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ABSTRACT

In this study, a novel photosensitizer having two perylenediimide and phenanthroline
ruthenium (II) coordination moieties (Ru-BP) has been developed for photodynamic therapy
(PDT) of cancer cells. This new compound was prepared via reaction of two newly designed
molecules, namely 5,6,12,13-tetrakis(4-(tert-butyl)phenoxy)-2-(2,6-diisopropylphenyl)-9-(4-
hydroxyphenyl)anthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-1,3,8,10(2H,9H)-tetraone  (P6)
and bis(2,2’-bipyridyl)-(4,7-dichlorophenanthroline)ruthenium(ll) complex (7). The singlet
oxygen productions of P6 and Ru-BP were investigated by chemical method using trap
molecule as 1,3-diphenylisobenzofurane. Additionally, photodynamic therapy efficacy of the
novel Ru-BP complex and P6 were evaluated in vitro. Ru-BP significantly decreased viabilities
of human chronic myeloid leukemia cells under red light but not in dark, pointing the
complex, itself, was not cytotoxic and singlet oxygen formation was required for the
initiation of cell death mechanisms. Thus, Ru-BP can be effectively used as a photosensitizer
in photodynamic therapy, which makes the novel Ru-BP a promising singlet oxygen

generator for further biological applications.
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Introduction

Photodynamic therapy (PDT) has emerged as an innovative and non-invasive therapeutic
modality for several types of cancers.™ The primary components of PDT are a
photosensitizer (PS), molecular oxygen and a light source. Following light excitation of the
PS, an excited triplet state is formed which acts as an energy donor to molecular oxygen
(*0,) to product reactive singlet oxygen (*0,).>° The sensitized 0, gives irreversible damage
to tumour cells in the irradiated area. Photosensitizers are generally prepared from highly
conjugated organic dyes and their transition metal complex, which can be monitored by

2,7-10

various optical imaging techniques. Compared to organic chromophores, transition

metal complexes constitute another big family of medicinal agents.***?

Additionally, merging
of organic chromophores with charge transfer complexes often leads to attractive
properties such as unusual singlet and triplet state photophysics and related excited state

dynamics.®> Among these compounds, Ru (I)-based complexes are drawing great attention

in the development of new photosensitizers due to their excellent biocompatibility and

Published on 26 September 2018. Downloaded by Gazi Universitesi on 9/27/2018 10:02:01 AM.

tuneable photophysical/chemical and excited-state properties.”***® Most of the Ru(ll) PSs

12,17,18

are based on polypyridyl ligands. These complexes have long emission lifetimes from

the triplet metal-to-ligand charge transfer state (MLCT) quenched by triplet (ground state)

151718 As in the most of the

dioxygen and exhibit intriguing PDT effects via the type Il process.
complex preparation, Ru(ll)-based complexes also require a light-harvesting chromophore
such as BODIPY (boron dipyrromethene), perylene or other cyclometaleted ligands.” The
perylene unit, one of the most desirable molecules having large m-conjugation system, is a
candidate to improve the optical properties of the complexes, to provide a red-shift of MLCT
15,19,20

absorption band and an increased molar extinction coefficient of the metal complexes.

Furthermore, perylenes have high photochemical stability and fluorescence quantum vyields
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in common aliphatic and aromatic solvents, resistivity towards oxidative degradation and

decompositions.**?

Perylene chromophores are mainly used in the diimide form which
receive widespread attention because of the molecular structure, rigid polycyclic aromatic
core substituted from imide (peri) positions.”* The disadvantage of perylene unit is its low
solubility and aggregation that caused from its planar skeleton. In order to overcome the
problem, perylene has been substituted from the bay positions in most of the studies.?
Although many ruthenium(ll) polypyridyl complexes and perylene dyes have been
independently investigated as photosensitizers in the literature,®*® combination of these
two units is very limited.” The success of the combination has encouraged us to focus on
designing a novel complex bearing two perylenediimide (PDI) and a Ru(ll) polypyridyl units at
the same time in order to enhance photooxygenation ability. In the present study, a novel
bis(perylenediimide) ruthenium(Il) complex (Ru-BP) was prepared via reactions of two newly
designed molecules, 5,6,12,13-tetrakis(4-(tert-butyl)phenoxy)-2-(2,6-diisopropylphenyl)-9-
(4-hydroxyphenyl) anthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-1,3,8,10(2H,9H)-tetraone
(P6) and 4,7-dichlorophenanthroline ruthenium(ll) complex (7) (Figure 1). Generally,
ruthenium complexes coordinated by phenanthroline derivatives are substituted from 5- or
5,6- positions with several chromophores and a few perylene substituted derivatives of
those are also connected from 5-position of phenanthroline moiety.?® The present study can
be accepted as the first example of modification of two perylenediimide unit attached from

131920 The photophysical and singlet oxygen

4,7-positions of phenanthroline metal complex.
generation properties of the novel Ru-BP was investigated via absorption and fluorescence
spectroscopies. In addition, the photodynamic therapy efficacy of Ru-BP complex was

assessed in human chronic myeloid leukemia cells in vitro. Overall, this study presents novel

and fully characterized Ru-BP complex with fundamental photodynamic therapy efficiency.
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Fig. 1 Structure of new bis(perylenediimide) ruthenium(ll) complex (Ru-BP).

Results and discussion
Syntheses and characterizations

The synthesis of Ru-BP is depicted in Scheme 1. First, the synthesis of new ruthenium
complex (7) was carried out via reaction between 4,7-dichloro-1,10-phenanthroline (5)** and

ruthenium(ll) bis(bipyridinyl) complex (6)* in ethanol/H,O reaction medium. Without

Published on 26 September 2018. Downloaded by Gazi Universitesi on 9/27/2018 10:02:01 AM.

advanced purification steps, the crude material was used for further reaction. Next,
synthesis of perylene diimide P6 was conducted in five steps (Scheme 1). After bromination
of P1 to obtain P2,% preparation of diimide P3?” was employed using 2,6-diisopropylaniline
as aromatic amine. Then, 4-tert-butylphenol was used to substitute bay positions of P3 in
order to prepare P4.?® After synthesizing monoimide monoanhydride P5%° in KOH basic
medium, desired perylenediimide P6 was prepared using 4-aminophenol as a reagent. Single
molecular ion peak in the mass spectrum supports the purity of the compound. (Fig. S3). In
the FT-IR spectrum of P6 the disappearance of anhydride band at 1770 cm™ confirms the

assigned structure. Also, C=0 bands of imide group was observed at 1672 and 1705 cm™ (Fig.
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Additionally, the *H-NMR and *C-NMR spectra are consistent with the molecular

structure of P6 (Fig. S5,56).
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Scheme 1 Synthesis of Ru-BP. Reagents and conditions: (a) Meldrum’s acid (2.3 equiv.)
,CH(OMe); , reflux, 3h (b) diphenyl ether, reflux, 30 min (c) POCls, reflux, 2h 2 (d) 6,** EtOH/
H,0, reflux, 16 h; (e) Bry, H,SO4 rt->120°C, 96 h* (f) 2,6-diisopropylaniline (2 equiv.),
propionic acid, reflux, 24 h%® (g) 4-tert butylphenol (8 equiv.), K,CO3, NMP, reflux, 24 h?’ (h)
KOH, t-BuOH, reflux, 30 min*® (i) 4-amino phenol (1 equiv.), propionic acid, reflux, 24 h (j), rt,
72h.
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Nucleophilic substitution reaction of P6 and 7 leads to Ru-BP as a dark purple solid (Scheme
1). The mass spectrum of Ru-BP confirms the molecular structure. The molecular ion peak is
observed at as [M-2PFg]". Also, the peak observed at m/z 3204 belongs to [M-PF¢]" (Fig. S7).
In the FT-IR spectrum of Ru-BP the expected imide C=0 bands appear at 1671 and 1705 cm™
similar as P6 and the absence of hydroxyl peak at around 3400 cm™ supports the structure.
The peak around 830 cm™ belongs to the PFg ~ counter ion® of the structure (Fig. S8). The
'H-NMR (Fig. $9) and *C-NMR spectra (Fig. S10) of Ru-BP are consistent with the structure
of Ru-BP. Integration ratios and chemical shift values were assigned in Fig. S9 and Fig. S10.
Aromatic protons of the structure appear between 8.7-6.8 ppm. Distinctly, compared to the
'H-NMR of P6, specific phenanthroline protons of the complex Ru-BP arise at 8.6 ppm.
Tertiary protons of diisopropyl amino group were observed at 2.7 ppm. Methyl protons of
phenoxy cores give a singlet at 1.26 ppm while diisopropyl groups’ appear at 1.11 ppm as

doublet.

Also, Ru-BP is highly soluble in common organic solvents such as dichloromethane,
chloroform, tetrahydrofuran (THF) and dimethylsuphoxide (DMSOQ) and it is stable below 200

°C according to the thermogravimetric analysis (TGA) (Fig S11).

Photophysical properties of Ru-BP in comparison with P6

Spectral characterization of Ru-BP was carried out recording absorption, excitation and
emission spectra in dimethylsulphoxide (DMSO) at room temperature. To study the effect of
the Ru(ll) phenanthroline chromophore, same spectroscopic studies were also carried for
newly synthesized P6. The UV-vis absorption spectra of P6 and Ru-BP are shown in Figure 2.
Absorption maxima together with molar extinction coefficients are depicted in Table 1. The

spectra of P6 and Ru-BP show a similar profile bearing four maxima observed approximately
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at 260, 285, 450 and 580 nm. The overlap of characteristic - n* transition of PDI and MLCT
transitions appeared between 440 and 590 nm.?' The increase in the absorption intensity at
260-290 nm region indicates the existence of Ru(ll) bipyridyl moiety in the main structure.
Additionally, molar extinction coefficient of Ru-BP is higher than the P6’s as indicated in
Table 1. The ground state absorption spectra of P6 and Ru-BP were also recorded at
different concentrations (Fig. S12 and S13). The emission properties of P6 and Ru-BP were
studied in DMSO at room temperature (Table 1). The patterns of emission behavior of P6
and Ru-BP were similar, and their emission maxima were 614 and 615 nm. For both
compounds, the excitation spectra were similar to the corresponding absorption spectra and
the both excitation and absorption spectra were mirror image of their own fluorescence
emission spectra. The Stoke’s shift was found to be 34 nm for P6 and 33 nm for Ru-BP. The
fluoroscence lifetimes (t¢) of P6 and Ru-BP was measured using the time correlated single
photon counting (TCSPC) technique in DMSO. Obtained lifetime spectra are shown in Fig
S16. The lifetimes were found to be 2.09 ns for P6 and 1.04, 5.65 for Ru-BP. The absorption
and emission profiles of Ru-BP is suitable for in vivo photooxidation and deeper penetration

in tissue.?
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Fig. 2 UV-vis absorption spectra of P6 and Ru-BP in DMSO.

Table 1 Photophysical and photochemical properties of P6 and Ru-BP °.

Compound Agp, N (Log £°) Aem, NM T (ns)© d¢A

P6 267 (4.74), 283 (4.77), 449 (4.33), 580 (4.78) 614 2.09 0.01
(CHISQ=0.9899979)

Ru-BP 264 (11.85),290(11.80), 451 (4.62), 582 (4.94) 615 1.04 (23.6 %) 5.65 (76.4 %) 0.30

(CHISQ = 0.9366626)

? dimethylsulphoxide ® Molar extinction coefficients © Lifetime dSingIet Oxygen Quantum

Yield
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Fig. 3 UV-vis, fluorescence emission and excitation spectra of P6 (0.5 uM) (A) and Ru-BP (2.0

uM) (B)
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Photosensitizing property of Ru-BP

The mechanism of type Il PDT is based on energy transfer from triplet state of the
photosensitizers to molecular oxygen for generating singlet oxygen (*0,) which can instan-
taneously damage biomolecules to initiate cell death.® Investigating the generation of 10, is
highly significant to pre-study PDT application at the molecular level. In this work, singlet
oxygen generation capacity of novel bis(perylenediimide) ruthenium (Il) complex (Ru-BP)
was performed using diphenylisobenzofuran (DBPF), selective singlet oxygen trap molecule,
in DMSO. A solution of the Ru-BP (2.0 uM) and DPBF (35.0 uM) was kept for 20 min in the
dark to eliminate any inputs to the absorbance signal of DPBF from obscure dark reactions.
Absorption band of DPBF at 414 nm did not show any change proved the lack of dark
reactions. The mixture of the Ru-BP and DPBF was irradiated with red light (A= 632 nm, 2.5
mW /cm?) for a time interval 0 to 24.0 min. Photo-induced production of singlet oxygen from
Ru-BP was monitored gradual decrease in the absorption intensity of DPBF (Fig. 4). The data
for Ru-BP was plotted as the change in absorption of the trap molecule at 414 nm versus
irradiation time (Fig.4). Also, singlet oxygen measurements of the P6 (2.0 uM) and
methylene blue (2.0 uM) as the reference molecule were performed under the same
experimental conditions (Fig. S14, S15). Singlet oxygen quantum yields (®D,) of free ligand P6
and Ru-BP were calculated according to the literature.®” The singlet oxygen quantum yield of
Ru-BP(®,=0.30) is thirty times higher than the free ligand P6 (®,=0.01) (Fig. S15). The
attractive increase of the ®, would be explained by heavy atom effect that has been widely
known as the most popular way to facilitate the intersystem crossing (ISC) of the
chromophore.” In the present work, singlet oxygen generation showed good efficiency when

compared with reported ruthenium(ll) or ruthenium perylene photosensitisers.'**> The
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photostability upon repetitive excitation and is desirable in PDT application.’ The solution
of Ru-BP without DPBF were triggered with light for 20 min and no change was observed in
the absorbance intensity of compound in the red region of the spectrum (Fig. S17). It is

obvious that this complex was not degraded under the condition of singlet oxygen

measurements.
1.2
Os
1.2
1 y =-0.0195x + 1.0825 dark
g 5s
S
o 10s
0.8 2
° < —15 g
o
§ 20's
5 0.6 —_—25
(%]
g 30 s
0.4
0.2
0
350 400 450 500 550 600 650 700

Wavelength (nm)

Fig. 4 Decrease in absorbance spectrum of DPBF (35.0 uM) in the presence of Ru-BP (2.0
UM) in DMSO and absorbance decrease of DPBF at 414 nm with time in DMSO in the

presence of Ru-BP.

In vitro photodynamic therapy

In the present study, we also aimed to study the photodynamic therapy efficacy of Ru-BP
after chemical characterization. Ruthenium complexes and their in vitro and/or in vivo

efficacy have been widely used in photodynamic therapy studies for effective treatment of

16,17,33

cancer. To check the efficacy of Ru-BP in terms of photodynamic therapy, we used
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human chronic myeloid leukemia cell line, K562. We treated cells with increasing
concentrations of Ru-BP and incubated the cells either under red light (A= 632 nm, 2.5 mW
Jem?) or in dark for 5 h. Next, we determined the cell viabilities by MTT assay. According to
results (Fig. 5), Ru-BP complex significantly decreased cell viabilities if only the cells were
incubated under red light but not in dark. The ability of Ru-BP in the production of singlet
oxygen by red light source was demonstrated in Fig. 4 Singlet oxygen, whether intracellular
or extracellular, is able to trigger apoptosis, a type of well-regulated cell death mechanism.>*
Fig. 5 proves that Ru-BP, itself, was not enough to trigger cell death in dark but a red light
source was needed to produce singlet oxygen and cause death of cancer cells. However, this
data is not enough to determine the cell death type, whether apoptotic or not, which
requires further molecular studies. Also, P6, itself, at maximum concentration of Ru-BP
tested was not successful to induce cell death in dark or under red light, confirming the
chemical characterization studies of P6, which was shown to produce limited singlet oxygen
compared to Ru-BP, on cells. The inhibitory concentration 50 (ICso) value for Ru-BP was

calculated as below 5.0 uM while could not be calculated when they were treated in dark,

pointing the success of light-excited Ru-BP in the initiating cell death.
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Fig. 5 In vitro photodynamic therapy efficacy. *p<0.05; **p<0.01; ****p<0.0001.

To further show the ability of Ru-BP in the induction of cell death in the presence of red

light, we used Trypan Blue staining. It is a dye widely used in cell culture and cannot

Published on 26 September 2018. Downloaded by Gazi Universitesi on 9/27/2018 10:02:01 AM.

penetrate into living cells while it internalizes into and stains the nonviable cells blue.* In
this study, we treated cells with Trypan Blue in absence or presence of Ru-BP and under light
or in dark. According to the results, the blue colour that is a sign of nonviable cells was only
available for Ru-BP-treated cells under red irradiation. Ruthenium complexes have been
widely used in photodynamic therapy studies. However, some problems, such as, high 1Csq
value,*® increased toxicity of photosensitizer without irradiation,*” long incubation time of
photosensitizer®® and irradiation under lower wavelengths preventing deep tissue
penetration®® have been faced during these studies. The present study is critical in terms of
overcoming listed drawbacks of ruthenium-based photodynamic therapy studies owing to

low cytotoxicity of Ru-BP in dark (Fig. 5), relatively low ICsq value (<5 uM), short incubation
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time to induce cell death (5 h) and irradiation with red light which increases the tissue
penetration depth. Still, further in vivo studies are needed to conclude the effectiveness of

Ru-BP in clinics.

Without Ru-BP With compound Ru-BP

DARK

RED

Fig. 6 Trypan Blue staining of Ru-BP-treated or —untreated cells in dark or under red light.

Red arrows point the blue-coloured cells. Scale: 200 um.

Experimental Section

General methods

Perylene-3,4,9,12-tetracarboylic dianydride, 1,10-phenanthroline,
tetrabutylammonium hexafluorophosphate and RuClz.H,0 was obtained from Sigma-Aldrich.

All reagents and solvents were of reagent-grade quality, obtained from commercial
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suppliers. Infrared spectra were recorded between 4000 and 650 cm™ by using a Perkin
Elmer Spectrum100 FT-IR spectrometer with an attenuated total reflection (ATR) accessory
featuring a zinc selenide (ZnSe) crystal. The mass spectra were recorded on a MALDI (Matrix
Assisted Laser Desorption lonization) BRUKER Microflex LT using 1,8,9-anthrasenetriol
(dithranol) as a matrix. The NMR spectra were recorded on a Varian INOVA 500 MHz
spectrometer. Electronic absorption spectra were recorded with a Shimadzu 2101 UV
spectrophotometer and the fluorescence excitation and emission spectra were recorded on
a Varian Eclipse spectrofluorometer using 1 cm pathlength cuvettes at room temperature.
Fluorescence lifetimes were measured by a time correlated single photon counting (TCSPC)
method using FLUOROLOG-3 spectrofluorometer (Horiba JobinYvon, Edison, NJ) equipped
with a NanoLED and a standard air cooled R928 PMT detector. Photo-irradiations were done
using a red LED (A= 632 nm, 2.5 mW /cm?) and samples were irradiated with the light source

from a 10.0 cm distance.
Singlet Oxygen Measurements

Singlet oxygen quantum vyields (®,) were calculated according to the literature.® The
relative quantum yields were calculated with reference to Methylene Blue (MB) in DMSO as
0.52.%° Air saturated DMSO was obtained by bubbling air for 30 minutes. The absorbance of
DPBF was adjusted around 1.0-1.1 in air saturated DMSO. Then, the sample was added to
cuvette and sample’s absorbance was adjusted around 0.1-0.2. After, taking some
measurements in dark, we exposed the cuvette to red LED at the peak absorption
wavelength for 5 s. Absorbance was measured for several times after each irradiation. Then,
slope of absorbance maxima of DPBF at 414 nm versus time graph for each sample was

calculated. Singlet oxygen quantum yield was calculated according to the equation:
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D, (samp) = O, (ref) x [m (samp)/m(ref)]x[F(ref)/F(samp)]

“m” is the slope of difference in change in absorbance of DPBF (414 nm) with the irradiation
time, “F” is the absorption correction factor, which is given by F = 1 — 10°° (OD at the

irradiation wavelength).

Synthesis of 7. Compound 5 and 6 were prepared according to the reported procedures.?*?*

A mixture of 5 (52 mg, 0.21 mmol) and 6 (0.1 g, 0.21 mmol) was refluxed in Ethanol/H,0 (15
mL/7 mL) for 16 h.(Scheme 1) After cooling, NH4PFs (0.6 g, 3.68 mmol) was added to the
mixture. Resulting orange solid was washed with water and diethyl ether. ATR-IR v,,,ax(cm’l):
3325, 3123, 1606, 1560, 1469, 1446, 1412, 1395, 1336, 1316, 1245, 1219, 1085, 821, 760,
730 cm™. MS: MALDI-TOF (dithranol): m/z: 662 [M-2PF¢]*, 629 [M-2PFe-ClI]* (Fig. S1, S2).

Synthesis of P6. From P1 to P5 literature procedure?®?

was employed. A mixture of 4-
aminophenol (0.01 g, 0.1 mmol) and (55.0 mg, 0.05 mmol) of P5 was refluxed under Ar
atmosphere in 5 mL propionic acid. After 24 h, the mixture was extracted with H,O/CH,Cl,.
Preparative thin layer chromatography on silica gel (CH,Cl,) yielded 25 mg (42% yield) of P6.
'H-NMR (CDCl3) & 8.28 (s, 2H), 8.23 (s, 2H), 7.41(t, J = 8.0 Hz, 2H), 7.25-7.21 (m, 10H), 7.08 (d,
J =8.5Hz, 2H), 6.88 (t, J = 10 Hz, 5H), 6.83 (d, J = 8.5 Hz, 4H), 2.70 (septet, J = 7.0 Hz, 2H),
1.26 (d, J = 4.0 Hz, 36 H), 1.11 (d, J = 7.0 Hz, 12H). *C-NMR (CDCls): 164.051, 163.578,
156.241, 156.211, 155.921, 153.076, 152.958, 147.638, 147.558, 145.832, 133.392, 130.9,
129.846, 129.609, 127.969, 126.894, 124.093, 122.933, 122.75, 121.077, 120.878, 120.496,
120.362, 120.031, 119.545, 119.411, 116.415, 34.58, 31.638, 29.922, 29.29, 24.229. ATR-IR
Vmax (cm™): 3406, 3063, 3039, 2962, 2930, 2869, 1705, 1672, 1585, 1504, 1464, 1447, 1407,

1363, 1341, 1315, 1283, 1220, 1173, 882, 832 cm™. UV (DMSO): Amax = 267, 283, 449, 580

nm. MS: MALDI-TOF (dithranol): m/z: 1235 [M*], 1257 [M+ 2H] (Fig. $3-S6).
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Synthesis of Ru-BP. A mixture of 7 (0.02 g, 0.03 mmol), P6 (75.0 mg, 0.06 mmol) and K,CO3
(8.2 mg, 0.06mmol) was stirred at room temperature under Ar in DMF (Scheme 1). After 72
h, the mixture was extracted with H,O/CH,Cl,. Chromatography on silica gel (CH,Cl, =
CH,Cl, /EtOH (50/1) yielded 60 mg (60% yield) of Ru-BP. *H-NMR (CDCl3) & 8.61 (s, 2H), 8.30-
8.27 (m, 8H), 8.24 (s, 4H), 7.93-7.91 (m, 4H), 7.86-7.83 (m, 4H), 7.59 (d, / = 6.0 Hz, 2H), 7.47-
7.38 (m, 14 H), 7.25-7.20 (m, 21H), 6.99 (d, J = 6.0 Hz, 2H), 6.86-6.82 (m, 15 H), 2.7 (septet, J
= 6.5 Hz, 4H), 1.26 (s, 72 H), 1.11 (d, J = 6.5 Hz, 24H). 3C-NMR (CDCl5) 181.369, 180.874,
163.607, 163.557, 163.491, 162.62, 157.399, 156.399, 156.336, 156.122, 153.066, 152.878,
152.672,152.572, 148.184, 147.585, 145.817, 137.826, 137.564, 137.477, 133.918, 133.413,
133.375, 131.507, 130.883, 129.7, 129.615, 129.194, 128.773, 128.083, 127.104, 126.88,
126.704, 126.649, 124.094, 123.87, 123.682, 123.59, 123.422, 123.004, 122.376, 122.268,
122.164, 122.094, 121.375, 120.725, 120.633, 120.545, 120.336, 120.3, 120.05, 119.628,
119.489, 119.458, 119.327, 119.276, 116.872, 110.364, 34.715, 34.578, 34.436, 33.395,
32.142, 31.835, 31.779, 31.652, 31.5, 29.917, 29.665, 29.578, 29.496, 29.461, 29.386,

29.298, 24.972, 24.239, 22.91, 14.338. ATR-IR Vpme (cm™): 3067, 2962, 2906, 2869, 1705,

Published on 26 September 2018. Downloaded by Gazi Universitesi on 9/27/2018 10:02:01 AM.

1671, 1585, 1501, 1466, 1405, 1363, 1339, 1281, 1206, 1173, 1110, 1014, 834, 761, 729 cm’
1. UV (DMSO): Anax = 264, 290, 448, 551, 582 nm. MS: MALDI-TOF (dithranol): m/z: 3060 [M-
2PFg], 3204 [M-PF¢ ] (Fig. S7-510).

Cell lines and cell culture

In this study, human chronic myeloid leukemia, K562 cell line was used for photodynamic
therapy studies. Cells were maintained in RPMI 1640 medium (Biochrom AG, Germany) in
the presence of 10% FBS (v/v; Biochrom AG, Germany) and 1% gentamycin (v/v; Biological

Industries, Israel) at 37°C and 5% CO,.
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Cell viability assay

Cell viabilities were analyzed by 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium
bromide (MTT) assay. 30x10° cells were seeded into two different 96-well plates and
incubated for 24h. Next, cells were treated DMSO to check the solvent effect and increasing
concentration of Ru-BP (0.3125-20 uM). One of the plates was incubated in dark while the
other was incubated under red LED for 5 hours. Then, 10 pl of MTT solution (5mg/ml) was
added onto cells and incubated for 4h. Finally, cells were disrupted with SDS-HCI solution (1g
SDS in 0.01M HCI in 10ml final volume) overnight and the microplates were read by
microplate spectrophotometer (Multiskan GO, Thermo Fisher Scientific, USA) at a
wavelength of 570 nm. Optical densities were converted to % viability by using untreated
cells as 100% and all the treatments were correlated to untreated group. Data were
analyzed by GraphPad Prism 7.0 software (GraphPadlnc, USA). The results were considered

significant at the level of 0.05.

Trypan Blue staining

To further demonstrate the cell death, 480x10° cells were treated into two different 6-well
plates. One of the well of each plates was treated with 20.0 uM of Ru-BP and one of them
was treated with DMSO as control. One of the plates was incubated in dark while the other
was treated red light for 5 h. Next, cells were incubated with Trypan Blue (10%) for 5 min

and washed by PBS twice. Next, cells were imaged under a light microscope.

Statistical analyses

All biological experiments were conducted triplicate as three independent experiments. Data

were analysed by Two-way ANOVA and was evaluated as significant when p<0.05.
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CONCLUSIONS

In this work, we demonstrated design, synthesis and photooxygenation of a novel ruthenium
phenanthroline bis(perylenediimide) complex (Ru-BP). The newly synthesized Ru-BP and its
starting compound, P6 were fully characterized by FT-IR, MALDI-TOF, *H and *C-NMR, UV-
vis spectroscopy analyses. The novel Ru-BP possesses two PDI core in a ruthenium(ll)
complex that is the first example of bis(perylenediimide) substituted phenanthroline metal
complex. The photophysical and photochemical properties of the novel Ru-BP was
investigated via absorption and fluorescence spectroscopies in comparison with P6. Ru-BP
exhibited favourable photophysical properties in the red region with good molar extinction
coefficient. It is obvious from the singlet oxygen quantum vyields that ruthenium complex
form of P6 leads to a respectable photosensitizer ability. Moreover, novel Ru-BP complex
displayed significant photodynamic therapy efficacy in vitro. Ru-BP efficiently decreased the
survival of human chronic myeloid cells, K562 under red light but not in dark. This result also
confirms the production of singlet oxygen by Ru-BP in vitro by which cell death mechanisms
were activated. The novel Ru-BP complex is also a strong candidate for in vivo photodynamic
therapy studies due to its low toxicity in dark, low ICsg value, short incubation time and
possible longer tissue penetration depth. Overall, the results described herein clearly
indicate that the novel complex Ru-BP is a potential singlet oxygen generator for PDT

processes. Thus, our in vivo animal model studies are under progress.
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Absorbance

Wavelength (nm)

In this study, a novel photosensitizer having two perylenediimide and phenanthroline
ruthenium (Il) coordination moieties (Ru-BP) has been developed for photodynamic therapy
(PDT) of cancer cells.
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