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Inverted methoxypyridinium phthalocyanines for PDI
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A. S. Cavaleiro,” Angela Cunha,’ Jodo P. C. Tomé™

Phthalocyanines (Pc) are photoactive molecules that can absorb and emit light in a large range
of the UV-Vis spectrum with recognized potential for medical applications. Considering the
biomedical applications an important limitation of these compounds is their low solubility in
water. The use of suitable pyridinium groups on Pc is a good strategy to solve this drawback
and to make them more effective to photoinactivate Gram-negative bacteria via photodynamic
inactivation (PDI) approach. In here, it is described an easy synthetic access to obtain inverted
tetra- and octa-methoxypyridinium phthalocyanines (compounds 5 and 6) and also their
efficiency to photoinactivate a recombinant bioluminescent strain of Escherichia coli. The
obtained results were compared with the ones obtained when more conventional
thiopyridinium phthalocyanines (compounds 7 and 8) were used. This innovative study of
compared thiopyridinium and inverted methoxypyridinium moieties on cationic Pc is the first

time that is provided taking into account the efficiency of singlet oxygen ('O,) generation,

water solubility and uptake properties.

Introduction

Phthalocyanines (Pc),"” and the corresponding analogues, are well-
known conjugated aromatic compounds which have been intensively
studied in many scientific areas due to their absorption in the red and
near-infrared regions of the electromagnetic spectrum (600-800
nm).*®> In particular, Pc derivatives have been exploited as
photosensitizers (PS) for photodynamic therapy (PDT), evidencing a
high potential in cancer treatment,*'? in the photodynamic
inactivation (PDI) of (multi)resistant microorganisms in infectious
diseases'*"® and/or in contaminated environmental matrices.'® All
these applications are based on cell death induced by reactive
oxygen species (ROS), mainly singlet oxygen (‘O,), generated by
the combined action of visible light, molecular oxygen and a PS.
Since the chemical structure is a key factor in the PS
physicochemical properties, different approaches have been used to
introduce specific functionalities on the phthalocyanine core in order
to obtain adequate features, namely desired levels of hydrophobicity
or hydrophilicity. The molecular structure of unsubstituted Pc can be
modified through the incorporation of substituents in the peripheral
positions of the tetraazaisoindole macrocycle to improve their
amphiphilicity,® or by metallation with different metal ions (Zn, Si,
Al, Ga or In) in the cavity of the Pc core,? that can result in an
enhancement of the triplet state parameters (triplet quantum yield
and lifetime) and 'O, quantum yield.*"* The addition of axial
ligands in coordinative positions of such metal centres can also
improve the efficiency of these compounds as PS> These
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modifications can unequivocally modulate the photophysical and
photochemical characteristics of Pc derivatives and affect their
interaction with cells, triggering different photobiological effects.**

The emergent antibiotic-resistance observed in pathogenic bacteria
has prompted the search for new and more efficient therapeutic
modalities as it is antibacterial PDI approach.'>*!3 The ability of Pc
to interact with bacteria and their capability to generate ROS have
been related with the efficiency of bacterial inactivation mediated by
oxidative stress exerted in different cellular targets.>*

It is well established that in general, the use of photoactive cationic
PS is required for an efficient photodynamic inactivation of Gram-
negative bacteria.”****° The positive charged PS derivatives can
interact electrostatically with the negative charged components of
the outer wall (lipoproteins, lipopolysaccharides) which favours PS
binding to Gram-negative bacteria, increasing the efficiency of
photodynamic activity.** The inactivation of Gram-positive bacteria
can be attained with neutral, anionic and cationic PS which promptly
cross the relatively porous cell wall.'**"** Considering PDI as a
promising methodology for the treatment of microbial infections'*"
1618 or contaminated media,® this work aims to establish relations
between the chemical structure of innovative inverted
methoxypyridinium Pc 5 and 6 (Scheme 1) and their efficiency as PS
for the inactivation of microbial strains. The synthesis and structural
characterization of these cationic Pc and of the required precursors,
phthalonitriles (1 and 2) and neutral pyridinones Pc 3 and 4 are also
described. The ability of the new water soluble Pc to photoinactivate
microorganisms was evaluated against a bioluminescent Escherichia
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coli (E. coli) recombinant strain, used as a model of Gram-negative
pathogenic bacteria. The obtained results were compared with the
ones previously obtained in our group using the conventional
thiopyridinium Pc 7 and 8 (Fig. 3)" and are discussed considering
the photophysical, photochemical properties of the photosensitizers.

Experimental

All reagents were purchased from Sigma-Aldrich and analytical TLC
was carried out on pre-coated silica gel sheets (Merck, 60, 0.2 mm).
Molecular extrusion column chromatography was carried out over
Bio-beadsTM S-X1 Beads (200-400 Mesh, 100 g), Bio-Rad
Laboratories, Inc. '"H and *C NMR spectra were recorded on a
Bruker Avance-300 spectrometer at 300.13 and 75.47 MHz,
respectively, or on a Bruker Avance-500 at 500.13 and 125.77 MHz.
Tetramethylsilane was used as internal reference. The chemical
shifts were expressed in J (ppm) and the coupling constants (J) in
Hz. Absorption and fluorescence spectra were recorded using a
Shimadzu UV-2501-PC and FluoroMax3 (excitation wavelength of
630 nm, emission range 640-825 nm), respectively. The
fluorescence emission spectra of Pc derivatives 3-6 (C = 1 x 10" M)
were measured in DMF in 1 x 1 cm quartz optical cells under normal
air conditions on a computer controlled Horiba Jobin Yvon
FluoroMax-3 spectrofluorimeter. The widths of both excitation and
emission slits were set at 2.0 nm. The fluorescence quantum yield
(®r) of 3-6 was calculated in DMF by comparison of the area below
the corrected emission spectra using ZnPc as standard (Aecitation at
630 nm, @; = 0.30 in DMF).*® The acquisition of the mass spectra
and HRMS were recorded on a APEXQe FT-ICR mass spectrometer
(Bruker Daltonics, Billerica, MA).

4-(4-Oxopyridin-1(4H)-yl)phthalonitrile 1): 4-
Fluorophthalonitrile (512.5 mg, 3.5 mmol) and 4-Hydroxypyridine
(352.9 mg, 3.7 mmol) were dissolved in 3 mL of dry DMF in a 25
mL round-bottom flask. Some drops of triethylamine were added
and the mixture was kept under N, atmosphere. The reaction mixture
was maintained under stirring for 5 h at 80 °C, when the TLC control
confirmed the consumption of the starting phthalonitrile. Then, the
reaction mixture was purified by silica gel column chromatography
using a mixture of CHCl3/MeOH (95/5) as eluent. Phthalonitrile 1
(7123 mg, 3.2 mmol) was obtained in 92% yield, after
recrystallization from CHCl;/MeOH. '"H NMR (500 MHz, DMSO-
de): 6 6.31 (d, J="17.9 Hz, 2H, H°), 8.14 — 8.17 (m, 3H, H*%), 8.33 (d,
J = 8.6 Hz, 1H, H%, 8.50 (d, J = 2.4 Hz, 1H, HP). 'C NMR (75.5
MHz, DMSO-d,): 6 112.8, 115.3, 115.5, 116.2, 118.3, 127.1, 127.6,
135.6,139.0, 145.5, 177.7 (C=0). ESI-MS: m/z 222 [M+H]".

4,5-Bis(4-Oxopyridin-1(4H)-yl)phthalonitrile (2): In a 25 mL
round-bottom flask, 4,5-Difluorophthalonitrile (300.1 mg, 1.8 mmol)
and 4-Hydroxypyridine (356.5 mg, 3.7 mmol) were dissolved in 3
mL of DMF, and then some drops of triethylamine were added. The
reaction mixture was maintained under N, atmosphere stirring
during 5 h at 80 °C, when the TLC control confirmed the
consumption of the starting phthalonitrile. The reaction mixture was
purified by silica gel column chromatography using a mixture of
CHCI3/MeOH (90/10) as eluent. After evaporation of the solvent, the
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residue was crystallized from the same mixture of solvents and
phthalonitrile 2 (569.3 mg, 1.8 mmol) affording a 99% yield. 'H
NMR (500 MHz, DMSO-dy): 6 6.21 (d, J = 7.9 Hz, 4H, H°), 7.64 (d,
J=1.9 Hz, 4H, H"), 8.70 (s, 2H, H*). *C NMR (75.5 MHz, DMSO-
de): 0 114.6, 115.4, 118.3, 133.7, 140.0, 141.2, 177.2 (C=0). ESI-
MS: m/z 315 [M+H]".

2,9(10),16(17),23(24)-Tetrakis(4-oxopyridin-1(4H)-
yDphthalocyaninatozinc(I) (3): A  solution containing
phthalonitrile 1 (207.5 mg, 0.9 mmol) and anhydrous zinc chloride
(138.9 mg, 1.0 mmol) in 2 mL of 1-pentanol was heated at 140 °C
under N, atmosphere in a 25 mL round-bottom flask. After 16 h the
reaction was considered to be completed since starting phthalonitrile
1 could no longer be detected by analytic TLC. Chloroform was
added and the precipitate was washed several times with the same
solvent. The obtained solid was subsequently washed with water in
order to remove the excess of zinc chloride. After being dried under
vacuum, the crude product was purified by Bio-beadsTM S-XI
column molecular exclusion chromatography using DMF as eluent.
The desired product was precipitated from chloroform, filtrated and
washed with the same solvent. The Pc 3 (129.5 mg, 0.14 mmol) was
isolated in 58% yield. "H NMR (300 MHz, DMSO-dj): 6 6.58 — 6.66
(m, 8H, H%), 8.21 — 8.24 (m, 4H, B-H®), 8.54 — 8.58 (m, 8H, H), 8.96
—9.05 (m, 8H, o-H*"). *C NMR (125.8 MHz, DMSO-d): 6 118.1,
118.6, 123.7, 139.8, 140.3, 143.4, 177.8 (C=0). ESI-HRMS m/z:
caled for Cs,HyN,0,Zn: 949,16479 [M+H]"; found: 949,17293
[M+H]". UV-Vis (DMF), Ay (log €): 364 (4.48), 613 (4.14), 681
(4.90) nm.

2,3,9,10,16,17,23,24-Octakis(4-oxopyridin-1(4 H)-
yDphthalocyaninatozinc(I) (4): A  solution containing
phthalonitrile 2 (310.4 mg, 1.0 mmol) and anhydrous zinc chloride
(128.4 mg, 0.9 mmol) in 2 mL of 1-pentanol was heated at 140 °C
under N, atmosphere in a 25 mL round-bottom flask. After 16 h the
TLC control confirmed that the reaction was complete. The reaction
mixture was then precipitated with chloroform, and the solid
obtained was washed several times with the same solvent and also
with water, in order to remove the excess of zinc chloride. After
being dried under vacuum, the crude product was purified by Bio-
beadsTM S-X1 column molecular exclusion chromatography using
DMEF as eluent. The desired product Pc 4 (262.2 mg, 0.2 mmol) was
obtained from precipitation with chloroform, filtration and after
washing with the same solvent was obtained in 80% yield. 'H NMR
(300 MHz, DMSO-dy): 6 6.36 (d, J = 6.1 Hz, 16H, H°), 8.13 (d, J =
6.1 Hz, 16H, H), 9.63 (s, 8H, a-H?). 3C NMR (75.5 MHz, DMSO-
dg): 0 118.0, 121.9, 138.3, 139.6, 141.0, 152.3, 176.9 (C=0). ESI-
HRMS m/z: caled for C-,H,N405Zn 1321,25065 [M+H]"; found:
m/z 1321,25886 [M+H]". UV-Vis (DMF), Ap., (log €): 385 (4.81),
616 (4.52), 684 (5.31) nm.

2,9(10),16(17),23(24)-Tetrakis(4-methoxypyridinium-1-

yl)phthalocyaninatozinc(II) (5): The pyridinone Pc 3 (103.3 mg,
0.11 mmol) dissolved in 20 mL of dry DMF was added to a large
excess of dimethyl sulfate (4 mL, 37.5 mmol). The reaction mixture
was kept under stirring overnight at 80 °C in a sealed tube. The
mixture was allowed to cool down and was precipitated with a

This journal is © The Royal Society of Chemistry 2015

Page 2 of 10



Page 3 of 10

mixture of acetone/CH,Cl, (1:1). The obtained residue was filtrated
and, after being take

n up in MeOH/H,O (2:1), was re-precipitated by addition of
dichloromethane. The desired product was filtrated, washed with
dichloromethane and dried under vacuum. The dark green solid was
identified as Pc § (110.7 mg, 0.09 mmol) and isolated in 85% yield.
'H NMR (300 MHz, DMSO-d,): 6 4.29 — 4.54 (m, 12H, OCHj), 6.69
— 6.75 (m, 4H, B-H®), 7.99 — 8.15 (m, 8H, H°), 8.62 — 8.70 (m, 8H,
H?), 9.62 — 9.73 (m, 8H, a-H*"). *C NMR (125.8 MHz, DMSO-dj):
0 48.6, 52.9, 58.9, 114.0, 117.9, 146.8, 153, 172.1. UV-Vis (DMF),
Amax (log €): 368 (4.89), 614 (4.66), 680 (5.36) nm; UV-Vis
(DMSO), Amax (log €): 615 (4.70), 682 (5.40) nm; UV-Vis (PBS),
Amax  (log €): 624 (4.49) nm. ESI-HRMS m/z: caled for
Cs3H3N,04Zn: 963.1877; found: 963.1883 [M-3CH;]"".

2,3,9,10,16,17,23,24-Octakis(4-methoxypyridinium-1-
yl)phthalocyaninatozinc(II) (6): After being dissolved in 20 mL of
dry DMF, the pyridinone Pc 4 (106.9 mg, 0.08 mmol) was added to
a large excess of dimethyl sulfate (4 mL, 37.5 mmol). The reaction
mixture was kept under stirring overnight at 80 °C in a sealed tube.
After this period, the mixture was cooled down and precipitated
using a mixture of acetone/CH,Cl, (1/1). The residue obtained was
filtrated and re-precipitated by addition of dichloromethane after
being taken up in MeOH/H,O (2:1). The desired product was
filtrated, washed with dichloromethane and dried under vacuum. The
dark green solid identified as Pc 6 (130.6 mg, 0.07 mmol) was
obtained in 88% yield. '"H NMR (300 MHz, DMSO-dq): 6 4.31 (s,
24H, OCHj3), 7.93 (d, J=7.1 Hz, 16H, H®), 9.43 (d, J=7.1 Hz, 16H,
H®), 10.12 (s, 8H, a-H?). 3C NMR (125.8 MHz, DMSO-dj): 6 48.6,
52.9,59.1, 114.3, 137.6, 139.5, 147.6, 153.0, 172.8. UV-Vis (DMF),
Amax (log €): 634 (4.56), 683 (5.15); UV-Vis (DMSO), Apax (log €):
616 (4.55), 683 (5.35) nm; UV-Vis (PBS), Ay (log €): 380 (4.64),
637 (4.10), 675 (5.13) nm. ESI-HRMS m/z: caled for
C73H43N 1405Zn: 1335.2736; found: 1335. 2764 [M-7CH;]"".

Pc 7 and 8 were prepared according to the literature' and present the
following spectral absorption features: Pc 7 UV-Vis (DMSO): Apax
(log €): 352 (4.60), 616 (4.39), 685 (5.20) nm; and Pc 8 UV-Vis
(DMSO) Ay (log €): 383 (4.55), 630 (4.38), 702 (5.03) nm.

stock solution. Stock solutions of the
photosensitizers used in the photophysical and biological studies
were prepared in dimethyl sulfoxide (DMSO) at a concentration of
500 uM, and diluted in DMF/H,O (9:1), phosphate buffered saline
(PBS) or sodium dodecyl sulfate (SDS), depending of the

experiments, to obtain the working concentration.

Photosensitizers

Light source. All the photodynamic inactivation assays were
performed under white (400-800 nm) and red (620-750 nm) lights
from a compatible fibre optic probe, delivered by a illumination
system (LumaCare®, USA, model LC122, with halogenquartz 250
W lamp) with an irradiance of 150 mW.cm2and a total light dose of
180 J.cm™.

Singlet oxygen generation. An aliquot of 3 mL of a solution of the
Pc (0.5 pM) and 1,3-diphenylisobenzofuran (DPBF, 50 uM) in

This journal is © The Royal Society of Chemistry 2015
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DMF/H,0 (9:1) were transferred to a glass cuvette and irradiated
with a red light, in order to prevent the photodegradation of DPBF.
The red light was delivered by the LED array composed of a matrix
of 5 A~ 5 LED that makes a total of 25 light sources with an
emission peak at 640 nm and a bandwidth at half maximum of + 20
nm. The irradiance was 6.0 mW.cm ™ and assays were conducted at
room temperature and under gentle magnetic stirring. The absorption
of DPBF at 415 nm was measured at defined times with intervals of
15 min. The percentage of the DPBF absorption decay, proportional
to the production of '0,, was assessed by the difference between the
initial absorbance and the absorbance of DPBF after irradiation.*’

Solubility studies. The solubility of new cationic phthalocyanines 5
and 6 in DMSO and PBS was assessed by UV-Vis spectroscopy.
Concentrations, between 1 and 20 uM, obtained by the addition of
aliquots of each Pc stock solution (500 pM), were analysed. The
intensity of the Q-band versus Pc concentration was plotted in a
graphic for linear regression to determine if these concentrations
follow the Beer-Lambert law.

Octanol/water partition coefficient. The octanol/water partition

coefficients were determined according with literature® by
saturating equal volumes of both solvents with the cationic Pc 5§ and
6. For comparison the octanol/water partition coefficients were also
determined for Pc 7 and 8 previously synthesized. The obtained
results are summarized in table 4. The octanol/water partition
coefficients were determined by saturating 1:1 (v/v) mixtures of the
solvents with Pc solutions. The mixture was well shook and left
overnight to assure that the two phases were completely separated.
UV-Vis spectra of the two layers were then taken to measure the last
Q-band intensities of the Pc. These data were confirmed by

saturating each solvent separately before mixing equal volumes.*’

Bacterial strain, growth conditions and preparation of stock-
suspensions. The bioluminescent E. coli Top10 used in these assays
was previously obtained by Alves et al."® and stored at -80 °C in
10% glycerol until used. Before the photodynamic inactivation
assays, a fresh culture in Tryptic Soy Agar (TSA, Liofilchem) with
the antibiotics ampicillin (100 mg.mL™") and chloramphenicol (25
mg.mL") was grown for 24 h at 37 °C. One isolated colony was
aseptically inoculated on Tryptic Soy Broth (TSB, Liofilchem) (30
mL) with the antibiotics and grown overnight at 26 °C under stirring
(120 rpm). An aliquot (240 pL) of this culture was sub-cultured in
TSB (30 mL) with antibiotics and grown during 20 h at 26 °C.

PDI experimental setup. Bacterial suspensions, in its early
stationary phase (=10° CFU.mL™") were ten-fold diluted in PBS to a
final concentration of 108 CFU.mL™". For the experiments, 450 uL
of bacterial suspension was aseptically transferred to sterilized 12-
well plates and the PS was added from the stock solution to achieve
final concentrations of 20 uM. PBS was added to the suspension in
order to obtain a final volume of 4.5 mL. After the PS addition, the
12 wells plates were protected from accidental light exposure with
an aluminium foil and pre-incubated for 15 min in the dark at room
temperature, under stirring (100 rpm), to promote PS binding to .
coli cells. After this period, the irradiation was conducted under
white and red light during pre-stablished periods (0 (0), 5 (45), 10
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(90), 15 (135) and 20 (180) min (J.cm™)). Light and dark controls
were included in all the experiments. The light control was
conducted without PS. The dark control contained cell suspension at
the concentration of 20 uM of PS, but was protected from light with
aluminium foil. Three independent assays in triplicate (three aliquots
of cell suspension) were conducted for each condition.

Bioluminescence monitoring. In all experiments, aliquots (500 pL)
of treated and control samples were collected at time 0, 5, 10, 15 and
20 min of irradiation for bioluminescence measurement in a
luminometer (GloMax® 20/20 luminometer).

Photosensitizer binding. Three replicate bioluminescent E. coli (10
cells.mL™") suspensions were prepared in PBS and incubated in the
dark at room temperature in the presence of 20 pM of each PS. After
15 min of incubation, unbound PS was removed from the suspension
by centrifugation for 5 min, at 13,000 g (Hettich Mikro 120). Pellets
were further washed with PBS + 5% DMSO, digested in 1 mL of a
solution containing 2% SDS (Merck) and 0.1 M of NaOH (Scharlau)
and incubated at room temperature for 24 h or until to obtain a clear
solution. The fluorescence of the extracts was measured on a
FluoroMax3 spectrofluorimeter with a slit of 2 nm. The excitation
wavelengths for all compounds were 630 nm. The range for
emission was 640 to 825 nm. The measured fluorescence intensity
allowed the determination of the corresponding PS concentration by
interpolation with a calibration plot built with known concentrations
of each PS, using the digestion solution as solvent. Parallel aliquots
of cell suspensions incubated in the presence of the PS were read and
log luminescence (RLU) was assessed. The adsorption value was

NC_A e R",R2
j@ 9 \ N
NG N&O \\ =
1 \— “ N N

calculated according to the literature.”® Three independent assays

were performed for each combination of bacterial strain PS.

Statistical analysis. Statistical analysis was performed in SPSS 15.0
for Windows (SPSS Inc., USA). The significance of the PDI effect
of each PS and of the irradiation time on bacterial cells viability was
assessed by an unvaried analysis of variance (ANOVA) model with
the Bonferroni post hoc test. Normal distributions were assessed by
the Kolmogorov—Smirnov test and homogeneity of variances was
assessed by the Levene test. A value of p < 0.05 was considered
significant.

Results and Discussion

Synthesis of pyridinone Pc and precursors

A simple access to obtain the new amphiphilic methoxypyridinium
Pc conjugates 5 and 6 is summarized in Scheme 1. The synthetic
strategy required the previous preparation of the new pyridinone
phthalonitrile derivatives 1 and 2; these phthalonitriles were isolated
in excellent yields (higher than 90%) from reaction of 4-
Hydroxypyridine with the adequate fluorophthalonitriles. The
tetramerization of these synthons in presence of zinc(II) chloride
afforded the expected tetra- and octa-pyridinone Pc 3 and 4 in yields
higher than 58%. The subsequent methylation of these dyes in the
presence of a large excess of dimethyl sulfate in DMF at 80 °C, gave
rise to the corresponding cationic Pc 5 and 6 in yields higher than
80%. The structures of phthalonitriles 1 and 2 and of Pc 3-6 were
confirmed by NMR (Figs. S1-14) and by mass spectrometry (Figs.
S15-20).

d e
—— R1’R2 o 2
// 3 R'= $-N O;R2=H
N b ¢

= 4,R",R2= -§-NC>:0

@d_e .1 /2 8042'
1- .5- L R2 =
5R'= §NC/>*OCH3 'R2=H
b
RIR R o=\ ;SO0

2 6, R1, R2 - .g_

NC/>*OCH3

i) ZnCl,, 1-pentanol, 140 °C, 16 h; i) (CH3),SO,, DMF, 80 °C, 24 h.

Scheme 1

The main photophysical features of Pc 3-6 such as Q-band
wavelengths, molar extinction coefficients (€), fluorescence emission
wavelength (Aemission)> Stokes shift and fluorescence quantum yields
(®f) — are summarized in table 1. These Pc show the characteristic
absorption features expected for metallic phthalocyanine complexes
— a rather weak absorption Soret-band in the region of 300-425 nm
and a strong Q-band maximum at 680-684 nm (Fig. 1). Considering
the excited state all the Pc upon excitation at 630 nm in DMF show a

4| J. Name., 2015, 00, 1-3

band with a maximum at 688 nm (see also Fig. 1). The values of the
quantum yields in DMF vary between 0.09-0.24 and are slight lower
than the one of ZnPc (0.30)*® used as reference in the same solvent.

Solubility

UV-Vis absorption spectra acquired in PBS and DMSO are
displayed in figure 2. Both cationic PS 5 and 6 showed typical
absorption spectra in DMSO, with two well-defined Q-bands at 605

This journal is © The Royal Society of Chemistry 2015
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and 677 nm. However, a visible change is observed in the UV-Vis
spectra when PBS was used as solvent. In the case of PS 5, the two
Q-bands became a broad band with maximum absorbance at 610 nm
and an intense Soret-band, indicative of aggregation in PBS. The PS
6 shows slight blue shift of both bands but still sharp, which is an
evidence of good solubility in PBS. Although the solubility studies
relying on Beer-Lambert law, determined in DMSO and PBS (Fig.
S21), did not show aggregation behaviour for concentrations bellow
20 and 5 puM, respectively, a notorious aggregation of PS 5, in PBS
after a pre-incubation period of 15 min in the dark was observed,
using the same experimental conditions as in the PDI assays (20 uM)
(Fig. S22).

“ 1,0+
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o
o
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500 600 700 800
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400

o
[
1

Intensity / a.u.
o
S
1

o
N
1

o
o
L

T 1
800 850

T
750
Wavelength (nm)

T
650 700

Fig. 1 — Normalized a) absorption and b) emission spectra (at
excitation of 630 nm) of Pc derivatives 3-6 in DMF.

Table 1. Photophysical properties of Pc derivatives 3-6 in DMF.

Q-band Aemission Stokes b)
Compound Ao (1) log € (nm)® shift (nm) (0%
3 677 4.90 690 13 0.07
4 683 5.31 690 7 0.26
5 677 5.36 687 10 0.30
6 683 4.56 693 10 0.17

Yexcited at 630 nm; Pusing ZnPc in DMF as reference (@ = 0.30).%

Octanol/water partition coefficient

This journal is © The Royal Society of Chemistry 2015
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The octanol/water partition coefficients were determined by UV-Vis
spectra (data not shown) according with literature by saturating
equal volumes of both solvents with the cationic Pc 5 and 6. For
comparison the octanol/water partition coefficients of Pc 7 and 8
previously prepared (Fig. 3)"* were also determined. The obtained
results are summarized in table 4 and show that the position of the
charge and the presence of the thiopyridinium or inverted
methoxypyridinium moiety influence considerably the aqueous
solubility. Pc 5 shows lower solubility, compared with the Pc 6-8,
taken in consideration the analysis of the partition coefficient in
octanol/water (Table 2). The obtained results show that the
thiopyridinium Pcs are more soluble in pure water than the
methoxypyridinium Pcs.

——PS6_PBS

PS 6_DMSO
——PS5_DMSO
——PS5_PBS

Absorbance / a.u.

350 400 450 500 550 600 650 700 750 800 850 900

Wavelength / nm
Fig. 2 — Absorption spectra of 5 and 6 in DMSO and PBS (1 uM).

Table 2. Octanol/water partition coefficient of cationic Pc 5-8.

Compound Log Py
5 -2.80
6 -4.02
7 -4.00
8 -4.24

Singlet oxygen generation

The absorption decay of a solution of 1,3-diphenylisobenzofuran
(DPBF) in the presence of the different PS, allowed a qualitative
evaluation of the ability of these cationic PS 5, 6 and of the
thiopyridinium phthalocyanines 7 and 8 (Fig. 4) to generate singlet
oxygen (‘0,). Both methoxypyridinium PS 5 and 6 and
thiopyridinium PS 7 proved to be efficient 'O, generators (92, 37
and 76% of DPBF decay, after 5 min of irradiation respectively) in
DMF/H,O (9:1). Pc 5 shows the highest 'O, generation. On the
contrary, Pc 8, under the same experimental conditions, caused only
9% of DPBF absorbance decay, being the less efficient singlet
oxygen generator in the conditions tested.
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Fig. 3 — Structures of thiopyridinium Pc 7 and 8 used as comparison
to 5 and 6 in the PDI assays, against bioluminescent E. coli.
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Fig. 4 — Time-dependent decomposition of DPBF (50 uM)
photosensitized by PS 5-8 in DMF/H,0 (9:1) upon irradiation with a
LED array system (640 nm + 20 nm) at an irradiance of 6.0
mW.cm ™ with or without PS (0.5 pM).

Photodynamic inactivation of Escherichia coli

The inactivation kinetics of E. coli with artificial white and red
lights, in the presence of Pc 5-8, is shown in figure 5. The two
controls, light and dark (LC and DC, respectively) were also
included. The viability of bioluminescent E. coli was not affected
(ANOVA, p > 0.05) neither by irradiation alone (LC) nor by the PS
used at 20 uM in the absence of light (DC).
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Fig. 5 — Survival of bioluminescent E. coli during PDI experiments
with 20 uM of Pc 5-8, after irradiation with a) white light (400-800
nm) and b) red light (620~750 nm) at an irradiance of 150 mW.cm >,
during 20 min (between 0 and 180 J.cm™). Values correspond to the
average of 3 independent experiments in duplicate. Error bars
represent standard deviation.

Upon irradiation with white light (Fig. 5a) PSs 6, 7 and 8 caused
significantly higher inactivation (2.8, 2.3 and 2.7 logs of reduction in
bioluminescence emission (ANOVA, p < 0.05) than PS 5 (0.8 log
reduction in bioluminescence emission (ANOVA, p > 0.05), after 20
min of irradiation. In the assays with red light (Fig. 5b), three
distinct profiles were observed. Once again, PS 5 showed
significantly lower inactivation efficiency (0.9 log of reduction in
bioluminescence emission (ANOVA, p < 0.05) followed by PS 8
(2.3 log of reduction in bioluminescence emission) (ANOVA, p <
0.05). The inactivation profiles of PS 6 and 7 were very similar
during the initial 15 min of irradiation (3.5 log of reduction in
bioluminescence emission). However, during the last 5 min of
irradiation, PS 7 inactivation stabilized, while PS 6 photoinactivation
progressed to a final 4.1 log of reduction in bioluminescence
emission.

Comparing the PDI efficiency obtained under the two light
conditions, red light enhanced photodynamic inactivation with PS 6
and 7 (ANOVA, p < 0.05), while for PS 8 the wavelength of the
irradiation light did not improve its bacterial photodynamic
inactivation efficiency.

Photosensitizer binding

The amount of PS bound to E. coli cells after 15 min of incubation in
the dark with 20 uM of PS, are summarized in figure 6. The
methoxypyridinium PS 5 was significantly more retained by
bacterial cells (1.40 x 10® PS molecules CFU.mL"', ANOVA, p <
0.05) than the other tested PS. Methoxypyridinium PS 6 and
thiopyridinium PS 7 presented binding values in order of 3.46 x 10°
and 549 x 10° PS molecules CFU.mL’, respectively.
Thiopyridinium PS 8 presented the lowest binding value (1.35 x 10°
PS molecules CFU.mL™).

This journal is © The Royal Society of Chemistry 2015

Page 6 of 10



Page 7 of 10

1.0E+09

1.0E+08 -

PS CFU!

1.0E+07 A

1.0E+06 -

6 7

PS molecule

- |
8

Fig. 6 — Binding of cationic PSs 5-8 (20 pM) by the bioluminescent
E. coli cells after 15 min of incubation in dark at room temperature.
Values correspond to the average of 3 independent experiments.
Error bars represent standard deviation.

DISCUSSION

The search for new PS with suitable features for inactivation of
clinical pathogenic agents has led to the development of new second-
generation molecules based on phthalocyanines due to their high
absorption in the red region of the electromagnetic spectrum.
However, in order to improve the interaction of the Gram-negative
membranes with the PS the presence of cationic charges in PS core
is an important feature. In here it is described an easy synthetic
access to the new tetra- and octa-methoxypyridinium Pc 5 and 6 and
based on their photochemical and photophysical features their
efficiency to photoinactivate a Gram-negative bacterial strain
bioluminescent E. coli were evaluated. The efficiency of these new
PSs was compared with the efficiency of previously prepared
phthalocyanines 7 and 8. The use of cationic Pc with
trimethylammonium®>*  or even pyridinium groups”® as
antimicrobial agents has already been described.

The two cationic phthalocyanines 5 and 6 were obtained by
tetramerization of pyridinone phthalonitrile derivatives 1 and 2,
followed by O-methylation of the corresponding pyridinone Pc dyes
3 and 4 (Scheme 1). The pyridinone phthalonitrile derivatives 1 and
2 were obtained by nucleophilic substitution of adequate
functionalized nitro phthalonitriles with 4-hydroxypyridine. The
access to this interesting inverted methoxypyridinium
phthalocyanines can be justified by the presence of a high content of
the tautomer pyridinone in equilibrium with 4-hydroxypyridine. In
fact, previous results have shown that the tetra-substitution of
5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorophenyl)-porphyrin
(TPPF ) results in a 4-pyridinone derivative.**®

Factors like substitution type, that affect PS binding, and
photophysical features are determinants of the PS photosensitization
efficiency against bacterial cells.”” Singlet oxygen ('O,) production,
water solubility, octanol/water partition coefficient and binding
studies were conducted in order to understand the photosensitization
performance of the tetra- (5 and 7) and octa-cationic (6 and 8) Pc.
'0, is the major reactive oxygen species (ROS) produced by this

kind of macrocycles during PDI, being the intermediate for cell

This journal is © The Royal Society of Chemistry 2015
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damage and subsequent death.8''"*'7 In this study, PS 5 at the same
concentration (0.5 uM) showed significantly higher 'O, production
when compared to the other molecules (Fig. 4). However, a higher
PDI efficiency was not observed, regardless the light source used,
indicating that 'O, production yield is not the sole determinant of the
efficiency of photodynamic inactivation of bacterial cells; this fact
can be related to aggregation of PS 5 during the PDI assays,
conducted in buffer solution (PBS), even with 5% of DMSO.
Aggregated molecules lose their monomeric form and some of their
physical-chemical which PDI
Aggregation in aqueous medium may also underlie, as an artefact,
the apparently higher PS 5 binding to bacterial cells. In fact, this
hypothesis is supported by the partition coefficient (o/w) value,
where PS 5 presents a higher affinity to the organic phase, when
compared to the other PS tested (6-8). Although PS 6-8 displayed
similar partition coefficients, higher than PS 5, revealing a good
affinity to aqueous media, they behaved differently as to the PDI
efficiency.

features, reduces efficiency.

Despite the lower 'O, production and binding values of PS 8, it was
observed a PDI efficiency similar to PS 6 and 7, when irradiated
with white light. However, unlike PS 6 and 7, its efficiency did not
increase with red light. The photodynamic inactivation potential of
PS 7 and 8 confirm that water solubility, 'O, production and affinity
to cellular material, taken together, significant modulate the overall
performance of a PS for antimicrobial photodynamic approaches.
However, other photophysical and chemical aspects are also
relevant. PS 6 presented higher 'O, production and binding affinity
than PS 7, and similar partition coefficients but the later was more
efficient in PDI under red light. This can be explained by the
complete overlapping of PS 6 Q-band into the red light emission
used (620-750 nm, Fig. 7), compared to the PS 7. The light
wavelength necessary to induce photosensitization depends on the
electronic absorption spectrum of the PS and the emission spectrum
of the light source.*® The small differences in the PDI efficiency with
PS 6 and 7 under white light, could be related to different affinity to
outer bacterial structures.

It is also important to highlight that the structural manner in which
hydroxypyridine is bound to the Pc core, may also influence the PDI
performance. The substitution by the nitrogen instead of thio-bridge,
like in PS 7 and 8, probably makes the former less flexible. In
addition, the position of the positive charge may also contribute to
the aggregation behaviour in water, once it is more protected from
the surrounding environment.
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2 —
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2
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=
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Fig. 7 — Normalized UV-Vis spectra of Pc 5-8 in PBS with white and
red light source emission spectra.

Charge number is another essential driver of PS affinity toward
cellular targets critical for the stability of cell organization and/or
function.*®® A high number of positive charges was hypothesized to
result in reduced photosensitization efficiency.**>* However, in the
present work, the best PS had different charge numbers: eight (in PS
6) and four (in PS 7). Again, the results indicate that PDI efficiency
is determined by a complex interplay of photophysical, chemical and
biological photosensitizer features.

Conclusions

Novel pyridinone and methoxypyridinium Pc derivatives 3-6 were
prepared and structurally characterized by NMR spectroscopy and
mass spectrometry. Pc derivative 6 proved to be the best efficient
photosensitizer against bioluminescent recombinant strain of E. coli,
due to the conjunction of octanol/water partition coefficient, 'O,
production and good overlap between the PS absorbance spectrum
and lights source emission. The affinity form of PS 6 to the outer
bacterial structures, which the methoxypyridinium moieties are less
flexible comparing with the thiopyridinium groups of PS 7 and 8,
would be also important in the PDI result. The type, number and
position of the positive charged play a key role in the
physicochemical and biological features of the phthalocyanine
derivatives, confirming that these characteristics should be further
addressed in the pursue for optimized PS for PDI of microbial
pathogens.
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