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ABSTRACT: New mononuclear and dinuclear Ru(II) coordination compounds with
the 2,7-bisbenzoimidazolyl-naphthyridine ligand have been synthesized and charac-
terized by UV—vis, NMR, and MALDI-TOF. The molecular structures for Ru(Il)
compounds were determined by single-crystal X-ray diffraction. With the expansion of
ligand 7-conjugation and the increase in the complexed Ru number, the maximum
emission wavelength red-shifted from 696 to 786 nm. The binding mode between
complexes and DNA was predicted by molecular docking, which is intercalations and
m—r stacking interactions with the surrounding bases. The intercalation mode of DNA
binding was then determined by DNA titration and ethidium bromide (EB)

S Mitochondrial
Targeting

Cell Death

displacement experiments. The antigrowth effects of complexes RuY, RuYl, and RuY2 were tested in HaCat (normal cells),
HeLa (cervical cancer), AS49 (lung cancer), and AS49/DDP (cisplatin-resistant lung cancer) through the MTT assay. The dinuclear
complex RuY2 was superior to mononuclear complexes and cisplatin in the cisplatin-resistant cell line. Confocal imaging proved that
the subcellular localization of Ru(Il) complexes was mitochondria; moreover, apoptosis was detected by flow cytometry. All three
complexes showed a dose-dependent manner in all four cell lines. All Ru(II) complexes were found to have reactive oxygen species
(ROS). The finding indicated that these Ru(II) complexes caused cell death by both DNA disruption and ROS. This study helps to
explore the potential of the polynuclear Ru(II) complexes for the combination of NIR imaging and Pt-resistant cancer therapy.

H INTRODUCTION

Platinum-based anticancer drugs have been used for chemo-
therapy for almost 40 years due to its effective toxicity toward
cancer cells." Some classic Pt drugs have been developed in
clinics and used worldwide such as cisplatin, carboplatin, and
oxaliplatin.”~* However, some side effects have significantly
influenced their worldwide use due to drug resistance and
toxicity without selectivity.” To eliminate such side effects and
explore the novel mechanisms of cell death, new anticancer
drug candidates are in demand urgently.

Under this circumstance, transition metals such as
ruthenium, iridium, and osmium are of interest due to their
comparative lower toxicity, better selectivity, and novel
mechanism for causing cell death. For example, these new
mechanisms include DNA binding, inhibition of the activity of
the proteins, or catalytic hydride transfer reactions in cells.”*
Moreover, after the metal is complexed with z-conjugated
auxiliary ligands such as arene,’ polypyridine,10 1,10-phenan-
throline,'' and their derivatives, with the modification of
ligands, novel transition metal complexes can lead to a
significant change in luminescence properties and anticancer
efficacy. Among these transition metal complexes, Ru(II)
complexes were attractive due to their special photophysical
properties and DNA binding mechanism for anticancer
therapy.'” Some Ru(II) complexes have been used in clinical
trials such as NAMI-A,"”> KP1019,"* and (N)KP1339'°
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(Figure 1). However, these above-mentioned probes did not
reach the near-infrared (NIR) region, which was not suitable
for NIR imaging. NIR imaging has several advantages such as
minimum photodamage to biological tissue, deep penetration
depth, less light scattering, and fast and cheap technique.'®™>'
We believe that combining imaging techniques with the
anticancer properties of Ru complexes will lead to better tumor
therapeutics. Therefore, the design of ligands is very important.
With the design of 7-conjugated ligands, the charge transfer of
metals to ligands can extend the emission range to the NIR
region with relatively longer wavelengths.

Polynuclear complexes provide a novel design as anticancer
agents, which may display additional advantages over
mononuclear counterparts such as longer emission wavelength,
improved anticancer efficacy, and lower toxicities. Subtle
examples are [(arene),Ru,L]**,” BBR3464,”” and Ru(,%-p-
cymene) complexes””* (Figure 1). However, there are only a
few examples of polynuclear ruthenium complexes in the
reported results, and even fewer of them reached the near-

Received: March 4, 2022
Published: May 18, 2022

Inorganic Chemistry

https://doi.org/10.1021/acs.inorgchem.2c00714
Inorg. Chem. 2022, 61, 8267—8282


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiaoyang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yufei+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yifan+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Enbo+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenjing+Ye"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Pan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.2c00714&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00714?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00714?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00714?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00714?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00714?fig=abs1&ref=pdf
https://pubs.acs.org/toc/inocaj/61/21?ref=pdf
https://pubs.acs.org/toc/inocaj/61/21?ref=pdf
https://pubs.acs.org/toc/inocaj/61/21?ref=pdf
https://pubs.acs.org/toc/inocaj/61/21?ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c00714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf

Inorganic Chemistry pubs.acs.org/IC

H
o) 2
Cl .\'\ Cl 0
H;NS , ~C1 HNS 7 m(
s N\
N a N \a “N" 0™ Yo
o H,
cisplatin carboplatin oxaliplatin
_ H.\’.j HN.N/Z
Oy | |
l| Clowgd el Clugl Cl
Clogd w1 a’ | Nal _— o’ | Sa| s
NN Na
a’ | tal g N... N. N.
! ““NH |¢ NH Z'NH
r'\) /N7
(=NH (=NH
+ — — L —
NAMI-A KP1019 (N)KP1339
Cl\p,.\'l{; .
Pt ~ NH H
BN N e NP\ 3 2
HN N Pily /‘\/\/\/\{ NH;
2 H3N i, HN Pt cl
BBR3464
R j 2+
o & e
o Ru~——~—/
@ u Ru >, H { Z( 5
SNT | a a’ | N7y Hc? N Ni
AN Na A /
- : ( HN
@_\S . CH
N
2+ H
[(arene),Ru,L] Ru(n6-p-cymene)

Figure 1. Representative anticancer platinum(IV) and ruthenium(II) complexes.
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Figure 2. Design of a novel ligand for a polynuclear anticancer drug.

infrared region (650—900 nm).”*~*’ Therefore, well-designed In the following synthetic work, we first complexed a Ru at the
polynuclear ruthenium needs to be developed, and more M1 position to synthesize a mononuclear RuY1l complex.
extensive studies are required. e Then, tBuOK was used as a strong base for the removal of

In our and other groups’ previous studies, the pyridiyl-
benzimidazole ligand (YL-2) had sufficient coordination sites
that provided possibilities for complexation to metal and DNA
binding and a large z-conjugated system for red-shifted
emission wavelengths. Based on the pyridiyl-benzimidazole
moiety, herein, a newly designed ligand, 2,7-bisbenzoimida-
zolyl-naphthyridine (YL-1), is constructed by two benzimida-
zoles conjugated with a naphthyridine moiety. Compared to tion. Photophysical studies, docking analysis, CT-DNA binding
the pyridiyl-benzimidazole ligand (YL-2), YL-1 had an mode, antigrowth effect, ROS generation, cell cycle capture,

hydrogen chloride. The second Ru was then complexed at the
M4 position instead of M2, which may be due to the steric
hindrance effect. For other vacant coordination sites of Ru, we
used bipyridine as the ligand for complexation, which resulted
in RuY2 (Figure 2). The molecular structures for Ru(II)
compounds were determined by single-crystal X-ray diffrac-

expanded 7-conjugated system and more binding sites for confocal imaging, and apoptosis studies have been done.
polynuclear complexation (M1 to M4), as shown in Figure 2. Through these tests, we hoped that our designed dinuclear
8268 https://doi.org/10.1021/acs.inorgchem.2c00714
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Ru(II) complexes could exert their activities through different
anticancer mechanisms and enabled near-infrared imaging.

B EXPERIMENTAL SECTION

Materials and Measurements. All chemical reagents were
purchased commercially and used directly without further purification
unless specified. The solvents MeOH and EtOH were dried with
CaH, and then distilled before use. cis-Ru(bpy),CL-2H,0 was
synthesized through the reported method.>® 'H and '*C NMR spectra
were recorded on a Bruker DRX-400 spectrometer. High-resolution
electrospray ionization mass spectra (HRMS) were recorded using a
6224-TOF-LC/MS (Agilent). HaCat, HeLa, A549, and A549/DDP
were purchased from Fenghui Biology Company. Cell uptake, cell
cycle distribution, cell apoptosis, and ROS experiments were
measured by flow cytometry (BD Accuri C6 Plus) and analyzed
using FlowJo software. A UH4150 UV—vis recording spectropho-
tometer and an RF6000 spectrophotometer (SHIMADAZU) were
used with 1 cm-path length quartz cuvettes (3 mL). Spectra were
processed using Originlab software. Experiments were carried out at
298 K unless otherwise stated.

Synthesis of the Complex RuY. Under N,, a Schlenk bottle
containing cis-Ru(bpy),CL,-2H,0 (0.104 g, 0.2 mmol) and YL-2
(0.039 g, 0.2 mmol) was treated with methanol (20 mL), and the
mixture was refluxed for 6 h. The resulting red-brown solution was
concentrated under reduced pressure to give a red-brown solid. The
resulting solid was purified by flash column chromatography on
neutral AL,O; (200—300 mesh) (eluents: CH,Cl,/MeOH = 20:1)
and then recrystallized by layering CH,Cl, and MeOH with toluene
(Voes/ Vieon/ Vil = 6:2:15) to give brown crystals (0.085 g, 66%
yield). Mp: >260 °C. "H NMR (400 MHz, CDCL,—CD,0D) 5 8.77—
8.63 (m, 2H), 8.55—8.48 (m, 1H), 8.42 (ddd, J = 8.3, 3.5, 2.3 Hz,
2H), 8.05 (tdd, J = 7.9, 5.0, 1.5 Hz, 2H), 7.94 (td, ] = 7.9, 1.6 Hz,
1H), 7.87=7.74 (m, 4H), 7.70=7.60 (m, 3H), 7.43—7.32 (m, 3H),
7.25=721 (m, 1H), 7.18 (ddd, J = 7.2, 5.7, 1.3 Hz, 1H), 7.10 (ddd,
= 7.3, 5.7, 1.5 Hz, 1H), 7.02 (ddd, J = 8.2, 7.0, 1.1 Hz, 1H), 6.69
(ddd, J = 8.3, 7.0, 1.2 Hz, 1H), 5.52 (d, ] = 8.0 Hz, 1H). *C NMR
(101 MHz, CDCl,—CD;OD) & 158.55, 158.29, 158.04, 157.27,
157.22, 155.47, 151.75, 151.53, 150.95, 150.88, 149.84, 146.92,
144.67, 137.38, 137.34, 136.89, 136.80, 136.19, 127.69, 127.15,
127.12, 126.65, 124.78, 124.52, 124.28, 123.77, 123.67, 122.48,
121.85, 121.44, 119.22, 113.08. HRMS: Calcd for C5,H,,N,Ru* [M —
CI7]*: 608.1131. Found: 608.11316.

Synthesis of the Complex RuY1. Under N,, a Schlenk bottle
containing cis-Ru(bpy),CL-2H,0 (0.370 g, 0.55 mmol) and YL-1
(0.181 g, 0.5 mmol) was treated with methanol (80 mL), and the
mixture was refluxed for 24 h. The resulting red-brown solution was
concentrated under reduced pressure to give a red-brown solid. The
resulting solid was purified by flash column chromatography on
neutral AL,O; (200—300 mesh) (eluents: CH,Cl,/MeOH = 20:1)
and then recrystallized by layering CH,Cl, and MeOH with hexane
and Et,0 (Vpem/ Vaeonr/ Vaexane/ Vetner = 3:1:4:4) to give dark-brown
crystals (0.34 g, 84% yield), which was suitable for single-crystal X-ray
diffraction analysis. Mp: >260 °C. '"H NMR (400 MHz, CD,0D) §
8.76—8.61 (m, 3H), 8.54 (td, J = 8.9, 1.9 Hz, 2H), 8.46 (dt, ] = 5.6,
1.3 Hz, 1H), 8.26 (dt, J = 8.2, 1.1 Hz, 1H), 8.20 (dd, ] = 4.7, 2.4 Hz,
1H), 8.12 (td, ] = 7.9, 1.4 Hz, 1H), 8.08—7.95 (m, 3H), 7.85-7.76
(m, 2H), 7.74—7.64 (m, 2H), 7.38 (tdd, ] = 7.2, 3.5, 2.0 Hz, SH),
7.32 (ddt, J = 5.7, 1.7, 0.9 Hz, 1H), 7.18 (ddd, ] = 7.2, 5.6, 1.4 Hz,
1H), 7.08 (ddd, J = 8.3, 7.0, 1.2 Hz, 1H), 6.98 (dd, J = 6.1, 2.6 Hz,
2H), 6.70 (ddd, J = 8.3, 7.0, 1.2 Hz, 1H), 5.54—5.40 (m, 1H). *C
NMR (101 MHz, CDCl;—CD;0D) § 160.00, 159.30, 158.11, 157.51,
156.64, 156.36, 153.81, 152.58, 152.10, 151.44, 150.95, 148.98,
147.41, 14571, 138.84, 138.30, 136.50, 136.06, 135.93, 134.30,
127.41, 126.65, 12627, 124.50, 123.52, 123.41, 122.79, 122.55,
122.40, 122.16, 121.01, 119.70, 113.72. HRMS: Calcd for
CpHyoN oRu* [M — ClI]*: 775.1620. Found: 775.1606.

Synthesis of the Complex RuY2. Under N,, a Schlenk bottle
containing cis-Ru(bpy),Cl,-2H,0 (0.016 g, 0.03 mmol), RuY1 (0.023
g, 0.03 mmol), and tBuOK (0.014 g, 0.12 mmol) was treated with
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ethanol (15 mL), and the mixture was refluxed for 24 h. The resulting
dark-purple solution was concentrated under reduced pressure to give
a dark-purple solid. The resulting solid was purified by flash column
chromatography on neutral AL,O; (200—300 mesh) (eluents:
CH,Cl,/MeOH = 20:1) and then recrystallized by layering CH,Cl,
and MeOH with hexane and Et,0 (Vpowm/Vimeon/ Viexane/ Vether =
3:1:4:4) to give black-purple crystals (0.031 g, 85% yield), which was
suitable for single-crystal X-ray diffraction analysis. Mp: >260 °C. 'H
NMR (400 MHz, CD,0D) § 8.82—8.72 (m, 3H), 8.68 (dd, ] = 8.3,
2.8 Hz, 1H), 8.62 (d, J = 8.2 Hz, 1H), 8.58—8.46 (m, 3H), 8.43 (d, J
= 8.1 Hz, 1H), 8.23 (t, J = 8.5 Hz, 2H), 8.11 (dt, ] = 14.4, 7.9 Hz,
2H), 8.02 (d, J = 5.4 Hz, 1H), 7.99—7.76 (m, 6H), 7.73—7.60 (m,
SH), 7.52 (q, ] = 4.8, 4.2 Hz, 2H), 7.40—7.09 (m, 9H), 7.01 (dd, ] =
122, 6.3 Hz, 2H), 6.92 (d, ] = 2.1 Hz, 1H), 6.82 (td, ] = 7.8, 3.3 Hz,
1H), 6.63 (t, ] = 7.6 Hz, 1H), 5.86 (d, ] = 8.2 Hz, 1H), 5.49 (d, ] = 8.2
Hz, 1H). *C NMR (101 MHz, CD;0D) & 160.52, 159.34, 158.21,
158.00, 157.82, 157.41, 156.95, 156.27, 156.09, 155.08, 154.62,
153.26, 152.64, 152.00, 150.53, 150.27, 149.32, 146.8S, 145.28,
14336, 141.72, 136.30, 136.06, 13529, 134.92, 134.68, 134.49,
134.03, 133.94, 126.62, 12641, 12622, 126.11, 125.82, 12322,
123.18, 123.07, 122.99, 122.90, 122.41, 122.16, 121.98, 121.42,
121.21, 118.55, 118.35, 114.77, 114.39, 113.19. HRMS: Calcd for
CeoHyuNRu,2 [M — Cl + H]?*: 1188.1949. Found: 594.09821 (z =
2).

Log P,,, Determination. The log P,,, determination of complexes
RuY, RuY1, and RuY2 was conducted using the shake-flask method.
RuY, RuYl, and RuY2 (40 uM) were dissolved in double-distilled
water, and the solution was filtered to remove undissolved ruthenium
complexes. Subsequently, the solution was added to an equal volume
of n-octanol (presaturated with water), shaken vigorously at 37 °C for
24 h, and centrifuged for 15 min to achieve phase separation. The
initial and final concentrations of compounds in the aqueous phase
were determined by the UV—vis spectrum method, and the water—
octanol partition coefficients (log P,,,) were calculated.

Fluorescence Quantum Yield. Quantum yields (QY) of
complexes RuY, RuY1, and RuY2 were measured using Ru(bpy);**
as a standard (1., = 450 nm in MeCN, @ = 0.018). The QY of
complexes RuY, RuY1, and RuY2 can be calculated from eq 1

B F’fS ”12

O = —
f F’flns2

@;
(1)

where @} and @} are the photoluminescence QY of the sample and
that of the standard, respectively, ' and F° are the integrated
intensities (areas) of the sample and standard spectra, respectively, f,
is the absorption factor (also known under “absorptance”), the
fraction indices impinging on the sample that is absorbed (f, = 1 —
107*, where A = absorbance), and #; and n, are the refractive indices
of the sample and reference solution, respectively.**

Molecular Docking. The structures of the three complexes were
sketched using SYBYL-X 2.1 software (Tripos Inc., St. Louis, MO),
and the energy-minimized conformations were obtained with the
Tripos force field. The docking studies of the molecules with calf
thymus DNA (CT-DNA) were accomplished by docking these
complexes into B-DNA. The crystal structure of B-DNA (PDB ID:
3IXN) was downloaded from the Protein Data Bank. Then, the
docking studies were implemented with the Surflex-Dock Geom
module in SYBYL-X 2.1. The visualization of the docking results was
performed using PyMOL software (DeLano Scientific LLC, San
Carlos, CA).

Electronic Absorption Titration Studies. DNA binding experi-
ments were carried out in Tris-HCI buffer (5 mM Tris-HCl, 10 mM
NaCl buffer solution, pH = 7.4) using DMSO solutions of complexes
RuY, RuY1, and RuY2 and then diluting them suitably with buffer to
the required concentrations for all the complexes (RuY: 40 uM,
RuYl: 25 uM, and RuY2: 20 pyM). During the experiment, the
concentration of the complexes was constant, and the same volume of
CT-DNA solution was added to the reference solution and the test
solution (&,50nmy CT-DNA = 6600 M™' cm™ per nucleotide) to
reduce the influence of the absorption of CT-DNA at 260 nm on the

https://doi.org/10.1021/acs.inorgchem.2c00714
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experiment. After each addition, samples were incubated under
physiological conditions (S mM Tris-HCl, 10 mM NaCl buffer
solution, pH = 7.4) at room temperature for S min equilibration time,
and then, the UV-—visible spectra were recorded. Spectra were
collected from 250 to 600 nm after successive addition of CT-DNA
(0-93.3 uM) into a 6 mL solution of each complex. The absorbance
(A) of the most red-shifted band of each investigated complex was
recorded after successive additions of CT-DNA. Interactions of the
complexes RuY, RuY1l, and RuY2 with DNA were fitted to the
Benesi—Hildebrand equation (eq 2) to calculate the binding
constants K.

[DNA] _ [DNA] 1
Ky (&, — &)

& —& & — & (2
where [DNA] is the concentration of CT-DNA and the apparent
absorption coefficient, €, corresponds to A/[Ru]. &, and & refer to
the extinction coeflicient of the complexes in their bound and free
forms, respectively. The plot of [DNA]/(¢, — &) versus [DNA] gives
a straight line, and the binding constant K, was calculated as the
slope/intercept ratio.

Ethidium Bromide Displacement Experiments. The experi-
ments were carried out by the addition of the complexes RuY, RuY1,
and RuY2 to the samples containing 100 uM CT-DNA (nucleotide)
and 20 uM EB (ethidium bromide) in a Tris buffer solution (5 mM
Tris-HCl, 10 mM NaCl buffer solution, pH = 7.4). For each sample,
the concentration of CT-DNA and EB was constant, and a solution of
different complexes RuY, RuY1, and RuY2 (dissolved with DMSO)
was added. After each addition, samples were incubated under
physiological conditions (S mM Tris-HCl, 10 mM NaCl buffer
solution, pH = 7.4) at room temperature for 5 min equilibration time,
and then, the fluorescence spectra were recorded. The influence of the
addition of RuY, RuYl, and RuY2 (0—50 M) to the EB-DNA
mixture was measured by recording the variations in the fluorescence
emission spectra between 550 and 800 nm with an excitation at 537
nm.
Cell Culture. For cytotoxicity determination, four cell lines were
used, HaCat (human immortal keratinocyte cell line), HeLa (human
cervical carcinoma cell line), AS49 (human non-small-cell lung cancer
cell line), and AS49/DDP (cisplatin-resistant non-small-cell lung
cancer cell line), purchased from Fenghui Biology Company. Frozen
HeLa cells were thawed out in a 25 cm? cell culture flask in DMEM
(GIBCO/Invitrogen, Camarillo, CA) supplemented with 10% fetal
bovine serum (FBS, Biological Industry, Kibbutz Beit Haemek, Israel)
and 1% penicillin—streptomycin (100 U/mL penicillin and 10 pg/mL
streptomycin, Solarbio Life Science, Beijing, China) and maintained
at 37 °C in a 5% CO, atmosphere, replacing the medium twice a
week. Frozen HaCat and A549 cells were thawed out in a 25 cm? cell
culture flask in RPMI 1640 (GIBCO/Invitrogen, Camarillo, CA)
supplemented with 10% fetal bovine serum (FBS, Biological Industry,
Kibbutz Beit Haemek, Israel) and 1% penicillin—streptomycin (100
U/mL penicillin and 10 pg/mL streptomycin, Solarbio Life Science,
Beijing, China) and maintained at 37 °C in a 5% CO, atmosphere,
replacing the medium twice a week. Frozen A549/DDP cells were
thawed out in a 25 cm? cell culture flask in F12K (Nanjing SenBeiJia
Biological Technology Co., Ltd.) supplemented with 10% fetal bovine
serum (FBS, Biological Industry, Kibbutz Beit Haemek, Israel) and
1% penicillin—streptomycin (100 U/mL penicillin and 10 pug/mL
streptomycin, Solarbio Life Science, Beijing, China) and maintained
at 37 °C in a 5% CO, atmosphere, replacing the medium twice a
week.

ROS Generation. A549 cells were transplanted into 6-well plates
with a density of 10°/well and cultured at 37 °C in a 5% CO,
atmosphere for 24 h. The complexes RuY, RuY1l, and RuY2 were
dissolved in DMSO and diluted to 30 M in medium (DMSO final
concentration was 5%). Since the ROS level induced by aromatic-
ruthenium complexes increased first and then decreased, the culture
time was selected as 6 h for study. Then, reactive oxygen probe
DCFH-DA (1 pL) was added and incubated at 37 °C for 20 min in
darkness. AS49 cells were washed with phosphate-buffered saline
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(PBS) three times and trypsinized. The fluorescence intensity of ROS
in cells containing RuY, RuY1, and RuY2 complexes was determined
by flow cytometry (BD Accuri C6 Plus).

In Vitro Cytotoxicity. The cytotoxic study was examined by 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. The MTT proliferation assay is based on the reduction of the
yellow MTT tetrazolium salt (3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-
nyltetrazolium bromide) by mitochondrial dehydrogenases to form a
blue MTT formazan in viable cells. A total of 10" cells/wells were
inoculated in 96-well plates and cultured in 100 yL of DMEM or
RPMI 1640 or F12K medium containing 10% FBS and 1% double
antibody at 37 °C with a 5% CO, atmosphere. The cells were grown
for 24 h, and the growth medium was replaced with fresh medium
containing different concentrations of the compounds to be assayed
and maintained at 37 °C in a 5% CO, atmosphere for 72 h. Cisplatin
was also tested as a positive control. After the treatment, cells were
washed with phosphate-buffered saline (PBS) and incubated with
fresh DMEM or RPMI 1640 or F12K medium containing MTT (§
mg/mL). The plates were incubated for 4 h, and 150 yL of DMSO
was added to each well. The absorbance values of each well were
measured at 490 nm with a Thermo Scientific microplate reader. The
relative cell viability was calculated by the equation: cell viability (%)
= (OD treated/OD control) X 100%. The ICg, values were calculated
using SPSS software.

Cell Uptake. AS49 cells were plated onto a 6-wells plate and
incubated at 37 °C with a 5% CO, atmosphere for 24 h. The cells
were treated with RuY, RuY1, and RuY2 (20 uM) complexes for 24 h
to evaluate the intracellular incorporation. After being washed with
phosphate-buffered saline (PBS) three times, the AS49 cells were
trypsinized and collected. A flow cytometer (BD Accuri C6 Plus) was
used for measuring the fluorescence intensity of cells containing
complexes RuY, RuY1, and RuY2.

Mitochondrial Transmembrane Potential. AS49 cells were
planted in 35 mm glass-bottom culture dishes at a density of 1 X 10*
and cultured overnight at 37 °C with a 5% CO, atmosphere
overnight. After treating with 20 #M RuY, RuYl, and RuY2
complexes for 6 h, cells were further stained using 1 uL of the
mitochondrial membrane potential probe JC-1 for 30 min, followed
by washing three times with PBS (pH = 7.4). Confocal fluorescence
images were acquired on a Zeiss LSM 880 multiphoton laser scanning
confocal microscope (Carl Zeiss, Germany) with a 20X water
immersion objective (NA 1.0) using excitation wavelengths of 488 nm
for JC-1. The signals of JC-1 aggregates were collected at 570—620
nm, and the signals of JC-1 monomers were collected at 493—620 nm.

AS49 cells were transplanted into 6-well plates with a density of
10%/well and cultured at 37 °C in a 5% CO, atmosphere for 24 h. The
complexes RuY, RuYl, and RuY2 were dissolved in DMSO and
diluted to 20 M in the medium. Then, the mitochondrial membrane
potential probe JC-1 (0.5 L) was added and incubated at 37 °C for
30 min in darkness. A549 cells were washed with phosphate-buffered
saline (PBS) three times and trypsinized. The fluorescence intensity
of JC-1 monomers in cells containing RuY, RuYl, and RuY2
complexes was determined by flow cytometry (BD Accuri C6 Plus).

Mitochondrial DNA Damage Assay. AS549 cells were trans-
planted into 6-well plates with a density of 10°/well and cultured at 37
°C in a 5% CO, atmosphere for 24 h. The cells were treated with
RuY, RuYl, and RuY2 (20 M) complexes for 6 h. After being
washed with PBS three times, the AS49 cells were trypsinized and
collected. The PicoGreen concentrated solution is diluted with TE
buffer in a ratio of 1:200 to prepare the PicoGreen dyeing working
solution. The cells were resuspended with 150 yL of buffer, and then,
an equal volume of PicoGreen staining working solution was added to
mix them evenly. The reaction mixture was kept away from light and
at room temperature for about 5—10 min. The fluorescence intensity
of PicoGreen in cells containing RuY, RuY1, and RuY2 complexes
was determined by flow cytometry (BD Accuri C6 Plus). The
excitation wavelength of the PicoGreen dye is 488 nm.

Cell Cycle Distribution. Flow cytometry analysis of the cell cycle
of AS49 cells caused by exposure to metal complexes was carried out
using the cell cycle analysis kit (Yeasen Biotechnology, Shanghai, Co.,
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Scheme 1. (a, d) Schematic Presentation of the Synthesis of Ru(II) Complexes and (b, c) Molecular Structures of RuY1 and
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“Conditions: (i) a: MeLi, Et,0, =78 °C, 4 h; b: KMnO,, acetone, r.t., overnight, 80% total yield. (ii) SeO,, dioxane, reflux 2 h, 73% yield. (iii)
HNO;, reflux S h, 78% yield. (iv) 1,2-Diaminobenzene, PPA, 220 °C, S h, 67% yield. (v) cis-Ru(bpy),ClL,-2H,0 1.1 equiv, MeOH, reflux 24 h, 84%
yield. (vi) cis-Ru(bpy),Cl,-2H,0 1.0 equiv, tBuOK 4.0 equiv, EtOH, reflux 24 h, 85% yield. (vii) 1,2-Diaminobenzene, DMF/H,0, 80 °C, 16 h,
81% yield. (viii) cis-Ru(bpy),Cl-2H,0 1.0 equiv, MeOH, reflux 6 h, 66% yield.

Ltd.) according to the supplier’s instructions. AS49 cells were
transferred into 6-well plates, with a density of 10°/well, and cultured
overnight at 37 °C in a 5% CO, atmosphere. Then, complexes RuY,
RuY1, and RuY2 were dissolved in DMSO (1 mM) and diluted with
medium to 20 uM (the final concentration of DMSO was 1%) and
cultured at 37 °C with a 5% CO, atmosphere for 24 h. As for the
negative control, the same volume of DMSO was added. All adherent
and floating cells were collected and washed twice with phosphate-
buffered saline. After being centrifuged, S00 uL of staining solution, $
uL of PI solution, and 10 uL of RNase A solution were added
successively and dyed at 37 °C for 0.5 h under dark conditions. Cell
pellets were washed and resuspended in PBS before being analyzed in
a flow cytometer (BD Accuri C6 Plus) using excitation of DNA-
bound PI at 488 nm, with emission at 585 nm. Data were processed
using FlowJo software. The cell cycle distribution is shown as the
percentage of cells containing GO/G1, S, G2/M-phase DNA as
identified by propidium iodide staining.

Confocal Imaging. AS549 cells were planted in 35 mm glass-
bottom culture dishes at a density of 1 X 10* and cultured overnight
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at 37 °C in a 5% CO, atmosphere overnight. After treating with 20
#M RuY, RuY1, and RuY2 complexes for 4 and 8 h, cells were further
stained using 1 uL of Hoechst 33342 for 15 min, 0.1 uL of
MitoTracker Green, and 1 pL of LysoTracker Green for 30 min,
followed by washing three times with PBS (pH = 7.4). Confocal
fluorescence images were acquired on a Zeiss LSM 880 multiphoton
laser scanning confocal microscope (Carl Zeiss, Germany) with a 63X
water immersion objective (NA 2.0) using excitation wavelengths of
40S nm for Hoechst 33342, 488 nm for LysoTracker Green and
MitoTracker Green, and 514 nm for complexes RuY, RuYl, and
RuY2. The signals of Hoechst 33342 were collected at 410—500 nm,
the signals of MitoTracker Green and LysoTracker Green were
collected at 493—620 nm, and the signals of RuY, RuY1, and RuY2
were collected at 600—758 nm.

Apoptosis Study. Flow cytometry analysis of apoptotic
populations of A549 and AS549/DDP cells caused by exposure to
metal complexes was carried out using the annexin V-FITC apoptosis
detection kit (Yeasen Biotechnology, Shanghai, Co., Ltd.) according
to the supplier'’s instructions. AS49 and AS49/DDP cells were
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Figure 3. (a) UV—visible absorbance spectra of RuY, RuY1, and RuY2 (10 4uM) in DCM. (b) Normalized emission spectra of RuY (10 uM, A,

502 nm), RuY1 (10 uM, A, = 495 nm), and RuY2 (10 uM, A, = 509 nm) in DCM.

transferred into 6-well plates, with a density of 10°/well, and cultured
overnight at 37 °C in a 5% CO, atmosphere. Then, complexes RuY,
RuY1, and RuY2 were dissolved in DMSO (1 mM) and diluted with
medium to 100 uM (the final concentration of DMSO was 5%) and
cultured at 37 °C in a 5% CO, atmosphere for 24 h. As for the
negative control, the same volume of DMSO was added. After
digestion with trypsin without EDTA, all adherent and floating cells
were collected and washed twice with phosphate-buffered saline. After
being centrifuged, S00 uL of binding buffer, 5 yL of annexin V-FITC,
and 10 uL PI staining solution were added successively and dyed at
room temperature for 10—15 min under dark conditions. The samples
were analyzed using a flow cytometer (BD Accuri C6 Plus).

B RESULTS AND DISCUSSION

Synthesis and Characterization. The synthetic proce-
dure is shown in Scheme 1. Starting from the commercial
compound 2-methylnaphthyridine (1), the methylation gave
2,7-dimethyl-naphthyridine (2) in 80% isolated yield. Inter-
mediate 2 underwent two-step oxidation with SeO, and nitric
acid as the oxidants, respectively, giving the diacid product 4.
The condensation of diacid 4 with o-phenylenediamine in
polyphosphoric acid (PPA) produced the desired tetradentate
ligand 2,7-bis(1H-benzo[d]imidazol-2-yl)-1,8-naphthyridine
YL-1 in 67% isolated yield. The reaction of YL-1 with 1.1
equiv of the Ru precursor cis-Ru(bpy),Cl,-2H,0 in methanol
under refluxing conditions afforded mononuclear RuY1 in 84%
isolated yield as a dark-brown crystal, which was obtained
through recrystallization in the mixture of CH,Cl,, MeOH,
hexane, and Et,O. The molecular structure of RuYl was
confirmed through single-crystal X-ray diffraction, as shown in
Scheme 1b. It was found that the Ru center had been
coordinated to two bipyridines and a pyridyl and a
benzimidazolyl group to yield a regular octahedral geometry.
Moreover, the formation of a covalent bond between the Ru
center and N atom of the benzimidazolyl group made the Ru
center a cation with a positive charge, and the corresponding
anion was CI”. This kind of ionic structure led to water
solubility, which is beneficial for applying as a bioactive
molecule. The reaction of YL-1 with 2.0 equiv of the Ru
precursor cis-Ru(bpy),CL,-2H,0 was also investigated, but
equally, mononuclear RuY1 was obtained, and we failed to
obtain a dinuclear Ru complex owing to the considerable steric
hindrance between two benzimidazolyl groups and several
bipyridines. Unexpectedly, when the reaction mixture of the
mononuclear RuYl with cis-Ru(bpy),Cl,-2H,0 had been
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treated with 4.0 equiv of fBuOK, dinuclear RuY2 was
successfully prepared in 85% isolated yield as a dark-purple
crystal, which was analyzed through single-crystal X-ray
diffraction, as shown in Scheme 1lc. It was found from the
molecular structure of the complex RuY2 that the second Ru
center was coordinated to not the N4 atom of naphthyridine
but the C14 atom and similar to the RuYl center with a
regular octahedral geometry. The dinuclear RuY2 was also an
ionic complex with a Cl™ as the anion. In addition, as a control
trial, RuY bearing pyridyl benzimidazole YL-2 was synthesized
through the reaction of cis-Ru(bpy),Cl,-2H,O with the ligand
pyridyl benzimidazole YL-2, which was obtained by a
condensation reaction of pyridine-2-aldehyde (5) with o-
phenylenediamine, as shown in Scheme 1d.

Photophysical Properties. The ground-state absorption
spectra of Ru(II) polypyridyl complexes were characterized by
strong absorption bands at ~294 nm (RuY was & = 77 440
M~ cm™! RuY1 was € = 56 680 M~ cm™!, and RuY2 was € =
147 820 M~ cm™), which was attributed to 7—z* electronic
transitions centered on aromatic rings, such as the 1,10-
phenanthroline moiety, bipyrimidine, and the benzimidazole
unit. A broad and intense band between 330 and 420 nm was
due to an intra-ligand charge transfer (ILCT) transition.” This
result could be confirmed by YL-1 since YL-1 also displayed an
intense absorption at 394 nm (Figure S1). A broad band that
was found in the 450—600 nm range corresponded to dp (Ru
1I)-z*-metal-to-ligand charge-transfer (MLCT) transitions.
Compared to the mononuclear Ru(II) complex RuYl, the
absorption band of the dinuclear RuY2 complex was shifted to
a longer wavelength and became broader. In the meanwhile,
the solvatochromism effect was observed when Ru(II)
complexes were dissolved in the following solvents with
increasing polarity: dichloromethane (DCM), chloroform
(CHCL,), acetonitrile (ACN), and methanol (MeOH). The
absorption spectra (displayed in Figure S2 and Table S1) of
RuY?2 consist of broad bands centered at 509, 508, 506, and
495 nm in DCM, CHCI;, ACN, and MeOH, respectively. The
other two complexes, RuY and RuYl, showed the same
hypsochromic shift.

Luminescence was observed for both the ligand and its
Ru(II) complexes in solution and at room temperature. Strong
red emission bands were found at 696 nm for RuY, 740 nm for
RuY1, and 786 nm for RuY2. These results fully proved that
with the increase of ligand #-conjugation and the amount of

https://doi.org/10.1021/acs.inorgchem.2c00714
Inorg. Chem. 2022, 61, 8267—8282


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00714/suppl_file/ic2c00714_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00714/suppl_file/ic2c00714_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00714?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00714?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00714?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00714?fig=fig3&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c00714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Table 1. Fluorescence Characterization of RuY, RuY1, and RuY2

Aws (nm)/e (M~ cm™)

RuY 294 (77 440), 351 (29 670), 502 (11 640)
RuY1 294 (56 680), 429 (32350), 495 (10 830)
RuY2 294 (147 840), 396 (65 670), 509 (34 950)

Ao (nm) Qy“ log Powb pK.*
696 0.015 0.16 + 0.20 6.4
740 0.0037 —0.19 + 0.01
786 0.0021 —0.85 + 0.04

“Ru(bpy);** was used as a reference for quantum yield measurements (4., = 450 nm). “Log P, of RuY, RuY1, and RuY2 was determined by
measuring the octanol/H,O partition coefficients. “The pK, value of RuY, RuY1, and RuY2 obtained from the variation of the ratio of emission
intensity at maximum versus pH (295 K, 5% DMSO in DI-water, RuY, A, = 457 nm, RuY1, A, = 477 nm, RuY2, 4., = 473 nm) (Figure S3).

Ru complexation, the spectrum was clearly red-shifted (Figure
3 and Table 1). Notably, RuYl and RuY2 were completely
unaffected by pH changes ranging from 2 to 13, while RuY had
a pK, of 6.4 (Figure S3). The stability of the three Ru(Il)
complexes in the biological medium (PBS buffer, 10% DMSO,
pH = 7.4, incubation time = 24 h) has been checked by the
emission intensity; the results showed good chemical stability
(remained > 86%). Among them, RuY2 was the most stable,
and the stability order was RuY2 (97.6%) > RuY1 (96.4%) >
RuY (86.0%) (Figure S4).

Docking Analysis. DNA is a key therapeutic target for
metal anticancer drugs, and they may interact with DNA
through covalent bonds, intercalation, groove binding, or
electrostatic interactions. We first simulated the binding of our
synthesized complexes to DNA by docking. The molecular
docking method could offer a visual representation of the
binding pattern of small ligands to DNA, which helps
implement and verify the experimental results. As shown in
Figure 4, the binding conformations of the dinuclear

Cc

Figure 4. Docking results of complexes RuY1l (A), RuY (B), and
RuY2 (C) into B-DNA (PDB ID: 3IXN).

ruthenium(II) complexes and DNA indicated that the
complexes interacted with DNA mainly through the inter-
calations into the adjacent base pairs of the DNA. The
backbones of the three complexes were inserted into the same
space in varying degrees between the two bases: DTS and
DAG. In addition to the conventional interactions including
van der Waals and hydrophobic interactions of the complexes
with DNA, the pyridine rings of complexes RuY1 and RuY and
the phenyl ring of RuY2 also formed 7—x stacking interactions
with the surrounding bases. Also, this kind of intercalation
could obviously increase the distance between the two adjacent
bases. The calculated binding energies of RuY, RuYl, and
RuY2 were —17.12, —22.88, and —26.99 kJ/mol, respectively
(Table S2). It suggested that complex RuY2 is bound to DNA
with the lowest binding energy.
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Interaction with DNA. To confirm whether the simulation
results of our docking analysis were correct, the UV—vis
absorption spectrum and fluorescence spectrum were used to
study the interaction of Ru(II) complexes with DNA. It has
been reported that the Ru(II) complex can bind to DNA either
by binding to the DNA groove or by partially intercalating into
DNA. After binding to DNA, they exhibited a distinct
bathochromic shift and hypochromisms in their visible
absorption and UV bands. 7—7* stacking occurs when the
ligand from the complex is inserted between the DNA base
pairs; then, the 7* empty orbital of the ligand is coupled with
the 7 electron orbital of the base, resulting in a decrease in its
energy level. Since the energy gap of the z—z™* transition
decreases, the UV absorption spectrum shows a bathochromic
shift. At the same time, the coupled 7 orbitals are partially filled
with electrons, reducing the probability of 7—7z* transitions,
resulting in a hypochromatic effect.’® The titration of our
synthesized Ru(II) complexes with the calf thymus DNA (CT-
DNA) was monitored by UV-—vis spectra; the spectral
behaviors of RuYl and RuY2 were very similar, and they
displayed obvious hypochromism, H% (as defined by H% =
100 (Agee — Abound)/Afiee), and bathochromism, as indicated by
AL (A2 = Apound — Agee)- Upon increasing concentrations of
CT-DNA to the constant spectra (saturation), the H% (A1)
values at ~480 nm were found to be 45% (13 nm) and 37.5%
(16 nm) for RuY1 and RuY2, respectively. Thus, the evident
spectral changes observed from RuY1 and RuY2 indicated a
strong interaction between the complexes and the DNA,
suggesting that these three molecules may bind to DNA in the
form of partial insertion (Figure S).

The values of the intrinsic DNA binding constant K;, were
determined by monitoring the changes in absorbance at 286
nm with increasing DNA concentrations. The intrinsic DNA
binding constants Kj, obtained for RuY, RuY1, and RuY2 were
calculated to be 3.35 X 10% 2.20 x 10% and 4.73 X 10* M7,
respectively. Among them, complex RuY2 with DNA showed
enhanced binding efficacy compared with that of complexes
RuY and RuYl; this was probably because the two Ru(II)
centers may not bind to the same double strands of the DNA
strands (Table S3).

Changes in fluorescence spectra can be used to study the
interaction between ruthenium complexes and DNA. The
emission intensity of the Ru(Il) complexes was affected by the
hydrophobic environment of the base pair of the DNA. The
vibrational mode of the complexes was restricted to some
degree after binding with DNA. In the meanwhile, without the
quenching of its fluorescence by water molecules, the
fluorescence intensity of the complexes would be enhanced.*
The responsive emission spectra of RuY, RuY1, and RuY2
binding with DNA are shown in Figure 6. As can be seen from
the figure, the fluorescence intensities of the solutions of the
complexes RuY, RuY1, and RuY2 increased significantly after
the addition of CT-DNA, indicating that these three complexes
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Figure 7. Fluorescence quenching curves of EB bound to DNA in the presence of complexes RuY (a), RuY1 (b), and RuY2 (c). [DNA] = 100 uM,
[EB] = 20 uM, and [Ru] = 0—50 pM. The arrow shows a decrease in absorption upon increasing DNA concentration.

might interact with DNA. The fluorescence intensities of the
complexes RuY, RuY1, and RuY2 increased by 64.5, 63.9, and
66.0%, respectively, at their emission maximum.

Ethidium Bromide Displacement Experiments. Ethi-
dium bromide (EB) can be a competitive binding agent for
CT-DNA and complexes. The fluorescence of EB will be
greatly enhanced after binding with CT-DNA. Thus, if the
complexes can bind to CT-DNA in the insertion mode, they
will compete with EB for the binding site, which leads to the
fluorescence quenching of EB. The EB displacement experi-
ment was conducted by adding complexes RuY, RuY1, and
RuY?2 to the EB-DNA system (Figure 7). With the increase of
the complexes’ concentration, the fluorescence of the EB-DNA
system displayed a gradual downward trend, with the
decreasing amplitude reaching 89.9% (RuY), 98.6% (RuY1),
and 99.6% (RuY2). Notably, the fluorescence intensity of the
DNA-EB complex was reduced more remarkably by complexes
RuY1 and RuY2, probably attributed to the intercalation effect
of the 2,7-bisbenzoimidazolyl-naphthyridine ligand. Although
all three complexes have the same benzoimidazole and
pyridine moieties, due to the complexation with ruthenium,
RuY1 and RuY2 possess larger aromatic rings, which facilitated
m—nr* stacking; moreover, dinuclear Ru includes four bipyridyl
ligands, which possess high potential to insert into the DNA
ligand.5 This result showed that the three complexes, RuY,
RuY1, and RuY2, could replace EB from the EB-DNA system,
indicating that these three Ru(II) complexes were likely to be
bonded to CT-DNA through the insertion mode. Although
groove binding reagents can also lower the fluorescence of the
EB-DNA system, the general groove reagents decrease the
fluorescence intensity of the system to a small extent.”” The
three complexes, RuY, RuYl, and RuY2, reduced the
fluorescence intensity of the EB-DNA system by about 90%,
indicating that the three Ru(II) complexes were bonded to
CT-DNA in the intercalation mode.

ROS Generation. Ruthenium(II) arene complexes were

reported to induce ROS production in cancer cells, which

could be responsible for the cytotoxicity observed. Therefore,
ROS levels in A549 cells induced by RuY, RuY1, and RuY2

complexes were determined by flow cytometry. As shown in

Figure 8, all three complexes significantly increased ROS levels

in AS549 cells, especially the dinuclear ruthenium(II) complex

RuY2. Then, we quantified the results of flow cytometry, as
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Figure 8. Analysis of ROS levels by flow cytometry after AS49 cells
were treated with complexes RuY, RuY1, and RuY2 (30 yM) for 6 h

and stained with DCFH-DA.
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Figure 9. Cell survival rate of cisplatin, carboplatin, RuY, RuY1, and RuY2 in HaCat, HeLa, A549, and A549/DDP cells incubated with the MTT

method for 72 h.

shown in Figure SS. The relative order of ROS levels induced
by these complexes is RuY2 > RuY > RuYl.

In Vitro Cytotoxicity. We evaluated the effects of
cytotoxicity for Ru(Il) polypyridyl complexes in vitro against
the viability of HaCat (human keratinocyte cell line), HeLa
(human cervical carcinoma cell line), A549 (human non-small-
cell lung cancer cell line), and AS49/DDP (cisplatin-resistant
non-small-cell lung cancer cell line) by MTT assay after 72 h,
and the concentrations were up to S0 uM (Figure 9). For
comparison purposes, the cytotoxicity of cisplatin and
carboplatin was also evaluated. The half-maximal inhibitory
concentration (ICg,) values are listed in Table 2. Decreased
cell viability is depicted in a dose-dependent manner in all four
cell lines as a result of the MTT assay. Notably, RuY2
exhibited better anticancer effects than those of cisplatin and
carboplatin. The cytotoxicity of RuY, RuY1, and RuY2 was
lower than that of cisplatin and carboplatin in HaCat cells
(normal cell) but was comparative in the HeLa cells. In terms
of strong antiproliferative effects on the tested cancer cell lines,
these ruthenium(II) complexes were further investigated to
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Table 2. In Vitro Cytotoxicity (ICso uM) of RuY, RuYl,
RuY2, Cisplatin, and Carboplatin against Human Cancer
Cell Lines

ICs, (uM)
HaCat HeLa AS549 AS549/DDP
RuY 44.8 + 12 183 £ 1.0 21.3 £ 0.7 260 + 1.1
RuY1 41.8 + 0.3 10.0 + 0.5 22.7 + 04 29.1 +£ 1.8
RuY2 40.8 + 0.6 245 + 1.6 14.6 £ 0.5 22.8 +£0.7
cisplatin 340 £ 0.8 7.57 £ 0.3 22.3 + 1.7 43.0 + 1.1
carboplatin 39.8 £ 0.2 22.1 + 0.6 20.0 £ 0.8 372 £ 08

determine whether cisplatin resistance could be overcome. As
shown in Table 2, the ICy, value of cisplatin against AS549/
DDP was increased to 43.0 M, while the cytotoxicity of the
complex against cisplatin-sensitive A549 and cisplatin-resistant
AS49/DDP cells was almost better. The cytotoxicity test of
carboplatin followed the same trend. Especially, the ICy, of
RuY2 in the A549 cell line was 14.6 uM and in the A549/DDP
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cell line was 22.8 uM, which indicated that these ruthenium-
(I1) complexes could overcome cisplatin resistance.

Cell Uptake. Under the same experimental conditions, the
cellular uptake of RuY, RuY1, and RuY2 to AS549 cells was
evaluated by flow cytometry (Figure 10), and the flow
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Figure 10. Flow cytometry of RuY, RuY1, and RuY2 in the A549 cells
(a), (b), (c), and control (d), dosed concentration = 20 4uM and 24 h
of incubation.

cytometric uptake was quantified, results of which are shown
in Figure S6. The results show that RuY2 has better uptake in
AS49 cells than that of RuY and RuY1. This is probably due to
amphiphilic and cationic properties presenting better cell
permeability.***

Mitochondrial Transmembrane Potential. JC-1 is a
cationic lipid fluorescent dye, which has two states: monomer
and polymer; their emission spectra are different. The
membrane potential (Ay) of normal healthy mitochondria
has polarity. JC-1 is rapidly absorbed into mitochondria
depending on the polarity of Ay and forms a polymer in
mitochondria due to the increase in concentration. The light
emitted by the polymer is red fluorescence; when apoptosis
occurs, the mitochondrial transmembrane potential is depo-
larized, and JC-1 is released from the mitochondria (the red
light intensity decreases) and exists in the cytoplasm in the
form of a monomer and emits green fluorescence. The results
of confocal imaging (Figure 11) indicated that the complexes
RuY, RuYl, and RuY2 could reduce the mitochondrial
membrane potential of A549 cells. The cells displayed red
fluorescence when A549 cells were not treated with complexes
RuY, RuY1, and RuY2, indicating that JC-1 existed in the form
of aggregates, and the mitochondrial cell membrane was not
damaged. All cells exhibited green fluorescence when the cells
were treated with complexes RuY, RuY1, and RuY2, indicating
that the mitochondrial cell membrane of AS549 cells was
damaged to varying degrees. JC-1 existed in the form of a
monomer and showed green fluorescence, indicating that ROS
produced by the complexes caused mitochondrial damage.

Similarly, we detected it by flow cytometry (Figure S7). The
results displayed that compared with the control group, the
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fluorescence of the JC-1 monomer in the cells treated with the
complex increased significantly and verified the damage of
mitochondria. The figure on the right in Figure S7 is the
quantization of the flow cytometry results, in which the
decrease of the mitochondrial membrane potential caused by
complex RuY2 was the largest.

Mitochondrial DNA Damage Assay. PicoGreen is a
fluorescent dye that detects double-stranded DNA. PicoGreen
fluoresces only when bound to double-stranded DNA. It will
not emit fluorescence when there is no DNA. The fluorescence
intensity will decrease or disappear when double-stranded
DNA is damaged or broken into single-stranded DNA. The
results are shown in Figure 12a. Compared with the control,
the fluorescence intensity of the complexes RuY, RuY1, and
RuY2 bound to PicoGreen all decreased, especially the
complex RuY2. This result indicated that the complexes
RuY, RuYl, and RuY2 could insert into double-stranded
DNA, disrupted DNA replication and transcription, and caused
irreversible damage to mitochondrial DNA.

In addition, we further validated the experimental results by
q-PCR, as shown in Figure 12b. The experimental results
showed that the proportion of damaged mitochondrial DNA
(mtDNA) to total mtDNA was significantly increased in the
complexes RuY, RuY1l, and RuY2 compared to that in the
control group, which indicated that the complexes RuY, RuY1,
and RuY2 were all capable of causing damage to mtDNA, with
the complex RuY2 causing the most severe damage. This was
consistent with the results of the PicoGreen experiment and
validates our experimental results.

Cell Cycle Distribution. The perturbation effects of
cisplatin and Ru(II) polypyridyl complexes on the cell cycle
progression of A549 cells were analyzed by flow cytometry
(Figure 13). Most of the antineoplastic drugs in current use
block the cell cycle in the S or G2/M phases.”” Compared to
the control, the cancer cells that were arrested at the S phase
by our Ru(II) complexes were increased to 45.2% (RuY),
42.5% (RuY2), and 41.5% (RuYl) from 31.3% (control),
which indicated that Ru(II) complexes affected the S phase
more than other phases in A549 cells, which were similar to
cisplatin.

Confocal Imaging. To this end, monitoring the micro-
environment within defined subcellular organelles is important
to help understand organelle-related pathophysiology. To
investigate the cellular distribution, the subcellular localization
of Ru(ll) complexes was easily determined by confocal
microscopy in A549 cells (Figure 14) and HeLa cells (Figures
S8—S12) on account of their luminescence. To confirm their
subcellular localization, costaining experiments using commer-
cially available organelle-specific markers were performed.
After 4 h of incubation with these complexes, the
mitochondria-specific marker (Beyotime Biotechnology, Mito-
Tracker Green, 5.0 yg/mL) was then added. The image in the
right panel represented the merged image (yellow) of the Ru
complex (left panel, red) with the MitoTracker (middle panel,
green), clearly showing the colocalization of the Mitotracker
with the complex in mitochondria. The results showed that all
three Ru complexes targeted the mitochondria with high
Pearson’s colocalization coefficients (PCC) of 0.9502 (RuY2)
in A549 cells and 0.9807 (RuY2) in HeLa cells after 4 h of
incubation. The control experiment has been done with a
commercially available lysosome tracker and nucleus tracker;
minimal overlap was observed.
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Figure 12. (a) PicoGreen staining experiment verified mitochondrial DNA damage caused by complexes RuY, RuY1, and RuY2 (20 uM, 6 h). (b)
q-PCR assay experiment verified mitochondrial DNA damage caused by complexes RuY, RuY1, and RuY2 (20 uM, 6 h).

Apoptosis Study. The determination of the cellular death
mechanism (necrosis or apoptosis) was performed using an
annexin V-FITC/propidium iodide (PI) assay (Figure 15).
Ru(II) complexes and cisplatin were incubated with A549 and
AS549/DDP cells for 72 h at a concentration of 50 M. AS49
and AS49/DDP cells were treated with Ru(I) complexes,
cisplatin, and negative control. The relative order of apoptosis
induced against AS49 cells was RuY2 (33.9%) > RuY (30.1%)
> cisplatin (28.7%) > RuYl (28.6%). The relative order of
apoptosis induced against A549/DDP cells was RuY2 (24.2%)
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> RuY (18.3%) > RuY1 (12.5%) > cisplatin (5.52%), which
was consistent with the result of the cytotoxicity study (Figure
9). According to the results, cell death was caused by apoptosis
rather than necrosis, which proved that these Ru(II)
polypyridyl complexes induce cell death through the apoptotic
pathway.

B CONCLUSIONS

In conclusion, three novel ruthenium(II) complexes, including
mononuclear ruthenium complexes and dinuclear ruthenium
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Figure 14. Subcellular localization of RuY2 (20 uM, 4 h) in AS49 cells was determined by confocal laser scanning microscopy. Colocalization
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Hoechst 33342 (c, 1 yL, 1 mM, 15 min). Scale bar: 20 ym.

complexes, were designed and synthesized. The photo-
luminescent tail of the dinuclear complex RuY2 reached 900
nm, which is suitable for NIR imaging. In vitro experiments
showed that the resulting ruthenium(II) complexes exhibited
good antiproliferative activity against the tested cancer cells,
while the cytotoxicity of the complex RuY2 was superior to

that of cisplatin. Further experimental and computational
studies revealed that RuY2 had a binding constant of about
473 x 10* M™' for DNA, mainly through intercalation
interactions. Furthermore, the three complexes could generate
significant levels of ROS and further induce apotheosis.
Therefore, we propose that these ruthenium(II) complexes
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induced cell death through DNA binding and ROS-mediated
apoptosis pathways, and the results of this study helped to
reveal the mechanism of action of ruthenium(II) complexes.
All three Ru(II) complexes could cross the cell membrane and
were located in the mitochondria. Notably, the complex RuY2
does not have cross-resistance with cisplatin due to different
mechanisms of action. Overall, this dinuclear ruthenium(II)
complex had unique biological properties and was a promising
model for novel anticancer drug development.
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