Downloaded via UNIV OF GOTHENBURG on October 14, 2019 at 07:49:37 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

norgan IC em IS ry & Cite This: Inorg. Chem. XXXX, XXX, XXX=XXX pubs.acs.org/IC

Near-IR/Visible-Emitting Thiophenyl-Based Ru(ll) Complexes:
Efficient Photodynamic Therapy, Cellular Uptake and DNA Binding

Si-Qi Zhan § Tlng Ting Meng,T a Jia L1 Fan Hong, Jin L1u, Youjun Wang, Li-Hua Gao,
Hua Zhao,” and Ke-Zhi Wang*’

Key Laboratory of Radiopharmaceuticals, Ministry of Education, College of Chemistry, Beijing Normal University, Beijing 100875,
People’s Republic of China

*School of Science, Beijing Technology and Business University, Beijing 100048, People’s Republic of China

SBeijing Key Laboratory of Gene Resource and Molecular Development, Beijing Normal University, Beijing 100875, People’s
Republic of China

”College of Science, Liaoning Technical University, Fuxin 123000, People’s Republic of China
O Supporting Information

ABSTRACT: Near-IR-emitting and/or efficiently photodynamic water-
soluble Ru(II) complexes that hold great application potentials as
photodynamic therapy and/or photodetection agents for cancers have
been poorly explored. In this paper, the solvatochromism, calf thymus DNA
binding, and singlet oxygen generation properties of a known ruthenium-
(1) complex of visible-emitting [Ru(bpy),(dtdpq)](ClO,), (Rul) and a
new homoleptic complex of near-IR-emitting [Ru(dtdpq);](ClO,), (Ru2)
(bpy = 2,2'-bipyridine, dtdpq = 2,3-bis(thiophen-2-yl)pyrazino[2,3-f]-
[1,10]phenanothroline) in water are reported. Moreover, DNA photo-
cleavage, singlet oxygen generation in HeLa cells, cellular uptake/
localization, and in vitro photodynamic therapy for cancer cells of water-
soluble Rul are described in detail. The results show that Rul acted as
potent photodynamic cancer therapy and mitochondrial imaging agents.
Ru2 exhibited very strong solvatochromism from a visible emission maximum at 588 nm in CH,Cl, to the near-IR region at 700
nm in water and singlet oxygen generation yield in water (23%) and DNA binding properties (intercalative DNA binding
constant on the order of 10° M™") comparable to those of Rul, which should make Ru2 attractive for the aforementioned
applications of Rul if the water solubility of Ru2 can be improved enough for the studies above.

H INTRODUCTION (?0,) to generate cytotoxic reactive oxygen species (hydroxyl
radical, superoxygen anion radical) (type I) and/or 'O, (type
IT), which ultimately induce cancer cell damage.g_11 Photofrin,
a complex mixture of monomeric and oligomeric porphyrins, is
the first generation PS that was approved by the U.S. Food and
Drug Administration for clinical application in the treatment of
variety of cancers such as neck, head, and esophageal.'”
However, the lack of chemical homogeneity and stability, low
cell uptake and retention, and skin phototoxicity make the

Cancer has become the second leading cause of death,
followed by ischemic heart disease, and it is predicted that new
cancer cases will increase to more than 27 million by 2030."”
Photodynamic therapy (PDT), as an emerging medical
technique, has evolved into a successful alternative or
complementary treatment to some traditional therapeutic
methods (e.g. radiotherapy, chemotherapy, and tumor surgical
resection) to fight against cancer, because of the superior i ’ P
noninvasive character of PDT agents which are able to prov1de treatmen.t painful for patients. In th.e search for metal-based
spatial and temporal control over cancer cell killing.”™> An PSS against cancer, Ru(I) pol?fpyrldyl complexes  play an
ideal PDT agent requires®™® (1) high solubility and photo- 1mp01jtant role because. of the.n'. 'advantfige.s such as. h}gh
stability in aqueous media, (2) strong absorption in photo- .chemlcal‘ a.nd photocheml.cal stabilities, excitation and emission
therapy windows, (3) long excited state lifetime, (4) ability to in the v1$1ble/ near-IR window and extendesdg ‘A systems that
rapidly enter cells, (S) inactivity in the dark, and (6) high facilitate 'O, generation in high yield. TLD-1433
singlet oxygen ('0,) quantum yields on exposure to light. ([Ru(dmb),(ttip)JCL; dmb = 4,4'-dimethyl-2,2"-bipyridine;

Upon irradiation, the nontoxic (or low-toxicity) photo- ttip = 2(2-(2/,2":5’ 2 -terthiophene )imidazo[4,5-f][1,10]-
sensitizer (PS) is excited from its ground state S, to the first phenanthroline) is the first Ru(II)-based photosensitizer
excited state S; and subsequently to the triplet state T, via

nonradiative intersystem crossing (ISC) and then transfer Received: August 12, 2019

electrons and/or energy to ground-state molecular oxygen
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Scheme 1. Chemical Structures of Complexes Rul and Ru2
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applied to PDT and has advanced to Phase Ib clinical trials
against invasive bladder cancer.'”'® Thiophene-containing
polypyridyl Ru(II) complexes represent one class of PSs with
extremely high 'O, quantum yields and have the potential to
be used as a new generation of PDT drugs.'”'® Alberto et al."”
reported a careful DFT and TDDEFT investigation of the
influence of thiophene units on the 'O, generation of
polypyridyl Ru(II) complexes containing polythiophene chains
of different lengths, and the results suggested that the
increasing number of thiophene units (n = 3, 4) afforded a
very low lying state which could be populated by an ISC
mechanism and promoted 'O, generation to exert their PDT
effect. These Ru(II) complexes are superior to Photofrin and
are undergoing the human Phase I studies with the
photodynamic index increasing with increasing thiophenyl
group number 1,0 (¢ = 0.5,n=1),> 1.8 (¢ =0.75,n =2), 10
(p=1,n=3),to >200 (¢ = 1, n = 4), against HL-60 cells
upon irradiation with 7 J cm™ of visible light.”” We have
reported a series of thiophenyl-containing Ru(II) complexes
and found that the introduction of the thiophenyl group
significantly enhanced DNA binding and photocleavage
properties as well as the acidity of Ru(II) complex.”'~**
DNA is an important genetic material and is considered to
be the primary target for many metal-based anticancer drugs. A
small conformational change of its double helix could perturb
the orderly progress of DNA replication, transcription, and
repair.”> >’ Therefore, it is undoubtedly important to discover
novel DNA binders as nucleic acid probes for life process
exploration, disease diagnosis, and therapy. Some Ru(II)
complexes have been discovered to serve as DNA photo-
cleavage reagents, nucleic acid sequence-specific and mismatch
luminescent probes, and antitumor agents.”* ' Among these
Ru(I) complexes, DNA intercalative [Ru(bpy),(dppz)]**
(dppz = dipyrido[3,2-a:2'3’-c]phenazine) is one of the most
well-known molecular “light switches” for DNA because of its
evident photophysical changes that display no photolumines-
cence in aqueous solution but dramatic emission enhancement
in the presence of DNA.” Since the discovery of [Ru-
(bpy),(dppz)]**, tremendous attention has paid to dppz
derivative based Ru(Il) complexes. Evidence shows that
electron effects, planarity, and hydrophobicity of substituent
groups on dppz units play important roles in the DNA binding
properties, including DNA binding affinities, thermal stabiliza-

tion effectss, DNA photocleavage, binding selectivity and
kinetics, cellular uptake/localization, dark cytotoxicities, and
PDT effects.”**™*° However, Ru(I) complexes with an
organic ligand analogous to dppz, dipyrido[6,7-d:2'3'-f]-
quinoxaline (dpq), have received much less attention. Delaney
and Aldrich-Wright first reported the synthesis and DNA
affinity of [Ru(bpy),dqp]***” and [Ru(dpq);]**** in 2002
and 1995, respectively. It was reported that [Ru-
(phen),(dpq)J>* and [Ru(phen),(Me,dpa) " (1 = 1, 2,
Medpq = 2-methyldipyrido[3,2-f:2,3'-h]quinoxaline; Me,dpq
= 2,3-methyldipyrido[3,2-f:2/,3’-h]quinoxaline) exhibit no
DNA light-switch behavior, since strong luminescence of
these complexes in both the absence and the presence of DNA
were observed.””™*' In contrast, [Ru(phen),(dicng)]** and
[Ru(phen)(dicng),]** (dicnq = 6,7-dicyanodipyrido[2,2-
d:2/,3'-f ]quinoxaline) were reported to act as DNA molecular
light switches with 16- and 8-fold luminescence enhancement,
respectively.*” More interestingly, the grafting of an amide
group to dpq caused a significant effect on the excited-state
properties of the Ru(II) complex [Ru(phen),dpqa]*" (dpqa =
2-pentylamidodipyrido[3,2-:2/,3'-h]quinoxaline), which
showed impressive DNA molecular light-switching proper-
ties.”” We have also reported the four DNA molecular light-
switch complexes [Ru(phen),(Hcdpq)](ClO,), (phen = 1,10-
phenanthroline, Hedpq = 2-carboxyldipyrido[3,2-£:2,3-h]-
quinoxaline), [Ru(bpy),(bipp)]** (bipp = 2-
benzimidazoylpyrazino[2,3-f][1,10]phenanthroline), [Ru-
(bpy),(bopp)]** (bopp = 2-benzoxazolylpyrazino[2,3-f]-
[1,10]phenanthroline), and [Ru(bpy),(btpp)]** (btpp = 2-
benzthiazolylpyrazino[2,3-f][1,10]phenanthroline), which
were synthesized by grafting of carboxyl group, benzimidazoyl,
benzoxazolyl, and benzthiazolyl moieties to [Ru-
(bpy),(dpq)]** with ct-DNA-induced emission enhancement
factors of 26-, 49-, 89-, and 179-fold, respectively.“’44 It should
be pointed out that most early studies on Ru(II) complexes
have focused on their electrochemical properties, potencies as
traditional cytotoxic agents, and in vitro interactions with DNA
and have made remarkable achievements.*””~*” In recent years,
attention has shifted to cellular uptake, subcellular localization,
and photocytotoxicity properties of Ru(Il) complexes, along
with the mechanisms of their various biological behaviors,
providing a deeper understanding of the action mechanisms of
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these7 4g%nplexes and promoting their clinical transforma-
tion.”™

During our exploration of the influences of thiophenyl
substitution on dpg-based Ru(II) complexes on their DNA
binding and photocleavage properties as well as their PDT
effects of Ru(Il) complexes, we have found some encouraging
results on [Ru(bpy),(dtdpq)](ClO,), (Rul) and [Ru-
(dtdpq);](ClO,), (Ru2) (bpy = 2,2'-bipyridine, dtdpq =
2,3-bis(thiophen-2-yl)pyrazino[2,3-f][1,10]phenanothroline)
(see Scheme 1): (1) the introduction of dithiophenyl groups
evidently enhances DNA binding, DNA photocleavage, and
singlet oxygen generation ability, (2) Ru2 in water is strongly
emissive in the near-IR region with sensitive solvatochromism,
and (3) Rul is a promising mitochondrial imaging and PDT
cancer therapy difunctional agent. Herein we demonstrate
these interesting findings.

B EXPERIMENTAL SECTION

Materials and Characterization. Rul was synthesized according
to a modified literature method,” while Ru2 is a new compound; their
synthetic details and characterization data are shown in the
Supporting Information.

DNA Photocleavage Experiments. The photoinduced DNA
cleavage by Ru(Il) complexes was carried out by agarose gel
electrophoresis. Supercoiled pUC18 DNA (0.2 pug) was treated with
different concentrations of Ru(II) complexes in buffer A (5 mM Tris-
HCl, 50 mM NaCl, pH 7.1 + 0.02), and then the mixture was
irradiated with UV light (360 nm) for 1 h at room temperature. The
samples were subjected to electrophoresis on a 1.0% agarose gel in
TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 8.0)
at 120 V and 80 mA for 50 min. The gel was stained with 1 g/mL of
EB solution and photographed for analysis with a gel ima%er. The
percentage of cleavage (C) was calculated according to eq 1°>**

DII + 2DIII X 100%

C(%) = ——n*m
DI+DII+2DIH (1)

where Dy, Dy, and Dy represent the integrated density values of form
I (supercoil), form II (nicking form), and form III (linear form),
respectively.

Quantum Yields for Singlet Oxygen Generation. The
fluorescence quantum yields for 'O, production of Rul and Ru2
under irradiation were measured by using anthracene-9,10-dipro-
pionic acid disodium salt (ADPA) as the 'O, indicator and rose
bengal in PBS as the standard photosensitizer.”* ADPA reacts
irreversibly with 'O,, leading to a decrease in its absorbance at 378
nm; therefore, 'O, can be detected quantitatively by monitoring the
decrease in the absorbance of ADPA. Briefly, ADPA (9 uM) was
mixed with Ru(I) complexes or RB in PBS and irradiated with 66
mW/cm? white light for 10 min. The absorbances of ADPA at 378 nm
were recorded after sufficient mixing at a specific time interval of 1
min. The quantum yields for 'O, generation of Rul and Ru2, @y,
were _cOalculated according to eq 2 using RB as a standard (@ =
0.75)°

PppKr,Ars

(I)Ru =
KypAg, (2)

where Ky, and Ky are the photodegradation rate constants of ADPA
at 378 nm by light irradiation in the presence of the Ru(II) complex
and RB, respectively, and Ay, and Agg stand for integral areas of
absorption peaks in the range of 400—700 nm for the Ru complex and
RB, respectively.

In Vitro Dark Cytotoxicity and PDT Therapy. The dark
cytotoxicity and phototoxicity of Rul and Ru2 were evaluated by an
MTT assay against human cervical cancer (HeLa), lung cancer
(A549), and breast cancer (MCEF-7) cell lines. Cells were seeded in
96-well plates at a density of 4 X 10 cells/well and incubated
overnight. Stock solutions of Rul and Ru2 were freshly prepared in

dimethyl sulfoxide (DMSO) and diluted with DMEM culture media
to the desired concentrations. After that, cells were incubated with
100 L of culture media containing serial concentrations of Rul and
Ru2. The dark cytotoxicity was assessed after incubation without any
irradiation for 48 h. For the photocytotoxicity study, on incubation for
12 h, the cells were irradiated using visible light (400—700 nm) at a
power of 25.4 mW/cm? for 13, 20, and 30 min, respectively. After the
cells were grown for another 36 h, 10 uL of MTT solution (50 ug/
mL) was added to each well for 4 h. Then the medium containing
unreacted MTT was removed carefully, followed by addition of 200
uL of DMSO to dissolve the blue formazan. The optical density (OD)
at 570 nm was measured with a microplate reader. The percentage of
cell viability was calculated with eq 3:
cell viability (%) = _OD value of test X 100

OD value of control (3)

Cellular Uptake. HeLa cells were plated on six-well plates and
maintained at 37 °C under a 5% CO, atmosphere overnight. To
evaluate concentration-dependent intracellular incorporation, differ-
ent concentrations (5, 10, 20, 40, 80 uM) of Rul were added and
incubated for 6 h. To assess the dependence of incubation time, 20
UM of Rul was added in culture medium for 0.25, 0.5, 1, 2, 4, and 6 h.
After the incubation time, cells were harvested and washed three
times with PBS. Finally, the fluorescence intensity of cells containing
Rul was measured using a flow cytometer (NovoCyte). The
fluorescence emission channel setting was 615 + 10 nm.

Confocal Laser Scanning Microscopy (CLSM). HeLa cells (1 X
10* cells/mL) were seeded in 35 mm glass-bottom culture dishes and
treated with 20 4M Rul for 2 h. Before imaging, the cells were further
incubated with LysoTracker Green (200 nM) and MitoTracker Green
(200 nM) for 0.5 h, followed by washing three times with phosphate
buffer solution (PBS) (pH 7.4). Confocal images were obtained by a
Nikon AIMP confocal microscope using a 60X oil objective at an
excitation of 4., = 488 nm. The emissions were collected at 640—720
nm for ruthenium(II) complexes and S05—530 nm for Tracker Green.

Apoptosis Detection. Apoptosis was detected by mean of FITC
staining. HeLa cells were seeded in 35 mm culture dishes at a density
of 5 X 10* cells for 24 h before treatment. The medium was replaced
with Rul of different concentrations in DMEM for 12 h and then
irradiated with viable light (25.4 mW/cm?). The cells were stained
with Annexin V-FITC according to the manufacturer’s instructions.

Cellular Signal Oxygen Detection. HeLa cells were seeded in
six-well plates at a density of S X 10* cells per well. After treatment
with Rul at the indicated concentrations for 12 h, the cells were
incubated with 10 M of 2',7'-dichlorodihydrofluorescein diacetate
(DCFH-DA) dye for 20 min in the dark and then irradiated with 25.4
mW/cm? visible light for 13 min and rinsed three times with serum-
free DMEM. NaN; (10 mM), used as an inhibitor of ROS, was added
to certain wells 1 h before irradiation. Fluorescence images of samples
were captured by inverted fluorescence microscopy. The fluorescence
intensity of DCF in HeLa cells was detected using flow cytometry
(NovoCyte).

B RESULTS AND DISCUSSION

Synthesis and Characterization. The thiophenyl-con-
taining ligand dtdpq and its two Ru(II) complexes Rul and
Ru2 were synthesized according to the routes shown in
Schemes S1—S3 (Supporting Information), and the synthetic
details are provided in Supporting Information. dtdpq was
synthesized by condensation of 1,10-phenanthroline-5,6-
diamine with 2-bis(thiophen-2-yl)ethane-1,2-dione in the
presence of acetic acid as the solvent and was authenticated
by '"H NMR spectroscopy (see Figure Sla in the Supporting
Information). During the time we carried out this study, the
synthesis and study on the azo dye decomposition of Rul were
reported.” Here Rul was synthesized in a moderate yield of
55% by reacting equimolar dtdpq and Ru(bpy),Cl,-2H,0 in
refluxing N,N-dimethylformamide for 8 h; the crude product
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Figure 1. Absorption spectra of Rul (a) and Ru2 (b) and emission spectra of Rul (c) and Ru2 (d) in different solvents at 298 K.

was purified by chromatography over silica gel using CH;CN/
H,O/saturated potassium nitrate aqueous solution (v/v/v, 50/
5/1) as the eluent and recrystallized by diffusion of diethyl
ether into an acetonitrile solution of Rul. In addition to the
data of satisfactory CHN elemental analyses, consistent proton
intergral areas corresponding to the presence of 28 protons
(see Figure S1b in the Supporting Information) and a positive
ion electrospray ionization (ESI) mass spectrum (see Figure
Slc, Supporting Information) showed peaks at m/z 405.08 and
909.14 which were assigned to [M — 2ClO, ]*" and [M —
ClO, 71", respectively. Ru2 was synthesized in a moderate yield
of 63% by reacting dtdpq and RuCl;-H,O in a 3:1 molar ratio
in refluxing ethylene glycol for 10 h; the crude product was
chromatographed over silica gel using CH,Cl,/CH;OH/DMF
(v/v/v,5/1/0.5) as the eluent and recrystallized by diffusion of
diethyl ether into an acetonitrile solution of Ru2. The
formation of homoleptic Ru2 was authenticated by elemental
analyses, 'H NMR (see Figure S2a in the Supporting
Information), and mass spectrometry (see Figure S2b in the
Supporting Information) as well. As anticipated, Ru2 showed
much simplified 'H resonance peaks that are similar to those of
free dtdpq (see Figure Sla in the Supporting Information) due
to the equal distribution of three dtdpq groups around the Ru
center, in comparison to Rul. The molecular ion peak

centered at m/z 645.9 (calculated value m/z 645.2) in its
positive ion ESI mass spectrum is ascribed to [M — 2Cl10,~]*".

Solvatochromism. The absorption and emission spectra
for Rul and Ru2 measured in various polar and nonpolar
solvents at room temperature are shown in Figure 1, and the
corresponding photophysical data are given in Table SI
(Supporting Information). Both complexes display high molar
extinction coefficients. Rul exhibits a small shift in absorption
maxima in all the solvents used, which indicates a weak
interaction between Rul and the investigated solvents at the
ground state. The absorption spectrum of Ru2 in aqueous
solution is significantly different from those in other solvents.
The high-intensity absorption bands in the UV region (200—
350 nm) are assigned to ligand to ligand charge transfer
(LLCT; m—n*) transitions, and the moderately strong
absorption bands and shoulders in the visible region (350—
500 nm) originate from singlet metal to ligand charge transfer
("MLCT) transitions. Upon excitation at the 'MLCT
absorption wavelength, a strong solvatochromism was
observed for Ru2 from CH,Cl, (588 nm) to H,O (700
nm), suggesting a significantly strong solvent—complex
interaction at the excited state. Such a large red shift has
rarely been reported in Ru(II) complexes® ~>* and is much
more evident than a red shift of only about 25 nm observed for
the emission of Rul from CH,Cl, (600 nm) to H,O (625 nm)
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Figure 2. Absorption spectra of Ru(I) complexes in the presence of various amounts of CT-DNA: (a) Rul (3.98 uM), [DNA]/[Ru] = 0.00—

27.38; (b) Ru2 (2.33 uM), [DNA]/[Ru] = 0.00—90.99.

and even a maximum red shift of 40 nm from CH,Cl, (600
nm) to EtOAc (640 nm). The luminescence quantum yields of
Rul and Ru2 were measured using [Ru(bpy);]*" in water as a
standard. Rul and Ru2 in DMSO displayed the lowest-energy
emission maxima at 639 and 629 nm and maximum emission
quantum yields of 0.052 and 0.087, respectively. It is
noteworthy that the NIR emission of Ru2 in water with a
medium quantum yield of 0.134% is interesting and
encouraging, since NIR emission (700—2500 nm) has become
a challenging research field with widespread potential
applications in optical sensing, bioimaging, NIR light-emitting
diodes, telecommunications, and night-vision-readable dis-
plays.”* To date, NIR-emitting mononuclear tris(bidentate
NN ligand)-based Ru(II) complexes are rather lacking.g'l’w_59
In order to verify whether or not the severe aggregation due to
the poor water solubility of Ru2 was the origin of its NIR
emission in water, we have checked the effects of volume
percentage of CH;CN in CH;CN/H,0 mixed solvents on the
emission spectra of Ru2. We found that the emission
intensities at 700 nm slightly increased upon increasing
CH;CN from 0% up to 14%, while intensities of a new
emission peak at ~604 nm were evidently enhanced by ~10-
fold upon further gradual increases in the CH;CN contents to
25% (figure not shown). The aforementioned observations
indicated that the aggregation would not make a dominant
contribution to the NIR emission of Ru2, and the real origin
needs further studies.

Calf Thymus DNA Binding Effects on UV—Visible and
Emission Spectra. The DNA binding of complexes through
intercalation usually leads to hypochromism H% (H% =
(Apee— Apound)/Agee X 100%) and bathochromism (AA),
because the intercalative mode involves a strong 7—7 stacking
interaction between the aromatic chromophore of the
complexes and the base pairs of DNA.’ In this study, we
added increasing amounts of CT-DNA to buffer A containing
Rul (3.98 uM) or Ru2 (2.33 uM), and subsequently their
absorption spectra were measured after sufficient mixing for S
min (Figure 2). For Rul, in the presence of successive
increases of the DNA (from 0.00 to 109 uM), the bands at
both 284 and 455 nm showed apparent decays with
hypochromisms H% of about 36% and 26% and red shifts of
3 and 5 nm, respectively. In contrast, DNA binding to Ru2

induced nonmonotonic spectral changes: decreases and
increases in the absorption intensities over the low and high
DNA concentrations. This DNA binding induced two-stage
UV—vis spectral change is similar to those we previously
observed for the binding of [Ru(bpy),(btppz)]** (btppz =
benzo[h]tripyrido[3,2-a:2,3"-c:2"",3""-j]phenazine) to DNA®'
and may be due to the two different DNA binding
conformations. This complex spectral behavior prevents us
from deriving the DNA binding constant of Ru2. The intrinsic
DNA binding constant Kj, and binding site size s of Rul were
calculated to be (1.51 + 0.51) X 10° M~ and 2.05 = 0.23,
respectively, by monitoring the intensity change at 455 nm,
according to eqs 4 and S5

(&, — &)/ (&, — &)
= [b — (b* — 2K,’C,[DNA]/5)"/*]/(2K,C,) (4)

b =1+ K,C, + K,[DNA]/2s (s)

where [DNA] is the concentration of DNA in base pairs, C, is
the total Ru(II) complex concentration, &, corresponds to
apparent extinction coefficients of the Ru(1l) complex and ¢,
and &; are the extinction coeflicients for the ruthenium complex
in the fully bound form and the free form, respectively. The
DNA binding strength of Rul is comparable to those of the
typical DNA intercalators [Ru(bpy),(dppz)]** (1.2 x 10°
M™) and ethidium bromide (1.25 x 10° M™"),>" indicating
that Rul might be a strong DNA intercalator. In order to
compare quantitatively the DNA-binding properties with
analogous complexes, their DNA binding parameters are
given in Table 1. It is noteworthy that the DNA-binding
affinity of Rul is S-fold as greater than the K, value of 3.2 X
10° M™! for the parent complex [Ru(bpy),dpq]*",°* which is
beyond our anticipation since the thiophene units are twisted
significantly from the parent dpq plane, as revealed by the
reported structural parameters.”*® Thus, it is anticipated that
the structure of Rul in the crystalline form would be different
from that in the DNA-bound form, in which the thiophene
units are coplanar with the parent dpq, so that the more
extended conjugation plane of dtdpq in comparison to dpq
conforms to the general trend that Ru(II) complexes with a
more extended aromatic plane would bind to the DNA more
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Table 1. Comparison of DNA-Binding Data for Rul and
Ru2 with Those for Analogous Ru(II) Complexes”

K, (10° AA/ hypochromism H%
complex M) nm (4/nm) ref
[Ru(bpy),(dppz)]** 12 0 18 (445) 64
[Ru(bpy),(dpq)]** 3.2 0 21(442) 62
[Ru(bpy),(dicnq)]** 3.7 0 12 (449) 62
[Ru(bpy),(dppp2)]1** 52 2 11(440) 62
[Ru(bpy),(dppp3)]** 4.8 1 14(442) 62
[Ru(bpy),(dmdpq)]** 0.23 0 11(453) 60
[Ru(bpy),dtdpq]** 15.1 5 26(455) this
work
[Ru(dtdpq),]** 1.24 this
work

“The structures are as follows:

I CI{EEil —

+
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‘ Z
Ru(bpy)z(dicna)
T 2+
C’((E I
OU

Ru(bpy);(dmdpq)

Ru(bpy)z(dpa)

Ru(bpy)(dppp3)

Ru(bpy)z(dppz)

Ru(bpy)z(dppp2)

%r:

Ru(bpy)o(atatp)

24

42 z=

deeply and tightly.**®> The absorption intensification at the
lower DNA concentrations in the DNA-induced nonmono-
tonic spectral changes, shown in the inset to Figure 2b, may
correspond to such a conformation change from a nonplanar
state of thiophene groups and dpq to a coplanar state of these
two moieties, resulting in enhanced conjugation and

accordingly the enhanced absorption intensities. The possi-
bility that H bonds formed between H atoms of DNA base
pairs and the pyridine N atoms of [Ru(bpy),(dppp2)]**
(dppp2 = pyrido[2/,3":5,6]pyrazino[2,3-f][1,10]-
phenanthroline) and [Ru(bpy),(dppp3)]2+ (dppp3 = pyrido-
[3/,4":5,6]pyrazino[2,3-f][1,10]phenanthroline) hinder dppp2
and dppp3 from inserting into the DNA®* could be ruled out
in Ru2.

Luminescence spectroscopy was also used to characterize
the DNA-binding properties of Rul and Ru2. As shown in
Figure 3a, in the absence of DNA, Rul emitted weak
luminescence (quantum yield ¢ = 0.789% at A, = 625 nm)
in aqueous buffer but increased sharply upon addition of CT-
DNA with a maximum intensity enhancement factor (I/I,) of
10.5, implying that Rul acted as a good DNA molecular light
switch. This factor is only modest in comparison to the factors
of 8, 16, >50, 6, 50, 90, and 180 previously reported for
[Ru(phen)(dicng),]**, [Ru(phen),(dicnq)]*",** [Ru-
(phen),dpqal** (dpqa = 2-pentylamidodipyrido[3,2-f:2,3"
h]-quinoxaline),”* [Ru(phen),(dpq)]*," [Ru(bpy),(bipp)]-
(ClO,),, [Ru(bpy),(bopp)](ClO,),, and [Ru(bpy),(btpp)]-
(ClO,),"" respectively. The following possible causes were
reported for the DNA light switching effects observed:*>%*~""
(1) the intercalative group was protected from forming
intermolecular hydrogen bonds of the N moieties with water
or excited-state proton transfer from the solvent water to the N
moieties, (2) a hydrophobic environment provided by the
DNA decreases radiative vibrational relaxation, and (3) the
presence of a bright *MLCT state and a dark *MLCT state and
DNA binding results in a more populated bright SMLCT state,
which enhances the luminescence of the Ru(II) complexes.
However, successive additions of DNA (0.00—90 uM) into
Ru2 (2.33 uM) elicited slight emission enhancement by a
factor of 1.32 along with a blue shift by 30 nm from 700 to 670
nm (see Figure 3b). This large DNA binding induced blue shift
is not common in comparison to previously reported near-
IR-">7"* and visible-light- emlttmg Ru complex based DNA
intercalators and groove binders”> and has not been observed
for any DNA electrostatic binders.”*”” This DNA binding
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Figure 3. Changes in the luminescence spectra of Ru(II) complexes in S mM Tris-HCl and 50 mM NaCl buffer (pH 7.2) in the presence of
increasing concentrations of ct-DNA: (a) Rul (3.98 M), ct-DNA (0.00—109 xM); (b) Ru2 (2.33 uM), ct-DNA (0.00—90 uM). Arrows show the

intensity changes upon increasing DNA concentration.

DOI: 10.1021/acs.inorgchem.9b02420
Inorg. Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.inorgchem.9b02420

Inorganic Chemistry

(@)
160+ l 4
/\ 3
>
5 1204 ] 2
R TN ) 1
b \
B \\ 000102030405
5 801 \ [Ru]/[DNA]
g
40
0 T T T T
600 650 700 750
Wavelength/nm
(©) 250
200+
s
=
2 1501
5 00 01 02 03
= 100 [Ru]/[DNA]

650 700
Wavelength/nm

600

750

(b)
X 80 i
o] | |
e L
o 60 ‘p'
3 "
% ]
=404 -
© n
% n
[ | |
= 204 a
S ;ﬁr
s |
o
~ 0{m
00 05 10 15 20 25
[Ru]/[EB]
(01)\°
= 804
= "
3 n
3
& 60 u
"3 | |
m
83
5 407 ]
[}
%" ™
S 20 u
e n
(0]
&
0_ n
00 04 08 12 16
[Ru]/[EB]

Figure 4. Changes in emission spectra of EB bound to DNA (A, = 537 nm) upon increasing concentrations of Rul (0.00—47.62 uM) at [EB] = 20
uM and [DNA] = 100 uM (a) and Ru2 (0.00—7.94 uM) at [EB] = S uM and [DNA] = 25 uM (c). Inset: Stern—Volmer plot of quenching in the
emission of DNA-bond EB by the complex. Plot of percentage of EB displaced vs [Ru]/[EB] of Rul (b) and Ru2 (d).

induced spectral behavior of Ru2 is in sharp contrast to that of
[Ru(Hpip);]** (Hpip = 2-phenylimidazo[4,5-f][1,10]-phe-
nanthroline),”® which showed almost unchanged emission
and UV-—vis absorption spectral changes during the DNA
titrations and was claimed to be a DNA electrostatic binder;
the lack of intercalation or groove binding could be understood
by the fact that [Ru(Hpip);]** contains three long and large
Hpip ligands, which are difficult to accommodate efficiently in
the DNA groove, although [Ru(bpy),(Hpip)]*" was evidenced
to be a DNA intercalator.”” The aforementioned UV—vis
absorption and emission spectral changes induced by binding
of the DNA to Rul and Ru2 provide evidence that
electrostatic DNA binding modes of these two complexes
could be excluded, but their definite DNA binding modes with
respect to intercalation or groove binding need further
investigations. It should also be pointed out that the extents
of DNA binding induced spectral changes would not always
reflect DNA binding affinity, since some very strong DNA
binders could result in minor spectral changes.*’
Competitive Binding to DNA with Ethidium Bromide.
To obtain further information on the DNA binding properties
of Rul and Ru2, a well-established competitive binding
experiment was carried out based on the displacement of
intercalator EB from a EB-DNA complex.*’ EB is a planar

cationic fluorescence dye, and its free state in aqueous solution
is very weakly emissive with an emission maximum at 630 nm
but displays a dramatic emission enhancement with a
hypsochromic shift of 25 nm in the presence of DNA."
Addition of a second DNA intercalator was reported to be
capable of displacing EB from the EB-ct-DNA complex, and
the strong emission from EB-DNA would thus be quenched
due to the fact that the excited-state free EB molecules would
be readily quenched by the surrounding water molecules.”

It can be clearly seen in Figure 4a,c that the emission
intensities of the DNA-bound EB appreciably decreased upon
the addition of Rul and Ru2, indicating a displacement of EB
molecules from the EB-ct-DNA complex, and both Rul and
Ru2 acted as DNA intercalators. The quenching plot of Io/I vs
[Ru]/[DNA] (the inset of Figure 4a,c) is in good agreement
with the linear Stern—Volmer equation (I,/I = 1 + Kr), and the
slopes K are calculated to be 6.76 + 0.17 and 12.14 + 0.88 for
Rul and Ru2, respectively. We also know from these data that
50% of the EB molecules were displaced from DNA-bound EB
at concentration ratios 7o, ([Ru]/[EB]) of 0.90 and 0.85 for
Rul and Ru2, respectively. Furthermore, the values of the
apparent DNA binding constant K, of 1.39 X 10° M™" for

app
Rul and 1.47 X 10° M for Ru2 were derived according to eq
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Figure S. (a) Photocleavage of PUC 18 DNA in the absence (lane 0 with light) and the presence of different concentrations of Rul before (lane 1)
and after irradiation (lanes 2—5) 1 h at 360 nm. (b) Photocleavage of PUC 18 DNA by Rul in the absence and presence of different reactive
oxygen inhibitors (10 mM Tiron, 200 mM DMSO, 100 mM mannitol, 40 mM NaNj;) upon irradiation for 1 h at 360 nm. (c) Effect of increased
concentrations of Rul on the proportions of form I and form II. (d) Bar diagram illustration of the effects of reactive oxygen inhibitors on the DNA

photocleavage activity of Rul.

6 by taking a DNA binding constant of 1.25 X 10° M™" for
EB:”

Ky = K, (EB)/rgq0 (6)

DNA Photocleavage Activity. The DNA photocleavage
activities of Rul and Ru2 were studied by agarose gel
electrophoresis. Unfortunately, no related results on Ru2 were
obtained due to its solubility limitation. Interesting DNA
photocleavage properties of water-soluble Rul were observed
and will be accounted for as follows. The closed-loop supercoil
plasmid DNA (form I) is probably scissored to single nicking
and/or double nicking to produce relaxed open-circular form
II and/or linear form III. When plasmid DNA is subject to
electrophoresis, the migration rates follow the decreasing order
form I > form III > form II. The DNA photocleavage results
are shown in Figure Sa. We observed that no DNA cleavage
occurred on control experiments in which the DNA was
untreated with Rul (lane 0) and on incubation of plasmid
DNA with 15 uM Rul in the dark (lane 1). When plasmid
DNA was treated with increasing concentrations of Rul from 2
to 15 uM (lanes 2—5) and was irradiated at 360 nm for 1 h,
the amounts of form II increased gradually along with a
decrease in form I, suggesting that the DNA cleavage was

caused by a photoinduced excited state process of Rul rather
than the hydrolytic reaction pathway. As illustrated by the
dependence of percentages of forms I and II on the
concentrations of Rul (Figure S5c), 91% of the DNA was
photocleaved into form II at a Rul concentration of 15 uM.

In order to investigate the DNA photocleavage mechanism
of Rul, inhibitions of photocleavage in the presence of
different reactive oxygen inhibitors were carried out using
NaN; as singlet oxygen quenchers, mannitol and DMSO as
hydroxyl radical scavengers,”* and Tiron as a superoxide anion
radical scavenger. As shown in Figure Sb,d, the DNA
photocleavage was effectively suppressed by NaNj;, with the
DNA photocleavage percentage dropping to only 8%, was
moderately inhibited by Tiron with 52% photocleavage, and
was almost unaffected by mannitol and DMSO, indicating that
the DNA photocleavage of Rul could be ascribed to singlet
oxygens and superoxide anion radicals generated during the
photoinduced processes. This DNA photocleavage behavior is
similar to that of [Ru(bpy)(dppz)(mbpy-naph)]** (mbpy-
naph = 4'-methyl-N-(naphthalen-2-yl)-2,2’-bipyridine-4-car-
boxyamide).**

Extracellular Singlet Oxygen Generation. Most studies
about 'O, generation are performed in organic systems,
because the 'O, generated by PSs is easily quenched by
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Figure 6. Singlet oxygen generation of ruthenium complexes: (3, ¢, e) time-dependent absorbance degradation of ADPA mixed with Rul, Ru2, and
[Ru(bpy),dpq]?*, respectively, in water under 66 mW/cm? visible light irradiation; (b, d, f) plots used for determining photodegradation rate
constants of ADPA by light-irradiated Rul, Ru2 and [Ru(bpy),dpq]*, respectively.

surrounding water molecules.”>~®” Herein, the photoinduced

production of 'O, from Rul and Ru2 in aqueous solutions was
confirmed using ADPA as the 'O, chemical trapping agent.
ADPA displays four characteristic bands at 257, 359, 378, and
400 nm. It can irreversibly react with 'O, produced by
photosensitizers, leading to a decrease in characteristic
absorption peaks. The absorption spectra of solution mixtures

of ADPA and Rul (or Ru2) under the irradiation of a 66 mW/
cm? white light source for 10 min was therefore monitored
along with those for the parent complex [Ru(bpy),dpq]** for
comparison and were corrected with backgrounds for the
respective solutions without ADPA. As shown in Figure 6a,ce,
progressive decreases in the absorption peaks of ADPA with
the existence of Rul (3.3 uM), Ru2 (0.5 uM), and
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Table 2. IC;, (uM) Values for Complex Rul in Dark and Light of Different Energy Densities and Comparison with Cisplatin

ICs" (uM)
Rul cisplatin
cell line dark 20 J/em (PIY) 30 J/em (P1Y) 45 J/em (PIY) dark 45 J/em (PIY)
HeLa >100 214 + 1.7 (47) 9.6 + 0.4 (10.4) 62 + 03 (16.1) 9.5 + 0.8 9.1 + 0.5 (1.0)
A549 >100 8.3 + 0.4 (12.0) 4.6 + 0.7 (21.7) 2.1 + 02 (47.6) 183 + 1.2 18.5 + 0.6 (1.0)
MCEF-7 89.39 52+ 0.5 (17.1) 3.1+ 03 (2838) 2.3 + 0.3 (38.9) 54+ 06 5.8 + 04 (1.0)

“The ICs, values were determined by an MTT assay after treatment of Rul and cisplatin, and data represent the mean + SD of at least three
independent experiments carried out in triplicate. “The phototoxicity index (PI) is the ratio of dark and light ICs, values.

[Ru(bpy),dpq]** (3.3 uM) were observed upon irradiation,
which suggests that the 'O, photogenerated by the complexes
was trapped by ADPA. By using 'O, generation rate constant
values of 0.11, 0.17, and 0.036 min~" derived from slope values
of Figure 6b,d,f, quantum yields for 'O, generation of Rul,
Ru2, and[Ru(bpy),dpq]** were derived according to eq 2
using RB as a standard (see Figure S3 in the Supporting
Information) to be 18%, 23%, and 6% respectively, indicating
that 'O, generation yields Rul and Ru2 are much higher than
that for the parent complex and even greater than a yield of
10.2% previously reported for [Ru(bpy);]**-incorporated UiO-
67 metal—organic framework nanoparticles.”® The results
support the fact that the introduction of thiophenyl groups is
beneficial for enhancing 'O, generation. Ru2, which has the
lowest excited triplet energy among Rul, Ru2, and [Ru-
(bpy),dpq]**, exhibited the most rapid generation of 'O,,
which is contrast to previous observations on porphyrin-
imidazo[4,5-f Jphenanthroline.*®

In Vitro Photocytotoxicity. After confirming that Rul
could efficiently produce 'O, upon irradiation, we investigated
its photocytotoxicity against the human cervical cancer
(HeLa), human lung cancer (AS49), and human breast cancer
(MCF-7) cell lines. An MTT assay was carried out after
treatment with increasing concentrations of Rul at different
energy densities of 20, 30, and 45 J/cm® The results (see
Table 2) demonstrate that the photocytotoxicity of Rul
displays concentration-dependent and energy-density-depend-
ent manners. As shown in Figure 7, Rul was almost

Figure 7. Cytotoxicity against HeLa, A549, and MCF-7 cell lines after
treatment with Rul in the absence (dark) and presence (light) of
increasing powers of irradiation (20, 30, 45 J cm™2).

noncytotoxic against Hela and AS49 cell lines (IC5, > 100
uM) and had low cytotoxicity against MCF-7 in the dark, while
after cells were irradiated with increasing energy densities of
20, 30, and 45 J cm™ which were obtained by systematically
adjusting the irradiation time using visible light (25.4 mW/
cm?), significant decreases in cell viabilities were observed.
Upon irradiation of 13, 20, or 30 min, the phototoxicity index
(PI) values of Rul against AS49 cells were measured to be
12.0, 21.7, and 47.6 respectively, which are 2-fold more
efficient than those against HeLa cells, which had PI values of
4.7, 10.4, and 16.1 respectively, and similar to the PI values of
17.1, 28.8, and 38.9, respectively, for those against MCF-7
cells. The results indicated that the PDT effects of Rul against
AS549 cells were higher than those against HeLa cells and were
similar to those against MCF-7 cells under the same
experimental conditions. In contrast, the ICy, values of the
clinical drug cisplatin were 9.5 + 0.8, 18.3 & 1.2, and 5.4 + 0.6
4UM against HeLa, A549, and MCF-7 cells in dark, respectively,
and irradiation had almost negligible effects on cell viability.
The photodynamic activity of Ru2 was not evaluated because
of its limited solubility.

In order to explore the process of PDT effects, we
continuously observed cell morphological changes for 12 h
after irradiating (20 J/cm?) the Rul (20 uM)-treated cells
using ZEISS Celldiscoverer. As shown in Figure S4
(Supporting Information), some cells began to shrink within
4 h of irradiation; when the incubation time was further
extended, a large number of cells stopped dividing, indicating
that the photoinduced cell apoptosis was caused by Rul after
irradiation.

Celluar Uptake. The cellular uptake of PSs is crucial for
cellular imaging and PDT treatment efficacy. It was convenient
for us to use flow cytometry to study the cellular uptake
properties of Rul. First, we determined optimal experimental
conditions by checking the quantity of internalized Rul as a
function of concentration and incubation time. As shown in
Figure SSa,b (Supporting Information), HeLa cells were
treated with Rul at different concentrations for 5§ h and the
emission intensity was measured. In comparison with the
control, the emission intensities increased proportionally as the
Rul concentrations were increased up to 20 yM; however, the
emission intensities no longer increased as the concentrations
were further increased. The cytotoxicity assays illustrated that
Rul was almost nontoxic against HeLa cells at a concentration
of 20 uM; therefore, it is suitable to select 20 M as the
incubating concentration in the following cell imaging study.
To investigate the optimal incubation time for cellular uptake
of Rul, HeLa cells were treated with Rul for 15 min, 30 min, 1
h, 2 h, 4 h, and 6 h. During the initial incubation period, HeLa
cells exhibited a time-dependent uptake of Rul, while cell
labeling reached a saturation value after 2 h of incubation, as
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shown in Figure SSc,d (Supporting Information), which
indicated a rapid cellular uptake and excellent cell membrane
permeability of Rul. The results demonstrated an optimal
concentration of 20 M and incubation time of 2 h for Rul.

Cellular Localization. The specific accumulation of
potential therapeutic and imaging agents in a certain or%anelle
is important to enable their biological activity.”””" The
emission properties of Rul make it possible to investigate its
cellular localization. A cellular uptake study determined by flow
cytometry has demonstrated that Rul was effectively
internalized into HeLa cells at a high level at the optimal
incubation concentration of 20 #M and time of 2 h. In order to
further investigate the subcellular localization of Rul, we
studied the colocalization behaviors of Rul by codyeing Rul
with commercial lysosomal dye (LysoTracker Green) or
mitochondrial dye (MitoTracker Green) using confocal
microscopy. On the basis of the emission signal distribution
of Rul inside of cells, it seemed unlikely to be localized in the
nucleus. Colocalization results revealed that the red coloration
from Rul did not overlap with the green coloration from the
lysosome (Figure 8a). In contrast, as shown in Figure 8b,

Lysotracker Bright Field Merge

...'

Bright Field

MitoTracker Merge

Figure 8. Selective imaging of lysosomes and mitochondria by Rul
analyzed by fluorescence confocal microscopy: (a) red and green
fluorescence representing the Ru(II) complex and lysosome,
respectively; (b) red and green fluorescence representing the Ru(II)
complex and mitochondria, respectively. Scale bar: 50 pm.

luminescence images of HeLa cells stained by Rul and
MitoTracker Green display a clear regional colocalization
(yellow coloration) with a Pearson’s colocalization coefficient
of 0.73, suggesting that Rul is able to target mitochondria.
Apoptosis Studies. Once cellular apoptosis is initialized,
phosphatidylserine is exposed externally to the cell membrane
surface because of the loss of asymmetric distribution in the
phospholipid bilayer.”" The exposed phosphatidylserine is a
specific molecular target for fluorescently labeled Annexin V-
FITC,”” which could thus be used to identify apoptotic cells.
On the other hand, propidium iodide (PI) is able to
differentiate viable and necrotic cells.”> Traditional cell
apoptosis analysis commonly uses Annexin V-FITC and PI
double labeling measured by flow cytometry, but this well-
established double labeling method is unsuitable for the cell
apoptosis analysis of Rul in this research because the
absorption and emission spectra of Rul and PI are very
much overlapped. Therefore, here we used an Annexin V-
FITC single-labeling method to detect the apoptosis-inducing
ability of Rul upon irradiation and the results are shown in
Figure 9. We found that Rul itself at a concentration of 40 yM
was not enough to induce cell death in the dark but that
irradiation was necessary to trigger cell apoptosis. The

percentage of apoptotic cells increased significantly in a Rul
concentration dependent manner upon PDT treatment at the
same energy density of 20 _]/cmz. When Hela cells were
incubated with Rul at 40 M for 12 h and then irradiated for
13 min (20 J/cm?), a total of 82.61% of cells were apoptotic. In
comparison with Rul, after identical treatment, the apoptosis-
inducing ability of its parent complex [Ru(bpy),dpq]*" is
much less efficient (17.28%), which may be due to the poor
production of 'O,. The above results indicate that the
introduction of thiophenyl groups generates excellent PDT
effects. Obviously, an energy-density-dependent apoptosis
percentage was also observed. When Rul was irradiated with
light of varying energy densities of 20, 30, and 45 J/cm? at the
concentration of 20 uM, the apoptosis percentages were
22.95%, 41.21%, and 96.88%, respectively. The results suggest
that the Rul would be a promising PDT agent against cancer.

Detection of Intracellular 'O, Levels. Singlet oxygen,
whether intracellular or extracellular, is capable to trigger
apoptosis and regulate programmed cell death.”* Flow
cytometry and inverted fluorescence microscopy were used
to analyze the 'O, levels within HeLa cells photoproduced by
Rul. Both techniques are based on the intracellular
fluorescence of 2',7’-dichlorodihydrofluorescein diacetate
(H,DCFDA), which is nonfluorescent but converts to the
highly fluorescent 2’,7’-dichlorofluorescein (DCF) after
cellular oxidation by '0,.”" Detecting the fluorescence
intensity of cellular DCF enabled the evaluation of intercellular
'0, levels. As shown in Figure 10, HeLa cells were pretreated
with Rul for 12 h at concentrations of 5, 20, and 40 followed
by 13 min of irradiation (20 J/cm?), and a concentration-
dependent fluorescence increase of DCF in HeLa cells was
observed. Flow cytometry analysis provided a statistical
percentage of cells that were labeled by DCF. After treatment
with 40 uM of Rul in combination with light, more than 80%
of HeLa cells displayed a high 'O, level, significantly higher
than that with the parent complex ([Ru(bpy),dpq]**)
(14.66%) under identical experimental conditions. Further-
more, pretreatment of HeLa cells with the 'O, quencher
NaN,,” results in a remarkable inhibition of intracellular 'O,
generation. These results confirm that 'O, plays a critical role
in apoptosis induced by Rul-mediated PDT.

B CONCLUSIONS

In conclusion, the thiophenyl-containing dtdpg-based mono-
nuclear mixed-ligand ruthenium(II) complex [Ru-
(bpy),(dtdpq)]1(ClO,), (Rul) and the homoleptic mono-
nuclear Ru(II) complex [Ru(dtdpq);](ClO,), (Ru2) have
been shown to display extinctly different optical properties;
particularly, Ru2 showed strong solvatochromism with a NIR
emission in water peaking at 700 nm, and a 112 nm blue-
shifted emission maximum at 588 nm in CH,Cl,, which is in
sharp contrast to the visible emission maxima of Rul at 600—
625 nm in all of the solvents tested with much less sensitive
solvatochromism. As revealed by UV—visible absorption and
emission titrations, ethidium bromide displacement assay, and
agarose gel electrophoresis, Rul and Ru2 bind intercalatively
to ct-DNA with a high affinity of the binding constant on the
order of of 10° M™, and Rul at low concentration is capable
of photocleaving DNA through singlet oxygen and superoxide
anion radical mediated pathway. Under irradiation, Rul and
Ru2 in aqueous solutions display high singlet oxygen
generation quantum yields of 18% and 23%, respectively,
which are much higher than those of the parent complex
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([Ru(bpy),dpq]** (6%) and even the [Ru(bpy);]**-incorpo-
rated UiO-67 metal—organic framework nanoparticles (10.2%)
in aqueous solution; the higher singlet oxygen generation
ability of Rul in comparison to [Ru(bpy),dpq]** was also
demonstrated in HeLa cells. Cellular uptake studies revealed
that Rul had good uptake properties and quickly and
selectively targeted mitochondria in less than 2 h. PDT
experiments showed that Rul is noncytotoxic against HeLa,
AS549, and MCEF-7 cells lines in the dark but exhibited
significant PDT effects upon irradiation with visible light (20
J/cm?) with a maximum PI value of 47.6 toward A549 cells
attained. It is verified that the significant PDT effect of Rul
originates from its efficient 'O, generation ability to induce cell
apoptosis, and the introduction of thiophenyl groups in Rul is
greatly beneficial to the enhancement in PDT effects. Further
applications of Rul and molecular modifications on Ru2 to
improve water solubility are being planned.
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