Available online at www.sciencedirect.com

ScienceDirect

DYE
i1l
PIGMENTS

www.elsevier.com/locate/dyepig

ELSEVIER

Dyes and Pigments 77 (2008) 229—237

Synthesis and antibacterial photosensitizing properties of a novel
tricationic subphthalocyanine derivative

Mariana B. Spesia, Edgardo N. Durantini*

Departamento de Quimica, Universidad Nacional de Rio Cuarto, Campus Universitario, Agencia Postal Nro 3, X5804BYA Rio Cuarto, Cérdoba, Argentina

Received 15 February 2007; received in revised form 5 May 2007; accepted 11 May 2007
Available online 2 June 2007

Abstract

A novel chloro[2,9,16(2,9,17)-trikis-4-(N-methylpyridyloxy)]subphthalocyaninnato boron(IIl) iodide (SubOPc* ") was synthesized by boron
trichloride-induced cyclotrimerization of 4-(4-pyridyloxy)phthalonitrile in 1-chloronaphthalene. Exhaustive methylation of SubOPc with methyl
iodide yielded the tricationic SubOPc®". The spectroscopic and photodynamic properties of the SubOPc*™ were compared with those of both the
uncharged SubOPc and the subphthalocyanine (SubPc). The cationic SubOPc*" aggregates in various solvents and is partially dissolved as
a monomer in aqueous sodium dodecyl sulfate; photodynamic inactivation was strongly dependent on the medium. The photodynamic inacti-
vation imparted by the subphthalocyanines was investigated in vitro on the Gram-negative bacterium, Escherichia coli. SubOPc*" rapidly bound
to E. coli cells reaching a value of ~2 nmol/10° cells after 5 min of incubation with 4 uM of sensitizer in the dark. Photosensitized inactivation
of E. coli cellular suspensions by SubOPc®" produced a ~2.5 log decrease of cell survival (99.7% of cellular inactivation). The growth of E. coli
cells was completely arrested when cultures were exposed to 8 uM of cationic subphthalocyanine and irradiated, whereas a negligible effect was

found for the non-charged SubOPc. Also, SubOPc*™ was able to inactivate E. coli cells immobilized on agar surfaces.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Subphthalocyanines are composed of three diiminoisoin-
dole rings N-fused around a boron core. Their chemical and
physical properties, which result from their 14 Tt-electron aro-
matic core and nonplanar cone-shaped structure, make them
attractive compounds [1,2]. The compounds are synthesized
by cyclotrimerization of phthalonitrile precursors in the pres-
ence of a boron trihalide [3,4]. Symmetrically substituted
phthalonitriles produce a single subphthalocyanine, while
asymmetric phthalonitriles yield a mixture of two subphthalo-
cyanine regioisomers with C; and C; symmetries [5]. When
electronic or steric interactions are not influencing the
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regioisomeric distribution, the ratio C5:C; follows a statistical
distribution 1:3 [1].

UV—visible absorption spectra of subphthalocyanines are
comparable to those of phthalocyanines in that both show
Soret and Q-bands. However, in the case of subphthalocya-
nines, the absorption spectrum tends to show both a Soret
band (~300 nm) and a Q-band (~ 560 nm), which are shifted
to shorter wavelengths than those of phthalocyanines. This ef-
fect occurs as a consequence of the decrease in the m-conjuga-
tion system [6]; also, subphthalocyanines are fluorescent and
have long triplet excited state lifetimes that efficiently produce
singlet molecular oxygen, 02(1Ag) [6—8]. Thus, subphthalo-
cyanines are interesting candidates for use in photosensitiza-
tion processes, especially in situations where absorption in
the red part of the spectra is not required. This can be the
case of pathogenic microorganisms grown in vivo as localized
foci of infection, on skin or on accessible mucous membrane,
which can be treated by photodynamic inactivation (PDI)
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[9,10]. This approach has recently been proposed as an alter-
native antibacterial therapy for the treatment of pathogenic
bacteria [11—13]. PDI is based on the administration of a pho-
tosensitizer, which is preferentially accumulated in the micro-
bial cells; subsequent irradiation with visible light, in the
presence of oxygen, produces cell damage that inactivates
the microorganisms [14].

In most cases, while Gram-positive bacteria are susceptible
to the photosensitizing action of a variety of sensitizers, Gram-
negative bacteria exhibit a remarkable resistance to negatively
charged or neutral agents [12]. This resistance has been as-
cribed to the presence of a highly organized outer membrane
that hinders the interaction of the photosensitizer with the
cytoplasmic membrane and intercepts the photogenerated re-
active species [15—18]. However, studies with cationic photo-
sensitizer derivatives have shown that these compounds can
cause direct photoinactivation of Gram-negative bacteria
even in the absence of additives [19—24].

In this paper we evaluate, for first time, the photodynamic
activity of subphthalocyanine derivatives in vitro on Escheri-
chia coli cells. Thus, a novel chloro[2,9,16(2,9,17)-trikis-
4-(N-methylpyridyloxy)]subphthalocyaninnato boron(IIl) iodide
(SubOPc*") was synthesized and its spectroscopic and
photodynamic properties were compared with the homolo-
gous, non-charged chloro[2,9,16(2,9,17)-trikis-4-(pyridyloxy)]
subphthalocyaninnato boron(IIl) (SubOPc) as well as the sub-
phthalocyanine (SubPc). The results indicate that SubOPc** is
an interesting agent with potential application in the PDI of
bacteria.

2. Materials and methods
2.1. General

Absorption and fluorescence spectra were recorded on
a Shimadzu UV-2401PC spectrometer and on a Spex Fluoro-
Max fluorometer, respectively. Proton nuclear magnetic reso-
nance ("H NMR) spectra were recorded on a FT-NMR
Bruker Avance DPX400 multinuclear spectrometer at
400 MHz. Mass spectra were taken with a Varian Matt 312
operating in EI mode at 70 eV. FAB mass spectra were taken
with a ZAB-SEQ Micromass equipment. All the chemicals
from Aldrich (Milwaukee, WI, USA) were used without fur-
ther purification. Solvents (GR grade) from Merck were dis-
tilled. Ultrapure water was obtained from Labconco (Kansas,
MO, USA) equipment model 90901-01.

2.2. Sensitizers

Subphthalocyanine (SubPc) was purchased from Aldrich.
4-(4-Pyridyloxy)phthalonitrile was synthetized from 4-nitro-
phthalonitrile and 4-hydroxypyridine in the presence of dry
potassium carbonate as previously reported [25]. According
to the synthetic procedure, the subphthalocyanine macrocycle
is obtained as a mixture of the corresponding regioisomers.

2.2.1. Chloro[2,9,16(2,9,17 )-trikis-4-(pyridyloxy)]-
subphthalocyaninnato boron(Ill) (SubOPc)

A solution of 4-(4-pyridyloxy)phthalonitrile (183 mg,
0.81 mmol) and boron trichloride (410 pL, 0.41 mmol, 1 M
in heptane) in 6 mL of 1-chloronaphthalene was stirred for
10 min under an argon atmosphere. The reaction mixture
was heated to 250 °C for 10 min and then cooled to room
temperature after which the product was purified by flash chro-
matography (silica gel, dichloromethane/methanol 5%) and
recrystallized from dichloromethane/cyclohexane to yield
37mg (19%) of the pure SubOPc. 'H NMR (DMSO-dg,
TMS) o6 [ppm] 6.51 (6H), 7.75 (6H), 7.93 (6H), 8.60 (6H).
MS [m/z] 709 (M") (709.1549 calculated for
C39H,;BCINgO3). Anal. Caled. C 65.98, H 2.98, N 17.76;
found C 65.90, H 2.93, N 17.85.

2.2.2. Chloro[2,9,16(2,9,17)-trikis-4-(N-methylpyridyloxy)]-
subphthalocyaninnato boron(Ill) iodide (SubOPc3+ )

A mixture of SubOPc (15 mg, 0.021 mmol) and 4 mL of
methyl iodide in 4 mL of N,N-dimethylformamide (DMF)
was stirred for 72 h at 70 °C. The solvents were removed un-
der vacuum and the solid was re-suspended in cyclohexane
and then filtered to yield 22 mg (92%) of SubOPc*™. 'H
NMR (DMSO-ds, TMS) ¢ [ppm] 4.21—4.26 (9H), 7.80
(6H), 7.94 (6H), 8.62 (6H), 8.93 (6H). MS [m/z] 754
(M*=3I) (754.2253 calculated for C4,HzoBCINyO;). Anal.
Calcd. C 44.42, H 2.66, N 11.10; found C 44.49, H 2.73, N
11.16.

2.3. Spectroscopic studies

Spectra were recorded using 1 cm path length quartz cells
at 25.0+0.5°C. The fluorescence quantum yield (¢gr) of
subphthalocyanines was calculated by comparison of the
area below the corrected emission spectrum with that of cresyl
violet perchlorate as a fluorescence standard (¢p=0.54 in
methanol), exciting at A.xc =530nm [26]. The intensities
were corrected for refraction index differences between
methanol and DMF [27].

2 4. Steady-state photolysis

Solutions of 9,10-dimethylanthracene (DMA, 35 uM,
2 mL) in different media and photosensitizer were irradiated
in quartz cells with monochromatic light at 4;, = 570 nm (sen-
sitizer absorbance 0.1) from a 75 W high-pressure Xe lamp
through a high intensity grating monochromator, Photon Tech-
nology Instrument [28]. The light intensity was determined as
0.7 mW/cm? (Radiometer Laser Mate-Q, Coherent). The ki-
netics of photooxidation were studied by following the de-
crease of the absorbance (A) at Ay, =378 nm for DMA.
The observed rate constants (k) were obtained by a linear
least-squares fit of the semilogarithmic plot of Ln Ay/A vs
time. Photooxidation of DMA was used to determine singlet
molecular oxygen, Oz(lAg), production by the photosensi-
tizers. SubPc was used as the standard (@, = 0.61) [1]. Mea-
surements of the sample and reference under the same
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conditions afforded @, for sensitizers by direct comparison of
the slopes in the linear region of the plots [29]. All the
experiment were performed at 25.0 = 0.5 °C. The pooled stan-
dard deviation of the kinetic data, using different prepared
samples, was less than 5%.

2.5. Bacterial strain and preparation of cultures

E. coli strain EC7 recovered from clinical urogenital mate-
rial [23] was grown aerobically at 37 °C in 30% w/v tryptic
soy (TS) broth overnight. Aliquots (~40 pL) of this culture
were aseptically transferred to 4 mL of fresh medium (30%
w/v TS broth) and incubated at 37 °C to mid logarithmic phase
(absorbance ~ 0.6 at 660 nm). Cells in the logarithmic phase
of growth were harvested by centrifugation of the broth cul-
tures (3000 rpm for 15 min) and re-suspended in 4 mL of
10 mM phosphate-buffered saline (PBS, pH = 7.0). The cells
were then diluted 1/1000 in PBS, corresponding to ~ 10° col-
ony forming units (CFU)/mL. In all the experiments, 2 mL of
the cell suspensions in glass culture tubes (13 x 100 mm) were
used and the sensitizer was added from a stock solution of sen-
sitizer (4.5 x 1074 M) in DME. Viable bacteria were moni-
tored and their number was calculated by counting the
number of colony forming units after appropriate dilution on
TS agar plates [23]. Bacterial cultures grown under the same
conditions with and without photosensitizers kept in the dark
as well as illuminated cultures without sensitizer served as
controls.

2.6. Sensitizer binding to bacterial cells

Suspensions of E. coli (2 mL, ~ 10° CFU/mL) in PBS were
incubated in dark at 37 °C with 4 uM of sensitizer for different
times. The cultures were centrifuged (3000 rpm for 15 min)
and the cell pellets were then re-suspended in 2 mL of
DMF/water (10%)/HC1 (1.2 mM), incubated overnight at
4 °C and sonicated for 30 min [23]. The concentration of sen-
sitizer in the supernatant was measured spectrofluorimetrically
(Aexe =545 nm, A, =578 nm and 579 nm for SubOPc¢ and
SubOPc ™, respectively). The fluorescence values for each
sample refer to the total number of bacteria contained in the
suspension. The concentration of the sensitizer in this sample
was estimated by comparison with a calibration curve ob-
tained using standard solutions of the sensitizer in DMF/water
(10%)/HCI (1.2 mM) ([sensitizer] ~ 0.05—1.0 uM).

2.7. Photosensitized inactivation of bacteria cells
in PBS suspension

Cell suspensions of E. coli (2 mL, ~ 10° CFU/mL) in PBS
were incubated with 4 uM of sensitizer for 30 min in the dark
at 37 °C. The cultures were then exposed for different times to
visible light provided by a 150 W lamp housed in a Novamat
130 AF slide projector filtered through a 2.5 cm glass cuvette
filled with water to absorb heat. The wavelength range of
350—800 nm was selected by optical filters [30]. The light in-
tensity at the treatment site was 75 mW/cm” (Radiometer

Laser Mate-Q, Coherent). Both control and irradiated cell
suspensions were serially diluted with PBS, then plated in trip-
licate on TS agar and the number of colonies formed after
18—24 h incubation at 37 °C was counted.

2.8. Growth delay experiment

E. coli cells were grown overnight as described above. A
portion (60 pL) of this culture was transferred to 20 mL of
fresh TS broth (10%) medium and the ensuing suspension
was homogenized and 2 mL aliquots were incubated with
8 UM of sensitizer at 37 °C. The culture grown was measured
by turbidity at 660 nm using a Tuner SP-830 spectrophotome-
ter [23]; the flasks were then irradiated with visible light at
37 °C, as described above.

In all cases, control experiments were carried out without
illumination in both the absence and the presence of sensitizer.
Each experiment was repeated separately three times.

2.9. Photosensitized inactivation of bacteria cells
on agar surface

TS agar plates (5 cm diameter) were spread with 8 nmol of
sensitizer on an area of ~0.6cm® from a solution
4.5 x107*M in DMF. The plates were then incubated for
15 min at 37 °C and were plated with the suspension of E.
coli (~10° CFU/mL) in PBS. The plates were incubated at
37 °C for 30 min in the dark after which time, the plates
were irradiated as described above for 1 h and incubated for
18—24 h at 37 °C in dark. Plates both with and without photo-
sensitizers were kept in the dark and plates without sensitizer
that had been irradiated were used as controls. Each experi-
ment was repeated separately three times.

3. Results and discussion
3.1. Synthesis of subphthalocyanines

A three-step method was used to synthesize SubOPc* ™.
Firstly, 4-(4-pyridyloxy)phthalonitrile was formed by the
nucleophilic aromatic substitution reaction of 4-nitrophthalo-
nitrile with 4-hydroxypyridine in the presence of K,COj;
(Scheme 1). The phthalonitrile derivative was isolated by flash
chromatography in 66% yield. The boron trichloride-induced
cyclotrimerization of 4-(4-pyridyloxy)phthalonitrile was per-
formed in 1-chloronaphthalene (Scheme 2). After mixing, the re-
action was heated to 250 °C for 10 min and then cooled to room
temperature. The subphthalocyanine was isolated by flash chro-
matographic column (silica gel, dichloromethane/methanol 5%)

o OH KCO; CN
@: ’ @ DMF @\ /@i
0 CN
ON CN N7 s0°C,3n

66%

Scheme 1. Synthesis of 4-(4-pyridyloxy)phthalonitrile.
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Scheme 2. Synthesis of trisubstituted subphthalocyanines SubOPc and SubOPc®*.

and the product was re-crystallized from dichloromethane/
cyclohexane to obtain SubOPc as a regioisomeric mixture in
19% yield. Cationic SubOPc®" was obtained treating the
SubOPc with an excess of methyl iodide at 70 °C for 72 h in
DMF (Scheme 2). The exhaustive methylation produced
SubOPc** in 92% yield.

3.2. Spectroscopic studies

The uncharged SubOPc was soluble as monomer in several
organic solvents of middle polarity, such as dichloromethane
and DMF, as indicated by the intense absorption Q-band
around 570 nm. However, the spectrum of the tricationic Sub-
OPc** in different media showed a low intensity, broadening
Q-band. Aggregation of tricationic subphthalocyanine was
observed in dichloromethane, dimethylsulphoxide, methanol,
DME, water and PBS. The monomeric form of SubOPc** in-
creased in DMF/water (10%) moderately acidified with HCl
(1.2 mM) (Fig. 1). However, as seen in Fig. 1, the fluorescence
excitation spectrum of SubOPc®" showed that even in this
condition the cationic subphthalocyanine was not completely
disaggregated. An increase in the Q-band of SubOPc’" was
observed in aqueous 2% w/v sodium dodecyl sulfate (SDS)
(Fig. 1). The micellar system provides a more appropriate
microenvironment where the sensitizer can be solubilized as
a monomer. The spectroscopic characteristics of subphthalo-
cyanines in acidified DMF/water are summarized in Table 1.
The Q-band of C; substituted subphthalocyanines, such as
SubOPc and SubOPc®", displays a small bathochromic shift
(~3 nm) when compared with that of SubPc [1].

The steady-state fluorescence emission spectra of subphtha-
locyanines were performed in DMF/water (10%)/HCl
(1.2 mM) (Fig. 2). The spectra showed one intense band at
~ 578 nm, which is characteristic of subphthalocyanines [1].
The fluorescence quantum yields (¢g) are summarized in
Table 1; a lower ¢ was found for SubOPc®" probably due
to its incomplete monomerization. Moreover, very low
fluorescence emission was found in dichloromethane, dime-
thylsulphoxide, methanol, water and PBS showing that the

tricationic phthalocyanine is poorly soluble as a monomer in
these media.

In all cases, a small Stokes shift (~ 10 nm) was observed
indicating that the spectroscopic energy was almost identical
to the relaxed energy of the singlet state. Taking into account
the energy of the 0—0 electronic transitions, the energy levels
of the singlet excited states (Es) were calculated (Table 1).
These results are in agreement with those previously reported
for this family of photosensitizers [1].

3.3. Photodynamic activity

9,10-Dimethylanthracene (DMA) was used to evaluate the
ability of the sensitizers to produce 02(1Ag) as this substrate

1.0 1

o
3
1

0.6

0.4

normalized intensity (AU)

o
N
1

0.0

wavelength (nm)

Fig. 1. Absorption spectra of SubOPc (dashed line), SubOPc>* (solid line),
SubPc (dotted line) in DMF/water (10% v/v)/HCI (1.2 mM) and SubOPc**
(dashed dotted line) in SDS 2% w/v, and fluorescence excitation spectrum
of SubOPc** (O, Aem = 625 nm) in DMF/water (10% v/v)/HCI (1.2 mM).
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Table 1
Spectroscopic characteristics of subphthalocyanines in DMF/water (10%)/HC1
(1.2 mM)

Subphthalocyanine A%, ASm ¢ Pk E,
(om)*  (m)° M 'em™') (kI mol ")
SubPc 566 574 63,000° 0.18£0.01¢ 210
SubOPc 569 578 63,500 0.144+0.01 211
SubOPc*+ 569 579 31,000 0.10+£0.01 211
% Q-band.

® dexe =530 nm.
¢ Benzene, Ref. [6].
4 $r=0.25 (benzene), Ref. [6].

quenches Oz(lAg) exclusively by chemical reaction [28]. The
photooxidative process was studied under aerobic condition
in different media namely DMF, DMF/water (10%)/HCl
(1.2 mM) and aqueous 2% w/v SDS. Fig. 3 shows representa-
tive results in acidified DMF/water. From first-order kinetic
plots the values of the observed rate constant (k,,) were
calculated (Table 2). In DMF, the non-charged subphthalocya-
nines, SubPc and SubOPc, photodecompose DMA with identi-
cal rate, indicating that both sensitizers display comparable
Oz(lAg) production in this solvent. Under similar conditions,
DMA reaction was negligible using SubOPc®" as sensitizer
since in DMF the cationic sensitizer is highly aggregated.
Such aggregates provide an efficient nonradiative energy re-
laxation pathway, diminishing the triplet-state population
and the Oz(lAg) quantum yield; thus, aggregation precludes
photodynamic activity. The ability of the three sensitizers
was compared in acidified DMF/water, under which condi-
tions, the quantum yield of 02(1Ag) production (®,) was
calculated comparing the slope for subphthalocyanines with

1.0

normalized intensity (AU)

600 700 800
wavelength (nm)

Fig. 2. Fluorescence emission spectra of SubOPc (dashed line), SubOPc®"
(solid line) and SubPc (dotted line) in DMF/water (10% v/v)/HCI (1.2 mM),
Aexe = 530 nm.
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Fig. 3. First-order plots for the photooxidation of DMA (35 uM) in DMF/water
(10% v/v)/HCI (1.2 mM) photosensitized by SubOPc ('V¥), SubOPc** (A)
and SubPc (@), Ay =570 nm. Values represent mean + standard deviation
of three separate experiments.

that obtained for the reference, SubPc. As can be seen in
Table 2, the photodynamic effect of SubOPc remained rela-
tively high in comparison with SubPc but the value of @,
was even low for SubOPc®". The reaction was also investi-
gated in a microheterogeneous system formed by SDS mi-
celles. In this medium, a higher rate of DMA decomposition
was obtained using SubOPc>" as photosensitizer, while SubPc
could not be evaluated due to its low solubility. These findings
indicate that Oz(lAg) production depends on the medium in
which the sensitizer is localized and diminishes, markedly,
when the subphthalocyanine is aggregated.

3.4. Binding of sensitizer to E. coli cells

Subphthalocyanine derivatives were evaluated as photody-
namic agents in vitro using a typical Gram-negative bacterium,
E. coli. Firstly, the cell toxicity induced by these photosensi-
tizers was analyzed in the absence of light at different photo-
sensitizer concentrations in PBS cellular suspension. When the
cultures were treated with 1—10 uM of sensitizer for 30 min in
the dark, no toxicity was detected for SubOPc. However,
10 uM of SubOPc>" was toxic to E. coli and the formation
of colonies was not detected. Furthermore, 5 uM of SubOPc>"
showed minor toxicity toward E. coli producing 32% of cellu-
lar inactivation. Finally, no toxicity was found when cell
cultures were treated with 4 uM of SubOPc®>" and therefore
this concentration was selected for photodynamic in vitro stud-
ies using E. coli cells in PBS.

The capacity of these photosensitizers to bind to bacterial
cells was compared after different incubation times of E.
coli cultures using 4 uM of subphthalocyanine at 37 °C in
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Table 2

Kinetic parameters (k.p,s) and quantum yield of Oz(]Ag) production (®,) of subphthalocyanines in different media

Subphthalocyanine kobs (s~') DMF kops (s~') DMF/water” @,° kobs (s™') SDS*
SubPc (1.1+0.1)x 1073 (194+02)x 1073 0.61¢ -

SubOPc (1.1+0.1) x 1073 (15+02)x 1073 0.48 +0.03 (49+02)x 107
SubOPc** - 044+0.1)x 1073 0.13+0.01 (7.6 £0.3) x 107*

4 SDS 2% wiv.
® DMF/water (10%)/HCI (1.2 mM).
¢ Ref. [1].

the dark. The amounts of sensitizer associated with the cells
are shown in Fig. 4 from which it is apparent that SubOPc> "
reached the highest value of cell-bound sensitizer after a short
time (~5 min). Prolonging the incubation time to 30 min did
not impart an appreciable increase in the amount of photosen-
sitizer bound to the E. coli cells. Under these conditions, the
binding of cationic subphthalocyanine to E. coli cells reached
a value of ~2 nmol/10° cells. This was not observed for Sub-
OPc, whose binding to the E. coli cells achieved a value of
~0.5 nmol/10° cells.

The binding of SubOPc®' was also analyzed in E. coli
cultures by fluorescence emission spectra. As can be observed
in Fig. 5, a very low intensity around 575 nm was produced
using 4 uM of subphthalocyanine in PBS. However, when
SubOPc*" was added to a cellular suspension (106 cell/mL)
in PBS solution, the band increased considerably. As the shape
and intensity of the bands closely matched the emission spec-
trum of SubOPc®" in DMF/water (10% v/v)/HCI (1.2 mM),
the cellular microenvironment, in which the SubOPc** is
localized, appears to be an appropriate medium to help to sol-
ubilize the cationic subphthalocyanine as a monomer.

N
|
. .
\
\
\
[E—
[E—

subphthalocyanine (nmol/10° cells)
|

incubation time (min)

Fig. 4. Amount of SubOPc (¥ ) and SubOPc** ( A ) recovered from E. coli
cells (~10° CFU/mL) treated with 4 pM of sensitizer for different incubation
times at 37 °C in dark. Values represent mean =+ standard deviation of three
separate experiments.

3.5. Photosensitized inactivation of E. coli cells
in PBS suspension

Suspensions of E. coli cells in PBS were treated with 4 pM
of sensitizer for 30 min at 37 °C in dark and the cultures were
then irradiated with visible light. Fig. 6 shows the survival of
bacterial cells after different irradiation times. Control exper-
iments demonstrated that the viability of E. coli was unaf-
fected by illumination alone or by dark incubation with
4 uM of the photosensitizer for 30 min. Therefore, the cell
mortality obtained after irradiation of the cultures treated
with the subphthalocyanine can be attributed to the photosen-
sitization effect of the agent produced by visible light.

The viability of E. coli cells after irradiation was dependent
upon both light exposure level and the subphthalocyanine used
in the treatment. As seen in Fig. 6, the E. coli cells are rapidly
photoinactivated when the unwashed cultures treated with tri-
cationic SubOPc®" are exposed to visible light. In particular,
the tricationic SubOPc®" exhibits a photosensitizing activity
causing a ~ 2.5 log decrease of cell survival, when the cultures
are irradiated with a light fluence of 135 J/cm?. These results
represent a value greater than 99.7% of cellular inactivation.
On the other hand, insignificant inactivation effect was found

1.0

o o
o =3
I I

normalized intensity (AU)
o
N
|

0.2

wavelength (nm)

Fig. 5. Fluorescence emission spectra (Aexc = 530 nm) of SubOPc** (4 uM) in
DMF/water (10% v/v)/HCI1 (1.2 mM) (dashed line), PBS (dotted line) and
cellular suspension (10° cell/mL) in PBS (solid line).
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Fig. 6. Survival curves of E. coli cells (~ 10° CFU/mL) incubated with 4 uM
of SubOPc (W) and SubOPc** (A ) for 30 min at 37 °C in dark and exposed
to visible light (75 mW/cm?) for different irradiation times: control culture
untreated (O), treated with 4 uM of SubOPc (V) and SubOPc** (A) in
dark. Values represent mean =+ standard deviation of three separate
experiments.

for cultures treated with 4 uM of SubOPc still after 30 min of
irradiation. This result is in agreement with that reported be-
fore for non-charged phthalocyanine derivatives, indicating
that these non-cationic sensitizers are unsuccessful sensitizers
for Gram-negative bacteria under these conditions [16,25].
The failure of SubOPc to produce any photosensitizing activ-
ity on the bacteria is possibly due to its low binding to them. In
the case of SubOPc*", it seems to have a binding affinity for
E. coli cells probably by electrostatic interaction with anionic
functional groups at the cell surface [15]. Thus, the subphtha-
locyanine tightly bound is mainly involved in the photoinacti-
vation of E. coli.

3.6. Photosensitized growth delay of E. coli cultures

In most in vitro studies, the photodynamic activity of the
photosensitizers has been evaluated using PBS as the suspend-
ing medium for the bacterial cells. However, the consistency
of the suspending medium can strongly influence the efficacy
of antimicrobial PDI [31,32]. Therefore, experiments were
performed to ensure that PDI of cells is still possible when
the cultures were not under either starvation conditions or
the potential damaging effects of phosphate buffer washing
[16,25,31]. Thus, growth delay of E. coli cultures sensitized
by subphthalocyanines was carried out in the medium (10%
w/v TS broth). The cultures of E. coli in lag phase were treated
with 8 uM of sensitizer and the flasks were irradiated with
visible light at 37 °C. As can be seen from Fig. 7, growth
was arrested when E. coli cultures were treated with Sub-
OPc®" and illuminated. After irradiation in the presence of
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Fig. 7. Photosensitized growth delay curves of E. coli cells incubated with
8 uM of SubOPc (¥ ) and SubOPc** (A ) and exposed to different irradiation
times with visible light in 10% w/v TS broth at 37 °C: control culture
untreated irradiated (@), untreated in dark (O), treated with 8 uM of SubOPc
(V) and SubOPc** (A) in dark. Values represent mean =+ standard deviation
of three separate experiments.

8 UM of sensitizer SubOPc> ", the cells no longer appeared
to be growing as measured by turbidity at 660 nm. Further-
more, a minor effect in the growth delay was found for cells
treated with 8 uM of SubOPc. In contrast, E. coli cells exposed
to sensitizers in the dark or not treated with sensitizer and
illuminated showed no growth delay compared with the con-
trols. These results imply that the observed growth delay is
due to the photoinactivation effect of the sensitizers on the
cells [23]. Similar growth delay curves of E. coli were previ-
ously observed for cultures in the presence of 1—10 pg/mL
of cationic zinc pyridinium phthalocyanine under similar ex-
perimental conditions [16]. Therefore, these findings indicate
that tricationic subphthalocyanine is a very efficient sensitizer
to arrest E. coli cells even under growth conditions of the
cultures.

3.7. Inactivation of E. coli cells on surfaces

The photodynamic activity of the photosensitizers to inac-
tivate E. coli cells restricted on TS agar has been used to pho-
toinactivate bacteria growing in vivo as localized foci of
infection, on skin or on accessible mucous membrane
[33,34]. These experiments were used to evaluate the photody-
namic inactivation of E. coli cells, which were not initially
treated with the sensitizer in solution. Thus, the cells were
grown on TS agar surface containing the sensitizer in a small
area. Firstly, 8 nmol of different subphthalocyanines were
homogenously distributed over ~0.6 cm® on the TS agar
and the plates were then spread with a suspension of E. coli,
to allow a lawn of bacteria to be obtained. The cultures
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were kept in the dark for 30 min at 37 °C, during which time,
binding of the sensitizer to the E. coli cells can take place.
Afterwards, the plates were irradiated with visible light for
3 h and incubated for 18—24 h at 37 °C in the dark. Character-
istic results are shown in Fig. 8 from which it is evident that
growth of the E. coli cells was not detected in the area which
had been treated with SubOPc’", whereas negligible effect
was observed in the area containing SubOPc. Also, modifica-
tion of the cellular lawn was not observed for controls treated
with sensitizer and kept in dark. Consequently, photodynamic
inactivation was only found on the surface where SubOPc>"
was located. This activity is probably due to a higher binding
to cells of SubOPc>™ as observed above in bacterial suspension.

4. Conclusions

A novel, tricationic subphthalocyanine was conveniently
synthesized in three steps namely, nucleophilic aromatic
substitution to produce 4-(4-pyridyloxy)phthalonitrile, boron
trichloride-induced cyclotrimerization of 4-(4-pyridyloxy)
phthalonitrile to provide SubOPc and the exhaustive methyla-
tion of SubOPc with methyl iodide to yield the tricationic
SubOPc®" in which the cationic centers are isolated from the
subphthalocyanine macrocycle ring by alcohoxy bonds which
provide high mobility of the charges, thus facilitating interac-
tion with the outer membrane of Gram-negative bacteria.

Owing to their cone-shaped structure, subphthalocyanines
should not form aggregates in many solvents. However, the
cationic SubOPc®" aggregates in various solvents and is par-
tially dissolved as a monomer in SDS. Photodynamic studies

Fig. 8. Inactivation of E. coli cells on TS agar irradiated with visible light
(75 mW/cm?) for 1h. The black circles indicate the area where 8 nmol of
sensitizer was spread from a solution 4.5 x 107* M in DMF.

in different media indicate that Oz(lAg) production sensitized
by SubOPc*" depends on the medium in which it is located.
Indeed, activity increases in a micellar, microheterogeneous
system that contains regions that mimic a biological microen-
vironment. Consequently, photodynamic efficiency in biologi-
cal systems is not directly predictable on the basis of
photophysical investigations in solution [35]. Studies of PDI
to evaluate the activity of these sensitizers on a Gram-negative
bacterium E. coli were for first time investigated in vitro. Bind-
ing of SubOPc>" to cells takes place in a short period of incu-
bation time reaching high values of intracellular concentration
(~2 nmol/ 10° cells). Also, fluorescence studies in cellular
suspension reveal that SubOPc*" is solubilised in a biological
microenvironment, which apparently helps the monomeriza-
tion of the sensitizer. Photosensitized inactivation of E. coli
cellular suspensions by SubOPc®" exhibited ~99.7% cellular
inactivation after 30 min of irradiation. PDI was also estab-
lished by growth delay experiments. The E. coli cells are
rapidly photoinactivated in an environment free from the
possible damaging effects of phosphate buffer washing. In
terms of the ability of the photosensitizers to inactivate
E. coli growing on agar surfaces, the photosensitizing effect
of SubOPc** remained high.

This work shows that cationic subphthalocyanines are inter-
esting photosensitizers with useful antibacterial activity in the
cases of both cellular suspension or on a surface.
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