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Abstract

In this study, 9-anthraldehyde-N(4)-methylthiosemicarbazone (MeATSC) 1 and 

[Co(phen)2(O2CO)]Cl·6H2O 2 (where phen = 1,10-phenanthroline) were synthesized. 

[Co(phen)2(O2CO)]Cl·6H2O 2 was used to produce anhydrous [Co(phen)2(H2O)2](NO3)3 3. 

Subsequently, anhydrous [Co(phen)2(H2O)2](NO3)3 3 was reacted with MeATSC 1 to produce 

[Co(phen)2(MeATSC)](NO3)3·1.5H2O·C2H5OH 4. The ligand, MeATSC 1 and all complexes 

were characterized by elemental analysis, FT IR, UV–visible, and multinuclear NMR (1H, 13C, 

and 59Co) spectroscopy, along with HRMS, and conductivity measurements, where appropriate. 

Interactions of MeATSC 1 and complex 4 with calf thymus DNA (ctDNA) were investigated by 

carrying out UV–visible spectrophotometric studies. UV–visible spectrophotometric studies 

revealed weak interactions between ctDNA and the analytes, MeATSC 1 and complex 4 (Kb = 8.1 
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× 105 and 1.6 × 104 M−1, respectively). Topoisomerase inhibition assays and cleavage studies 

proved that complex 4 was an efficient catalytic inhibitor of human topoisomerases I and IIα. 

Based upon the results obtained from the 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay on 4T1-luc metastatic 

mammary breast cancer cells (IC50 = 34.4 ± 5.2 μM when compared to IC50 = 13.75 ± 1.08 μM 

for the control, cisplatin), further investigations into the molecular events initiated by exposure to 

complex 4 were investigated. Studies have shown that complex 4 activated both the apoptotic and 

autophagic signaling pathways in addition to causing dissipation of the mitochondrial membrane 

potential (ΔΨm). Furthermore, activation of cysteine-aspartic proteases3 (caspase 3) in a time- and 

concentration-dependent manner coupled with the ΔΨm, studies implicated the intrinsic apoptotic 

pathway as the major regulator of cell death mechanism.

Keywords

Cobalt(III) complex; Thiosemicarbazone; Mitochondrial membrane potential; Calf thymus DNA; 
Breast cancer; 59Co NMR spectroscopy

1. Introduction

Breast cancer (BCa) is the second leading cause of morbidity and mortality in women [1–5]. 

Furthermore, triple-negative breast cancer (TNBC) presents considerable therapeutic 

challenges due to disease heterogeneity, absence of established therapeutic targets, 

aggressive metastatic potential with higher rate of distant recurrence, and poor prognosis [6–

8]. In addition, TNBC is most common in younger patients (TNBC is more likely to occur 

before age 40 or 50, versus age 60 or older, which is more typical for other breast cancer 

types [9,10]), especially in African American women [11] often leading to significant 

disease progression and poor prognosis.

Metastatic breast cancer is the most common disease in western women with approximately 

1.7 million new breast cancer diagnoses in 2014 [12,13]. In many patients, it is not the 

primary tumor but metastases at distant sites that are the main cause of death. While rates of 

metastasis and mortality have slightly decreased over the last two decades, the disease is still 

considered incurable even with advances in early detection and systemic adjuvant therapies 

[14]. Chemotherapy only increases the 15-year survival rate of women under 50 by 10%; in 

elderly women this increase is only 3% [15,16]. No technology currently exists for the 

accurate prediction of metastasis; consequently, patients are subject to the toxic side effects 

of classic chemotherapy, which substantially affect the patients’ quality of life [17–19]. 

Therefore, there is an urgent need to necessitate concerted efforts to identify effective agents 

against TNBC.

Cisplatin is widely used for the treatment of many cancers [20] despite its high toxicity, 

undesirable side effects, and problems with drug resistance in primary and metastatic 

cancers [21,22]. These limitations have spurred a growing interest in novel non-platinum 

metal complexes that show anti-cancer properties [23]. Several ruthenium- [24–26], gold-, 

gallium-, titanium-, vanadium, and arsenic-based compounds have been investigated for 

their anti-cancer potential [27–32]. Although none of these compounds have been approved 
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clinically, significant advancements have been made in their development including clinical 

studies with some of the most promising candidates. More recently, Jaouen and co-workers 

reported the use of ferrocenyl tamoxifen derivatives for breast cancer inhibition [33–35]. In 

one of those studies, Jaouen and co-workers [35] developed stealth FcOHTam, an 

organometallic ferrocene derivative of hydroxytamoxifen loaded lipid nanocapsules to 

evaluate this novel drug on a TNBC xenografted model [35]. A significantly lower tumor 

volume was obtained with a difference of 36% at day 38 when compared to the untreated 

group [35]. Those results represented the first evidence of an in vivo effect of FcOHTam and 

ferrocenyl derivatives on xenografted breast tumors [35].

For many years, and more recently, the interaction between a variety of transition metals 

with polypyridyl ligands and DNA has been extensively studied as part of the efforts to fight 

cancer [36–45]. Due to unusual binding properties and general photoactivity, these 

coordination compounds are suitable candidates as DNA secondary structure probes, 

photocleaving agents, and anti-cancer drugs [46]. Examples of photocleaving activities with 

ruthenium(II)-containing mixed-metal complexes with rhodium(III) and vanadium(IV) metal 

centers were reported by Brewer and co-workers [42,43,47] and Holder and co-workers [48], 

and by other researchers who reported cobalt-, ruthenium-, and vanadium-containing metal 

centers [49–80].

Cobalt is one of the most important trace metals, where in the form of vitamin B12 

(cobalamin), it plays a number of critical roles in multiple biological functions, including 

DNA synthesis, formation of red blood cells, maintenance of the nervous system, and 

growth and development. Despite their well-known versatility, cobalt-containing compounds 

have not been studied extensively as inorganic pharmaceuticals in comparison to other 

metals. To date, the only cobalt-based therapeutic that has reached clinical trials is Doxovir, 

a Co(III) Schiff base complex effective against drug-resistant herpes simplex virus 1 (HSV1) 

[81]. While it provides an example for cobalt-based pharmaceuticals, the mechanism of 

action of Doxovir is not fully understood. A substantial amount of literature on cobalt-
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containing complexes has been reported while demonstrating their potential for medicinal 

applications [32,82–89]. However, the rationale behind the design and mechanisms of many 

of these agents has not been clearly defined.

Cobalt(III) and ruthenium(II) complexes that can intercalate between the stacked base pairs 

of native DNA have been actively investigated as probes [90–94] of DNA structure in 

solution and as stereoselective or conformation-specific agents for the photoactivated 

cleavage of DNA [95,96]. The nature of the interactions between cobalt (III) and 

ruthenium(II) complexes and others [97,98] and DNA have primarily been studied by cyclic 

voltammetry [96,99–104], spectroscopic [105–109], and X-ray crystallographic methods 

[105], to name a few.

Metal-based compounds that contain thiosemicarbazones as ligands possess a wide range of 

biological activities [110–117]. Thiosemicarbazones and their metal complexes present a 

wide range of applications that stretch from analytical chemistry, through pharmacology to 

nuclear medicine [118,119]. The biomedical activity of the thiosemicarbazones is enhanced 

by coordination to a transition metal ion [110–117,120,121]. Approximately 40% of drug 

candidates produced from combinatorial screening programs have poor aqueous solubility (< 

10 μM) [122]. Coordination of a drug candidate to a positively-charged metal complex has 

been shown to greatly improve aqueous solubility in many cases, e.g., the proton pump 

inhibitor esomeprazole has very low aqueous solubility and is typically administered as 

esomeprazole magnesium, a water soluble bis(esomeprazole) magnesium complex [123]. 

Alternatively, coordination of a metal ion by negatively-charged groups such as carboxylates 

and phosphates can reduce the negative charge of a drug, thus enhancing passive cellular 

uptake and absorption [124]. In addition, endogenous metal ions and complexes can offer 

active transport pathways into the cell, allowing greater and more selective cellular 

accumulation of the drug [125].

Transition metal complexes are particularly suited to controlled drug release, having bonds 

that are highly responsive to their environment [121]. Such cases are applied when prodrug 

complexes can be designed that are inert under normal physiological conditions, but become 

labile with a change in environment such as redox status, pH, or the localized application of 

light [126–128]. By not activating a drug before it reaches its target, side reactions and 

premature metabolism that can lead to undesirable side effects to normal cells can be 

reduced tremendously [110–116,127,129]. In addition to overcoming the limitations of an 

organic drug, the metal complex can itself be biologically active [129]. By generating an 

active metal complex and active organic molecule from a single prodrug, multiple means of 

acting upon a target can be achieved [130]. Dual-action drugs may be more potent than the 

parent organic drug and be able to circumvent drug resistance mechanisms [131].

Cobalt(III) complexes with thiosemicarbazones and methyl-substituted 1,10-phenanthroline 

[132] as ligands, have been reported as anti-cancer agents in several cancer cell lines 

[87,133]. However, an understanding of how cobalt-containing complexes interact with 

biological systems to elicit chemotherapeutic effects is clearly necessary for the 

development of cobalt-based drugs [83].
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Given the antineoplastic activities of thiosemicarbazone metal complexes [87,134–136], it is 

important to know their sites of action and mechanisms of cell death induction at the 

molecular level. A Nomenclature Committee on “Cell Death” has defined regulated cell 

death (RCD) mechanisms that include a number of different signaling scenarios beyond the 

initial introduction of programmed cell death or apoptosis as an alternative to necrosis [137]. 

The most common RCD mechanisms include apoptosis, programmed necrosis or 

necroptosis, and post-autophagic cell death [138,139]. For studies here, we have focused on 

apoptosis and autophagy. Apoptosis can be induced by extrinsic mechanisms through cell 

death receptors and/or intrinsic mechanisms that are initiated by heterogeneous intracellular 

signaling such as DNA damage and oxidative stress or hypoxia, among others. All of these 

intrinsic mechanisms involve mitochondria. Autophagy serves pro-survival functions as well 

as RCD signaling, depending on the stimulus, its intensity, and cellular context.

In our efforts to carry out anti-cancer studies with non-platinum-containing complexes, we 

have decided to focus on a cobalt(III) complex using our previously reported appended 

thiosemicarbazone with anthracene (9-anthraldehyde-N(4)-methylthiosemicarbazone 

(MeATSC) 1) [140]. Anthracene derivatives are the most important class of ligands with 

high intrinsic fluorescence properties [141]. Anthracene derivatives have been investigated 

for their binding to DNA, and some are promising chemotherapeutic agents [142,143]. 

Anthracene itself has been reported to be effective against psoriasis [144]; while other 

anthracene derivatives tested for their anti-cancer activity include mitoxantrone, 

ametantrone, and bisantrene [145–147]. Mitoxantrone, ametantrone, and bisantrene have 

been suggested to elicit their activity by binding to DNA through groove/electrostatic as well 

as intercalative binding modes [145–147]. The azonafides [148] are a series of anthracene-

based DNA intercalators which inhibit tumor cell growth in vitro at low nanomolar 

concentrations and are not affected by the multidrug resistance phenomenon (MDR), which 

is a logical choice to explore the use of our cobalt(III) complex with an anthracene-

containing thiosemicarbazone ligand, MeATSC 1 [140]. Herein this paper presents 

mechanistic investigations of the combined effect of thiosemicarbazone pharmacophore with 

anthracene (MeATCS 1) and complex 4 on a highly aggressive metastatic breast cancer cell 

line, 4T1-luc [149–151]. Interactions of the novel complex 4 with ctDNA and human 

topoisomerase, cytotoxicity studies, studies of induction of apoptosis and autophagy 

signaling pathways, along with the effect on the mitochondrial membrane potential (ΔΨm) 

are also discussed.
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2. Experimental

2.1. Reagents and instrumentation

All chemicals and reagents were purchased from commercial sources and were used without 

further purification. Ethidium bromide (EB) and calf thymus DNA (ctDNA) were purchased 

from Sigma-Aldrich (St. Louis, MO). Fetal bovine serum (FBS) and Dulbecco’s Modified 

Eagle’s Medium (DMEM) were obtained from Mediatech, Inc. (Manassas, VA). CellTiter 

96® AQueous One Solution Cell Proliferation Assay (MTS), and Caspase-3/7 Glo kits were 

purchased from Promega Corporation (Madison, WI). All buffer solutions were prepared 

with doubly-distilled water.

Microanalyses (C, H, and N) were performed by Columbia Analytical Services 3860 S. Palo 

Verde Road Suite 303 Tucson, AZ 85714, U.S.A., Galbraith Laboratories, 2323 Sycamore 

Dr. Knoxville, TN 37921, U.S.A., Intertek Chemical and Pharmaceuticals, 291 Route 22 

East, Salem Industrial Park, Bldg. #5, Whitehouse, NJ 08888, U.S.A., and the College of 

Sciences Major Instrument Cluster (COSMIC), Old Dominion University, 143 

Oceanography & Physical Sciences Building Norfolk, VA 23529, U.S.A. 59Co NMR spectra 

were acquired on a Varian 500 MHz NMR spectrometer and on a Bruker AVANCE III 400 

MHz NMR spectrometer with DMSO‑d6 as solvent, where K3[Co(CN)6] (δ = 289 ppm 

[152]) as an external reference at room temperature. 1H, 13C, 1H-1H COSY, and 1H-13C 

HSQC NMR spectra were acquired on a Bruker AVANCE III 400 MHz NMR spectrometer 

with DMSO‑d6 as solvent. All NMR spectra were processed with the Spectrus Processor 

2012 software which is available from Advanced Chemistry Development (ACD, Inc., 8 

King Street East, Suite 107, Toronto, Ontario M5C 1B5, Canada).

All UV–visible spectra were acquired on an Agilent 8453A diode array spectrophotometer; 

while all conductivity measurements were acquired on a SPER Scientific 860032 benchtop 

conductivity/TDS/salinity meter. The meter was calibrated using a 1413 μS cm−1 NaCl 

conductivity standard solution available from VWR (Ricca Chemical Company, catalog #: 

RC2236.52–16). The cell constant, K, for the meter was calculated using a 0.0200 M KCl 

solution. Conductivity measurements were acquired with a 1.0 mM complex 4 in CH3CN 

and DMSO as solvents.
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All ESI MS spectra were acquired via positive electrospray ionization on a Bruker 12 Tesla 

APEX–Qe FTICR-MS with and Apollo II ion source at the College of Sciences Major 

Instrument Cluster (COSMIC), Old Dominion University, 143 Oceanography & Physical 

Sciences Building Norfolk, VA 23529, U.S.A. Complexes 2, [Co(phen)2(O2CO)] PF6, 3, and 

[Co(phen)2(H2O)2](PF6)3 were dissolved in methanol; while complex 4 was dissolved in 

acetonitrile:methanol (1:1) before being introduced by direct injection using a syringe pump 

with a flow rate of 2 μL s−1. The data was processed using Bruker Daltonics Data Analysis 

Version 3.4.

2.2. Synthesis of the ligand and complexes

2.2.1. Synthesis of the ligand and [Co(phen)2(O2CO)]PF6—The ligand, 9-

anthraldehyde-N(4)-methylthiosemicarbazone (MeATSC) 1, was synthesized according to 

previously reported protocol [140]. [Co(phen)2(O2CO)]Cl·6H2O (where phen = 1,10-

phenanthroline) 2 was synthesized using the procedure as reported by Kashiwabara et al. 

[153]: Cobalt chloride hexahydrate (2.35 g, 10 mmol) in water (5 mL) and 30% H2O2 (2 

mL) were mixed in an ice-bath; then the mixture was added drop wise to a slurry of KHCO3 

(6.0 g, 60 mmol) in water (6 mL) at 0 °C. After the addition, the reaction mixture was stirred 

at 0 °C for 30 min. 1,10-Phenanthroline (3.6 g, 20 mmol) was dissolved in aqueous ethanol 

(5 mL) and was added to the solution of CoCl2·6H2O and H2O2. The resulting solution was 

stirred for 1 h at 20 °C.

After stirring for 1 h, the temperature was raised to 33 °C and the stirring was continued for 

2 h. The previously green solution turned red in color after stirring for 2 h. The temperature 

was again raised to 50 °C and water (5 mL) was added to the solution. The solution was 

stirred for one additional hour. Glacial acetic acid (1176 μL, 1.2 g, 20 mmol) in water (5 

mL) was added drop wise to the solution over a period of 15 min. The stirring was continued 

at 50 °C for 2 h. After 2 h, glacial acetic acid (1176 μL) in water (5 mL) was again added 

drop wise to the solution over a period of 15 min. The reaction was stirred for additional 30 

min at 50 °C. The reaction mixture was then filtered using gravity; then the filtrate was kept 

overnight whereby crystals were formed. The crystals were filtered off in a fine frit and the 

resulting mother liquor of the filtrate was concentrated to half volume; then cooled in the 

refrigerator overnight to form more crystals. The second set of red crystals were filtered 

from the mother liquor and air dried. All crystals were combined and weighed. Yield = 5.15 

g (83%).

1H NMR (400 MHz, DMSO‑d6) 9.28 (d, J = 7.92 Hz, 2 H), 9.22 (d, J = 4.84 Hz, 2 H), 8.93 

(d, J = 7.70 Hz, 2 H), 8.50 (m, 4 H), 8.43 (m, 2 H), 7.84 (d, J = 4.62 Hz, 2 H), and 7.78 (m, 2 

H).

1H NMR (400 MHz, D2O, δ/ppm) 9.35 (dd, J = 5.28, 1.10 Hz, 2 H), 9.11 (dd, J = 8.14, 1.10 

Hz, 1 H), 8.67 (dd, J = 7.92, 1.32 Hz, 1 H), 8.45 (dd, J = 5.50, 3.08 Hz, 1 H), 8.27 (d, J = 

8.80 Hz, 1 H), 8.16 (d, J = 9.02 Hz, 1 H), and 7.52–7.63 (m, 2 H).

13C NMR (101 MHz, DMSO‑d6, δ/ppm) 163.14, 154.03, 151.58, 147.01, 146.78, 140.82, 

139.77, 130.27, 130.13, 127.97, 127.76, 127.71, and 126.82.
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Lit. [154] 1H NMR (400 MHz, DMSO‑d6, δ/ppm) 9.24 (J = 5.36), 8.99 (J = 8.28), 8.55 (J = 

7.62), 8.16 (J = 8.92), 8.04 (J = 8.89).

Lit. [154] 13C NMR (101 MHz, DMSO‑d6, δ/ppm) 166.63, 154.45, 151.21, 147.43, 147.38, 

141.37, 140.33, 130.92, 130.83, 128.12, 127.83, 128.66, and 126.47.

High resolution ESI MS (positive mode): For [C25H16CoN4O3]+, found m/z = 479.0544 and 

calculated m/z = 479.0549 ([M−Cl]+).

[Co(phen)2(O2CO)]PF6 was synthesized by metathesis of the pure sample of 

[Co(phen)2(O2CO)]Cl·6H2O 2 by using an aqueous solution containing NH4PF6. 

[Co(phen)2(O2CO)]Cl·6H2O 2 (0.32 g, 0.51 mmol) was dissolved in hot water (50 mL) 

before NH4PF6 (3.0 g, 18 mmol) was added with stirring. The reaction mixture was allowed 

to cool to room temperature before it was filtered through a fine frit. The resulting residue 

was washed with water followed by diethyl ether before it was air dried. Yield: 0.29 g 

(91%).

High resolution ESI MS (positive mode): For [C25H16CoN4O3]+, found m/z = 479.0546 and 

calculated m/z = 479.0549 ([M−PF6
−]+).

2.2.2. Synthesis of anhydrous [Co(phen)2(H2O)2](NO3)3 3 and [Co 
(phen)2(H2O)2](PF6)3—Initially, [Co(phen)2(H2O)2](NO3)3·2H2O was synthesized by the 

acid hydrolysis of [Co(phen)2(O2CO)]Cl·6H2O using a modified procedure as reported by 

Ye et al. [155]:

[Co(phen)2(O2CO)]Cl·6H2O (3.02 g, 5.87 mmol) was mixed with 3 M HNO3 (130 mL). The 

resulting mixture was heated until all solids were dissolved. The reaction mixture was then 

stirred at room temperature for 24 h. After which the mixture was concentrated on a steam 

bath before it was poured into a mixture of Et2O:EtOH (112 mL, 1:1 v/v) and was placed in 

the freezer (−20 °C) overnight.

The mixture was then filtered; the residue was washed with ethanol, air dried and collected. 

The residue was once more dissolved in 3 M HNO3 (20 mL); then the resulting mixture was 

poured into Et2O:EtOH (1:1 v/v, 100 mL). The mixture was then placed into the freezer 

(−20 °C) overnight. The mixture was filtered, and the residue was air dried and collected 

before it was placed into a desiccator with concentrated H2SO4 for three days to produce 

anhydrous [Co(phen)2(H2O)2](NO3)3 3, which was then used in the subsequent syntheses. 

Yield = 2.44 g (65%)

1H NMR (400 MHz, D2O, δ/ppm) 9.71 (d, J = 4.84 Hz, 2 H), 9.37 (d, J = 7.48 Hz, 2 H), 

8.82 (d, J = 7.92 Hz, 2 H), 8.66 (s, 2 H), 8.54 (d, J = 9.02 Hz, 2 H), 8.36 (d, J = 8.80 Hz, 2 

H), 7.61–7.69 (m, 2 H), and 7.48 (d, J = 5.50 Hz, 2 H).

Lit: [155] 1H NMR (500 MHz, D2O, δ/ppm): 9.59 (d, 1 H, J = 5.22 Hz), 9.24 (d, 1 H, J = 

8.23 Hz), 8.69 (d, 1 H, J = 8.15 Hz), 8.52 (q, 1 H), 8.41 (d, 1 H, J = 8.72 Hz), 8.23 (d, 1 H, J 
= 8.90 Hz), 7.51 (q, 1 H) and 7.37 (d, 1 H, J = 5.5 Hz).
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High resolution ESI MS (positive mode) in methanol: For [C24H16CoN4O2]+, found m/z = 

451.0599 and calculated m/z = 451.0600 ([M−3NO3
−−H2−2H+]+). For [C24H18CoN4O2]+, 

found m/z = 453.0757 and calculated m/z = 453.0756 ([M−3NO3
−−2H+]+).

[Co(phen)2(H2O)2](PF6)3 was synthesized by metathesis of the pure sample of anhydrous 

[Co(phen)2(H2O)2](NO3)3 3 with an aqueous solution containing NH4PF6: Anhydrous 

[Co(phen)2(H2O)2](NO3)3 3 (0.32 g, 0.50 mmol) was dissolved in hot water (10 mL) before 

NH4PF6 (3.00 g, 18 mmol) was added. The mixture was cooled to room temperature before 

it was filtered through a fine frit. The resulting residue was washed with water, followed by 

diethyl ether, then air dried. Yield = 0.29 g (65%).

High resolution ESI MS (positive mode) in methanol: For [C24H18CoN4O2]+, found m/z = 

453.0760 and calculated m/z = 453.0756 ([M−3NO3
−−2H+]+).

2.2.3. Synthesis of [Co(phen)2(MeATSC)](NO3)3·1.5H2O·C2H5OH 4—Anhydrous 

[Co(phen)2(H2O)2](NO3)3 3 (0.79 g, 1.2 mmol), MeATSC (0.37 g, 1.3 mmol), and absolute 

ethanol (400 mL) were mixed in a 1 L round bottom flask. The reaction mixture was 

degassed with argon for 15 min, then refluxed with stirring for 24 h at 110 °C. The reaction 

mixture was then evaporated to dryness, and the resulting residue was sonicated with diethyl 

ether before it was filtered through a fine frit. The residue was washed thoroughly with 

diethyl ether until the filtrate was colorless; then air dried. Yield: 1.03 g (88%).

Anal. calculated for C43H40CoN10O11.5S (MW = 971.84): calculated; C, 53.14; H, 4.15; and 

N, 14.41%.

Found: C, 53.23; H, 3.73; and N, 14.14%.

High resolution ESI MS (positive mode) in acetonitrile:methanol: For [C41H30CoN7S]2+, 

found m/z = 355.5798 and calculated m/z = 355.5802 ([M−3NO3
−−H+]2+); and for 

[C24H16CoN4]+, found m/z = 419.0693 and calculated m/z = 419.0701 ([M−3NO3
−

−MeATSC]+).

1H NMR (400 MHz, DMSO‑d6, δ/ppm): 10.10 (d, J = 5.06 Hz, 1 H), 9.42 (d, J = 7.48 Hz, 1 

H), 9.37 (d, J = 8.14 Hz, 1 H), 9.03 (d, J = 8.14 Hz, 1 H), 8.94 (d, J = 7.92 Hz, 2 H), 8.72 

(dd, J = 8.03, 5.61 Hz, 1 H), 8.55–8.67 (m, 4 H), 8.47 (d, J = 8.80 Hz, 1 H), 8.51 (d, J = 8.80 

Hz, 1 H), 8.26 (br. s., 1 H), 8.03–8.13 (m, 3 H), 7.98 (dd, J = 7.92, 5.50 Hz, 1 H), 7.69–7.84 

(m, 3 H), 7.41–7.60 (m, 5 H) 3.30–3.49 (m), and 1.00–1.11 (m).

13C NMR (101 MHz, DMSO‑d6, δ/ppm): 154.07, 153.47, 153.09, 152.79, 151.36, 146.78, 

146.05, 145.66, 145.50, 145.26, 141.81, 141.49, 140.85, 140.26, 134.38, 131.83, 131.80, 

131.18, 130.49, 130.08, 129.37, 129.00, 128.81, 128.62, 128.46, 128.30, 128.26, 128.22, 

128.00, 127.69, 127.04, 126.74, 126.57, 125.55, 125.34, 124.74, 123.88, 64.72, 55.87, 

31.28, 20.88, 18.39, and 14.99.

59Co NMR (95 MHz, DMSO‑d6, δ/ppm): 7067 ppm.

UV–visible spectrum in DMSO (λ/nm (ε/10−4 M−1 cm−1)): 264 (8.9), 355 (0.85), 372 

(0.93), and 392 (1.0).
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FTIR (ν/cm−1): 3227 (s, br) and 3053 (s, br) (N–H), 1580 (m) (C═N), 1224 (s) and 827 (s) 

(C═S), and 1323 (vs) (NO3
−).

Conductivity measurements (a 1.0 mM solution): In CH3CN, Λm = 295 Ω−1 cm−1 mol−1 and 

in DMSO, Λm = 72 Ω−1 cm−1 mol−1.

2.3. DNA-interaction studies

A stock solution of MeATSC 1 was prepared in DMSO, while the stock solution of 

complexes 3 and 4 were prepared in Tris-HCl buffer. All ctDNA stock solutions were 

prepared by dissolving commercially available ctDNA (0.11 g) in Tris-HCl buffer (100 mL, 

5 mM Tris, 3.55 mM, 25 mM NaCl, pH 7.68); then stored at 4 °C for no longer than a week. 

UV absorbances at 260 and 280 nm of ctDNA in Tris-HCl buffer gave a ratio of 1.8–1.9, 

indicating that ctDNA was protein-free [156]. The ctDNA concentration in phosphate 

nucleotide was determined spectrophotometrically using a molar extinction coefficient of 

6600 M−1 cm−1 at 260 nm [47].

The solutions of the analytes were prepared by diluting the respective species to a final 

concentration of 20 μM for MeATSC 1, and 50 μM for complexes 3 and 4, all in Tris-HCl 

buffer containing ctDNA at various concentrations ranging from 0 to 100 μM. The solutions 

were allowed to equilibrate for at least 5 min before their UV–visible spectra were acquired.

2.3.1. Stability studies of complex 4 in water and PBS buffer and its 
reactivity with reduced glutathione—A 5 mM stock solution of complex 4 was 

prepared in DMSO before it was diluted to its final concentration of 20 μM in either water or 

PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4, pH 7.20). 

Reduced L-glutathione stock was prepared in the PBS buffer and was diluted to a final 

concentration of 100 μM in the presence of 20 μM of complex 4. The UV–visible spectra of 

the respective solutions were acquired at 0, 24, 48, 72, and 168 h.

2.4. Activity against topoisomerase I & II

2.4.1. Human topoisomerase I and IIα relaxation assay—Human topoisomerase I 

(hTOP1, obtained from TopoGen in Buena Vista, CO) relaxation assays were carried out 

with 160 ng of supercoiled pBAD/Thio plasmid DNA purified by cesium chloride gradient 

centrifugation in the reaction buffer supplied by TopoGen. The DNA was mixed with the 

indicated concentration of compound dissolved in DMSO. Human topoisomerase I, 0.5 U, 

was then added to the mixture for a final volume of 20 μL. Following incubation at 37 °C for 

30 min, the reactions were terminated by addition of 4 μL of a solution containing 5% 

sodium dodecyl sulfate (SDS), 0.25% bromophenol blue, and 25% glycerol. The samples 

were then analyzed by agarose gel electrophoresis [157]. The gels were stained in ethidium 

bromide and photographed under UV light before densitometry analysis.

Human topoisomerase IIα (hTOP2α, obtained from TopoGen) relaxation assays were 

carried out in the same manner as human topoisomerase I assays, but with 2 U of enzyme 

per reaction.

Beebe et al. Page 10

J Inorg Biochem. Author manuscript; available in PMC 2020 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.4.2. Human topoisomerase I and IIα cleavage assay—DNA cleavage assays 

were carried out with 300 ng of supercoiled pBAD/Thio plasmid DNA in 20 μL of buffer 

supplied by the manufacturer (TopoGen). DNA was first mixed with 0.5 μL of test 

compounds dissolved in DMSO. Five units of hTOP1 or 2.5 units of hTOP2α were then 

added, and the samples were incubated for 30 min at 37 °C before the addition of 2 μL stop 

solution (10% sodium dodecyl sulfate (SDS) and 20 mg mL−1 proteinase K). The samples 

were then incubated for an additional 30 min at 37 °C. The reactions were analyzed by 

electrophoresis in 1% agarose gels containing 0.5 μg mL−1 ethidium bromide before being 

photographed under UV light [158].

2.5. Cell culture

4T1-luc cells (mouse mammary breast cancer) were obtained from American Type Culture 

Collection (ATCC). 4T1-luc cells were transformed with pGL4.50luc2/CMV/Hygro. 4T1-luc 

cells were maintained in the logarithmic stage of growth in high glucose Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% 

non-essential amino acids (NEAA) and 1% antibiotics (100 units mL−1 penicillin and 100 

μg mL−1 streptomycin) at 37 °C in a humidified atmosphere containing 5% CO2 and were 

used at passages 3 to 25. Except where indicated, analyses were performed on same passage 

cells within two weeks after thawing. The cells used in these studies were tested and shown 

to be free of mycoplasma and viral contamination.

2.6. Cytotoxicity studies

Cell viability following exposure to complex 4 was assessed via the CellTiter 96® AQueous 

One Solution Cell Proliferation (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)) assay (Promega, 

Madison, WI). Briefly, the cells were seeded on a 96 well plate (2.5 × 104 cells per well) in 

100 μL of medium and incubated for 4 h. Following incubation, solutions containing 

complex 4 were prepared in DMEM. The seeding media was removed, and cells were then 

treated with 100 μL complex 4 in complete media at different concentrations and incubated 

for 24 h at 37 °C in 5% CO2. After 24 h of incubation, the cells were assayed for viability by 

the MTS assay as described by the manufacturer using μQuant™ Microplate 

spectrophotometer or VersaMax ELISA Microplate reader. To examine the effect of 

inhibition of the autophagic pathway, cells were pre-incubated at 37 °C for 4 h with 600 nM 

necrostatin-1 (Sigma-Aldrich, St. Louis, MO) prior to the addition of complex 4. To examine 

the effect of inhibition of caspase activity, cells were pre-incubated with 10 mM 

benzyloxycarbonyl-Val-Ala-Asp-(O-methyl)-fluoromethylketone (z-VAD-FMK) for 4 h 

prior to the addition of complex 4. Complex 4, as well as all positive and negative controls, 

including cisplatin, were tested in triplicate on cells at various passage numbers.

2.7. Apoptosis evaluation

2.7.1. Caspase 3/7 activity—Caspase 3/7 activity was determined by Caspase-Glo 3/7 

kit using tetrapeptide substrate sequences Ac-DEVD-AMC (Promega, Madison, WI). 

Following the manufacturer’s instruction, for each analysis, the cells were plated in triplicate 

on 96-well plates (2.5 × 104 cells per well) in the presence or absence of pan caspase 

Beebe et al. Page 11

J Inorg Biochem. Author manuscript; available in PMC 2020 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inhibitor z-VAD-FMK for 4 h. The seeding media was removed, and the cells were then 

treated with 100 μL of complex 4 in complete media at different concentrations and 

incubated for 24 h at 37 °C in 5% CO2. After a 24-hour incubation period, the plates were 

equilibrated at room temperature for 30 min before 100 μL of Caspase-Glo 3/7 reagent was 

added to each well. The contents were gently mixed using a plate shaker at 300 rpm for 30 s. 

The luminescence was read in a luminometer (FLUOstar Omega, BMG Labtech), after a 35-

minute incubation at room temperature. The increase in activity was calculated based on 

activity of control (sham-treated) cells.

2.7.2. Measurement of mitochondrial membrane potential (ΔΨm)—The ΔΨm 

was detected using tetramethylrhodamine ethyl ester (TMRE) (Immunochemistry 

Technologies LLC, Bloomington, MN) as previously described in the literature [159,160]. 

Briefly, cells were seeded on a 24 well plate (7.0 × 104 cells per well) for 4 h. After the 

incubation time, the medium was removed; then the cells were treated with 500 μL of 

complex 4, all in complete media at different concentrations for either 2, 4, or 6 h at 37 °C in 

5% CO2. At the specified time points cells were then harvested using 150 μL trypsin-EDTA 

1× (ThermoFisher Scientific, Waltham, MA), pelleted, and the supernatant was removed. 

The cells were then pre-incubated with 200 nM of TMRE for 15 min. The cells were washed 

twice with PBS buffer before being re-suspended in culture media (500 μL) and analysis was 

carried out on a Becton Dickinson FACS Aria flow cytometer. The average red fluorescence 

intensity (10,000 cells) was analyzed on the FL-2 channel when the TMRE red emissions 

decrease as the ΔΨm decreases.

2.7.3. Analysis of autophagy by flow cytometry—Autophagy was detected using a 

Cyto-ID® autophagy detection kit (Enzo Life Science, Farmingdale, NY) using Cyto-ID™ 

green autophagy detection reagent, which selectively labels green vacuoles associated with 

the autophagy pathway, with minimal background lysosomal staining. Briefly, cells were 

harvested from culture and plated on a 24-well plate (7.0 × 104 cells per well) for 4 h in the 

presence or absence of 600 nM necrostatin-1. After incubation, the supernatant was 

discarded, and the cells were treated with complex 4 at different concentrations and 

incubated for various times at 37 °C in 5% CO2. After incubation, the cells were washed 

with PBS buffer, centrifuged (1000 rpm for 5 min), and the supernatant was discarded. 

Following this, the cells were trypsinized, washed and re-suspended in fresh indicator-free 

DMEM containing 5% FBS. CYTO-ID Green stain solution was added before incubation 

for 30 min in the dark. Afterwards, the cells were washed, re-suspended in culture media, 

and fixed in 4% formaldehyde for 20 min. The samples were analyzed on a Becton 

Dickinson FACS Aria flow cytometer in the FL-1 and FL-2 channels. Autophagic activity 

was estimated measuring the mean fluorescence intensity (MFI) value. Positive controls for 

inducing autophagy included rapamycin (500 nM), chloroquine (120 μM), and starvation 

(DMEM-FBS). The results shown are representative of multiple experiments performed in 

triplicate.
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3. Results and discussion

3.1. Synthesis and characterization

The MeATSC 1 ligand was synthesized and characterized as by Beckford et al. [140]. 

Complexes 2 and 3 were synthesized; then characterized by 1H NMR spectroscopy (see 

Supplementary information for the 1H NMR spectra for complexes 2 and 3) as reported in 

the literature [153–155]. Scheme 1 shows the synthetic procedure for the formation of 

complex 4.

Elemental analysis was carried out on complex 4. The percentage for carbon, hydrogen, and 

nitrogen were found as 53.23%, 3.73%, and 14.14%, respectively, with the best fit being the 

complex with 1.5H2O and ethanol as solvates. The percentage of hydrogen found in 

complex 4 was 3.73% versus the calculated value of 4.15%. The elemental analysis data for 

the percentage of H is not fully consistent with the calculated value, but other spectroscopic 

methods confirmed the identity and purity of complex 4. Due to the fact that the discrepancy 

is only in the hydrogen, it is likely due to an error in the analysis process or the loss of 

ethanol and/or water as solvate(s) during the analytical procedure.

Another reason is based on the fact that there are some discrepancies in CHN data for some 

coordinated thiosemicarbazones as reported in some of the literature. We noticed these 

discrepancies in our previously reported data on vanadium(IV) complexes (with 

acetylethTSC and N-ethhymethohcarbthio ligands) [161] and the MeASTC ligand 1 as 

reported by Kate et al. [162], where their calculated %C was lower than the found %C for 

[Cu(ATSC)2]; anal. calcd for C32H24N6S2 Cu: C, 61.2; H, 3.90; N, 13.54. Found: C, 59.79; 

H, 3.62; N, 13.48. We also believe that in our case and those discrepancies in the elemental 

analyses of complexes with thiosemicarbazones as reported by Sobiesiak et al. [163] (% 

calculated and found for H in dichlorido(1-[amino(thioxo)methyl]-5-hydroxy3-methyl-1H-

pyrazole-κN2)cobalt (II)), Lewis et al. [161], and Kate et al. [162], that tautomerism in 

thiosemicarbazones [140] could be occurring, hence causing the discrepancy in the %H in 

our case for complex 4.

3.1.1. High resolution mass spectral analysis and conductivity 
measurements of complex 4—High resolution mass spectra (HRMS) were acquired for 

complex 2, [Co(phen)2(O2CO)]PF6, 3, and [Co(phen)2(H2O)2](PF6)3, and complex 4 (see 

Figs. 1 and S1, Supplementary information for the HRMS for the respective cations). In all 

mass spectral analyses, M was assigned as the molecular ion minus any solvates.

For complex 2 and [Co(phen)2(O2CO)]PF6, a species with the following formula was 

detected: [C25H16CoN4O3]+, for [M−Cl−]+ and [M−PF6
−]+, respectively(see Fig. 1). In both 

cases, [Co(phen)2(O2CO)]+ was formed in the mass spectrometer.

For complex 3 and [Co(phen)2(H2O)2](PF6)3, species with the following formulas were 

detected: [C24H16CoN4O2]+ (a peroxo complex, [Co(phen)2(O2)]+), and [C24H18CoN4O2]+ 

(a dihydroxo complex, [Co(phen)2(OH)2]+, see Fig. 1). For complex 3, the base peak for 

[C24H16CoN4O2]+ occurred at m/z = 451.0599 ([M−3NO3
−−H2−2H+]+), where the 
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calculated m/z = 451.0600. For complex 3, another base peak for [C24H18CoN4O2]+ 

occurred at m/z = 453.075, where the calculated m/z = 453.0756 ([M−3NO3
−−2H+]+).

The m/z value of 355.5798 which is detected for the cobalt(III)-containing species arising 

from complex 4 suggests that in addition to the loss of the three NO3
− counter ions, 

tautomerization of the ligand, MeATCS 1 (Figs. 1, S1, and Schemes 2 and 3) [140], and 

deprotonation of the thiolate anion occurs upon coordination to the cobalt(III) metal center. 

The results obtained are in agreement with the expected structural formula for complex 4 
and the cation formed in the mass spectrometer as shown in Schemes 1 and 3, respectively. 

Hence, the species detected is doubly charged as shown in Scheme 3, where the calculated 

exact mass of the doubly charged cation = 711.1604 g mol−1 (see Fig. 1 for the high 

resolution ESI mass spectrum of the cationic species formed).

Fig. S1 shows the HRMS of the cations formed from complex 4 and the proposed structure 

of the [Co(phen)2]+ species with a found m/z = 419.0693 (calculated m/z = 419.0701), 

which is believed to be formed from the loss of three NO3
− counterions and the MeATSC 1 

ligand, followed by an intramolecular electron transfer (or autoreduction) of one electron 

from each of the phen ligands to reduce the cobalt (III) metal center to form a cobalt(I) metal 

center.

To the best of our knowledge, this is the first report of its kind in the literature. However, 

there are reports of autoreduction of cobalt catalysts supported on carbon nanotubes and 

carbon spheres, nitrogen-doped carbon spheres, and cobalt nanoparticles supported on 

ordered mesoporous carbon for the Fischer-Tropsch synthesis [164–166]. Another example 

of autoreduction of cobalt-containing species is based on the effect of nitrogen on the 

autoreduction of cobalt nanoparticles supported on nitrogendoped ordered mesoporous 

carbon for the Fischer-Tropsch synthesis [167]. Also autoreduction of Pd-Co and Pt-Co 

cyanogels, where the cyanide ligand acts as a reducing agent and reduces the metal centers 

to lower oxidation states [168].

Autoreduction of some copper(II)-containing species is also known to occur as reported in 

the literature [169–173]. Autoreduction of bischelated copper(II) complexes of 6,6′-
dialkyl-2,2′-bipyridines [169] and 8-dimethylarsinoquinoline [174] has also been reported. 

In those papers, the reduction of copper(II) is not attributed to the donor atoms of the ligands 

(i.e., the electronic properties) but to the geometry of a complex, which is exclusively 

defined by the sterically hindered group of a ligand [169,174]. Thus, upon the control of the 

geometry of a complex, which prefers Cu(I) to Cu(II), the reduction of copper(II) complexes 

to copper(I) complexes occurs [169,174].

Another example is where intramolecular electron transfer in Cu(II) complexes with aryl-

imidazo-1,10-phenanthroline derivatives [175], where the observed autoreduction of Cu(II) 

to Cu(I) was explained by at least three reasons. These were as follows: (1) the presence of 

donor substituent in the phenyl ring of the ligand, phenyl (1), 4-(N,N-dimethylamino)phenyl, 

(2) the geometry around the copper(II) metal center, and (3) the solvent effect [175].

Conductivity measurements were carried out on a 1.0 mM solution of complex 4 in CH3CN. 

It was determined that Λm = 295 Ω−1 cm−1 mol−1 which proved the existence of complex 4 
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as a 2:1 electrolyte (providing two NO3
− anions and one [Co (phen)2(MeATSC)]2+ cation) 

based on the use of conductivity measurements to ascertain types of electrolytes in various 

solvents as reported in a review as written by Geary [176] (where a summary of the expected 

Λm ranges for complexes of different electrolyte types at 10−3 M in the common solvents 

solvent, including CH3CN (Ω−1 cm−1 mol−1) is shown in Table 11 of this citation of Geary) 

[176]. It was also found that Λm = 72 Ω−1 cm−1 mol−1 in DMSO, which is a very important 

piece of data to add to the compilations of Geary [176].

Complex 4 as a 2:1 electrolyte accounts for the presence of a mononuclear dication 

([Co(phen)2(MeATSC)]2+) in CH3CN [176], which complements the mass spectral data for 

the doubly charged cation in the mass spectrometer, where MeATSC 1 is coordinated as a 

thiolate after tautomerism [140] (see Scheme 3).

3.1.2. FTIR spectroscopic analysis of the “free” ligand and complex 4—
Thiosemicarbazones exhibit characteristic stretching frequencies in specific energy regions 

as “free” ligands as well as coordinated ligands [140,161,177]. Thiosemicarbazones are able 

to coordinate to a metal center either as thione (neutral) or thiolate (anionic) ligands 

[140,161,177,178]. The hydrazinic N(2)–H stretching frequency (Scheme 2), which is 

initially observed at 3200 cm−1 for the ligand, was observed at 3053 cm−1 in complex 4. 

This hydrazinic stretching frequency is confirmation that the ligand is coordinated as the 

thione and not the thiolate while complex 4 is in the solid state. The thiocarbonyl group of 

the MeATSC 1 ligand exhibited stretching frequencies at 841 cm−1 and 1254 cm−1. The 

FTIR spectrum of complex 4 showed stretching frequencies for the C═S bond at 827 cm−1 

and 1224 cm−1.

In the FTIR spectra of the “free” ligand, MeATSC 1 and complex 4 (Fig. S2 and Table 1), 

the N(1)–H stretching frequency was observed at 3397 cm−1 for the “free” ligand, while it 

was shifted to a lower stretching frequency of 3227 cm−1 when the ligand was coordinated 

to the cobalt(III) metal center. A similar trend occurred for [VO(sal-L-tryp) (MeATSC)]

·1.5C2H5OH [161] (see Table 1). Similarly, the ν(C═N) stretching frequency was observed 

at 1580 cm−1 for complex 4, which is a lower stretching frequency when compared to the 

“free” ligand at 1620 cm−1. The relatively slight shift of 40 cm−1 for the ν(C═N) stretching 

frequency from a “free” ligand to a coordinated ligand indicates that the imine’s nitrogen 

atom is involved in coordination to the cobalt(III) metal center. This trend of a decreased 

ν(C═N) stretching frequency upon complexation of the “free” ligand to a metal center was 

also observed by Beckford et al. [140] for analogous ruthenium(II) complexes, 

[(bpy)2Ru(MeATSC)](PF6)2 and [(phen)2Ru(MeATSC)] (PF6)2 with the coordinated 

MeATSC 1 ligand. Finally, the stretching frequency for the NO3
− counter ions is observed at 

1323 cm−1 which is similar to what is typically observed for the “free” nitrate anions as 

reported in literature [179,180].

3.1.3. UV–visible spectroscopic analysis of the “free” ligand 1, [Co 
(phen)2(O2CO)]PF6, [Co(phen)2(H2O)2](PF6)3, and complex 4—The UV–visible 

spectra of [Co(phen)2(O2CO)]PF6 and [Co (phen)2(H2O)2](PF6)3 were acquired in DMSO 

(Fig. 2). The UV–visible spectrum of complex 4 was also acquired in DMSO (Fig. 2), where 

four wavelengths were observed at 264, 355, 372, and 392 nm with molar extinction 
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coefficients of 8.9 × 104, 0.85 × 104, 0.93 × 104, and 1.0 × 104 M−1 cm−1, respectively (see 

Fig. 2). These three spectra were acquired to show the differences in each spectrum on 

changing the coordinated ligands, viz., CO3
2−, H2O, and MeATSC 1.

Table 2 shows the UV–visible spectroscopic data for the respective species in DMSO. 

Clearly there are some differences, where the d-d transitions for [Co(phen)2(O2CO)]PF6 and 

[Co(phen)2(H2O)2](PF6)3 occur at 502 and 513 nm, respectively.

On comparing the spectrum of complex 4 to the spectra of the MeATSC 1 ligand, 

[Co(phen)2(O2CO)]PF6, and [Co(phen)2(H2O)2] (PF6)3, it is clear that 264, 355, 372, and 

392 nm are from the anthracene moiety of the ligand. The most striking feature of these 

spectra is the broadening of the vibrational structure in the region of anthracene absorption 

together with a clear blue-shift with respect to the MeATSC ligand. The d–d transition of the 

cobalt(III) metal center (compared to the molar extinction coefficients for 

[Co(phen)2(O2CO)] PF6, and [Co(phen)2(H2O)2](PF6)3 are 126 and 186 M−1 cm−1 at 502 

and 513 nm, respectively) is hidden in the spectrum for complex 4 because of the 

broadening of the anthracene bands that tail off into the visible region.

Fig. S3 shows the UV–visible spectra of complex 4 in DMSO, H2O, and CH3CN, where the 

spectral profiles are similar with respect to the presence of the anthracene moiety in 

MeATSC 1.

3.1.4. 1H, 13C, and 59Co NMR spectroscopic analysis of the “free” ligand and 
complexes 2–4—1H and 13C NMR spectra were acquired for the “free” MeATSC ligand 

1 and complexes 2–4 (Figs. 3–4 and S4), where appropriate. The 1H NMR spectrum of the 

“free” MeATSC 1 ligand was previously reported [140], but we will discuss its NMR 

spectroscopic features and compare them with the coordinated ligand, MeATSC 1.

Complex 2 was characterized via 1H NMR spectroscopy where it was compared to what was 

observed in literature [154]. Once complex 2 was determined to be pure, acid hydrolysis was 

carried out to produce complex 3. The product’s 1H NMR spectrum was compared to the 

chemical shifts in the literature; where complex 3 was proven to be pure [155]. 1H NMR 

spectra of complexes 2 and 3 are shown in Fig. S4, where the aromatic protons that were 

overlapping circa 7.5 ppm in complex 2 are no longer overlapping in complex 3.

The 1H NMR chemical shift for the methyl group of complex 4 occurred at 3.13 ppm and 

this is consistent with the previously observed 1H NMR chemical shifts for the MeATSC 1 
moiety [140]. Upon coordination to the cobalt(III) metal center, the chemical shift for the 

imine linkage (H–C═N) was observed between 7.50 and 8.72 ppm (Fig. 4) as reported in 

the literature [181,182], and the chemical shift resulting from H-N(3) as labelled in a typical 

thiosemicarbazone shifted upfield by 2 ppm when coordinated to the cobalt(III) metal center. 

Due to the overlapping of the aromatic protons, the aromatic protons from MeATSC 1, were 

identified from the 1H-1H COSY NMR spectrum, Fig. S9. The aromatic protons for the 

MeATSC ligand in complex 4 were observed at 7.49 (d), 7.75 (e), 8.06 (c), 8.52 (h), and 

8.94 (f) ppm (see Fig. 4). When comparing the “free” ligand protons, the chemical shifts that 

correspond to c (8.14 ppm) and h (9.28 ppm) were shifted upfield when coordinated to the 
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metal center and the proton that corresponds to f (8.50 ppm) was shifted upfield. The 

hydrazinic proton H–N(2) which occurred at 11.7 ppm for the “free” ligand was shifted 

upfield to 10.1 ppm upon coordination to the cobalt(III) metal center [182,183]. The signal 

integrations and multiplicities agreed with the proposed structural formula of complex 4. 

The ethanol solvate was detected at the following chemical shifts: 1.07 (a triplet) and 3.44 

ppm in the 1H NMR spectrum, and at 19.01 and 56.49 ppm for the 13C NMR spectrum (see 

Fig. 4).

In the 13C NMR spectrum (Fig. 3), the chemical shift for the thione (C═S), which was 

observed at 178 ppm in the “free” ligand, MeATSC 1, was hardly observed for complex 4 at 

172 ppm (Fig. 4). The low intensity of the chemical shift suggests that when dissolved in 

solution, the complex undergoes tautomerization and is in an equilibrium that may favor the 

predominance of the thiolate over that of the thione. The chemical shift of the methyl group 

was observed at 31 ppm when MeATSC 1 is coordinated to the cobalt(III) metal center. The 

C(1)═N chemical shift was observed to be shifted slightly upfield to 141 ppm in complex 4 
from 142 ppm in the “free” ligand, MeATSC 1, a trend which is comparable to what 

occurred in the literature when MeATSC 1 is coordinated to a metal center [140,182]. The 

aromatic chemical shifts of the “free” ligand were observed from 120 to 130 ppm. The 

aromatic chemical shifts for carbons d, e, c, and h were observed at 125.37, 128.86, 128.33, 

and 129.25 ppm, respectively. These carbons were identified from the 1H chemical shifts in 

the 1H-13C HSQC NMR spectrum (Fig. S10).

In terms of the metal center in complex 4, transition metal NMR chemical shifts are useful 

probes of the structure and reactivity of many coordination complexes since those chemical 

shifts allow for tiny variations at the coordination metal center under investigation [184]. It 

is known that the isotope 59Co exhibits the largest known shielding range, spanning some 

18,000 ppm or more [185–187]. It is also 100% naturally abundant, possesses a relatively 

high magnetogyric ratio [188], and by virtue of the magnetic mixing of its occupied and 

excited d orbitals, it may experience substantial paramagnetic deshielding (> 15,000 ppm) 

that will reveal subtle changes in the chemical environment of a cobalt metal center 

[187,188]. Recently, we reported a 59Co NMR spectroscopic study on 

[Co(dmgBF2)2(H2O)2] and [Ru (pbt)2(L-pyr)Co(dmgBF2)2(H2O)]

(PF6)2·11H2O·1.5CH3COCH3, while comparing the resulting chemical shifts with 

analogous cobalt(II)-containing complexes [189]. The 59Co NMR spectrum for [Co 

(dmgBF2)2(H2O)2] occurs at δ = 5652 ppm and at δ = 5401 ppm for Ru (pbt)2(L-

pyr)Co(dmgBF2)2(H2O)](PF6)2·11H2O·1.5CH3COCH3 with DMSO‑d6 as solvent [189].

In our current study, 59Co NMR spectra were also acquired for [Co(phen)2(O2CO)]PF6, 

[Co(phen)2(H2O)2](PF6)3, and complex 4 in DMSO‑d6, where chemical shifts were 

observed at 8362, 7070, and 7067 ppm for [[Co(phen)2(O2CO)]PF6, [Co(phen)2(H2O)2]

(PF6)3, and complex 4, respectively (Figs. 5 and S11, Supplementary information). Table S1 

shows the respective chemical shifts of our complexes and selected cobalt(III) complexes 

(also the first report of a 59Co NMR spectrum of one cobalt(I) species that was reported by 

our laboratory, viz., [nBu4N][Co(bpy)2(solv)] [190] (where solv = H2O and/or CH3CN) 

generated in situ from [Co(bpy)2Cl2] in the presence of 10 equivalents of [nBu4N]BH4 in 

CD3CN-D2O (4:1, v/v) at 28 °C) that are reported in the literature. The chemical shift for 
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[Co(phen)2(O2CO)]PF6 occurs at δCo = 8362 ppm, which is within the range 7965–10,121 

ppm for all of the selected carbonate complexes with a cobalt(III) metal center as shown in 

Table S1.

It is interesting to note that [Co(phen)2(H2O)2](PF6)3 and complex 4 have very close 

chemical shifts (δCo = 7070 and 7067 ppm, respectively), but [Co(phen)2(O2CO)]PF6 has a 

chemical shift at δCo = 8362 ppm. From these 59Co NMR spectra, it is evident that the 

ligand structure has a small effect on their relative 59Co NMR chemical shifts, which fall 

within a range of ca 3 ppm of each other for [Co (phen)2(H2O)2](PF6)3 and complex 4. The 

huge difference between the chemical shift of [Co(phen)2(O2CO)]PF6 and those of 

Co(phen)2(H2O)2] (PF6)3 and complex 4 is probably due to the ligand field strength [191] 

(and the correlation between the spectrochemical series and 59Co NMR spectra [192–195]) 

of the ligands in the three complexes. For [Co(NH3)6]3+ and [Co(NH3)5(H2O)]3+, δCo = 

8160 and 9060 ppm, respectively [193]. Here H2O < NH3 in the spectrochemical series, and 

for our compounds, we can imply that CO3
2− < H2O ≈ MeATSC.

3.2. UV–visible and spectroscopic studies (in water, PBS buffer, and an aqueous solution 
of reduced glutathione) and interaction with ctDNA

3.2.1. Spectroscopic studies in water, PBS buffer, and an aqueous solution 
of reduced glutathione; and ctDNA binding studies—The investigation of the 

binding of metal complexes to DNA is of prime importance in the development of anti-

cancer drugs [196]. From a pharmacological point of view, the primary target of many anti-

cancer drugs is DNA [36–45]. Consequently, DNA binding activities of metal complexes 

have often been a key parameter during the development of chemotherapeutic drugs. 

Therefore, the extent of binding of complex 4 to ctDNA was ascertained via UV–visible 

spectroscopic studies.

Before such studies were conducted, stability studies in water, PBS buffer, and a PBS 

buffered solution of reduced glutathione (GSH) were carried out. Here the absorbance at the 

high-energy absorption band in complex 4 was monitored over 24 h (Figs. S12–S14, 

Supplementary information). The stability of the complex was monitored for one week in 

water (Fig. S12), PBS buffer solution (Fig. S13), and in a PBS buffered solution of GSH 

(Fig. S14). The stability of the complex in each solution was characterized by the peak area 

remaining of the starting complex.

After the first 24 h of mixing the reduced glutathione solution with complex 4 (Fig. S14), the 

absorbance change is larger when compared to the complex in either PBS buffer or water. 

Clearly there is an appreciable reaction occurring between GSH and complex 4. The first 

order rate constants, k, were calculated as 2.5 × 10−6 s−1 (8.9 × 10−3 h−1), 5.6 × 10−6 s−1 

(2.0 × 10−2 h−1), and 1.3 × 10−5 s−1 (4.7 × 10−2 h−1) in H2O, PBS buffer, and reduced 

glutathione in PBS buffer, respectively.

Metal complexes of reduced glutathione (GSH) serve important functions in biological 

systems and play a dominant role in protein metabolism. These are important constituents of 

enzymes, proteins and present in many parts of the biological system [197]. Reduced 

glutathione is the most important cellular thiol which exists in mammalian cells and creates 
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in the cell an important redox system [198–200]. It exists in the concentration range. 0.1–10 

mM and is readily oxidized to the disulfide (GSSG) [197].

In the literature, the reactions of the pentaamminechromato cobalt (III) complex cation, 

[CoIII(NH3)5OCrVIO3]+, with a series of thiols, RSH (where RSH = reduced glutathione, L-

cysteine, and D,L-penicillamine) was studied by spectrophotometry at pH > 7, over the 

range 20 °C ≤ T ≤ 34.4 °C, with the thiols in excess at ionic strength 0.50 Μ (NaClO4) at pH 

7.4 [201]. The reactions occurred in two stages; the first was a rapid reaction between 

reactants leading to formation of outer-sphere adducts, which were facilitated by 

electrostatic interaction between the chromato complex and each thiol [201]. In the study, 

the pentaamminecobalt(III) moiety was not reduced, but reacted slowly with the thiols to 

form complexes. These latter complexation reactions were significantly slower than the 

electron transfer reactions [201]. In another study, the reduction of the cobalt(III) complex, 

[CoIII(HL)]·9H2O (where H4L = 1,8-bis(2-hydroxybenzamido)-3,6-diazaoctane) by GSH 

was studied by conventional spectrophotometry in acidic media [202]. The final products 

were determined to be the corresponding Co(II) complex and GSSG [202].

In our current study, there is the possibility of competing aquation and anation substitution 

reactions when GSH is reacted with complex 4, but we can conclude that complex 4 is fairly 

stable in either water of PBS buffer over 72 h in the absence of GSH. We do know that a 

detailed study involving the reaction between GSH and complex 4 is warranted in the future.

Regarding studies involving ctDNA, there are reports in the literature, where complexes that 

intercalate into the DNA will generally show bathochromic and hypochromic changes 

relative to the “free” complex [203].

Hypochromism and bathochromism in the UV–visible spectrum following addition of 

ctDNA indicates the complex can interact with ctDNA, most likely through stacking 

interactions between an aromatic ring and the base pairs of ctDNA [203]. The extent of 

hypochromism is often an indicator of the strength of intercalation [203]. Qualitatively, the 

slight hypochromism observed indicates the weakness of this interaction [203].

From the UV–visible studies carried out on MeATSC 1, and complexes 3 and 4, as shown in 

Figs. S15, S16, and 6, respectively, ctDNA has a λmax at 260 nm, ranging from about 225 to 

300 nm, whereas the ligand and complexes used in this study also absorb within this region 

as well. Upon introduction of the ctDNA to MeATSC 1, Fig. S15, the absorbance between 

300 and 550 nm decreases (hypochromism) with each increase in ctDNA concentration. 

This was also observed with complex 4 within the same region, but to a lesser extent with 

complex 3 circa 352 nm.

With complex 3, Fig. S16, a hyperchromic effect is observed at 272 nm which is similar to 

what is observed with the MeATSC 1 at 254 nm, but a hypsochromic shift of ~1 nm 

occurred at the highest concentration of ctDNA. The precision of the measurements using 

this technique was low. This is due to the fact the low absorbances recorded at ~355 nm 

makes it very difficult to determine an accurate Kb value. In summary, we could not obtain a 

binding constant for complex 3 even after multiple experiments.
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For complex 4, upon the addition of ctDNA, the absorbance bands exhibited hypochromism 

accompanied by a red shift (Fig. 6). Even though the studies with complex 4 (Fig. 6) show 

similar spectral characteristics as MeATSC 1 between 350 and 400 nm, an isosbestic point 

was observed at 420 nm on increasing ctDNA concentration.

In order to compare the DNA binding affinity of the MeATSC 1 ligand and complex 4, the 

intrinsic binding constants, Kb, were determined using the following equation [98,204–207]:

ctDNA
εa − εf

= ctDNA
εb − εf

+ 1
Kb εb − εf

(1)

where εa is the molar extinction coefficiesnt (Aobsd/[complex](or) [MeATSC]) observed for 

the lowest energy absorption band at a given ctDNA concentration, εf is the molar extinction 

coefficient of the analyte in the absence of ctDNA, and εb is the extinction coefficient of the 

analyte fully bound to ctDNA. For the plots of [ctDNA]/(εa − εf) versus [ctDNA], the Kb 

value is calculated from the ratio of the slope to the intercept [208,209]. The Kb values for 

MeATSC 1 and complex 4 were calculated to be 8.1 × 105 and 1.6 × 104 M−1, respectively 

(see Figs. S15 and 6, respectively).

The results suggest that an appreciable intercalative mode of binding may be unlikely. A 

small amount of intercalation in the case of MeATSC 1 and complex 4 may be possible 

because of steric demands. The larger steric demands of complex 4 probably thwarted 

stronger intercalation [210], but the reason for the apparent lack of greater surface binding is 

not clear. It is possible that the shape of the complex 4 prevents binding on the surface of 

ctDNA. Another reason could be that it is possible that in aqueous solution, 

([Co(phen)2(MeATSC)]2+ could be the active species binding to ctDNA (complex 4 could 

be a 2:1 electrolyte in water, while extrapolating the conductivity measurements in CH3CN 

as mentioned above and the use of data as cited by Geary [176]). This could account for the 

low binding as a result of a mononuclear dication ([Co(phen)2(MeATSC)]2+), not a 

mononuclear triication ([Co(phen)2(MeATSC)]3+). Over all, this could be due to the 

tautomerism of complex 4 in aqueous solution (see Scheme 2).

The calculated Kb values of MeATSC 1 and complex 4 shown in Table S2 seem to confirm 

that intercalation is not a major player in the binding of complex 4 to ctDNA. The Kb values 

were also compared to selected complexes and ATSC. The Kb value of 1.6 × 104 M−1 for 

complex 4 was comparable to the Kb values for the following complexes [211]: 

[Co(phen)2(pdtb)](ClO4)3, Co(phen)2(pdta)](ClO4)3, and [Co (phen)2(pdtp)](ClO4)3, which 

were reported to be 0.862 × 104, 2.81 × 104, and 4.01 × 104 M−1, respectively.

The observed binding constant also revealed that complex 4 interacts weakly with ctDNA 

when compared to ethidium bromide (Kb = 1.4 × 106 M−1) [212] and [Ru(bpy)2(dppz)]2+ 

(Kb > 106 M−1) [213,214]. This suggests weak DNA binding because the extent of 

hypochromism is usually associated with the strength of DNA interaction as reported with 

the use of ruthenium(II)-containing complexes [215–217]. When compared to the Kb values 

of 38 × 104, 3.23 × 104, and 10.1 × 104 M−1, for [Cu(ATSC)] [162], [Ru(bpy)2(ATSC)]
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(PF6)2[140], and [Ru(phen)2(ATSC)](PF6)2 [140], respectively, our Kb value of 1.6 × 104 M
−1 is smaller in magnitude.

Our co-worker Beckford [218] synthesized a set of three trinuclear complexes containing 

organometallic ruthenium fragments-(arene) RuCl coordinated to a 2,4,6-tris(di-2-

pyridylamino)-1,3,5-triazine core [(arene = benzene, p-cymene, or hexamethylbenzene]. The 

interaction of the complexes with ctDNA was extensively studied using a variety of 

biophysical probes as well as by molecular docking [218]. The complexes as reported by 

Beckford et al. [218] bind strongly to ctDNA with apparent binding constants ranging from 

2.20 × 104 to 4.79 × 104 M−1. Similar to studies here, the mode of binding to the nucleic 

acid was not definitively determined, but the evidence pointed to certain non-specific 

electrostatic interaction [218]. It must be cautioned, as mentioned in the literature by Turro 

and co-workers [219], since the optical changes of the probe in the presence of DNA are not 

likely to be a result of a 1:1 complex/base interaction, fits that assume such a binding model 

may not be useful for obtaining accurate DNA binding constants for complexes that may 

exhibit aggregation in water and/or on the DNA surface [219]. This may be the case for 

MeATSC 1 and complex 4. On the other hand, we will carry out complementary competitive 

binding between ethidium bromide (EB) and MeATSC 1 and complexes 3 and 4 for ctDNA.

In order to investigate the interaction mode between the complexes and ctDNA, the EB 

fluorescence displacement experiment will be employed [220]. EB is a planar cationic dye 

that is widely used as a sensitive fluorescence probe for native DNA. EB emits intense 

fluorescent light in the presence of DNA due to its strong intercalation between the adjacent 

DNA base pairs. The displacement technique is based on the decrease of this fluorescence 

resulting from the displacement of EB from a DNA sequence by a quencher [220]. The 

quenching is due to the reduction of the number of binding sites on the DNA that is available 

to the EB. The method will therefore provide indirect evidence for an intercalative binding 

mode. The extent of fluorescence quenching may also be used to determine the extent of 

binding between the quencher and DNA.

Given the indeterminacy of the results from the electronic absorption studies with respect to 

a mode of binding, future studies with these analytes and the use of isothermal titration 

calorimetry (ITC) [221] will be carried out to complement the studies mentioned above. 

When studying the binding interactions between a ligand and a macromolecule, ITC has 

many advantages. It is a powerful, high-precision tool that is often referred to as the “gold 

standard” for quantitative measurements of biomolecular interactions, and the only direct 

thermodynamic method that enables full thermodynamic characterization (stoichiometry, 

association constant, enthalpy and entropy of binding) of the interaction after a single 

titration experiment [221–225].

3.3. Topoisomerase inhibition studies

Topoisomerases are ubiquitous enzymes, found in all kingdoms of life. They are required for 

untangling DNA and restoring the native DNA topology after many cellular processes such 

as replication, transcription, as well as other events that perturb the DNA topology [226]. 

Their enzymatic activities are therefore essential for cell viability. Topoisomerase enzymes 

use an active site tyrosine residue to attack the phosphodiester backbone of the DNA, which 
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causes the strand to break. The enzyme then passes or rotates a second strand(s) through or 

around the break, re-ligates the DNA break, and releases the DNA product with altered 

topology [226,227]. Topoisomerases can either cut one strand of DNA (Type I) or both 

strands (Type II) [228]. An important feature of the general mechanism is the ensuing 

covalent intermediate: while the DNA strand is broken, the enzyme is covalently linked to it. 

As long as the covalent intermediate persists, the cell is in danger, as accumulation of DNA 

breaks can cause DNA damage response in cells, and even apoptosis [227,228].

Fig. 7A shows the activity of human topoisomerase I (hTOP1) in the presence of varying 

concentrations of complex 4 and MeATSC 1. Complex 4 showed excellent inhibition of 

hTOP1 relaxation activity at low concentrations. Importantly, the ligand, MeATSC 1 and the 

precursor (complex 3) to complex 4 showed no significant inhibition of the enzyme. The 

IC50 value (IC50 is defined here as compound concentration for the DNA to have 

electrophoretic mobility half way between fully supercoiled and fully relaxed) for 

[Co(phen)2(H2O)2](NO3)3 3 is > 100 μM, for MeATSC 1 is 50 μM, and for complex 4 is 

between 3 and 6.4μM.

Fig. 7B shows the effect of the complex on human topoisomerase IIα (hTOP2α) in the 

presence of the complex and its ligand. Complex 4 also showed good activity for the 

inhibition of hTOP2α, albeit requiring higher concentration. As with the type I enzyme, the 

complex alone displayed significant inhibition with calculated IC50 values for both 

[Co(phen)2(H2O)2](NO3)3 3 and MeATSC 1 are > 100 μM, and for complex 4 is 25.5 μM. 

The greater sensitivity of hTOP1 versus hTOP2α suggested that the inhibition of DNA 

relaxation by hTOP1 observed for complex 4 is not due solely to DNA intercalation. DNA 

was relaxed nearly completely by hTOP2α in the presence of 12.7 μM complex 4 (lanes 14, 

Fig. 7B) so this concentration of complex 4 does not result in significant DNA intercalation. 

In contrast, the DNA remained fully supercoiled in the presence 12.7 μM complex 4 in the 

hTOP1 reaction (lane 15, Fig. 7A), demonstrating that the hTOP1 relaxation activity is 

inhibited totally at this complex 4 concentration.

Topoisomerase inhibitors can fall into two categories, viz., catalytic inhibitors and poison 

inhibitors [229,230]. Catalytic inhibitors prevent the enzyme from working entirely, while 

topoisomerase poisons stabilize the covalent intermediate to prevent DNA re-ligation. Both 

types of inhibition can be effective at killing cancer cells [229,230]. To determine whether 

complex 4 acts as a poison inhibitor, cleavage products were analyzed by agarose gel 

electrophoresis in the presence of ethidium bromide to allow for the separation of nicked or 

linear DNA from covalently closed relaxed DNA. In the presence of a poison inhibitor, the 

amount of cleaved DNA product would increase. As shown in Fig. 8, the addition of 

complex 4 did not increase the amount of nicked or linear DNA products formed from 

hTOP1 (Fig. 8A) or hTOP2α (Fig. 8B), suggesting that complex 4 is a catalytic inhibitor. In 

fact, at a concentration of 50.9 μM, complex 4 caused a decrease in the amount of linear 

DNA product from hTOP2α as compared to the DMSO control. This indicates inhibition of 

either DNA binding or DNA cleavage.
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3.4. Cytotoxicity evaluation

The cytotoxicity of the compound against a model metastatic breast cancer cell line 4T1-luc 

was determined by means of the MTS (a colorimetric) assay, which serves as an index of 

cell viability by detecting the reduction of a tetrazolium compound to a purple formazan 

product in the presents of NADPH or NADH produced by dehydrogenase enzymes in 

metabolically active cells. 4T1-luc cells were treated with increasing concentrations of 

complex 4 for 24 h, and the viability was measured by the MTS assay. Cells were seeded at 

2.5 × 104 cells per well for 24 h prior to addition of increasing concentrations of complex 4. 

Complex 4 decreases 4T1-luc cell viability in a concentration-dependent manner after a 24 h 

treatment. An IC50 value of 34.4 ± 5.2 μM was calculated for complex 4 (Fig. 9).

For comparison, the IC50 value for cisplatin was 13.75 ± 1.08 μM. In comparison, the free 

MeATSC ligand 1 showed no significant growth inhibition at similar concentrations, which 

indicates that chelation of the ligand to the cobalt(III) metal center is necessary for the anti-

cancer activity of complex 4.

3.5. Cell death mechanism evaluations

3.5.1. Role of autophagy/necrosis signaling pathway in complex induced cell 
death—Autophagy is a conserved process of cellular degeneration in eukaryotic cells, in 

which unfolded, aggregated, or long-lived cytoplasmic proteins are delivered to the 

lysosome for degradation [231]. Under “normal” conditions, autophagy remains at low 

levels for maintenance of cellular homeostasis. However, autophagy is readily induced in 

response to nutrient deprivation, metabolic stress, radiation, anti-cancer drugs, endoplasmic 

reticulum (ER) stress, and/or increases in reactive oxygen species [232]. The ability of 

complex 4 to induce autophagy flux is shown in Fig. 10.

In Fig. 10A after 24 h of treatment, the mean fluorescent intensity of cells treated with 5 μM 

and 10 μM are significantly increased compared to unstained cells and untreated cells, thus 

indicating the presence of the autophagosome and other organelles associated with the 

induction of the autophagy process. At 80 μM there is a decrease in the mean fluorescence 

intensity indicative of the absence of the organelles associated with autophagy. This is most 

likely due to massive cell death at this time point. This is also evidence in Fig. 10B showing 

that autophagy only occurs at low complex concentrations 24 h after treatment. However, 

Fig. 11 showing time-dependent effects of 5 μM (panel A) and 80 μM (panel B), indicating 

that autophagy can be seen at high complex concentrations, but only at earlier times. The 

starvation is a positive control (red bar at 0 μM complex 4), which is a signal for autophagy 

[233,234].

When cells are starved, they undergo autophagy to survive [233,234]. This finding is not 

uncommon as it is known that autophagy is primarily induced as a protective mechanism 

depending on the extent and duration of the treatment [235].

The regulatory event(s) that switch autophagy from a protective event to a cell death 

mechanism is (are) poorly defined. As shown in Fig. 11B, it is possible to inhibit autophagy 
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by utilizing necrostatin-1 at low concentrations (> 40 μM complex 4); however, at higher 

concentrations of complex 4, the protective nature of this inhibition is overcome.

In order to determine the role of autophagy in the complex-induced cell death, viability was 

determined in the presence and absence of necrostatin-1 (Fig. 12). In the presence of 

necrostatin-1, the viability curve for complex-induced cell death was shifted to the left, 

requiring lower concentrations to induce cell death. A comparison of the IC50 values in the 

absence or presence of necrostatin-1 shows a difference of about 10 μM, indicating that 

inhibition of autophagy enhances efficacy of complex 4. This suggests that autophagy may 

provide some survival advantages of 4T1-luc cells in response to complex 4. So, regardless 

of the different time and concentration effects of complex 4 on autophagy, at the 600 nM 

necrostatin concentration, inhibition of autophagy improved complex 4 toxicity on 4T1-luc 

cells as indicated by slightly lowering its IC50 value.

3.5.2. Role of caspase-3 in complex induced apoptosis in 4T1-luc cells—To 

determine if regulated cell death was due to apoptosis, we determined molecular events 

initiated by complex 4, by monitoring the activity of executioner capsases-3 and −7. Fig. 

13A shows complex 4 induces caspase-3/7 cleavage in a concentration dependent manner 

with peak activities occurring at four (4) h. Furthermore, preincubation with the pan caspase 

inhibitor z-VAD-FMK nearly completely inhibited caspase 3/7 activity at all concentrations.

To determine if caspase activation had an effect on cell viability, we assayed cell viability in 

the presence and absence of the pan caspase inhibitor z-VAD-FMK. As shown in Fig. 13B, 

the presence of z-VAD-FMK, loss of cell viability shifted to higher concentrations of 

complex 4 with the calculated IC50 value for the complex almost doubling to 64.6 ± 4.7 μM. 

This data indicates that complex 4 induces a caspase-dependent, apoptotic cell death. While 

we did not monitor upstream effector caspases (i.e., caspase 8 and caspase 9) and other 

apoptotic proteins (i.e., BAX, Bcl-2, BAD, BID), we definitively suggest that apoptosis 

stems from the extrinsic or intrinsic pathways; however, given that complex 4 interacts with 

DNA, it is possible that apoptosis is induced, at least in part, through the intrinsic pathway 

following DNA damage.

3.5.3. Modulation of the mitochondrial transmembrane potential (ΔΨm) TMRE 
retention—Mitochondria are often described as an essential target for cancer 

chemotherapy as they play a critical role in the regulation of cell fate by integrating cellular 

metabolism and apoptotic signals that originate both from intrinsic and extrinsic pathways 

[236–238]. Disruptions in mitochondrial-mediated events often lead to increases in 

caspase-3 activity [239]. Under normal conditions, the integrity of the outer mitochondrial 

membrane (OMM) is protected by Bcl-2 anti-apoptotic protein family (BCL-2, BCL-xL). To 

induce apoptosis, Bcl-2 pro-apoptotic effector proteins (BAX or BAK) must change 

conformations, oligomerize and insert into OMM to form pores that release proteins from 

the inner mitochondrial space, such as cytochrome c, which leads to caspase activation and 

apoptosis. A third subgroup of Bcl-2 family members, BH3 only proteins, can bind to both 

anti- and pro-apoptotic members. This leads to two apoptotic signaling mechanisms.
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One or more upstream pro-apoptotic events are activated, and anti-apoptotic events are 

inactivated such that pro-apoptotic proteins BAX/BAK ultimately permeabilize the OMM 

[240]. Therefore, the ability of complex 4 to modulate the mitochondrial membrane 

potential (ΔΨm) was investigated via flow cytometric analysis. As observed in Fig. 14A, 

there are two distinct cell populations prior to treatment with approximately 83% of cells 

exhibiting a higher membrane potential (upper left quadrant) and 17% with a lower 

membrane potential (lower left quadrant). After 2 h of incubation with complex 4, there is a 

concentration-dependent increase in the number of cells with a low membrane potential 

beginning at 40 μM and a maximum of 47% of cells exhibiting a lower membrane potential 

at the highest concentration tested (Fig. 14B–F).

Table 3 shows a dose-response and time course for complex 4 effects on the 4T1-luc cells’ 

ΔΨm. The results are complex because the cell population is heterogeneous and there is a 

heterogeneity of their responses to complex 4 depending on the drug concentration. At the 

two (2) hour time point, there is a clear dose-dependent decrease in the ΔΨm, such that at 80 

μM about half of the cell population has lost their MMP. The four (4) hour time point shows 

that cells exposed to 5–60 μM concentrations now have a greater loss of ΔΨm compared to 

the two (2) hour time point, because complex 4 took longer to affect the MMP at these 

concentrations. However, at 80 μM, cells from the two (2) hour effect have essentially died 

and remaining cells have not responded at all to complex 4, yet. However, by the six (6) hour 

time point, about half of the four (4) hour cells treated with 80 μM complex 4 have now lost 

their ΔΨm. Similar arguments can be made as lower complex 4 concentrations take longer to 

affect a heterogeneous cell population. 4T1-luc cells are known to be highly heterogeneous 

regarding genetic profiles [241] and effects of chemotherapeutic drugs [242]. Thus, it is not 

unexpected that 4T1-luc cells have different levels of sensitivity to complex 4 with higher 

concentration affecting some cells rapidly (2 h) and affecting a more resistant population 

later (6 h).

Based on evidence presented here, it is not exactly clear how the complex 4 initiates 

apoptosis. While it is possible that the complex could induce Fas ligand expression, which 

would have an autocrine effect to induce apoptosis through Fas death receptor, this is 

unlikely. Given that complex 4 binds to DNA, inhibits topoisomerases and results in 

dissipation of ΔΨm, it is much more likely that intrinsic apoptosis pathways are activated. 

For example, DNA damage and/or perturbation of mitochondria could involve p53-mediated 

transcription of pro-apoptotic proteins to induce OMM permeabilization as a typical intrinsic 

apoptosis mechanism [240,243]. It is also possible that complex 4 could result in a heavy 

metal or xenobiotic stress that would lead to intrinsic mechanisms to apoptosis induction.

4. Conclusions

In this study, we investigated the interactions of MeATSC 1, complex 3, and complex 4 with 

ctDNA. We also analyzed the biochemical effects of complex 4 on a model breast cancer 

cell line, 4T1-luc. Spectroscopic characterization showed complex 4 to contain the 

thiosemicarbazone in the thione isomeric form. However, there is tautomerization of the 

coordinated MeATSC ligand 1 on the cobalt(III) metal center within the mass spectrometer 

chamber and from conductivity measurements (where there was the formation of [Co 
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(phen)2(MeATSC)]2+ in CH3CN). UV–visible spectroscopic studies indicate that complex 4 
interacts with ctDNA in a weak intercalative fashion. While only weak interactions were 

observed with ctDNA, complex 4 showed good inhibition of human topoisomerase I and 

IIα.

Complex 4 showed moderate cytotoxic properties against 4T1-luc cells, whereas the “free” 

ligand, MeATSC 1 displayed no significant growth inhibition. Complex 4 was shown to 

induce apoptosis and dissipation of the mitochondrial membrane potential, ΔΨm. The 

potential mechanism for apoptosis induction is activation of the intrinsic mitochondrial 

apoptotic signaling pathway owing to the activation of caspase 3/7 and modulation of the 

ΔΨm. While complex 4 was shown to induce autophagy, as an initial survival mechanism, 

inhibition of autophagy and necroptosis signaling pathways did not have a large effect on the 

observed cell death, indicating their role in regulated cell death was relatively minor 

following exposure to complex 4. Nevertheless, the attenuation of 4T1-luc cell viability in 

the presence of the caspase inhibitor z-VAD-FMK demonstrates a significant caspase-

dependent component to cell death. The data presented from our study suggest that 

cobalt(III) complexes deserve further investigation as anti-cancer drugs. Further detailed 

mechanistic investigations on complex 4 as well as complexes bearing other 

thiosemicarbazone and structurally related ligands are currently underway.
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ΔΨm

mitochondrial membrane potential

acetylethTSC
(E)-N-ethyl-2-[1-(thiazol-2-yl)ethylidene]hydrazinecarbothioamide
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amtp
3-amino-1,2,4-triazino[5,6-f]1,10-phenanthroline

ATCC
American Type Culture Collection

ATS
diacetyl bis(thiosemicarbazone)

ATSC
9-anthraldehydethiosemicarbazone

Bpy
2,2′-bipyridine

BnA
benzylamine

C8H4O42−

terephthalate anion

caspase 3
cysteine-aspartic proteases3

ctDNA
calf thymus DNA

DMEM
Dulbecco’s Modified Eagle’s Medium

dmgBF2

difluoroboryldimethylglyoximato

dpta
dipyrido-[3,2-a;2′,3′-c]-thien-[3,4-c]azine

dppz
dipyrido[3,2-a:2′,3′-c]-phenazine

EB
ethidium bromide

N-ethhymethohcarbthio
(E)-N-ethyl-2-(4-hydroxy-3-ethoxybenzylidene)hydrazine-carbothioamide

FBS
fetal bovine serum

FcOHTaman
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organometallic ferrocene derivative of hydroxytamoxifen

fmp
2-(4-formylphenyl)imidazo[4,5-f][1,10]phenanthroline

fmp-2Br
2-(2′,3-dibromo-4-formyl-phenyl)imidazo[4,5-f][1,10]-phenanthroline

GSH
reduced glutathione

GTS
glyoxal bis(thiosemicarbazone)

H4L
1,8-bis(2-hydroxybenzamido)-3,6-diazaoctane

HL1

2-acetylpyridine-thiosemicarbazone

HL2

2-acetylpyridine-4-methyl-thiosemicarbazone

HL3

2-acetylpyridine-4-phenyl-thiosemicarbazone

HMQTS
(E)-N-methyl-2-(quinolin-2-ylmethylene)hydrazinecarbothioamide

HPQTS
(E)-N-phenyl-2-(quinolin-2-ylmethylene)hydrazinecarbothioamide

HNAIP
2-(2-hydroxy-l-naphthyl)imidazo[4,5-f][1,10]phenanthroline

HRMS
high resolution mass spectra

HSV1
herpes simplex virus 1

hTOP1
human topoisomerase I

hTOP2α
human topoisomerase IIα

hqdppz
5,18-dihydroxynaphtho[2,3-a]-dipyrido[3,2-h:2′,3′-f]phenazine
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Im
imidazole

ippip
4-(isopropylbenzaldehyde)imidazo[4,5-f][1,10]phenanthroline

L
4-aminobenzenesulphonate

L-pyr
(4-pyridine)oxazolo[4,5-f]phenanthroline

MeATSC
9-anthraldehyde-N(4)-methylthiosemicarbazone

MMP
mitochondrial membrane permeabilization

MTS
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium

NEAA
non-essential amino acids

OMM
outer mitochondrial membrane

pbt
2-(2′-pyridyl)benzothiazole

pdta
3-(pyridine-2-yl)-as-triazino[5,6-f]acenaphthylene

pdtb
3-(pyridine-2-yl)-5,6-diphenyl-as-triazine

pdtp
3-(pyridine-2-yl)-as-triazino[5,6-f]phenanthroline

phen
1,10-phenanthroline

PIP
2-phenylimidazo[4,5-f][1,10]phenanthroline

pmap
bis(2-(2-pyridyl)ethyl)(2-pyridylmethyl)amine

pmea
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bis((2-pyridyl)methyl)-2-((2-pyridyl)ethyl)amine

PTS
pyruvaldehyde bis(thiosemicarbazone)

pyip
2-(1-pyrenyl)-1H-imidazo[4,5-f][phen]

qdppz
naphtho[2,3-a]dipyrido[3,2-h:2′,3′-f]phenazine-5,18-dione

RCD
regulated cell death

sal-L-tryp
N-salicylidene-L-tryptophanate

SDS
sodium dodecyl sulfate

Tepa
tris(2-(2-pyridyl)ethyl)amine

TMRE
tetramethylrhodamine, ethyl ester

TNBC
triple-negative breast cancer

Tpa
tris(2-pyridylmethyl)amine

Tpphz
tetrapyrido-[3,2-a:2′,3′-c:3″,2″-h:2‴,3‴-j]phenazine
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Fig. 1. 
High resolution mass spectra (HRMS) of the cationic species formed from complex 2, 

[Co(phen)2(O2CO)]PF6, 3, [Co(phen)2(H2O)2](PF6)3, and complex 4 (in the positive mode).
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Fig. 2. 
UV–visible spectra of MeATSC 1 and the respective cobalt(III) complexes in DMSO.

Beebe et al. Page 40

J Inorg Biochem. Author manuscript; available in PMC 2020 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
1H and 13C NMR spectra of MeATSC 1 in DMSO‑d6.
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Fig. 4. 
1H and 13C NMR spectra of complex 4 in DMSO‑d6.
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Fig. 5. 
59Co NMR spectra of [Co(phen)2(H2O)2](PF6)3 and complex 4 in DMSO‑d6. 

[[Co(phen)2(H2O)2](PF6)3] = 138 mM and [complex 4] = 93 mM.
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Fig. 6. 
UV–visible spectra of the spectrophotometric titration of complex 4 with ctDNA. Inset: A 

plot of [ctDNA]/(εa − εf) vs [ctDNA]. [complex] = 50 μM; pH = 7.72 ± 0.03; and Tris-HCl 

buffer ([Tris] = 5 mM, [HCl] = 3.55 mM, and [NaCl] = 25 mM). Arrow indicates the change 

upon increasing ctDNA concentration. Inset: A plot of [ctDNA]/(εa − εf) vs [ctDNA].
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Fig. 7. 
Agarose gels showing activity of hTOP1 relaxation activity in the presence of complex 4 and 

controls. A) Inhibition of hTOP1 relaxation activity by complex 4. Lane 1: negatively 

supercoiled pBAD/Thio plasmid DNA; lane 2: DMSO as negative control; lane 3: positive 

control camptothecin at 100 μM; lanes 4–7: 100, 50, 25, and 12.5 μM [Co(phen)2(H2O)2]

(NO3)3 3; lanes 8–11: 100, 50, 25, and 12.5 μM MeATSC 1 ligand; lanes 12–19: 101.8, 

50.9, 25.5, 12.7, 6.4, 3.2, 1.6, and 0.8 μM complex 4. B) Inhibition of hTOP2α relaxation 

activity by complex 4 (results are from the same agarose gel). Lane 1: negatively supercoiled 

pBAD/Thio plasmid DNA; lane 2: DMSO as negative control; lane 3: positive control 

mAMSA at 75 μM; lanes 4–7: 100, 50, 25, and 12.5 μM [Co(phen)2(H2O)2](NO3)3 3; lanes 

8–10: 100, 50, and 25 μM MeATSC ligand 1; lanes 11–14: 101.8., 50.9, 25.5, and 12.7 μM 

complex 4. N: nicked, FR: fully relaxed, PR: partially relaxed, S: supercoiled.
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Fig. 8. 
Agarose gels with DNA cleavage by hTOP2α in the presence of complex 4 and controls. (A) 

No increase in DNA cleavage product by hTOP1 in the presence of cobalt complex 4 (results 

are from the same agarose gel). Lane 1: negatively supercoiled pBAD/Thio plasmid DNA; 

lane 2: DMSO as negative control; lane 3: positive control camptothecin at 100 μM; lanes 4–

11: 101.8, 50.9, 25.5, 12.7, 6.4, 3.2, 1.6, and 0.8 μM complex 4. (B) Decrease in DNA 

cleavage product by hTOP2α in the presence of complex 4 (results are from the same 

agarose gel). Lane 1: negatively supercoiled pBAD/Thio plasmid DNA; lane 2: DMSO as 

negative control; lane 3: positive control mAMSA at 25 μM; lanes 4–7: 50.9, 25.5, 12.7, and 

6.4 μM complex 4. N: nicked, L: linear, CC: covalently closed. Gel electrophoresis was 

conducted in the presence of ethidium bromide so that relaxed DNA would migrate together 

with supercoiled DNA as covalently closed DNA, and separate from nicked DNA.
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Fig. 9. 
A plot of % cell viability versus concentration of complex 4.
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Fig. 10. 
Effect of the concentration of complex 4 on autophagic flux in 4T1-luc cells. Complex 4 
induces autophagic flux in 4T1-luc cells – (A) Representative histograms showing 

fluorescence resulting from autophagic flux (FL2-H, x-axis) and cell counts (y-axis) after 

incubation with complex 4 for 24 h. Red – unstained cells, dark green – 0 μM, cyan – 5 μM, 

yellow – 10 μM, and lime green – 80 μM. (B) Plot of the mean fluorescent intensity (515–

545 nm) vs various concentrations of complex 4 after 24 h incubation. (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 11. 
Effect of complex 4 on autophagic flux and its effect on autophagy in the presence of 

necrostatin-1 inhibition of autophagy. (A) Time-dependent effects of low and high 

concentrations of complex 4 on autophagic flux – 4T1-luc cells were treated with 5 μM 

(black) and 80 μM (red) complex 4 and autophagic flux was determine at the indicated times 

by fluorescence intensity on flow cytometry. (B) Effect of complex 4 on autophagy in the 

presence of necrostatin-1 inhibition of autophagy. Black color: drug treated cells and red: 

positive control (starvation). Data represents 20,000 molecular events collected4T1-luc cells 

were preincubated with 600 nM necrostatin-1 for 4 h. Cells were then washed and incubated 

with the indicated concentrations of complex 4 for 24 h and then analyzed for autophagy by 

flow cytometry. FUI: fluorescence units intensity at 515–545 nm. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 12. 
Cell viability following treatment of 4T1-luc cells with complex 4 in the presence or absence 

of necrostatin-1. Cells were seeded at 2.5 × 104 cells per well for 24 h prior to addition to 

treatment. Graphs represent n = 3 replicates of data with plates being 1 h post incubation 

with MTS reagent. Data was fit using an exponential function using Origin 8 software.

Beebe et al. Page 50

J Inorg Biochem. Author manuscript; available in PMC 2020 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 13. 
The effect of the concentration of complex 4 on caspase 3/7 catalytic activity in the absence 

and presence of pan caspase inhibitor z-VAD-FMK. A) Complex 4 induces increases in 

caspase 3/7 catalytic activity in 4T1-luc cells in a concentration- and time-dependent 

manner. 4T1-luc cells were preincubated in the presence (stripped bars) or absence (open 

bars) of 10 μM pan caspase inhibitor z-VAD-FMK for 4 h followed by exposure to complex 

4 for various time: 1 h (red), 3 h (blue), 5 h (cyan). The activity of caspase-3/7 was measured 

using Caspase-Glo assay with DEVD-aminoluciferin as a substrate. (B) Cellular viability 

following exposure to complex 4 drastically increased when caspase 3 activity inhibited via 

z-VAD-FMK. 4T1-luc cells were pre-incubated for 4 h in the absence (black) or presence 

(red) of z-VAD-FMK and then treated with complex 4 at the indicated concentrations. 

Values from each point were normalized to control values. Values represent the mean ± SE 

(n = 3). (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.)
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Fig. 14. 
Effect of the concentration of complex 4 on the mitochondria membrane potential. Complex 

4 causes mitochondria membrane potential (ΔΨm) dissipation in 4T1-luc cells – The ΔΨm 

was determined in 4T1 cells 2 h after incubation with various concentration of complex 4: 

(A) 0 μM, (B) 5 μM, (C) 20 μM, (D) 40 μM, (E) 60 μM, and (F) 80 μM. Representative 

contour plots are shown with TMRE fluorescence resulting from ΔΨm, (FL2-A, y-axis) and 

FSC-H (x-axis).
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Scheme 1. 
Synthesis of [Co(phen)2(MeATSC)](NO3)3·1.5H2O·C2H5OH 4.
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Scheme 2. 
Tautomerism in thiosemicarbazones [140].
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Scheme 3. 
Tautomerism of a thiosemicarbazone and the proposed mechanism for the formation of the 

doubly charged cation from complex 4 in the mass spectrometer.
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Table 2

UV-visible spectroscopic data for the respective species in DMSO.

Species λ/nm 10−4 ε/
M−1 cm−1

λ/nm 10−4 ε/
M−1 cm−1

λ/nm 10−4 ε/
M−1 cm−1

λ/nm 10−4 ε/M−1

cm−1

1 269 2.6 309 0.74 403 0.91 — —

2 — — — — — — 502 0.0126

3 — — — — — — 513 0.0186

4 264 8.9 355 0.85 372 0.93 392 1.0

1 = MeATSC, 2 = complex 2 as a PF6- salt, [Co(phen)2(O2CO)]PF6, 3 = complex 3 as a PF6- salt, [Co(phen)2(H2O)2](PF6)3, and 4 = 

[Co(phen)2(MeATSC)](NO3)3•1.5H2O•C2H5OH.
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Table 3

A dose-response and time course for complex 4 effects on the 4T1-luc cell’s mitochondria membrane 

potential. Percentages of cells with a high ΔΨm, (positive) and low ΔΨm, (negative) for TMRE fluorescence 

after 2, 4, and 6 h.

[Complex 4]/μM 2 h 4 h 6 h

– + – + – +

0 17.05 80.83 24.92 73.21 16.96 78.88

5 18.08 81.23 36.63 60.72 14.16 79.37

20 13.07 85.42 48.76 49.73 31.86 61.65

40 27.02 71.9 42.35 55.63 50.11 46.01

60 26.5 71.41 39.93 58.44 52.42 45.26

80 47.41 52.03 17.33 80.58 45.21 53.42
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