (0.35 versus 0.28). 

It is also important to mention that UV-Vis spectrum of PS solution during its irradiation in 
the presence of 100 mM of KI, showed a new band formation between 340 and 355 nm due to 
the appearance of iodine specie (Fig. SI 20).38,57 Here, it is possible to say that during the 
photodynamic process, there will be iodine present which in case of reaching a specific 
threshold, it is possible to kill additionally bacteria. In order to confirm the presence of iodine 
specie in the solution it was performed the simple test with the amylose of the starch, which 
produces a purple color in the presence of iodine. The results of this assay are present in Figure 
2 for the neutral Pors (1, 1a, 2 and 2a) where it is possible to see the purple color in the samples 
that were used in the photostability assay after the addiction of three drops of a starch solution. 
 

 
Figure 2. Starch test to assess if there was iodine present in the irradiated solution in the 
presence of 100 mM of KI. A – PS solution added with 100 mM of KI and three drops of starch 
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before irradiation and B – PS solution added with 100 mM of KI and three drops of starch after 
irradiation. 
 

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

The photophysical and photochemical properties described above for all studied Pors, make 
them suitable to be used as potential PSs against Gram-negative E. coli bacterium. In fact, the 
formation of iodine species can help to elucidate the mechanism of the photodynamic process. 
 

3.4 Photodynamic inactivation of bioluminescent Escherichia coli 
3.4.1. Photodynamic effect of cationic PS 1b, 1c, 2b and 2c 

The free-base thiopyridinium Por 1b already proved to be efficient in the photoinactivation 
of Penicillium chrysogenum conidia,54 S. aureus and P. aeruginosa.47 Having in mind these 
results, it was considered relevant to extend these PDI studies against the bioluminescent E. 
coli, and at the same time to see how the distribution of the positives charges in the macrocycle 
and the presence of Zn in its inner core affect the photodynamic action. So, in this section the 
PDI results obtained with the cationic free-base porphyrins 1b and 2b and with their Zn(II) 
complexes 1c and 2c are discussed. 

The photodynamic efficiency of the cationic PSs 1b, 1c, 2b and 2c against the recombinant 
bioluminescent E. coli, was evaluated at concentrations 5.0, 2.5 and 1.0 µM under 
photosynthetically active radiation (PAR) white light at an irradiance of 25 mW.cm-2. The 
results obtained are summarized in Figure 3 and had shown that the inactivation profile of 
bioluminescent E. coli with cationic Por derivatives 1b, 1c, 2b and 2c is dependent on the tested 
concentration. Also, in these cases, LC and DCs did not promote a decrease on the 
bioluminescence E. coli signal, showing that the viability of this recombinant bioluminescent 
bacterium was not affected by irradiation and by the presence of PS. 
 

 
Figure 3. Bioluminescence monitoring of bioluminescent E. coli treated with cationic PSs 1b, 
1c, 2b and 2c at 5.0, 2.5 and 1.0 µM after 60 min of irradiation with white light at an irradiance 
of 25 mW.cm-2. The values are expressed as the means of three independent experiments with 
replicates; error bars indicate the standard deviation; DC - dark control; LC - light control. 
 

As expected for Gram-negative bacteria, the cationic Por derivatives had promoted higher 
decrease in the bioluminescence signal of E. coli when compared with the neutral derivatives 
(when were tested alone). The most effective PSs seems to be derivatives 2c and 1b, since, at 
the lowest concentration tested (1.0 µM), the decrease of the bioluminescent signal of E. coli 
promoted by these compounds achieved the detection limit (decreases of 4.1 log10, ANOVA, p 
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< 0.001) after 20 min of irradiation (Figure 3C). When these compounds were evaluated at 2.5 
and 5.0 µM (Figure 3B and 3A, respectively), the detection limit of the methodology was 
achieved sooner, after 10 min of the PDI protocol. Cationic Pors 1c and 2b at 1.0 µM (Figure 
3C) were also capable to photoinactive E. coli, promoting a decrease of 2.7 log10 and 1.4 log10

 

(ANOVA, p < 0.0001), after 60 min of irradiation. At 2.5 µM Por 1c (Figure 3B) had promoted 
a decrease of the bioluminescent signal of E. coli of 2.8 log10 (ANOVA, p < 0.0001) after 30 
min of the PDI protocol, achieving the detection limit after 45 min of PDI protocol. At the same 
concentration, Por 2b had affected the viability of the recombinant bacterium causing a decrease 
of 3.5 log10 (ANOVA, p < 0.0001) in the bioluminescence after 45 min of irradiation achieving 
the detection limit of the methodology after 15 min. At the higher concentration (5.0 µM, Figure 
3A) these PSs presented similar photodynamic profiles, causing a significant decrease in the 
bioluminescence of E. coli till the detection limit of the methodology (decreases of 3.7 log10, 
ANOVA, p < 0.001) after 30 min of irradiation. 

In order to correlate the bioluminescence reduction of E. coli with the reduction of CFU.mL-1 
at the lower tested concentration (1.0 µM), the above study was accompanied by the pour plate 
methodology. Thus, aliquots of the samples and controls were collected at times 0 and 60 min of 
the PDI assay, serially diluted in PBS and plated in triplicate in TSA. The results are presented 
in Figure 4. 
 

 
Figure 4. Photodynamic inactivation of E. coli treated with cationic PSs 1b, 1c, 2b and 2c at 1.0 
µM after 60 min of irradiation with white light at an irradiance of 25 mW.cm-2. The values are 
expressed as the means of two independent experiments; error bars indicate the standard 
deviation; * there was no colony present; ** (p < 0.0001) significantly different from time 0. 
 

These results confirm that the PSs 1b and 2c were the most efficient PSs, causing a viability 
decrease of 7.3 log10 (ANOVA, p < 0.0001) in the viability of E. coli after 60 min of irradiation 
(90 J.cm-2). Additionally, the ZnPor 1c and Por 2b promoted lowest decrease in 
photoinactivation of E. coli of 2.6 and 1.6 log10 (ANOVA, p < 0.0001), respectively. These 
results also confirm that the irradiation (LC) does not affect the viability of E. coli. 

It is important to highlight that the results regarding the free-base PSs 1b and 2b showed that 
the thiopyridinium Por 1b could cause a higher decrease in the bioluminescence signal of E. coli 
than the methoxypyridinium Por 2b, meaning that the inserted charged units can directly 
influence the photodynamic activity. The results also showed that the insertion of Zn(II) in the 
nucleus of the cationic Pors 1b and 2b seems to significantly improve the photoinactivation 
activity of Por 2b, but the same was not verified for Por 1b which as free-base have a better 
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activity than ZnPor 1c. This could be related with their spatial geometry which could directly 
influence their uptake in the bioluminescent E. coli. To understand this fact, PSs binding studies 
were also performed for compounds 1b, 1c, 2b and 2c for all tested concentrations. The amount 
of cationic PSs (1b, 1c, 2b and 2c) bound to the bioluminescent E. coli cells after 10 min of 
incubation in the dark is presented in Figure 5. 
 

 
Figure 5. Amount of cationic PSs (1b, 1c, 2b and 2c) delivered at concentration of 5.0, 2.5 and 
1.0 µM bound to E. coli cells after 10 min of incubation in the dark at 25 ºC. Values correspond 
to the average of three independent experiments. Error bars represent the standard deviation.  
 

The binding PS studies showed that the adsorption (uptake) of each PS by bacterial cells is 
proportional to the PS concentration tested. At 5.0 µM, PSs 1c and 2b presented the highest 
adsorption values with 3.5 and 4.5 nmol.Log(CFU)-1, respectively. For the same concentration, 
PSs 1b and 2c presented lower adsorption values [1.6 and 1.4 nmol.Log(CFU)-1, respectively]. 
These results suggest that the most effective PSs in the inactivation of E. coli (Por 1b and 2c) 
have modest adsorption values to the PS uptake by E. coli cells. Once again, we cannot neglect 
all factors that can contribute to the efficiency of a PS during the photodynamic process. For 
example, although Por 1c presented one of the highest adsorption values and 1O2 quantum yield, 
the PDI efficiency toward E. coli fell short of the results achieved for Por 1b and 2c.  

Comparing the results with the ones achieved with the structural analogue 5,10,15,20-
tetrakis(1-methylpyridinium-4-yl)porphyrin tetra-iodide (Tetra-Py(+)-Me), it is possible to 
observe that this compound at 5.0 µM when acting alone with 10 times less irradiance had 
promoted a total inactivation of bioluminescent E. coli after 70 min of irradiation (10.5 J/cm2).38 
In the case of metal free tetra-substituted porphyrins 1b and 2b the total inactivation of 
bioluminescent E. coli was achieved after 5 min (7.5 J/cm2) and 30 min of irradiation (45 
J/cm2), respectively. These results suggest that PS 1b is more efficient that the widely studied 
Tetra-Py(+)-Me, most probably due to the higher rotational mobility of the methylpyridinium-
4-sulphanyl subunit in porphyrin 1b, allowing a better target adhesion to the bacterium. On the 
contrary, PS 2b showed to be less efficient than Tetra-Py(+)-Me, which can be justified by the 
less exposed localization of the positive charges in the macrocycle. In the case of Tetra-Py(+)-
Me the charges are localized at the periphery of the macrocycle, favouring the adhesion to E. 
coli, enhancing its photodynamic efficiency. 
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 Nevertheless, other factors such as PS distribution and localization cannot be neglected 
when trying to understand the relationship between the structural and photophysical properties 
with their PDI efficiency. 
 

3.4.2. Photodynamic effect of neutral PSs 1, 1a, 2 and 2a 
The high efficacy of the neutral porphyrins 1, 1a, 2 and 2a to generate 1O2 prompt us to 

evaluate their photodynamic action against the recombinant bioluminescent E. coli in the 
absence in the presence of KI. The effect of these neutral PSs was evaluated at 5.0 and 1.0 µM 
under the same irradiations conditions used for the cationic PSs mentioned above (Figure 6). 
The assays with KI were performed using this salt at 100 mM and the PSs also at 5.0 and 1.0 
µM. The KI concentration was selected considering the results obtained in previous studies and 
knowing that higher concentrations can limit the protocol to clinical area due to the osmotic 
stress.38,44 
 

 
Figure 6. Bioluminescence monitoring of E. coli treated with PSs 1, 1a, 2 and 2a at 5.0 (left) 
and 1.0 µM (right) at different periods of time, under white light irradiation of 25.0 mW.cm-2. 
The values are expressed as the means of three independent experiments; error bars indicate the 
standard deviation; DC - dark control; LC - light control. 
 

In the cases of the LCs (bacteria and bacteria with KI) and DC (bacteria with PS in the dark) 
no decrease in E. coli bioluminescent signal was detected. These results indicate that the 
viability of this recombinant bioluminescent bacterium was not affected by irradiation, by 
presence of the KI salt or by the PS in the dark at the highest tested concentration. 



  
 

13 

The obtained results for the neutral PSs 1, 1a, 2, 2a at 5.0 and 1.0 µM (Figure 6

 
Figure 6) demonstrated that their efficacy is strongly improved by the presence of KI. In the 

case of results achieved after photodynamic treatment only with the PS at a concentration of 1.0 
µM, no significant reductions on the bioluminescence of E. coli was attained. However, when 
these PSs 1, 1a, 2, 2a at concentrations of 1.0 µM were combined with KI at 100 mM it was 
observed a decrease of the bioluminescent signal till de limit of detection of the methodology 
[reduction > 4.3 log10 (ANOVA, p < 0.0001)] after 5 min of irradiation. When these PS were 
tested at 5.0 µM alone, PS 1a and 2a had promoted equal photoinactivation rates with decreases 
of the bioluminescent signal of 1.3 log10 (ANOVA, p < 0.0001). PS 1 at 5.0 µM caused a 
decrease of the bioluminescent signal of the E. coli of 1.2 log10 (ANOVA, p < 0.0001) and PS 2 
was the less efficient PS, causing a decrease of 0.9 log10 (ANOVA, p < 0.0001). As in the 
previously case, the combination of these PSs at 5.0 µM with KI had promoted a decrease of the 
bioluminescent signal till de limit of detection of the methodology [reduction of 4.3 log10 
(ANOVA, p < 0.0001)] after 5 min of irradiation. 

These results show that all these PSs, although being neutral, when combined with KI are 
capable to photoinactivate a Gram-negative bacterium. A similar effect, in this case using the 
anionic 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin dihydrochloride (TPPS4), was also 
reported by Hamblin, where the combination of this anionic PS with KI had promoted the 
efficient photoinactivation of E. coli.40 Also, Hamblin et al. had shown that the addition of KI 
(100 mM) to xanthene Rose Bengal (a non-efficient PS to photoinactivate Gram-negative 
bacteria when used alone), potentiated its effect in the photoinactivation of the Gram-negative 
E. coli and P. aeruginosa.58 More recently, an efficient combination of the Rose Bengal and 
Eosin with KI was reported in the photoinactivation S. Typhimurium, a Gram-negative 
bacterium.59 It was also demonstrated, for the first time, that the photoinactivation of S. 
Typhimurium by both xanthenes with KI did not induce the development of resistance. 
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It is important to highlight that according with the test of the amylose in starch (Figure 2) and 
the killing curve of bioluminescent E. coli (Figure 6

 
Figure 6), it is possible to observe that the produced free iodine specie reached a sufficient 

threshold that could photoinactivate to the detection limit of the method E. coli after 5 min of 
irradiation. Due to the abrupt decrease in the E. coli survival (Figure 4) it is possible to infer that 
the mechanism of action of the combination of PS 1, 1a, 2, 2a and KI is probably related to the 
preferential decomposition of the peroxyiodide into free iodine (I2/I�

�).38,41,42 
In order to correlate the bioluminescence reduction of E. coli with the reduction of CFU mL-1 

with the smallest concentration of PS (1.0 µM), the previous study was accomplished with the 
pour plate methodology. So, aliquots of the samples and controls were collected at times 0 and 
60 min of the PDI assay, serially diluted in PBS and plated in triplicate in TSA. The results are 
presented in Figure 7. 
 

Figure 7. Photodynamic inactivation of bioluminescent E. coli treated with PSs 1, 1a, 2 and 2a 
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at 1.0 µM with and without KI (100 mM) after 60 min of irradiation with white light at an 
irradiance of 25 mW.cm-2. The values are expressed as the means of two independent 
experiments; error bars indicate the standard deviation; * there was no colony present; ** (p < 
0.0001) significantly different from time 0. 
 

The results showed that, as previously mentioned, KI potentiated the PDI effect of Pors 1, 
1a, 2 and 2a when combined with KI at 100 mM. These combinations caused a bacterial 
viability decreasing of 7.5 log (ANOVA, p < 0.0001) of E. coli after 60 min of light irradiation 
(25 mW.cm-2). These results also confirm that the irradiation (LC - bacteria) and KI (LC - 
bacteria with KI) does not affect the viability of the bioluminescent E. coli. It is also evident that 
when these PSs act alone, no effect on the viability of E. coli was observed. 

In order to explain the results of the PDI assays and access the influence of KI in adsorption 
of PS to E. coli, PS binding studies were performed. The amount of neutral PSs (1, 1a, 2 and 
2a) bound to E. coli cells after 10 min of incubation in the dark at 25 ºC is summarized in 
Figure 8. 
 

 
Figure 8. Amount of neutral PSs (1, 1a, 2 and 2a) delivered at the concentration of 5.0 and 1.0 
µM in the absence or presence of KI at 100 mM bound to E. coli cells after 10 min of incubation 
in the dark at 25 ºC. Values correspond to the average of three independent experiments. Error 
bars represent the standard deviation. 
 

PSs 2a and 2 at 5 µM, showed the highest adsorption to E. coli cells with an average value of 
5.0 and 4.4 nmol.Log(CFU)-1, respectively. PSs 1 and 1a presented the lowest adsorption having 
an average of 0.4 and 0.7 nmol.Log(CFU)-1, respectively. It is also possible to observe that 
neither KI nor the insertion of Zn(II) seems to influence the adsorption of Pors 1, 1a, 2 and 2a 
by the bioluminescent E. coli. On the other hand, the different substituents units in the Por 
skeleton (thiopyridyl or pyridinone) promoted different results in the binding studies: the 
pyridinone Por 2 and ZnPor 2a have better adsorption (4 times higher) when compared with the 
corresponded thiopyridyl Por 1 and ZnPor 1a. This aspect can be due to the PS localization in 
the bacterial cell which will be also responsible for the different photodynamic behaviour 
profile. 

The adsorption results can justify, in one hand, the higher PDI effect of Por 2a (5.0 µM) in 
the absence of KI. However, this cannot support the equal activity of PS of 1a which revealed 
one of the lowest adsorption values. It is well documented that the photodynamic inactivation 
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efficiency of PSs is dependent not only by the PS affinity to the bacterial cell but also by the 
singlet oxygen generation capacity and the amphiphilic character of the molecule.60 In this case, 
PSs 1a have higher capability to generate 1O2 when compared to 2a, which may explain the 
similarity of the photodynamic efficiencies of these PSs. The same concept could explain the 
results achieved with PS 1: this compound has one the lowest value of adsorption to E. coli, 
however it was not the less efficient in the photoinactivation of E. coli. Looking to the quantum 
yield of 1O2 generation it is possible to observe that this value is similar to compound 2a, which 
may also explain the photodynamic efficiency. PS 2, besides the high affinity to E. coli cell and 
the higher yield 1O2, was the less efficient PS in the photoinactivation of this bacterium. To 
understand this behavior, we cannot neglect other factors that can also contribute to the 
efficiency of these PSs, such as aggregation behavior and photostability. In fact, PS 2 revealed 
to be the less stable compound when in solution, having higher rates of photodecomposition 
when irradiated in the PDI conditions and higher aggregation behavior (when maintained in 
solution in dark). These two factors can justify the poor ability to photoinactivate E. coli. The 
results achieved in this study are really promising when compared with the ones previously 
reported for the neutral analogue 5,10,15,20-tetra(4-pyridyl)porphyrin (Tetra-Py) in the 
photoinactivation of bioluminescent E. coli;38 this PS alone or combined with KI was not able to 
photoinactivate this bacterium, even after 240 min of irradiation (36 J/cm2). However, the 
neutral PSs 1 and 2 were able to inactivate E. coli, showing higher photoinactivation rates, even 
in the absence of KI. This fact could be also due to the higher aggregation behavior observed for 
Tetra-Py in aqueous media, limiting its action as a PS. 
 
 

4. Conclusion 
The ZnPors 1c and 2c were prepared and structurally characterized by NMR, UV-Vis 

absorption, emission spectroscopy and mass spectrometry. The photophysical and 
photochemical studies showed that all the synthetized Pors (1, 1a-1c and 2, 2a-2c) were able to 
generate singlet oxygen species and presented moderated photostability under white light 
irradiation.  

From the PDI studies it was found that even the neutral Pors 1, 1a, 2 and 2a, at 5.0 and 1.0 
µM when combined with KI were capable to photoinactivate efficiently Gram-negative 
bacterium bioluminescent E. coli. The starch assays led us to infer that the free iodine produced 
reached an enough threshold that could photoinactivate completely E. coli after 5 min of white 
light irradiation. 

Cationic PSs 1b, 1c, 2b and 2c were also effective as PSs in the photoinactivation of the 
Gram-negative bacterium. At concentration of 5.0 µM, all these PSs promoted a decrease in the 
viability of E. coli till the detection limit of the methodology. However, at lower concentrations, 
1 µM, only PSs 1b and 2c were capable to promote a decrease in E. coli bioluminescent signal 
till the method detection limit, after 20 and 15 min of treatment, respectively. 

The binding studies of all neutral and cationic Por showed that the PDI efficiency of each 
PS, are related not only to the PSs uptake by E. coli cells, but also to their capability to generate 
1O2, photostability and aggregation behavior, charge distribution 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 KI 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 µM promoted a decrease in the viability 

of E. coli till the detection limit of the methodology. 
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