Downloaded via OHIO STATE UNIV on June 13, 2022 at 17:50:22 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Inorganic Chemistry

pubs.acs.org/IC

Ru(ll)-Based Acetylacetonate Complexes Induce Apoptosis

Selectively in Cancer Cells

Sayak Gupta, Jessica M. Vandevord, Lauren M. Loftus, Nicholas Toupin, Malik H. Al-Afyouni,
Thomas N. Rohrabaugh, Jr., Claudia Turro,* and Jeremy J. Kodanko™

Cite This: Inorg. Chem. 2021, 60, 18964-18974

Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: The synthesis, chemical and biological character-
ization of seven Ru(II) polypyridyl complexes containing
acetylacetonate (acac) ligands are reported. Electronic absorption
spectra were determined and electrochemical potentials consistent
with Ru(III/II) couples ranging from +0.60 to +0.73 V vs Ag/AgCl
were measured. A series of complexes were screened against MDA-
MB-231, DU-145, and MCF-10A cell lines to evaluate their
cytotoxicities in cancer and normal cell lines. Although most
complexes were either nontoxic or equipotent in cancer cells and
normal cell lines, compound 1, [Ru(dpqy)(acac)(py)](PFy),
where dqpy is 2,6-di(quinolin-2-yl)pyridine, showed up to 2.5:1.0
selectivity for cancer as compared to normal cells, along with

nanomolar ECs, values in MDA-MB-231 cells. Lipophilicity, determined as the octanol/water partition coeflicient, log P, ranged
from —0.33 (0.06) to 1.15 (0.10) for the complexes. Although cytotoxicity was not correlated with electrochemical potentials, a
moderate linear correlation between lipophilicity and toxicities was observed. Cell death mechanism studies indicated that several of
the Ru—acac compounds, including 1, induce apoptosis in MDA-MB-231 cells.

B INTRODUCTION

Cancer is the second leading cause of human death around the
world. According to the World Health Organization (WHO),
cancer was responsible for roughly 9.6 million deaths in 2018
alone." One of the most common methods to treat cancer is
chemotherapy, which involves the administration of drugs to
induce cancer cell death.” However, a significant drawback of
all chemotherapeutics is their lack of selectivity, resulting in
toxicity toward both healthy and malignant tissues. Low
selectivity leads to many undesirable side effects, including
neurotoxicity, nephrotoxicity, nausea, vomiting, and hemolytic
anemia.

Platinum-based drugs are a prominent group of chemo-
therapeutics used to treat roughly 50% of human cancers.”
Cisplatin has been approved to treat cancer since the 1970s,
with carboplatin and oxaliplatin approved later. While very
successful in cancer treatment, the severe side effects of
platinum-based drugs have inspired the quest to find new
metal-based compounds as alternatives for cancer treatment.”
Transition-metal complexes derived from osmium, ruthenium,
and rhodium have been investigated as metal-based anticancer
agents and alternatives to platinum-based drugs.”® From these
investigations, Ru-based metal complexes have emerged as
promising leads.””'® Ruthenium-based therapeutics have
shown reduced in vivo toxicity compared to those derived
from Pt(1), which is believed to stem from the ability of some

© 2021 American Chemical Society

\ 4 ACS Publications

18964

ruthenium complexes to mimic iron in bindin§ with serum
albumin and transferrin proteins in the body.'”*" Both Ru(II)
and Ru(III) complexes have been investigated as anticancer
agents. For the latter, the reducing environment of cancer cells
is proposed to lead to the reduction of Ru(Ill) to Ru(II),
leading to selectivity of this class of compounds toward cancer
cells that contain a more reducing environment than healthy
cells."”*° One manner in which Ru(II) complexes lead to cell
death is through interactions with DNA.*"**

Several ruthenium complexes have advanced to clinical trials,
including NAMI-A, KP1019, NKP-1339, and TLD1433
(Figure 1)."° KP1019 causes cell death by attacking the
mitochondria, whereas NAMI-A disrupts cell invasion and
metastasis.”>>* Photodynamic therapy (PDT) involves the
activation of nontoxic photosensitizers by the light of suitable
wavelength and produces singlet oxygen ('O,) or other
reactive oxygen species (ROS), resulting in cellular damage
in the irradiated tissue. TLD1433 is one example of a Ru(1l)
complex currently in a Phase II clinical trial as a PDT
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Figure 1. Examples of Ru complexes previously investigated as anticancer agents, including NAMI-A, NKP-1339, and TLD1433 that entered

clinical trials.

agent.”>”® Other ruthenium complexes that have undergone

extensive preclinical studies include RAPTA-C and RAPTA-T
and show excellent in vivo antitumor activities (Figure 1).”
The ability of ruthenium complexes to achieve cell death
through many different pathways makes them versatile
candidates as cancer therapeutics.

Although many Ru(II) complexes have been investigated as
anticancer agents in vitro, those that elicit cancer cell death in
the nanomolar range in vitro are rare. Most Ru(I) complexes
induce cancer cell death in the single-digit micromolar range,
similar to cisplatin. Ru(II) polypyridyl complexes with different
types of dioxo ligands have shown promise as potential
anticancer agents.”" >” Among those Ru(II) polypyridyl
complexes, analogues with acetylacetonate-based ligands have
been particularly active. Ru(II) complexes with the general
formula [Ru(bpy),(L)]*, where bpy = 2,2'-bipyridine and L is
a diverse array of x*-0-O’ chelating p-diketone ligands
including acetylacetonate (acac), showed nanomolar potency
against DU-14S cells (human prostate cancer) and MIA PaCa-
2 cells (human pancreatic cancer).” In vivo toxicity of these
complexes was evaluated in a zebrafish model, where data
indicated that most complexes were nontoxic in vivo.
Curcumin (a type of k¥-0-O’ chelating S-diketone ligand)-
based polypyridyl Ru(II) complexes with formulae [Ru-
(bpy),(curcumin)]* and [Ru(bpy)(dppn)(curcumin)]”,
where dppn = benzo[i]dipyrido[3,2-a:2’,3’-c]phenazine,
showed single-digit micromolar potency against A549, MCEF-
7, and SGC7901 cell lines.”” Recently, several bpy-based
Ru(II) complexes with a coordinated ferrocenyl fS-diketonate
(Fc-acac) ligand have been reported. These complexes showed
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nanomolar potency against MIA PaCa-2 (human pancreatic
cancer cells) and HCT116 p53*/* (p53 wild-type human colon
cancer cells). Studies on DNA damage with these complexes
revealed that they are able to cause DNA cleavage.*

In this paper, we report the synthesis and biological
characterization of Ru(II) polypyridyl complexes containing
acac-based ligands. The spectral and electrochemical properties
of these Ru—acac complexes were characterized. This series of
compounds was evaluated against two cancer cell lines and one
non-cancer cell line to characterize their selectivities toward
cancer cells. We observed that two out of our seven complexes
displayed potent toxicity, one of which showed cell death in
the nanomolar range and up to 2.5-fold selectivity toward
triple-negative breast cancer cells as compared to a normal
breast epithelial cell line. Studies on cell death mechanisms on
two lead agents revealed that they induced apoptosis in triple-
negative breast cancer cells. This study exposes rich structure—
activity relationships in Ru—acac complexes that warrant their
further investigation as anticancer agents.

B EXPERIMENTAL SECTION

Materials. All materials were used as received without further
purification unless noted otherwise. Diethyl ether was purchased from
Fisher Scientific, while anhydrous ethanol was obtained from Decon
Laboratories. All deuterated solvents and N-bromosuccinimide were
purchased from Sigma-Aldrich; pyridine was obtained from
Mallinckrodt Chemicals; N-chlorosuccinimide was purchased from
Alfa Aesar; and ammonium hexafluorophosphate was obtained from
Acros Organics. The starting materials [Ru(dqpy)(acac)Cl], [Ru-
(tpy)(acac)Cl] (tpy = 2,2":6',2"-terpyridine), [Ru(bpy),CL], and
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[Ru(tpy)(thd)Cl] (thd = 2,2,6,6-tetramethylheptane-3,S-dionate), as
well as 2, were prepared by following literature methods.**~*

Instrumentation. 'H NMR spectra were collected using a Bruker
DPX 400 MHz spectrometer in the indicated deuterated solvent, and
all chemical shifts were referenced to the residual protonated solvent
peak ((CD;),CO = 2.05 ppm, (CD;),SO = 2.50 ppm).** Electrospray
ionization (ESI) mass spectrometry was performed using a Bruker
microTOF instrument in a positive mode with methanol as the eluent.
Electrochemical experiments were carried out on a BASi model CV-
SOW voltammetric analyzer (Bioanalytical Systems, Inc.; West
Lafayette, IN). Cyclic voltammetry (CV) experiments were carried
out with solutions containing 0.5 mM of each complex with a glassy
carbon disk working electrode (3 mm diameter), platinum wire
auxiliary electrode, and Ag/AgCl (3 M NaCl) reference electrode
(calibrated with ferrocene; Fc”* = 0.438 vs Ag/AgCl), and the
solutions were purged with N, prior to each trial.

Synthesis of [Ru(dpqy)(acac)(py)l(PFs) (1). Ru(dqpy)(acac)Cl
(44.9 mg, 0.0789 mmol) was dissolved in 20 mL of a 1:1 EtOH/H,0
mixture. Pyridine (1 mL, excess) was added to the mixture and the
solution was allowed to reflux under a nitrogen atmosphere in the
dark for 24 h. The purple reaction mixture was allowed to cool to
room temperature, concentrated in vacuo, and added to an aqueous
solution of NH,PF, (0.1333 g in 100 mL). The resulting solid was
collected by vacuum filtration, washed with H,O and with diethyl
ether, and dried to yield 1 as a dark purple solid (27.5 mg, 57%). 'H
NMR (400 MHz, (CD;),CO): § 9.23 (d, 2H, 9.73), 8.91 (d, 2H,
8.17), 8.74 (d, 2H, 8.88), 8.63 (d, 2H, 8.52), 8.48 (d, 2H, 5.68), 8.19
(t, 1H, 7.46), 8.12 (d, 2H, 7.81), 7.98 (t, 2H, 7.85), 7.81 (t, 2H, 7.85),
7.47 (t, 1H, 7.32), 7.00 (t, 2H, 6.80), 5.46 (s, 1H), 2.74 (s, 3H), and
1.27 (s, 3H) ppm. ESI-MS(+): [M — PF(]* experimental m/z =
613.12, calculated m/z = 613.12.

Synthesis of [Ru(tpy)(acac)(py)](PFs) (3). [Ru(tpy)(acac)Cl] (125
mg, 0.267 mmol) was dissolved in 50 mL of a 1:1 EtOH/H,0O
mixture. Pyridine (2 mL, excess) was added to the mixture, and the
solution was allowed to reflux under a nitrogen atmosphere in the
dark for 1S h. The purple reaction mixture was allowed to cool to
room temperature, concentrated in vacuo, and added to an aqueous
solution of NH,PF,s (0.1 g in 100 mL). The resulting solid was
collected by vacuum filtration, washed with H,O, and dried with
diethyl ether to yield 3 as a dark purple solid (157 mg, 89%). 'H
NMR (400 MHz, (CD,),CO): § 8.68 (ddd, 2H, ] = 5.4, 1.3, 0.6 Hz),
8.60 (m, 4H), 8.12 (m, 4H), 7.96 (t, 1H, ] = 8.0 Hz), 7.72 (ddd, 2H, J
=7.5,5.6, 1.3 Hz), 7.61 (t, 1H, ] = 7.6, 1.4 Hz), 7.11 (ddd, 2H, ] =
7.5, 5.4, 1.3 Hz), 5.47 (s, 1H), 2.47 (s, 3H), and 1.39 (s, 3H) ppm.
ESI-MS(+): [M — PF,]" experimental m/z = §13.07, calculated m/z
= 513.08.

Synthesis of [Ru(tpy)(thd)(py)](PFs) (4). This complex was
prepared in the same fashion as 3 using [Ru(tpy)(thd)Cl] (44 mg,
0.080 mmol) in an EtOH/H,0 mixture (1:1, 24 mL) with 1 mL of
pyridine (excess) and an aqueous solution of NH,PF, (0.1 g in 100
mL) to yield 4 as a dark purple solid (51 mg, 85%). '"H NMR (400
MHz, (CD,),CO): 6 8.62 (d, 2H, J = 8.1 Hz), 8.61 (d, 2H, J = 8.1
Hz), 8.58 (ddd, 2H, ] = 5.5, 1.5, 0.8 Hz), 821 (ddd, 2H, J = 5.2, 1.4,
1.4 Hz), 8.11 (ddd, 2H, ] = 7.8, 7.8, 1.5 Hz), 7.96 (t, 1H, ] = 8.0 Hz),
772 (ddd, 2H, ] = 7.6, 5.5, 1.4 Hz), 7.63 (tt, 1H, ] = 7.6, 1.5 Hz), 7.16
(ddd, 2H, J = 7.6, 5.3, 1.3 Hz), 5.79 (s, 1H), 1.54 (s, 9H), and 0.54 (s,
9H) ppm. ESI-MS(+): [M — PF4]* experimental m/z = 597.17,
calculated m/z = 597.18.

Synthesis of [Ru(tpy)(Cl-acac)(py)l(PF) (5). [Ru(tpy)(acac)(py)]-
(PFg) (752 mg, 0.114 mmol) and N-chlorosuccinimide (23.0 mg,
0.172 mmol) were dissolved in 10 mL of dichloromethane, which was
purified using a MBraun solvent purification system. The solution was
allowed to stir in the dark for 2 h, then NH,PF, (~0.09 g) was added,
and the solvent was then removed in vacuo. The solid was purified via
column chromatography (silica, dichloromethane/acetonitrile, 9:1)
(58.2 mg, 74%). "H NMR (400 MHz, (CD,),CO): § 8.74 (ddd, 2H,
J=5.5,1.5,0.8 Hz), 8.63 (m, 4H), 8.15 (m, 4H), 8.01 (t, 1H, ] = 8.1
Hz), 7.74 (ddd, 2H, J = 7.6, 5.5, 1.3 Hz), 7.63 (tt, 1H, ] = 7.7, 1.5
Hz), 7.14 (ddd, 2H, ] = 7.6, 5.3, 1.3 Hz), 2.74 (s, 3H), and 1.67 (s,

3H) ppm. ESI-MS(+): [M — PFg]* experimental m/z = 547.05,
calculated m/z = 547.0S.

Synthesis of [Ru(tpy)(Br-acac)(py)l(PFs) (6). This complex was
prepared in the same fashion as § using [Ru(tpy)(acac)(py)](PFs)
(50 mg, 0.076 mmol) and N-bromosuccinimide (14 mg, 0.0786
mmol) in 10 mL of purified dichloromethane to produce dark purple
solid (45.0 mg, 78%). 'H NMR (400 MHz, (CD;),CO): 5 8.75 (ddd,
2H, ] = 5.5, 1.5, 0.7 Hz), 8.64 (m, 4H), 8.15 (m, 4H), 8.01 (t, 1H, J =
8.1 Hz), 7.75 (ddd, 2H, J = 5.5, 1.5, 0.8 Hz), 7.63 (tt, 1H, ] = 7.6, 1.5
Hz), 7.14 (ddd, 2H, ] = 7.5, 5.4, 1.3 Hz), 2.84 (s, 3H), and 1.76 (s,
3H) ppm. ESI-MS(+): [M — PF4]* experimental m/z = 590.99,
calculated m/z = 590.99.

Synthesis of [Ru(dqpy-COOH)(acac)(py)i(PFs) (7). [Ru(dqpy-
COOH)(acac)Cl] (49.8 mg, 0.0657 mmol) was dissolved in 20 mL
of a 1:1 EtOH/H,O mixture. Pyridine (3 mL, excess) was added to
the mixture and the solution was allowed to reflux under a nitrogen
atmosphere in the dark for 24 h. The purple reaction mixture was
allowed to cool to room temperature, and HNO; was added until the
solution was at a pH < 1. The solution was then concentrated in vacuo
and added to an aqueous solution of NH,PF, (0.1333 g in 100 mL).
The resulting solid was collected by vacuum filtration, washed with
H,O and diethyl ether, and dried to yield 7 as a dark purple solid
(26.3 mg, 50%). '"H NMR (400 MHz, (CD;),S0): 6 9.17 (s, 2H),
8.98 (d, 2H, J = 8.97 Hz), 8.89 (d, 2H, J = 8.93), 8.62 (d, 2H J =
8.93), 8.21 (d, 2H, J = 5.68), 8.11 (d, 2H, ] = 8.12), 7.94 (t, 2H, ] =
7.85), 7.77 (t, 2H, ] = 7.31), 7.43 (t, 1H, ] = 7.58), 6.99 (t, 2H, | =
6.76), 5.40 (s, 1H), 2.67 (s, 3H), and 1.23 (s, 3H) ppm. ESI-MS(+):
[M — PF,]* experimental m/z = 658.11, calculated m/z = 658.12.

Preparation of the Growth Medium. The growth medium of
DU-145 and MDA-MB-231 cell lines were prepared by adding S0 mL
of FBS and S mL of penicillin/streptomycin (1000 units/mL) in S00
mL of Eagle’s minimum essential medium (EMEM) and Dulbecco’s
modified Eagle’s medium (DMEM), respectively. The MCF-10A cell
line growth medium was prepared by adding 25 mL of 5% horse
serum, 100 uL of 20 ng/mL EGF, 250 uL of 0.5 mg/mL
hydrocortisone, 50 uL of 100 ng/mL cholera toxin, 500 uL of 10
pug/mL insulin, and S mL of penicillin/streptomycin to 500 mL of
Dulbecco’s modified Eagle’s medium (DMEM).

Determination of ECs, Values. The cell viability of all of the
synthesized complexes were determined by plating the cells of a
respective cell line (DU-145, MDA-MB-231, or MCF-10A) in a 96-
well plate at a density of 7000 cells per well in the growth medium for
that particular cell line. The plates were incubated overnight in a 37
°C humidified incubator ventilated with 5% CO,. The growth media
was aspirated off, and then quadruplicate wells were treated with
growth media containing different concentrations (25 #M to 100 nM)
of the synthesized complexes in 1% DMSO. Plates containing wells
with no cells were designated as blank wells, whereas wells with cells
that were not treated with the compound but only with growth media
containing 1% DMSO (vehicle) were designated as control wells. The
plates were then again incubated in a 37 °C humidified incubator
ventilated with 5% CO,. After 1 h of incubation, the growth media in
each well were aspirated off and replaced with new growth media. The
plates were finally incubated in a 37 °C humidified incubator
ventilated with 5% CO, for 72 h. After incubation, 10 yL of the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) re-
agent (S mg/mL in PBS) was added to each well of the 96-well
plate and incubated in a 37 °C humidified incubator ventilated with
5% CO, for 2 h. After 2 h, the media were aspirated off and 100 yL of
DMSO was added. The plates were then shaken for 20 min to ensure
complete dissolution of purple formazan crystals. The absorbance of
each well was then measured at 570 nm. The mean absorbance values
of the blank wells were calculated and subtracted from the absorbance
values for each well treated with a certain concentration of a
compound. The absorbance of the control wells was also taken and
subtracted with the average of the blank wells. The mean of these
corrected control absorbances was then calculated. Viability of the
cells was finally determined by dividing the corrected absorbance of
the compound wells by the mean corrected absorbance of the blank
wells and expressing the mean of the ratio as a percentage value.

https://doi.org/10.1021/acs.inorgchem.1c02796
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Viabilities as percentages were plotted against the log of concentration
(M) of the compounds, and the antilog of the concentration value at
50% viability gave us the ECs of the particular compound in a specific
cell line.

Stability Studies. To study the stability of the complexes over
time, solutions of 1—7 (10 M) were prepared in phenol red-free
Dulbecco’s modified Eagle’s medium (DMEM) at room temperature.
Immediately after the preparation of the solutions, electronic
absorption spectra were collected. The samples were kept in an
incubator at 37 °C for 24 h and then allowed to attain room
temperature. Electronic absorption spectra of all of the solutions were
again collected. The samples were then kept in an incubator at 37 °C
for another 24 h and allowed to attain room temperature. Lastly, a
final round of electronic absorption spectra was acquired.

Determination of the Mechanism of Cell Death by
Cotreatment with Complexes and Inhibitors. The mechanism
of cell death was studied for complexes 1 and 4 in MDA-MB-231 cell
lines. MDA-MB-231 cells were taken in 96-well plates and pretreated
with S0 uL of growth media containing 10 #M necrostatin (NEC), 20
uM Z-VAD-FMK (Z-VAD), and § mM N-acetylcysteine (NAC) in
sextuplicate after aspirating off the growth media already present. The
plates also contained blank wells with no cells and control wells. One
column of wells in the plate along with the blank and control wells
was treated with SO yL of growth media with 1% DMSO (vehicle).
The plates were incubated in a 37 °C humidified incubator ventilated
with 5% CO, for 1 h. The plates were then taken out of the incubator
and 50 pL of either complex 1 (600 nM) or 4 (4 uM) was added to
the column of wells that were pretreated with the vehicle along with
half the wells pretreated with 10 yM necrostatin, 20 uM Z-VAD-
FMK, or S mM N-acetylcysteine. Then, SO uL of the vehicle was
added to the rest of the wells that were pretreated with 10 uM
necrostatin, 20 yuM Z-VAD-FMK, or S mM N-acetylcysteine along
with the blank and control wells. The plates were then incubated in a
37 °C humidified incubator ventilated with 5% CO, for 72 h, after
which the viability of the cells was studied using MTT assay.

Determination of log P. Solutions of complexes 1—7 (3 mL, 40
uM) were prepared in octanol. To the same container, 3 mL of
deionized water was added. The containers were shaken vigorously for
5 min and allowed to settle overnight for complete separation of water
and octanol layers. Three absorbance readings of both the octanol and
water layers were then collected for each complex. The log P value of
each complex was finally determined by taking the log of the ratio of
the mean absorbance in the octanol layer to the mean absorbance in
the water layer.

Fluorescence-Assisted Cell Sorting (FACS) Studies. MDA-
MB-231 cells were seeded at 250 000 cells/plate in six 60 mm? cell
culture dishes containing 3 mL of DMEM treated with 10% FBS and
1000 units/mL penicillin/streptomycin. After seeding, the cells were
incubated at 37 °C and 5% CO, overnight (18 h). After incubation,
plates were treated with either compound 1 (300 nM or 1 uM) or 4
(3 or 6 uM) in media (1% DMSO) and set to incubate at 37 °C and
5% CO, for 72 h. The remaining two plates were treated with DMEM
containing 1% DMSO and placed in the incubator. After incubation,
plates were removed from the incubator. In a separate plate, after 2 h,
cells treated with vehicle alone had media removed and replaced with
H,0, (500 mM) in PBS. The cells were incubated at 37 °C and 5%
CO, for 3 h. The media from each plate was saved in a 15 mL falcon
tube. The cells were detached from each plate via trypsinization and
added to the previously removed media. The cells were centrifuged
(600g, 5 min) to pellet the cells. The supernatant was decanted, and
the pellet was washed with PBS (2 mL) followed by another wash
with annexin binding buffer (2 mL). After the final wash, the
supernatant was decanted, and the pellet was suspended in annexin
binding buffer (100 yL). A solution of annexin V (S yL, 1 mg/mL)
was added to the cell suspension. The suspension was incubated at rt
(15 min). After incubation, annexin binding buffer was added (1 mL)
to the tube and the suspension was centrifuged (600g, S min). The
supernatant was decanted, and cells were suspended in annexin
binding buffer (100 uL). A solution of propidium iodide (S uL, 12
uM) was added to the cell suspension and incubated at rt (15 min).

The cell suspension was diluted with annexin binding buffer (1 mL).
The suspension was passed through a metal mesh filter (30 ym) from
Celltrics (Kobe, Hyogo Prefecture, Japan) into a small sample tube.
Flow cytometric analysis was performed on a Sysmex Cyflow Space
fluorescence-assisted cell sorter. Data were processed using FCS
Express.fcs processing software by De Novo software (Boulder, Co).

B RESULTS

Synthesis and Characterization of Ru—acac Com-
plexes. Seven Ru(Il) polypyridyl complexes incorporating
acac-based ligands were examined in this study. Structures for
the seven complexes are shown in Figure 2. Pyridine (py) is a

| IPRI

O
o}

R, R3 Complex
—-CH; -H 3
-Bu -H 4
—-CH; —Cl 5
—-CH;  -Br 6

Figure 2. Molecular structures of the Ru—acac series 1—7.

common monodentate ligand present in 1 and 3-7.
Complexes 3—5 and 6 contain 2,2':6",2"-terpyridine (tpy) as
a polypyridyl ligand. Complexes 3, S, and 6 all carry the
[Ru(tpy)(py)] fragment with acac, Cl-acac (3-chloroacetyla-
cetonate), and Br-acac (3-bromoacetylacetonate), respectively.
In complex 4, [Ru(tpy)(py)(thd)](PFs) (thd = 2,2,6,6-
tetramethylheptane-3,5-dione), the thd ligand replaces acac
in 3. Complex 2 is the only compound in the series that does
not contain a monodentate pyridine but instead is coordinated
by two 2,2'-bipyridine (bpy) polypyridyl ligands along with
one acac group. Complex 1 contains the 2,6-di(quinolin-2-
yl)pyridine (dqpy) ligand and the dqpy in 7 is adorned with a
carboxylic acid group at the 4-position on pyridine (Figure 2).

Complex 2 was prepared by a literature method;*
compounds 1 and 3—7 were synthesized as shown in Scheme
1. Derivatives 1 and 7 were prepared by treating their
respective Ru monochloride precursors with excess pyridine in
1:1 EtOH/H,O0 at reflux for 24 h, giving 1 and 7 in 57% and
50% yield, respectively (Scheme 1A). Complexes 3 and 4 were
prepared in a similar manner by treating [Ru(tpy)(acac)Cl] or
[Ru(tpy)(thd)Cl] with excess pyridine in 1:1 EtOH/H,0 at
reflux for 24 h, providing 3 and 4 in 89% and 85% yield,
respectively (Scheme 1B).** Compounds 5 and 6 were
accessed from 3 in 74 and 78% yield, respectively, through
the selective halogenation of the acac ligand using N-
chlorosuccinimide or N-bromosuccinimide in CH,CI,
(Scheme 1C).
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Scheme 1. Synthesis of Ru—acac Complexes 1 and 3-7
(A) cl
> [
1 7
Ru—=0 or
N EtoH:H,0 (O7%) — (50%)
Ox reflux
R4 =H or CO,H
| X
N Tl N/
3 or 4
/RU\—O R, EtOH:H,0  (89%) (85%)
OJ reflux
R
R, = CH3 or t-Bu
R
() 0520 0520
5 6
(74%)  ch,cl, CHyCl,  (78%)

The electronic absorption spectra of 2—6 exhibit metal-to-
ligand charge transfer (MLCT) absorption with maxima in the
539—555 nm range, corresponding to Ru(dz) — tpy(z*)
transitions in 3—6, Ru(dz) — dqpy(a*) in 1 and 7, and
Ru(dz) — bpy(x*) in 2. As expected from the previous work
on related CH;CN-coordinated complexes with acac, Cl-acac,
and Br-acac ligands, the lowest energy MLCT maxima of $ and
6 are slightly blue-shifted as compared to that of 3.*
Importantly, the two lowest energy MLCT transitions of 1
and 7 are observed at ~733 and 809 nm, which lie in the PDT
window for excitation that better penetrates tissue. This red
shift arises from the more extended 7-system of the dqpy
ligand as compared to tpy, lowering the energy of the z*
lowest unoccupied molecular orbital (LUMO) of the former.

Prior investigations with Ru(II) polypyridyl complexes
revealed a correlation between the redox potentials of the
compounds and their behavior in cancer cells.*® Therefore, the
electrochemical half-wave reduction potentials of 1-7, E, ),
were measured in CH;CN and are listed in Table 1. Cathodic
waves were observed for 1—7 in the range of +0.60 to +0.73 V
vs Ag/AgCl and are consistent with a Ru(III/II) couple as is
typical of ruthenium polypyridyl complexes.”” It should be
noted, however, that 7-donating acac ligand and its derivatives
mix with the Ru t,-type highest occupied molecular orbital
(HOMO), raising its energy. This mixing, along with the
overall +1 charge in 1-7, leads to the acac complex being
more easily oxidized than the corresponding divalent bpy
complexes.*® For example, [Ru(tpy)(acac)(dmso)]* is oxi-
dized at a potential 0.72 V more negative than [Ru(tpy)-
(bpy)(dmso)]2+.48 The one-electron reduction of 2 is known
to place an electron on one of the bpy ligands, at a potential
that is typical for bpy reduction.”” Similarly, the tpy ligand is
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Table 1. Electronic Absorption Maxima, A,,,, Molar
Extinction Coefficients, £, and Half-Wave Reduction
Potentials for 1-7 in CH;CN

complex Aw/nm (e/M~' cm™!) E,,/V*
1 570 (4740), 595 (4740), 734 (1100), 809 (1020)  +0.73, —1.16
2 374 (11 670), 522 (9535), ~570 (sh) +0.66, —1.48
3 370 (10440), ~500 (sh), 551 (4920) +0.66, —1.43
4 373 (12 940), ~520 (sh), 551 (6370) +0.60, —1.48
5 369 (12 400), ~500 (sh), 537 (6310) +0.70, —1.42
6 371 (13 360), ~490 (sh), 539 (6380) +0.69, —1.42
7 555 (4740), ~595 (sh), 732 (1150), 809 (980)  +0.73, —1.21

“vs Ag/AgCl in CH;CN (0.1 M TBAPF).

reduced in 3—6 in the —1.42 to —1.48 V range vs Ag/AgC],
whereas this potential shifts to —1.16 and —1.21 V vs Ag/AgCl
in 1 and 7, respectively. As expected, the dqpy ligand is more
easily reduced than tpy owing to its more expanded 7-system, a
result consistent with the red shift in the MLCT bands of 1
and 7 as compared to those observed for 3—6.

Biological Evaluation of Ru—acac Complexes. The
series of Ru(II) compounds 1—7 were evaluated against two
cancer cell lines, DU-14S (human prostate cancer cells) and
MDA-MB-231 (human triple-negative breast cancer cells),
along with one normal cell line, MCF-10A (nontumorigenic
breast epithelial cells). ECg, values were determined for each
compound in the three cell lines (Table 2). From the ECq,
data, it is clear that compound 1 was the most potent in the
series and the only compound to show an ECy, value below 1
UM in MDA-MB-231 cells (Table 2). Although 1 was less
potent in DU-145 cancer cells, it was also less potent in the
normal breast epithelial line MCF-10A, resulting in a selectivity
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Table 2. ECg, Values® and log P, /wb of 1-7 in Different Cell Lines along with Their Corresponding MDA-MB-231 Selectivity
Values, ECo(MCF-10A)/ECs,(MDA-MB-231), and DU-145 Selectivity Values, ECs,(MCF-10A)/ECs,(DU-145)

ECyo/uM

complex MDA-MB-231 DU-14S MCE-10A
1 0.67 (0.10) 12 (0.1) 1.7 (0.3)
2 >25 >25 >25
3 17.7 (0.4) >25 >25
4 2.5 (0.3) 3.4 (04) 3.7 (0.7)
5 8.7 (1.7) 9.9 (0.9) 7.4 (1.6)
6 9.7 (1.1) 10.1 (0.3) 11.1 (0.2)
7 >25 >25 >25

MDA-MB-231 selectivity DU-145 selectivity log P,
2.5 141 1.15 (0.10)
—0.17 (0.04)
>1.4 —0.33 (0.06)
1.50 1.08 0.79 (0.11)
0.90 0.74 0.52 (0.08)
1.1 1.09 0.78 (0.13)
0.99 (0.15)

“Data are average of three independent experiments with quadruplicate wells; errors reported as standard deviations are shown in parentheses;
MDA-MB-231, DU-145, or MCF-10A cells were seeded (7000 cells per well) in 96-well plates, plates were incubated overnight, then treated with
respective growth media containing complexes 1—7 (0.01—25 uM), and allowed to incubate at 37 °C for 1 h. After 1 h, growth media was removed
and new growth media was added; cells were incubated for 72 h. Viabilities of cells were measured by MTT assay and converted to percentages vs
treatment with growth media for fitting ECy, curves. “Data are an average of three different experiments; see the Experimental Section for more

details.

factor of 2.5 between MDA-MB-321 cancer cells and the
normal MCF-10A cell line. Complexes 4—6 showed ECq,
values in the 1—10 uM range in MDA-MB-231 cells, similar to
cisplatin,*” but above that range in DU-145 cells (Table 2).
The data presented in Table 2 show that 2, 3, and 7 were
essentially nontoxic in all of the three cell lines, with 3 showing
the only ECs, value below 25 uM across the series in MDA-
MB-231 cells. Complex 4, containing the thd ligand, was more
toxic than § and 6 in MDA-MB-231, MCF-10A cell lines as
well as in DU-14S cell lines (Table 2). Interestingly, complex 1
was the most toxic among all of the seven complexes toward all
of the three cell lines but complex 7, having a similar structure
with the addition of a carboxylic acid group (Figure 2), was
nontoxic in all three cell lines (Table 2). Taken together, our
results indicate that complex 1 was the most potent and
effective in the series for obtaining selectivity for cancer cells.
Although 4—6 were also active in the triple-negative breast and
prostate cancer cells, they were just as or more potent in the
normal breast epithelial line, which is common for many
anticancer drugs.”®

To understand the differential effects of 1—7 in cells,
lipophilicities were determined (Table 2). Lipophilicity,
measured as the partition coeflicient between octanol and
water (logP,,,), has been previously correlated with the
cytotoxicity of Ru(I) complexes.’® In these cases, higher
log P,/,, values may indicate that compounds enter cells via
passive diffusion, which may increase their cellular uptake and
hence their toxicity. To test this hypothesis, a correlation
between ECj, of the complexes and their log P, values was
assessed and is shown in Figure 3. A scatter plot of log P, vs
EC;, values for 1 and 3—6 resulted in a squared correlation
coefficient (R*) value of 0.8539, indicating that there was a
moderate linear correlation between the efficacy and lip-
ophilicity of 1 and 3—6 in MDA-MB-231 cells. Although
complex 1 was the most potent and lipophilic in the series
(Table 2), higher lipophilicity does not always lead to higher
toxicity. We excluded compounds 2 and 7 from this analysis
because their ECy, values were >25 uM (Table 2), and we
were unable examine higher concentrations due to solubility
limits of these compounds in the growth media. Therefore, it
should be noted that compound 7, which is likely a neutral
zwitterion at physiological pH, also possesses a high log P,
value but is not cytotoxic, indicating that not all compounds in
the series that are lipophilic are cytotoxic. In contrast, no trend

MDA-MB-231 ECy,

02 04
IOg Po/w

Figure 3. Scattered plot of ECg, (#M) in MDA-MB-231 cells of the

complexes vs log P, .

was apparent between the EC;, values of the complexes and
their redox potentials. For instance, complexes 1 and 4, which
were the two most active compounds in MDA-MB-231 cells,
showed E;, values for Ru(III/II) couples of +0.73 and +0.60
V, respectively. Other complexes that were not active showed
redox potentials between these two values.

To further understand the cellular behavior of our
compounds, we examined the stability of 1—7 in cell growth
media. Complexes were incubated in phenol red-free
Dulbecco’s modified Eagle’s medium (DMEM) at 37 °C for
48 h, and their stability was assessed via electronic absorption
spectroscopy (Figures S$31—S37). These data showed no
apparent shifts in absorption peaks that would indicate 1-7
undergo degradation events, such as thermal ligand exchange
reactions or oxidation over the course of 48 h in cell growth
media, that would influence their biological behavior.

Based on the data presented in Table 2, complexes 1 and 4
were identified as leads in ECy, determinations. To understand
how 1 and 4 elicit their cytotoxicities, the mechanism of cell
death was characterized. Cell death can occur through a variety
of pathways, including apoptosis, necroptosis, and necrosis.
Apoptosis is a form of programmed cell death that is known to
be moderated by caspases.”’ Morphological changes, which
include cell shrinkage, condensation of the chromatin in the
nucleus, and blebbing of the plasma membrane, are often
associated with apoptosis.”” The cell membrane is generally
not ruptured in apoptotic cells. Dysfunction of the
mitochondria can lead to increased production of reactive
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oxygen species (ROS) in cells, which include hydrogen
peroxide, superoxide, and hydroxide radicals.”® Increased
ROS generally causes damage to biomolecules such as
proteins, lipids, and nucleic acids, which eventually causes
cell death by inducing apoptosis.”* Necrosis, on the other
hand, is a form of passive or uncontrolled cell death. Rupture
of the cell membrane is a characteristic of necrosis, and the
process is often induced by external agents or by deprivation of
nutrients and oxygen.”> Necroptosis is known as programmed
necrosis and generally occurs in cells in which apoptosis is
nonfunctional. Cell death by necroptosis is inhibited by
necrostatin, an inhibitor of RIP-1 kinase,”*™>° Z-VAD-FMK is
known to inhibit apoptotic cell death via caspase inactiva-
tion,”"~** whereas N-acetylcysteine is a ROS quencher known
to inhibit cell death due to the production of ROS.*™* An
increase in viability of the cells when treated with any of these
inhibitors in combination with a given drug in comparison to
the drug alone provides evidence for the mechanism of cell
death.”*"?

To begin our studies, we evaluated the effects of necrostatin
(10 uM), Z-VAD-FMK (20 uM), and N-acetylcysteine (S
mM) alone on MDA-MB-231 cells (Figure S29). Overall, these
rescue agents were well tolerated by MDA-MB-231 cells, as
judged by 72 h MTT analysis. When the cells were treated
with 0.3 M of 1, the viability decreased to about 50% after 72
h. Cotreatment of the cells with 10 #M necrostatin and 0.3 yM
1 did not show a significant effect on cell viability, indicating
that complex 1 does not induce necroptosis in MDA-MB-231
cells. However, statistically significant (P < 0.05) rescue from
cell death was observed when the cells were treated with
complex 1 (0.3 uM) along with Z-VAD-FMK (20 uM),
consistent with 1 inducing apoptosis in MDA-MB-231 cells. A
lower level of rescue was observed with N-acetylcysteine,
implicating ROS in the mechanism of action for 1 (Figure 4).
For complex 4 (2 uM), no significant level of rescue from cell
death was observed when the cells were co-treated with
necrostatin (10 uM), Z-VAD-FMK (20 uM), or N-
acetylcysteine (S mM). Hence, the mechanism of cell death
for complex 4 remains inconclusive from rescue experiments
(Figure S30).
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Figure 4. Viability of MDA-MB-231 cells treated with complex 1 (300
nM) alone or cotreated with necrostatin (10 M), Z-VAD-FMK (20
uM), and N-acetylcysteine (5 mM) along with complex 1 (300 nM).
P values are vs 300 nM complex 1. ¥¥*P < 0.01, **P < 0.0, and *P <
0.10.

Mechanisms of cell death were investigated further with the
aid of fluorescence-assisted cell sorting (FACS).”*7¢ In this
study, MDA-MB-231 cells were treated with vehicle (1%
DMSO), complex 1 (300 nM or 1 uM; Figure SB,C), complex
4 (3 or 6 uM; Figure SE,F), or H,0, (500 mM), which served
as a positive control for necrosis.””’* MDA-MB-231 cells were
stained with annexin V and propidium iodide. Annexin V is
known to bind with phosphatidylserine on the outer leaflet of
the cell plasma membrane, which is associated with
apoptosis.” Propidium iodide is a dye that is generally
nonpermeable to cells but can enter the cell if the plasma
membrane is compromised.®’ Early stages of apoptosis do not
involve the destruction of the plasma membrane and therefore
propidium iodide uptake is not seen in early apoptotic cells.
However, necrosis is known to cause permeabilization of the
cell membrane, such that necrotic cells are known for uptake of
both Annexin V and propidium iodide (PI). FACS studies
show a concentration-dependent shift in cell population to the
lower right quadrant (Annexin V positive, PI negative) for cells
treated with complexes 1 and 4 compared to the vehicle.
Although higher concentrations of 1 and 4 were required to
observe apoptosis via FACS as compared to the 96-well
experiments, a significant shift of the cell population to the
lower right quadrant was observed for complexes 1 and 4.
Taken together, these results establish evidence that both
complexes 1 and 4 induced apoptosis in MDA-MB-231 cells.

B DISCUSSION

In this paper, we describe the biological evaluation of seven
Ru(II) polypyridyl complexes containing acac ligands against
two cancerous cell lines, MDA-MB-231 and DU-14S and one
noncancerous cell line, MCF-10A. Our data reveal that one of
our complexes (complex 1) showed nanomolar potency and
was 2.5 times more selective toward MDA-MB-231 cell lines as
compared to MCF-10A cell lines. Previous data on Ru
naphthoquinone complexes incorporated with phosphorous-
based ligands have shown excellent selectivity toward MDA-
MB-231 cells as compared to MCF-10A cells.*" Selectivity
toward MDA-MB-231 over MCF-10A cells was also seen by
several reported Ru phosg)hine/ mercapto complexes, though to
a much lesser extent.”> However, studies on other Ru
polypyridyl complexes with acac-based ferrocenyl f-diketonate
ligands showed no selectivity toward cancerous HCT116
p53*/* cells over noncancerous ARPE-19 cells.*® Similarly,
other studies on bpy-based Ru complexes with similar acac-
based ligands showed higher toxicity compared to our
complexes when tested against cancerous cell lines like
HL60, MIA PaCa-2, and DU-145 cells, but no studies
regarding selectivity of these complexes toward cancerous vs
non-cancerous cell lines have been mentioned by the
authors.” Reports on cancer cell selectivity have also not
been reported with Ru(II) polypyridyl complexes containing
acac-based ligand curcumin and Ru(II) polypyridyl complexes
containing D-glucose and D-fructose conjugated acac-based
ligands.”””® Therefore, we can say that complex 1 is currently
the only known acac-based Ru polypyridyl complex, which

shows selectivity for a cancerous vs normal cell line.

B CONCLUSIONS

In conclusion, seven Ru(II) polypyridyl complexes containing
acac and substituted acac ligands were synthesized and
characterized. Two complexes, 1 and 4, showed promising
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Figure S. Flow cytometric analysis of MDA-MB-231 cells after 72 h treatment with 1 or 4 using annexin V/propidium iodide staining. Treatment
conditions: (A) vehicle; (B) 1 (300 nM); (C) 1 (1 uM); (D) H,0, (500 mM), 3 h treatment; (E) 4 (3 uM); and (F) 4 (6 uM). Data are

indicative of three independent experiments.

activity in breast and prostate cancer cell lines. Complex 1 was
more toxic toward DU-145 and MDA-MB-231 cell lines
compared to MCF-10A cells. Complex 4, on the other hand,
was toxic toward MDA-MB-231 and MCF-10A cell lines but
not toward DU-145 cell lines. Importantly, complex 1 was also
found to be up to 2.5 times more selective toward MDA-MB-
231 triple-negative breast cancer cells than MCF-10A normal
breast epithelial cells. This level of selectivity is important
since, for example, cisplatin does not exhibit any selectivity
between MDA-MB-231 and MCF-10A cells.*>** Studies on
the mechanism of cell death for complexes 1 and 4 established
that both complexes induced apoptosis in MDA-MB-231 cells,
as judged by rescue experiments and FACS analysis. These
results are encouraging and warrant further modification of 1
to increase its selectivity toward cancer cells.
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