Journal of Photochemistry and Photobiology A: Chemistry 353 (2018) 536-545

Contents lists available at ScienceDirect

Journal of Photochemistry and Photobiology A:
Chemistry

journal homepage: www.elsevier.com/locate/jphotochem

- A Chemls{ry

Singlet oxygen production by a polypyridine ruthenium (II) complex
with a perylene monoimide derivative: A strategy for photodynamic
inactivation of Candida albicans

Check for
updates

)

Paulo José Sousa Maia*™%* Inara de Aguiar®, Marisol dos Santos Velloso®, Dong Zhang®,
Edjane Rocha dos Santos®, Jonatas Rafael de Oliveira®, Juliana Campos Junqueira®,
Matthias Selke®**, Rose Maria Carlos®

2 Institute of Exact Sciences and Technology, Federal University of Amazonas, 69103-128, Itacoatiara, AM, Brazil

b Department of Chemistry, Universidade Federal de Sdo Carlos, CP 676, 13565-905, Sdo Carlos, SP, Brazil

< Department of Biosciences and Oral Diagnosis, Universidade Estadual Paulista/UNESP, Av. Engenheiro Francisco José Longo, 777, 12245-000, Sdo José dos
Campos, SP, Brazil

9 Department of Chemistry and Biochemistry, California State University, 90032, Los Angeles, CA, United States

ARTICLE INFO ABSTRACT

Article history:

Received 16 November 2017

Received in revised form 10 December 2017
Accepted 12 December 2017

Available online 13 December 2017

We report the synthesis, optical, electrochemical and electronic properties of a new perylene derivative
and its Ru(Il) complex, namely N,-(5-amino-1,10-phenantroline)perylene-3,4,9,10-tetracarboximonoi-
mide (pPDI) and Bis(1,10-phenanthroline)(N-(5-amin-1,10-phenantroline)perylene-3,4,9,10-tetracar-
boxi monoimide)ruthenium(ll) hexafluorophosphate, [Ru(phen),(pPDI)]** ([PFs] ). The molecular
structures of the compounds were elucidated by FTIR, mass spectrometry, elemental analysis (CHN) and
DFT calculations. Their optical and electrochemical properties were investigated by absorption and
fluorescence spectroscopy and cyclic voltammetry. The spectroscopic and electrochemical studies for
both the pPDI and the perylene monoimide metal complex show that Ru?* coordination does not affect
the optical and electrochemical properties of the free perylene bisimide ligand. The Ru complex exhibits
emission lifetimes of 5.06 ns (48.1%) and 156 ns (51.9%), resulting from emission of the pPDI ligand and
3MLCT, respectively. The pPDI triplet excited state in the title chromophore is able to sensitize the
production of singlet oxygen ('0,). Using a time-resolved laser system, we measured the quantum yield
for the production of singlet oxygen (PA) to be 0.26 for cis-[Ru(phen),(pPDI)]?*. Candida albicans is
recognized as the most common fungal pathogens, causing superficial infections of the skin and mucous
membranes. Resistance of C. albicans strains against classical antifungal agents such as fluconazole has
increased considerably, which drives the search for new therapeutic alternatives. In the present study, we
report that our new Ru-perylene complex can indeed be used to kill the bacterium C. albicans. The
fungicidal activity of cis-[Ru(phen),(pPDI)]*>* against C. albicans was evaluated in the presence of C.
albicans cultures in the dark and in the presence of light. After exposure to 12.5uM of cis-[Ru
(phen),(pPDI)]? in the presence of light for 180 s, C. albicans showed a decrease of 50% in its concentration
compared to the same experimental conditions in the dark.
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1. Introduction

Singlet oxygen ('0,, 'A), the lowest excited state of the
dioxygen molecule, can be generated by photochemical and
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chemical processes [1-6]. The most common photochemical
method involves energy transfer from a triplet excited photosen-
sitizer (>*PS). Many dyes, including some diimides [2-4] and metal
complexes[3-10] can be used as photosensitizers for the produc-
tion of 10,

A variety of transition metal complexes have been studied as
photosensitizers for singlet oxygen generation [2,5-8]. Amongst
these complexes, Ru(Il)-polypiridyl complexes have been investi-
gated due to their stability, inertness and biological activity [7-10].
These complexes have long emission lifetimes from the triplet
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metal-to-ligand charge transfer state (*MLCT) (dm — 7%, a-dii-
mine states) [11]. This state is rapidly quenched by triplet (ground
state) dioxygen, which makes many Ru(Il)-polypiridyl complexes
both efficient oxygen sensors and singlet oxygen sensitizers [7-
10,12]. For example, Demas and co-workers analyzed the oxygen
quenching by Ru (II), Os (II) and Ir (Ill) polypiridyl complexes
containing bipyridine, 1,10-phenanthroline and/or phenanthroline
diimines [8,13]. These complexes have shown high quantum yields
for singlet oxygen formation, with values of ®A ranging from 0.68-
0.86.

Upon excitation of Ru(Il) complexes, singlet excited states of the
ligand and the 'MLCT state dg, — 7, are initially formed. From
these states, intersystem crossing to the >MLCT state takes place,
which is responsible for the luminescence of Ru(ll) complexes.
Therefore, to modulate and increase the absorption and emission
properties of Ru(Il) complexes, molecular engineering of its ligands
has been attempted [14].

However, Ru complexes with mixed ligands showed much
lower triplet lifetimes. This is due to the increase in conjugation,
which results in the availability of lower excited state energy levels
for non-radiative deactivation of the 3MLCT state. Complexes
where the ligand is substituted with an aryl group in the 5-position
were found to have longer excited-state lifetimes and were the
most efficient photosensitizers [15]. Substituted ethoxybenzene or
vinyl-linked benzocrown-ether-2,2-bipyridine Ru(Il) complexes
have also been tested for their singlet oxygen production ability,
and their quantum yields are in the range of 0.18-0.47 [13]. A series
of aza-15-crown-5-vinyl-2,2-bipyridine Ru(ll) complexes and
multinuclear Ru(Il) complexes were investigated by Abdel-Shafi
et al. and these polypyridine complexes had quantum yields that
ranged from 0.21 to 0.54 [13].

For many large-scale photochemical processes, it would be
desirable to employ photosensitizers that show strong absorption
of radiation in the visible region, ideally near the solar maximum.
The absorption spectra of the perylene complexes, in general, do
show a high absorption coefficient in the visible region. Thus, such
complexes could potentially be used for photochemical processes
initiated by sunlight. This might include generation of singlet
oxygen, and subsequent pollutant degradation and photodynamic
activity [7,10,15]. A number of perylene-3,4,9,10-tetracarboxylic
acid (diimide) derivatives, known as PDIs, and polypyridine
complexes derived from perylenes have shown good results in
the production of reactive species of reactive oxygen species (ROS)
[11,16-18]. The ligands containing the perylene moiety are reddish
dyes with very high quantum yields of luminescence. However, an
undesired property of perylene complexes is the formation of
molecular aggregates, which is facilitated by the flatness of the
perylene molecules [19,20].

The perylene dyes are known for their poor solubility in organic
solvents (typically 1-2mgL~!) [11,21,22]. Their PDI diimide
derivatives with symmetrical and unsymmetrical secondary, or
tertiary alkyl side chains N,N’-bis(1-isobutyl-3 methylbutyl)
perylene-3,4:9,10-bis(dicarboximide), N,N’-bis(1-butylhexyl)per-
ylene-3,4:9,10-bis(dicarboximide) and  N,N’-bis(5-tert-butyl-
1,3,4-thiadiazole-2-yl)perylene-3,4:9, 10-bis(dicarboximide) were
synthesized and had significantly improved solubility (10 mg/mL)
in dichloromethane, chloroform, ether, hexane, chlorobenzene and
toluene [16,17]. Single or double amine substitution on the
perylene core can also lead to a red shift of the absorption
maximum up to 750 nm [11,22,23].

Recently, Santos and co-wokers [11] synthesized the complex
cis-[(phen)2Ru(pPDIp)]2+, where pPDIp is a perylene diimine
group functionalized with phenanthroline ligands where one side
is coordinated to a Ru(ll) center. The complex shows strong
electronic absorption bands attributed to the pPDIp and {Ru(phen)
2}%** moieties in acetonitrile. The charge-separated intermediate
species decays to generate the triplet state >*pPDIpRu(Il)
(TP=1.8 s) that sensitizes the formation of singlet molecular
oxygen with quantum yield ®5=0.57. The electronic coupling
between the pPDI ligand and the Ru(ll)-polypyridine unit was
assigned to allow the population of the triplet 3"PDI excited states
from the 3 'MLCT emitter state, generating an excited state
{(Phen),Ru>*(PPDIp*~)}. It is important to note that the rigid
structure of the complex unit {Ru(phen);}?* with strong coordina-
tion of the ligand field leads to the stability of the complex avoiding
its photodissociation. These studies exemplify how molecular
engineering of the ligands is relevant to be used to modulate the
photophysical behavior of the ligands coordinated to the Ru(II).

The high extinction coefficients, ease of triplet formation, and
absorption in the visible range make the perylene complexes good
candidates for singlet oxygen sensitizers. Given their high
extinction coefficients in the visible range, they can be potentially
used as candidates in the field of photodynamic inactivation of
microorganisms, against cancer cells and pathogenic microorgan-
isms. Several groups have investigated Ru(ll) complexes for their
photodynamic activity. Akkaya et al. have synthesized a series of
water-soluble green perylenediimide (PDI) dyes. Upon excitation
with red light, these dyes were shown to be efficient generators of
singlet oxygen, and in cell culture media, they were shown to
display significant light-induced cytotoxic effects on the human
erythroleukemia cell line (K-562) [24].

In the present study, we prepared a new polypyridine complex
of ruthenium cis-[Ru(phen),(pPDI)]**, where pPDI is a perylene
group monoimide functionalized in one of the coordinated
phenanthroline ligands (Fig. 1). Our strategy is to keep the tris-
chelate structure around the Ru(Il) metal center using the complex

(PFe)2

Fig. 1. Representative structures of N,-(5-amin-1,10-phenanthroline)perylene-3,4,9,10-tetracarboximonoimide (pPDI)-(1) [22] and Bis(1,10-phenanthroline)(N-(5-amin-
1,10-phenantroline)perylene-3,4,9,10-tetracarboximonoimide)ruthenium(Il) hexafluorophosphate, cis-Ru(pPDI)(phen;])(PFg)2-(2).
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[Ru(phen)s]?* so as to improve the stability of the complex in
question and to ensure strong absorption to the 'MLCT state. This
state should rapidly decay to populate 3'MLCT which may
subsequently sensitize the formation of singlet oxygen. In addition,
we expect that the compound solubility will increase after
coordination to the metal ion.

One of the most important clinical pathogenic microorganisms
is Candida albicans due to its remarkable virulence. C. albicans is
recognized as the most common fungal pathogens, causing
superficial infections of the skin and mucous membranes, reaching
systemic levels, especially in immune-compromised individuals
[25,26]. The resistance of C. albicans strains against classical
antifungal agents such as fluconazole has increased considerably,
which drives the search for new therapeutic alternatives [27-29].
In the present study, we report that our new Ru-perylene complex
can indeed be used to kill the bacterium C. albicans.

2. Experimental
2.1. Materials, spectroscopic measurements, and characterization

Perylene-3,4,9,10-tetracarboxylic dianhydride, RuCls x H,0,
1,10-phenanthroline (phen), zinc acetate, lithium chloride and
tetrabutylammonium hexafluorophosphate were obtained from
Aldrich. HPLC grade solvents were distilled just before being used
in the spectroscopies experiments.

The complex cis-[Ru(phen),(H,0),](PFg), was prepared accord-
ing to the procedures described in the literature [30,31]. The
synthesis, electrochemical and spectroscopic experiments were
conducted under nitrogen atmosphere.

The CHN elemental analysis of pPDI and cis-[Ru(phen),(pPDI)]
(PFg), complex was performed on an EA 1110 CHNS-O Carlo Erba
Instrument. FTIR spectra were recorded on a Bomem-Michelson
102 spectrometer in solid state using Csl pellets in the range of
4000 —300cm™",

The electronic absorption spectra were recorded on an Agilent
8453A UV-vis spectrophotometer or on a Jasco V-660 UV-vis
spectrophotometer. Voltammetric measurements were carried out
with a pAutolab Type III potentiostat at 25 °C without light. Glassy
carbon electrode as working electrode (d =2 mm), Pt electrode as
counter electrode (d=4mm), Ag/AgCl electrode as reference
electrode, ferrocene as internal reference electrode and TBAPFg,
0.1 M, as supporting electrolyte. The scan rate was 100 mV/s and
the concentration of the acetonitrile solutions that were used to
perform cyclic voltammetry measurements of synthesized com-
pounds was 103 mol L.

2.1.1. Steady state spectroscopy

The luminescence spectra were recorded on a Shimadzu RF-
5301PC spectrofluorometer or on a Horiba Jobin Yvon Fluorolog 3-
22 spectrofluorometer. The concentration was ~10~>molL™!
(Nabsmaximum = 0.3), solvent acetonitrile.

2.1.2. Time-resolved photoluminescence

The fluorescence intensity decay curves for the compounds
with picosecond resolution were obtained using single photon
timing technique with a DCM or Rhodamine dye laser (DCM = 4-
(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-
pyran). Intensity decay measurements were made by a collection
of excitation and decay curves, using an emission polarizer set at
the magic angle. The excitation profile was recorded at the
excitation wavelength with a scattering suspension of the
compound being investigated. For the decays, a cut-off filter was
used to remove all excitation light. The emission signal passed
through a depolarizer, a Jobin Yvon HR-320 monochromator with a
grating of 100 lines/mm and was detected with a Hamamatsu

2809U-01 microchannel plate photomultiplier (MCP-PT). The
instrument response had an effective FWHM of 35 ps. Fluorescence
intensity decay curves were obtained by excitation light at 532 nm
using the DCM and Rhodamine laser, with emission collected at
570 nm, respectively. The decay curves were analyzed using home-
made non-linear least-square deconvolution software based on the
Levenberg-Marquardt algorithm, and the quality of the fit was
evaluated by the reduced, the weight residuals and the autocorre-
lation of the residuals. The intensity of the fluorescence decay
curves with nanosecond resolution was obtained on a Fluorolog
Horiba Jobin Yvon. Program DataStation V 2.6-Horiba Jobin Yvon
S1 Detector HV:950V, Time Range: 400 ns, Peak Present: 65000
counts, Repetition Rate: 1TMHZ, Sync Delay: 50 ns. Fluorescence
intensity decay curves were obtained by excitation light at 450 nm
using DCM laser with emission collected at 600 nm.

2.1.3. Singlet oxygen detection

The singlet oxygen experiments were performed at room
temperature with a Nd-YAG nitrogen laser used for excitation
(532 nm, ca. 600 ps pulses, ~1.6 mJ/pulse) with air-equilibrated
samples [2]. The emission from singlet oxygen at A = 1270 nm was
detected at 90 ° to the incident laser beam by a 5 MHz germanium
photodiode (Judson, J16-8SP-RO5M-HS) working at room temper-
ature. We employed several filters, namely a 1270 nm interference
filter (Corion) or a combination of long-wave pass filters (1000 nm,
1100 nm, 1200 nm, CVI Laser Corp.) to reduce scattered radiation
from the laser (shortly after the laser pulse). The signal was
amplified with a preamplifier (Oriel 70732, 350 MHz and Thorn
EMI Electron Tubes A1 and/or A2). Decay curves were obtained
with the help of an 8-bit AD-converter/recorder system (Fast TR50;
50 MHz), and each curve was the average of 60 decays. The optical
densities at 532 nm were matched for the samples and methylene
blue, which was used as the reference compound. The resultant
emission curves were fitted with a single-exponential function to
obtain the initial luminescence intensity at time t=0 (or the
intensity at any other time t) after the laser pulse. Experiments
were done in methanol, acetonitrile, dichloromethane and
acetone.

2.1.4. Quantum yield of singlet oxygen

Singlet oxygen quantum yield were determined by direct
analysis of its near infrared luminescence intensity in different
solvents. Measurements were made with two independent
solutions, one containing the molecule under investigation and
the other a reference R (R=methylene blue), for which the
quantum yield of singlet oxygen is known. The concentrations
were adjusted so that the two solutions exhibited identical
absorbance at the excitation wavelength [1]. Under these
conditions, with identical laser pulse energy, the luminescence
intensity ratio is related to the ratio of quantum yields of singlet
oxygen production by the two sensitizers. The quantum yield of
singlet oxygen was measured in dichloromethane, methanol,
acetone, chloroform, and acetonitrile.

2.2. Synthesis and characterization of pPDI and its Ru complex

2.2.1. Synthesis of the ligand phen-perylene (pPDI) N,-(5-amin-1,10-
phenanthroline )perylene-3,4,9,10-tetracarboximonoimide

A modified literature procedure [22] was used as follows: one
equivalent 136 mg (0.170 mmol) of perylene-3,4,9,10-tetracarbox-
ylic-3,4,9,10-dianhydride (PTCDA) was dispersed in freshly dis-
tilled quinoline (10mL) with one equivalent 32.30mg
(0.170 mmol) of 5-amino-phenanthroline. Next 10% (by weight,
relative to 5-amino-phenanthroline) anhydrous zinc acetate was
added and the solution was heated under nitrogen to 220 °C for
12 h. After cooling, 15 mL of 1 M HCl was added and the precipitate
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was collected and rinsed with water and ether. We then added
150 mL of methanol, stirred for 30 min and allowed the mixture to
stand for 4 h at —10° C, followed by washing with a 5% solution of
sodium carbonate. After that, the compound was rinsed with
methanol and dried under vacuum (50% yield). Insufficient
solubility for NMR; The synthesized pPDI (1) was characterized
by MALDI-TOF mass spectra with parent molecular ion peaks
appearing at [m/z+ 3H"] =570.2 (Fig. S1- Supporting information),
which is consistent with the theoretical value of exact mass. Anal.
Calcd (found) for pPDI C36H15N30s: C, 75.92 (76.36); H, 2.65 (2.92);
N, 7.38 (7.32)%.

2.2.2. Synthesis of bis(1,10-phenanthroline )(N-(5-amin-1,10-
phenantroline )perylene-3,4,9,10-tetracarboximonoimide )ruthenium
(1) hexafluorophosphate, [Ru(pPDI)(phen,)](PF6)2 (2)

The cis-[Ru(phen)2(pPDI)|(PF6)2 complex was synthesized by
reacting cis-[Ru(1,10-phen),(H,0),](PFs) [11,30,31] with 1.2 eq. of
pPDI in DMF. The complex was isolated as a hexafluorophosphate
salt, whose composition and structure were verified by CHN
analysis and mass spectrometry, respectively. (65% yield). It was
insufficiently soluble for characterization by NMR. The synthesized
cis-[Ru(phen)2(pPDI)]?>* complex was characterized by MS MALDI-
TOF mass spectra with parent molecular ion peaks appearing at
[(M—2PFg)*? = 515.57], (Fig. S2- Supporting information), which is
consistent with the theoretical value of the exact mass. Anal. Calcd
(Found) for CeoH31F12N70sPRu: C, 69.23 (69.09); H, 2.66 (2.61); N,
10.09 (10.20)

2.3. Biological experiments

Initially, the lowest concentration dosage cytotoxic of photo-
sensitizer cis-[Ru(phen),(pPDI)]?* less cytotoxic was determined
by a cytotoxicity test in mouse macrophages and subsequently, the
highest concentration of photosensitizer with lower cytotoxicity
was used to evaluate the antimicrobial capacity of the photosensi-
tizer against C. albicans cells by photodynamic therapy. Cells
culture and cytotoxicity tests were performed according to Oliveira
et al. [32] with some modifications and the photodynamic therapy
was performed according to Freire et al. [33] with modifications.

2.3.1. Photosensitizer solutions

Solutions of the photosensitizer were prepared by dissolving
the powder in methanol and sterilized by filtration through a
membrane with a pore size of 0.22 um (MFS, Dublin, CA, USA).
After filtration, the photosensitizer solution was stored in the dark.

2.3.2. Cell cultures

Mouse macrophages (RAW 264.7) obtained from the Rio de
Janeiro Cell Bank - Associacdo Técnico Cientifica Paul Ehrlich
(APABCAM - Rio de Janeiro, R], Brazil) were cultured routinely in
Dulbecco’s Modified Eagle Medium (DMEM - LGC Biotechnology,
Cotia, SP, Brazil) supplemented with 10% fetal bovine serum (FBS -
Gibco, USA) at 37°C in a 5% CO2 atmosphere. Viable cells were
counted by the Trypan blue (0.5%, Sigma-Aldrich, St. Louis, MO,
USA) exclusion method.

2.3.3. Cytotoxicity testing (MTT assay)

For the experimental and positive control groups, 40 x 103
viable cells/well were seeded in 96-well plates (Nunc, Kamstrup-
vej, Roskilde, Denmark) and the plates were incubated for 24 h at
37 °C. Next, the cell cultures were exposed to 200 p.L of the serial
dilutions of the photosensitizer (100 wM, 50 wM, 25 uM, 12.5 uM
and 6.5 wM) and incubated for 5 min. At the end of the exposure,
the cell culture medium was discarded and cell survival was

determined by the MTT assay [MTT - (3-(4,5-dimethylthiazol-2-
yl))-2,5-diphenyltetrazolium bromide; Sigma-Aldrich].

The plates were washed with phosphate-buffered saline (PBS -
Cultilab, Campinas, Sdo Paulo, Brazil) and 100 pL MTT solution
(0.5 mg/mL in PBS) was added to each well. After incubation for 1 h,
MTT solution was removed and 100 pL dimethyl sulfoxide (DMSO
- Sigma-Aldrich) was added to each well. The plates were
incubated for 10 min and then shaken on a shaker for an additional
10 min. Optical densities were measured in a multi-well spectro-
photometer (Bio-Tek, Winooski, Vermont, USA) at 570 nm. The
optical density values obtained for cultures exposed to the extracts
were normalized to untreated control cultures (corresponding to
100%). The results of the cytotoxicity tests were analyzed by
ANOVA and the Tukey test (P <0.05) using the BioEstat 5.0
software. The highest concentration of the photosensitizer which
was less cytotoxic was selected for the subsequent test.

2.3.4. Photodynamic therapy (PDT) assay on Candida albicans

The C. albicans ATCC 18804 strain was seeded onto Sabouraud
dextrose agar (Difco, Detroit, USA) and incubated at 37 °C for 48 h.
After this period was prepared a standard suspension from the C.
albicans colonies in physiological solution at a concentration of 106
cells/mL. The concentration was measured using a Neubauer
chamber. For photodynamic inactivation, the standard suspension
of the compound at a concentration of 12.5 mM (concentration
defined in the cytotoxicity test previously described) was tested for
evaluating the yeast killing. The absorption spectrum of the cis-[Ru
(phen),(pPDI)]** was determined by UV-vis spectroscopy. Accord-
ing to the experimental conditions, 0.1 mL of the C. albicans
suspension was added to each well of a 96-well flat bottom
microtiter plate (Costar Corning, New York, USA) with an area of
0.38 cm?. Next, the P+L+ and P+L— groups (P = photosensitizer,
L =light) received 0.1 mL of the cis-[Ru(phen),(pPDI)]?** solution.
For the P—L+ and P—L- groups, 0.1 mL of physiological solution
was added. For control methanol group 0,1 mL of methanol was
added. The plates were shaken for 5 min (pre-irradiation time) in
an orbital shaker (Solab, Piracicaba, Brazil). Next, each well of the
groups submitted to the cis-[Ru(phen),(pPDI)]** and LED and the
P—L+ group were irradiated separately. A green LED (MMOptics,
Sdo Carlos, Brazil) with a wavelength of 532 + 10 nm, output power
of 90 mW, fluency of 42.63 J cm? (energy of 16.2 ] and area of 0.38),
time of 180s, and fluency rate of 237 mW cm? was used for
irradiation. The irradiation was performed under aseptic con-
ditions in a laminar flow hood protected from light. A matte black
screen with a hole whose diameter corresponded to the size of the
well entrance was used to prevent the scattering of light. After
irradiation, serial dilutions were prepared and 0.1-mL aliquots
were spread on Sabouraud dextrose agar plates in duplicate. The
plates were incubated at 37°C for 48 h. After incubation, the
number of colonies forming units per milliliter (CFU/mL) was
determined and the results were log transformed.

2.4. Computational methods

All calculations were performed with the Gaussian 09 (G09)
program package [34,35], edition D.01, employing the DFT method
with Becke’s three-parameter hybrid functionaly and Lee-Yang-
Parr’s gradient corrected correlation functional [35-37] (B3LYP) in
combination with LanL2DZ basis set [37]. The ground-state
geometries of the complexes were optimized in the gas phase.
SCF-tight convergence criteria were used for all optimizations. The
solvent DMSO was included in the calculations using the PCM
system. The triplet state was obtained using UB3LYP/LANL2DZ.
Electronic analysis was performed using TD-DFT calculations with
40 excited states.
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3. Results and discussion
3.1. Synthesis and characterization

3.1.1. Structural and optical characterization

Our attempts to grow diffraction-quality crystals of the
synthesized free ligand (pPDI) and of the Ru complex were not
successful. We therefore determined the structural parameters and
electronic effects on the coordination of the pPDI to the cis-[Ru
(phen),] with DFT calculations. Fig. 2 shows the optimized
structure for pPDI and cis-[Ru(phen),(pPDI)]?*. The vibrational
modes were obtained ensuring that imaginary frequencies were
not generated in the minimum structures. The good agreement
between the absorption and infrared theoretical and experimental
data are discussed below.

The optimized structure of the substituted perylene ligand
shows that the perylene moiety is perpendicular to the phenan-
throline ligand, and the predicted dihedral angle between the
phenanthroline and the perylene is 89.8°. After coordination of the
pPDI ligand to the Ru(ll) moiety, no pronounced changes are
observed in the bond lengths and angles of the pPDI ligand. The
most noticeable difference is the slight decrease in the perpen-
dicularity of the phen-perylene ligand, as the dihedral angle in the
complex is 85.6°. These changes do not affect the orbital
composition indicating that the emissive properties of the pPDI
will be not affected by the coordination to the metal complex.

3.1.2. IR spectra

The experimental IR spectra for the free pPDI and for the
complex cis-[Ru(phen)2(pPDI)](PF6)2 (Fig. S3-Supporting infor-
mation) exhibit stretching bands consistent with the proposed
structures [38]. For the pPDI the absorption band at 1766 cm™'
refers to the carbonyl anhydride stretch and the bands at 1703 and
1666 cm ~! correspond to the stretches of the imide group vC—O
[11,12,22,38].

The band at 1029 cm™! refers to v*C—O—C of the anhydride and
at 1358 cm™! corresponds to the C—N amine formed by the
replacement of the oxygen atom of the anhydride by the nitrogen
of phenanthroline, showing that phenanthroline was functional-
ized in only one Perylene side [39]. For the [Ru(phen),(pPDI)](PFs)>
complex the bands are shown at 1705, 1659 and 1359cm™!
attributed to the stretches of the imide and imine groups (vco and
ven), Tespectively [39]. The bands observed at 860 and 557 cm™},
are assigned to the P-F stretch from the PFs ™, [11]. In the theoretical
spectrum for both the pPDI and Ru complex (Figs. S4 and S5 -
Supporting information), the vibrational modes of the imine and
imide groups are found at 1707, 1633, 1606 and 1339cm™". The
presence of a more intense band at 1339cm™! and also the
appearance of the Ru-N stretching at 400-700cm~! in the
measured spectrum are present after the coordination of the
pPDI to the Ru-complex.

QA P A 2
e 99 > O

P SO 29
@ 929 99 SIWIV®
9P 99 929

® 29 o290 O
E ™ I

2,7
e

3.1.3. Cyclic voltametry

The electrochemical behavior of the complex cis-[Ru(phen)2
(pPDI)]** was investigated by cyclic voltammetry in order to
evaluate the effect of the metal coordination on the reductive and
oxidative potentials. The cyclic voltammogram of the complex in
CH3CN solution using a Pt electrode at the scanning rate of
100mVs~! is shown in Fig. 3. Using the data from the
voltammetric curves, we identified the redox pairs at —0.25/-
0.04V, (E',=-0.15V) and —0.65/-0.39V (E',,=-0.52V) vs Ag
+/AgCl, which were assigned to the anionic (pPDI/pPDI*") and
dianion radicals (pPDI*~/pPDI~2) moieties of the cis-[Ru(phen)2
(pPDI)]?* respectively, as reported for other perylene derivatives
[20,22,40,41]. The electrochemical reductive process at —1.07V
and —1.22/-1.07V (E'/,=—-1.15V) were assigned to the phenan-
throline ligand coordinated to the metal center Ru(II).

At 100 mV s~ !, the irreversible oxidative process at 1.17 V vs Ag
+/AgCl was assigned to species Ru(Il) — Ru(Ill) [11,38,41]. This
oxidation potential is much higher than that observed for the
precursor cis-RuCl,(1,10-phen),, +0.43/+0.35 V (AE = 60 mV), prob-
ably because of the electron withdrawing character of the perylene
group, which makes the metal center more electron-deficient.

3.1.4. Ground state absorption and luminescence

Since the free pPDI showed low solubility in CH3CN, the
absorption spectrum was obtained using diluted DMSO solutions
(11 x 10 ®mol 1), as seen in Fig. 4.

Corrent / pA

T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
E (V vs. Ag/AgCl)
Fig. 3. Cyclic voltammogram of cis-[Ru(phen),(pPDI)]?>* complex in acetonitrile
(0.1 M) (nBu)4NPFg, platinum working electrode, (potential versus Ag/AgCl) and

scan rate of 100mV s~ Ey2 for Fc*[Fc couple = +0.54 V measured under the same
experimental conditions.
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Fig. 2. DFT optimized structure of ligand pPDI [22] and cis-[Ru(phen),(pPDI)]?*.
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Fig. 4. UV-vis absorption spectrum (solid) of a 5.0 x 10~® mol L~! solution of cis-
[Ru (phen),(pPDI)](PFs), in DMSO and the contributions of the free pPDI also in
DMSO (short dash) and {Ru(phen)s}** MLCT absorption (dot) bands.

The UV-vis spectrum of pPDI exhibits a broad band with a
shoulder at 555 nm and three distinct maxima at 533 nm, 493 nm,
and 462 nm attributed to the -7 electronic transitions of the
perylene [11,22,39-41]. The electronic spectrum of the complex
cis-[Ru(phen),(pPDI)]** as seen in Fig. 3 exhibits transitions
characteristic of the free pPDI along with the broad absorption
band assigned as a MLCT of the complex [Ru(phen)3]**, with the
maximum absorption at ~450 nm.

The theoretical electronic spectrum of the pPDI ligand shows a
band at Amax =555 nm assigned to Tpery — T*pery transition (100%
HOMO — LUMO) located completely on the perylene ring [22]. For
the complex cis-[Ru(phen),(pPDI)]?** the theoretical electronic
spectrum (Fig. S6- Supporting information) has a band at 556 nm
due to the Tpery — T*pery transition of the perylene ligand (100%
HOMO-3 — LUMO) and the transition at 447 nm caused by MLCT
dry — T*phen (43% HOMO-2 — LUMO + 1), as shown in Fig. 5.

The absorption bands of the cis-[Ru(phen),(pPDI)]** did not
change significantly relative to those of free pPDI. This observation
is related to the fact that the pPDI moiety and the Ru metal center
are in different nodal plans, a characteristic that has also been
observed in other polypyridine complexes of Ru with aromatic
chromophores [11,39,42]. This indicates that the complex does not
behave as a conjugated super-molecule, but rather as an electron
receptor-donor dyad.

The shape of the fluorescence spectra of cis-[Ru(phen ),(pPDI)]?
* is characteristic of the free perylene emission [10,11,13,16,22,43].
To study the effect of the perylene chromophore on polypyridine

HOMO-2

Fig. 5. Contour surfaces for the HOMOs and LUMOs orbitals of the cis-[Ru(phen),(pPDI)]?*.

complexes, the compounds were excited at three different
wavelengths (413 nm, 460 nm and 495 nm). Upon excitation at
413 nm, the complex exhibits a broad emission band (Fig. 6A).
When excited at the 460 nm and 495 nm lengths (Fig. 6B and C,
respectively), we observed that the complex exhibits a broadband
with maximum at 550 nm and three distinct peaks, assigned the
ILCT transitions of the perylene group with A\« at 550, 584, and
635 nm, related to (0« 0), (0—1) and (0« 2), respectively,
suggesting a different distribution of the excitation light between
the molecules {Ru(phen)3}** and the free pPDI at each excitation
length.

In agreement with these results, the excitation spectra obtained
at 460 nm and 600 nm show two overlapping absorption bands
characteristic of the {pPDI} and {Ru(phen);}** moieties.

The approximate mirror-image relation between the absorption
and fluorescence bands at 460 nm and 490 nm are caused by
relatively small differences between the geometry of the ground Sq
and excited singlet state S;, which are typical for the rigidity and
planarity of the polycyclic aromatic molecules [17,22,42].

These results were confirmed by the time-resolved lumines-
cence decays of air equilibrated dilute solutions of the complex cis-
[Ru(phen),(pPDI)]?* in CH5CN and the free pPDI in DMSO solutions
(Figs. S7 and S8 - Supporting information). When excited in the
absorption region of the MLCT transition (445 nm), both the {Ru
(phen),}** and the {pPDI} moieties are electronically excited. The
complex cis-[Ru(phen),(pPDI)]** showed a bi-exponential behav-
ior with lifetimes of 5.06 ns (48.1%) and 156 ns (51.9%), resulting
from pPDI and 3MLCT emission, respectively. By excitation at
532nm, the cis-[Ru(phen),(pPDI)]** showed a bi-exponential
behavior with lifetime of 0.60ns (1.27%) and 4.25ns (98.73%)
caused by pPDI emission, consistent with the lifetime of 4.83 ns
observed for the free ligand.

The emission from the free pPDI exhibited a bi-exponential
behavior when Aexc =515 nm with Aemy, =550 nm. Kirmaie and co-
workers [44] suggested that a lifetime on the order of 1 ns in the
perylene dye emission is related to the fluorescence via molecular
vibrations. The longer lifetime (on the order of 5 ns) is attributed to
the transition Sg + S; [41,42]. After coordination to the metal ion,
the emission with the shortest lifetime can no longer be detected.

Excitation in the visible region will ultimately lead to
intersystem crossing and population of the lowest energy >MLCT
state. Indeed, the orbital composition for the lowest triplet state
optimized structure shows that the HOMO is mainly composed of
perylene and the LUMO by Ru-phen moiety. The spin density
distribution for the triplet optimized structure is completely
located on the perylene ligand, Fig. 7.
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Fig. 6. Luminescence spectra (black) of the cis-[Ru(phen),(pPDI)]** by excitation at Aexc =413 nm (A), Aexc =460 nm (B) and Aexe =495 nm (C) and excitation spectra (red)
recorded at Ay, =620 nm in DMSO. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Spin density distribution in the geometry optimized *MLCT of compound cis-[Ru(phen),(pPDI)]**

TD-DFT vertical excitation revealed that the T, and S; levels of
the compound cis-[Ru(phen),(pPDI)]?>* are degenerate (1.88 eV)
and very close in energy to the T and S, (2.0 eV) levels which are
degenerate as well. T, and S; are characterized by Ru— T pery
charge transfer and T3 and S, by the Tpery — T pery transition.

3.2. Singlet oxygen measurements — efficiency of singlet oxygen
photogeneration

Although PDIs are known as dyes with high fluorescence
quantum yields, a number of transition-metal complexes of PDI
dyes were recently reported to accelerate intersystem crossing
(ISC) from singlet to triplet-excited state. As a consequence, under
aerobic conditions, formation of '0, is possible [14,40,43,44].
Therefore, we investigated formation of !0, from our compounds
upon light irradiation. '0, quantum yields were evaluated for the
complex by using the direct observation of the near infrared (NIR)
singlet oxygen emission signal.

The quantum yield of singlet oxygen production by cis-[Ru
(phen),(pPDI)]** was measured in dichloromethane, chloroform,
and acetonitrile. Methylene blue was used as the reference
sensitizer. The free ligand pPDI did not show any singlet oxygen
production. On the other hand, the complex cis-[Ru(phen),(pPDI)]?
* does generate singlet oxygen with moderate efficiency; the
quantum yields of singlet oxygen generation in different solvents
are given in Table 1. All measurements were made in triplicates. It
is striking that the quantum yields do not vary much across
solvents with different dielectric constants. This indicates that

Table 1
Quantum yields of singlet oxygen measured upon irradiation at 532 nm for complex
1 in different deuterated organic solvents.

Solvent DA cis-[Ru(phen),(pPDI)]** ®, Methylene Blue
<4 dichloromethane 0.24 +0.005 0.57

<4 methanol-d4 0.23 +£0.06 0.5857

b acetonitrile-d3 0.26 £ 0.005 0.5771013

<4 acetonitrile 0.24+ 0.002 0.52

24 chloroform 0.18 + 0.006 0.52, 1013

The measurements were made in triplicates. Error is given as one standard
deviation.

@ Saturated atmosphere O,.

b Deuterated solvent.

© Air saturated atmosphere.

4 Anhydrous solvent.

singlet oxygen generation via charge-transfer intermediates is
probably not a significant pathway for this complex.

The ability to produce singlet oxygen depends largely on the
production of a long-lived triplet state, [13,14,17,18] and the
moderate quantum yield values of '0, and the high absorbance of
the perylene moiety in the visible range make cis-[Ru
(phen),(pPDI)]>* a possible photosensitizer to be used in water
disinfection or other singlet oxygen-base processes that use
sunlight as an excitation source. Since the Ru complex has a
long-lived triplet state, it is of possible that in addition to formation
of singlet oxygen, formation of superoxide anion by electron-
transfer processes and/or Type I photooxidation processes take
place upon irradiation of the Ru complex under aerobic conditions.
The reactive oxygen species resulting from these processes may
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also be involved in the fungicidal processes described in
Sections 3.3 and 3.4 below.

3.3. Cytotoxicity assays of the PSs in mouse macrophages

The cytotoxicity tests were performed in order to obtain the
concentration of the cis-[Ru(phen),(pPDI)]>* complex (without
irradiation) that has low cytotoxicity, as we are interested in
observing the toxicity from singlet oxygen.

The photosensitizer showed high cytotoxicity at concentrations
above 25 M. The concentrations of 12.5 uM and 6.25 wM were
the concentrations that presented low cytotoxicity represented by
high cell viability (Fig. 8). For the subsequent test the concentration
of 12.5 .M was selected, since this concentration showed low
cytotoxicity in comparison to the higher concentrations.

3.4. Photodynamic inactivation assays for Candida albicans

After observing the light-dependent '0, production by complex
cis-[Ru(phen),(pPDI)]?*, and their effect on mouse macrophages
cultures, these systems were tested as active components in
antimicrobial photodynamic therapy. Owing to its medical
importance, C. albicans was chosen as the model microorganism.
The viability of these cells as a function of different exposure, and
different conditions during the experiments is shown in Fig. 9.

For the photodynamic therapy (PDT) test, we used the
concentration of the photosensitizer of 12.5 wM, as that was the
concentration that presented low cytotoxicity represented by high
macrophages cells viability in previous test described (Cytotoxicity
Assay).

We observed that the group that was exposed only to the
photosensitizer (no irradtion, P+L-) presented a statistically
significant reduction of C. albicans when compared to the P-L-
and P-L+ control groups (p=0.0053 and p = 0.0030). There was no
statistical difference when these groups (P-L- and P-L+) was
compared to the methanol group (p =0.1764), indicating that the
photosensitizer, independent of the methanol activity, had
fungicidal action on C. albicans cells. Regarding the PDT group
(P+L+), we observed that this group showed by far the most
inhibitory action on C. albicans in comparison with all the other
experimental groups (p < 0.0001).

Freire et al. in 2013 [33] studied the ability of Rose Bengal (RB)
and Eosin Y (2,4,5,7 tetrabromofluorescein) for photoinactivation
in C. albicans. These authors used the C. albicans biofilm formation

100~

N
7

Cell viability (%)
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50uM 25uM 12,5uM 6,25uM
Concentration
Fig. 8. Percentage average and standard deviation of cell viability of macrophages

RAW 265.7 exposed to different concentrations of the photosensitizer cis-[Ru
(phen),(pPDI)]*".
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Fig. 9. Colony-forming units (CFU/mL) of C. albicans average and standard deviation
after different treatments with the photosensitizer cis-[Ru(phen),(pPDI)]**.
Experimental groups: P+L+ photosensitizer and light irradiation, P+L— only
treated with the photosensitizer, P—L+ only light irradiation, P—L— control group
not submitted to the photosensitizer or light irradiation, methanol is the control
group of this solvent.

for evaluation. After treatment with RB 200 wM or Eosin Y,
inactivation rates of 0.22 and 0.45 log,o were observed for RB and
Eosin Y, respectively. In our study, the PDT (P+L+) with the
compound and light showed significant log reduction (2.09 logyo)
expressed in CFU/ml of C. albicans, as described above. The
organization in biofilm allows a greater resistance of the micro-
organisms against antimicrobial agents than the planktonic cells
organization. In our study, we have established that a there is a
significant antimicrobial effect of cis-[Ru(phen),(pPDI)]?> and a
considerable rate of microbial reduction at low concentrations of
the photosensitizer. For example, we obtained reduction of 2.09
logyo at a concentration of 12.5 wM of this photosensitizer, while
Peloi et al., 2008 [45] using a methylene blue concentration of
35.2 uM observed a reduction of 2.77-3.87 logqo.

4. Conclusion

We have successfully prepared and characterized new perylene
derivatives and a cis-[Ru(phen),(pPDI)]** complex in which a
perylene moiety has been attached to one of the ligands. “The
optimized structure of the new substituted perylene ligand shows
that the perylene moiety is perpendicular to the phenanthroline
ligand. After coordination of the pPDI ligand to the Ru(Il) moiety,
no pronounced changes are observed in the bond lengths and
angles of the pPDI ligand. The coordination does not affect the
orbital make-up, indicating that the emissive properties of the
pPDI are not affected by the coordination to the metal complex. In
addition, the absorption bands and the shape of the fluorescence
spectra of the cis-[Ru(phen),(pPDI)]?* did not change significantly
relative to those of free pPDI. These observation is consistent with
the pPDI moiety and the Ru metal center being in different nodal
plans.”

Upon irradiation in the visible range, the latter Ru complex does
produce singlet oxygen. The photosensitizer diluted in methanol to
a concentration of 12.5 M presents lower cytotoxicity compared
to the others concentrations of this compound and, this
photosensitizer can statistically inhibit C. albicans cells. Despite
the modest singlet oxygen quantum yield, the high molar
absorptivity of the perylene ligand makes our system a possible
agent for photodynamic therapy against C. albicans. Our results
demonstrate the potential use of such Ru metal complexes for
fungicidal photodynamic therapy against C. albicans.
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