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Abstract: Cobalt(III) compounds with tetradentate ligands have been widely employed to deliver
cytotoxic and imaging agents into cells. A large body of work has focused on using cobalt(III)–cyclam
scaffolds for this purpose. Here, we investigate the cytotoxic properties of cobalt(III) complexes
containing 14-membered macrocycles related to cyclam. A breast cancer stem cell (CSC) in vitro
model was used to gauge efficacy. Specifically, [Co(1,4,7,11-tetraazacyclotetradecane)Cl2]+ (1) and
[Co(1-oxa-4,8,12-triazacyclotetradecane)Cl2]+ (2) were synthesised and characterised, and their breast
CSC activity was determined. The cobalt(III) complexes 1 and 2 displayed micromolar potency
towards bulk breast cancer cells and breast CSCs grown in monolayers. Notably, 1 and 2 displayed
selective potency towards breast CSCs over bulk breast cancer cells (up to 4.5-fold), which was similar
to salinomycin (an established breast CSC-selective agent). The cobalt(III) complexes 1 and 2 were also
able to inhibit mammosphere formation at low micromolar doses (with respect to size and number).
The mammopshere inhibitory effect of 2 was similar to that of salinomycin. Our studies show that
cobalt(III) complexes with 1,4,7,11-tetraazacyclotetradecane and 1-oxa-4,8,12-triazacyclotetradecane
macrocycles could be useful starting points for the development of new cobalt-based delivery systems
that can transport cytotoxic and imaging agents into breast CSCs.

Keywords: metallopharmaceuticals; bioinorganic chemistry; cobalt; cancer stem cells; cyclam;
14-membered macrocycles

1. Introduction

Cobalt is a relatively non-toxic essential trace element metal and is a major com-
ponent of vitamin B12 and other co-enzymes [1]. Cobalt coordination complexes have
been widely investigated for their biological activity over the last 50 years [2–4]. Dox-
ovir (CTC-96) is a cobalt(III)–Schiff base complex that has recently passed phase II clin-
ical trials for Herpes labialis (or herpes simplex virus 1) treatment [5,6]. It is the first
cobalt-based compound to achieve this feat. Doxovir comprises of cobalt(III) bound to
bis(acetylacetone)ethylenediimine (an acyclic tetradentate ligand) and two 2-methylim-
idazole moieties, and is thought to function by forming covalent bonds to key histidine
residues within the active site of a viral enzyme that is vital for Herpes replication [7].
Cobalt(III) complexes with cyclic tetradentate ligands have been successfully used as pro-
drugs and carrier systems to deliver therapeutics and imaging agents into cancer cells,
respectively [4,8–10]. This approach is reliant on the bioreductive activation of cobalt(III)
complexes and the difference in reactivity of the cobalt(III) and cobalt(II) oxidation states [4].
We have used cobalt(III)–cyclam complexes to transport nonsteroidal anti-inflammatory
drugs (NSAIDs) into cancer stem cells (CSC) and effect potent, and in some cases, selective
CSC death (relative to bulk cancer cells and non-proliferating cells) [11–14].
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CSCs are a sub-population of tumour cells that are pertinent to chemoresistance,
metastasis, and relapse [15,16]. Unfortunately, current cancer therapies (chemotherapy,
radiation, surgery, and immunotherapy) are unable to completely rid cancer patients of
CSCs [17,18]. CSCs surviving treatment are able to generate new tumours in the primary
site or in distant organs, due to their self-renewal and differentiation propensity [19]. The
academic- and industry-led quest for small molecules and biologics that can remove CSCs
at safe doses has yet to identify a suitable clinically appropriate candidate [17]. We and
others have developed several metal complexes capable of potently killing CSCs in in vitro
and in vivo systems [20–23]. In particular, the use of cobalt(III)–cyclam prodrugs has
yielded fruitful results [11–14]. Cobalt(III)–cyclam complexes with NSAIDs (naproxen,
tolfenamic acid, and flufenamic acid) were shown to kill breast CSCs in the sub-micromolar
to nanomolar range [11–14]. In the oxidised form, the cobalt(III)–cyclam–NSAID platforms
are inert owing to the high crystal field stabilisation of the cobalt(III) ion. In the reducing
CSC intracellular environment, the cobalt(III) centre undergoes one-electron reduction
from cobalt(III) to cobalt(II), resulting in the release of the NSAID moiety, and a cytotoxic
cobalt(II) complex capable of damaging genomic DNA via hydrolytic pathways [11–14].
NSAIDs are established inhibitors of cyclooxygenase-2 (COX-2) [24]. COX-2 catalyses the
formation of prostaglandin (an inflammation mediator) and is overexpressed in certain
CSCs where it plays a regulatory role [25–27]. COX-2 inhibition sensitises CSCs to the
cytotoxic reduced cobalt(II) form. We very recently showed that COX-2 inhibition by a
cobalt(III)–cyclam complex containing two flufenamic acid units evokes immunogenic
cell death of CSCs (through modulation of the inhibitory damage-associated molecu-
lar pattern axis) [14]. This was the first cobalt complex of any geometry or oxidation
state to display both cytotoxic and immunogenic activating effects on CSCs [14]. De-
spite our efforts to develop anti-CSC cobalt(III) complexes, we have not investigated the
anti-CSC properties of cobalt(III) complexes containing 14-membered macrocycles other
than cyclam. Here, we have sought to synthesise, characterise, and evaluate the anti-CSC
properties of [Co(isocyclam)Cl2]+ (1) and [Co(oxo-isocyclam)Cl2]+ (2) (where isocylam is
1,4,7,11-tetraazacyclotetradecane and oxo-isocyclam is 1-oxa-4,8,12-triazacyclotetradecane)
and compare the data to [Co(cyclam)Cl2]+ (3). The replacement of a nitrogen atom in
[Co(isocyclam)Cl2]+ (1) for an oxygen atom to give [Co(oxo-isocyclam)Cl2]+ (2) is ex-
pected to better control the reduction of cobalt(III) to cobalt(II). Oxygen is expected to
better stabilise the cobalt(III) oxidation state, and thus modulate intracellular bioreduction
and overall stability in cell culture media. This is therefore expected to perturb potency
towards CSCs.

2. Results and Discussion

The chemical structures of the cobalt(III) complexes investigated in this study,
[Co(isocyclam)Cl2]+ (1), [Co(oxo-isocyclam)Cl2]+ (2), and [Co(cyclam)Cl2]+ (3), are de-
picted in Figures 1 and S1. The cobalt(III) complexes 1 and 2 were prepared by reacting
equimolar amounts of CoCl2·6H2O and 1,4,7,11-tetraazacyclotetradecane [28] or 1-oxa-
4,8,12-triazacyclotetradecane [28], respectively, in methanol in the presence of concentrated
HCl. The cobalt(III) complexes 1 and 2 were isolated as green solids in reasonable to excel-
lent yields (50–99%) and fully characterised by 1H NMR and infra-red spectroscopy, mass
spectrometry, elemental analysis, and single-crystal X-ray crystallography (Figures S2–S10,
Tables S1–S3). The 1H NMR spectra of 1 in methanol-d4 and D2O at room temperature
indicated the presence of multiple conformations in solution (Figures S2 and S3). At low
temperature (238 K), the 1H NMR spectrum of 1 in methanol-d4 displayed a defined set of
peaks corresponding to a single conformation (Figure S4). The spectrum is consistent with
the trans-II conformation observed in the X-ray crystal structure of 1 (Figure 1). The 1H NMR
spectra of 2 in methanol-d4 and D2O at room temperature indicated the presence of a single
conformation in solution (Figures S5 and S6). The ATR-FTIR spectra for 1 and 2 displayed
signals corresponding to N-H and C-H bond stretches associated to the macrocyclic ligands
(Figures S7 and S8). As expected, the ATR-FTIR spectra for 1,4,7,11-tetraazacyclotetradecane
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and 1-oxa-4,8,12-triazacyclotetradecane displayed similar signals to those observed for 1
and 2, respectively (Figures S11 and S12). The high-resolution ESI mass spectra of 1 and 2
exhibited distinctive molecular ion peaks with the appropriate isotopic pattern expected for
the cationic components of 1 (m/z = 329.0712) and 2 (m/z = 330.0552) (Figures S9 and S10).
This evidences the complexation of 1,4,7,11-tetraazacyclotetradecane and 1-oxa-4,8,12-
triazacyclotetradecane to cobalt(III). [Co(cyclam)Cl2]+ (3) was prepared according to a
previously reported method and characterised by 1H NMR and infra-red spectroscopy and
mass spectrometry (Figures S13–S16) [29]. The purity of 1–3 was established by elemental
analysis (see ESI).
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vapour diffusion of diethyl ether into a methanolic solution of 2 (CCDC 2346593- 2346594, 
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The cationic component of 1 and 2 consists of a cobalt(III) centre with a distorted 
octahedral geometry. The cobalt(III) centre in 1 is coordinated to 1,4,7,11-
tetraazacyclotetradecane via four nitrogen-donor atoms in trans-II fashion and to two 
additional axial chloride ligands (Figure 1). Similarly, the cobalt(III) centre in 2 is 
coordinated to 1-oxa-4,8,12-triazacyclotetradecane via three nitrogen-donor atoms and 
one oxygen-donor atom also in trans-II fashion and to two axial chloride ligands (Figure 
1). Within the CoN4 equatorial plane (for 1) and the CoN3O equatorial plane (for 2), the 
average bond angle between nitrogen/oxygen atoms cis to one another is 90.1° for 1 and 
90.1° for 2, and the average axial Cl-Co-Cl bond angle is 179.4° for 1 and 178.4° for 2, 
consistent with a distorted octahedral geometry. The average Co-N, Co-O, Co-Cl bond 
lengths are consistent with the values reported for related cobalt(III) complexes [11,14]. 
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Figure 1. (A) Reaction scheme for the preparation of [Co(1,4,7,11-tetraazacyclotetradecane)Cl2]Cl (1).
The X-ray structure of 1 is also shown. Thermal ellipsoids are drawn at 50% probability. C atoms
are shown in grey, N in dark blue, Cl in green, and Co in cobalt blue. The H atoms, co-crystallising
solvent molecules, and the counter-anion have been omitted for clarity. (B) Reaction scheme for the
preparation of [Co(1-oxa-4,8,12-triazacyclotetradecane)Cl2]½CoCl4 (2). The X-ray structure of 2 is
also shown. Thermal ellipsoids are drawn at 50% probability. C atoms are shown in grey, N in dark
blue, Cl in green, O in red, and Co in cobalt blue. The H atoms and the counter-anion have been
omitted for clarity.

Single crystals of 1 suitable for X-ray diffraction studies were obtained by slow evap-
oration of a methanolic solution of 1, and suitable crystals of 2 were obtained by vapour
diffusion of diethyl ether into a methanolic solution of 2 (CCDC 2346593- 2346594, Figure 1,
Table S1). Selected bond distances and angles are presented in Tables S2 and S3. The
cationic component of 1 and 2 consists of a cobalt(III) centre with a distorted octahedral
geometry. The cobalt(III) centre in 1 is coordinated to 1,4,7,11-tetraazacyclotetradecane
via four nitrogen-donor atoms in trans-II fashion and to two additional axial chloride
ligands (Figure 1). Similarly, the cobalt(III) centre in 2 is coordinated to 1-oxa-4,8,12-
triazacyclotetradecane via three nitrogen-donor atoms and one oxygen-donor atom also in
trans-II fashion and to two axial chloride ligands (Figure 1). Within the CoN4 equatorial
plane (for 1) and the CoN3O equatorial plane (for 2), the average bond angle between nitro-
gen/oxygen atoms cis to one another is 90.1◦ for 1 and 90.1◦ for 2, and the average axial
Cl-Co-Cl bond angle is 179.4◦ for 1 and 178.4◦ for 2, consistent with a distorted octahedral
geometry. The average Co-N, Co-O, Co-Cl bond lengths are consistent with the values
reported for related cobalt(III) complexes [11,14].

To determine the potential for the cobalt(III) complexes 1–3 to enter cells, their
lipophilicity was experimentally calculated. Specifically, the lipophilicity of 1–3 was de-
termined by gauging the extent to which they partitioned between octanol and water,
using inductively coupled plasma mass spectrometry (ICP-MS). The experimentally deter-
mined LogP values of 1–3 varied from −0.38 to −1.46 (Table S4), suggesting that 1–3 were
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hydrophilic enough to dissolve in biological media (required for performing cell-based
studies) and at the same time able to enter dividing cells. Time-course UV–Vis spectroscopy
and ESI mass spectrometry studies were carried out to assess the stability of 1–3 in solution.
In DMSO, the d-d bands associated to 1 and 3 (1 mM) remained unchanged over the course
of 72 h at 37 ◦C (Figures S17 and S18), indicative of stability. In DMSO, the absorbance
of the d-d bands associated to 2 (1 mM) decreased slightly; however, their corresponding
wavelengths remained unaltered over the course of 72 h at 37 ◦C (Figure S19), indicative of
reasonable stability. The ESI mass spectra of 1–3 (40 µM) in H2O:DMSO (10:1) displayed
a molecular ion peak corresponding to 1–3 (329 m/z for 1 and 3; 330 m/z for 2), with the
appropriate isotopic pattern throughout the course of 72 h at 37 ◦C (Figures S20–S22). This
suggests that 1–3 are able to remain intact in aqueous solutions.

The cytotoxicity of the cobalt(III) complexes 1–3 towards bulk breast cancer cells
(HMLER) and breast CSCs (HMLER-shEcad) cultured in monolayers was assessed using the
colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. IC50
values (the concentration required to reduce cell viability by 50%) were determined from
dose–response curves (Figure 2) and are listed in Table 1. The cobalt(III) complexes 1 and 2
displayed micromolar potency towards HMLER and HMLER-shEcad cells. The toxicity of 1
and 2 towards breast CSCs was similar or higher than that of salinomycin (a gold-standard
anti-breast CSC agent) and cisplatin (a platinum-based anticancer drug) [30,31]. Based
on the IC50 values, both 1 and 2 were more toxic towards breast CSCs than bulk breast
cancer cells (2.5- and 4.5-fold, respectively). The breast CSC selective potency exhibited
by 1 and 2 is similar to that reported for salinomycin [30]. The cobalt(III)–cyclam complex
3 was non-toxic towards HMLER and HMLER-shEcad cells at the concentrations tested
(IC50 > 100 µM) [11,14]. This implies that modulation of cobalt(III) complexes with 14-
membered macrocyclic ligands can result in enhanced potency and selectivity towards
breast CSCs. Control cytotoxicity studies indicated that the potency of CoCl2, 1,4,7,11-
tetraazacyclotetradecane, 1-oxa-4,8,12-triazacyclotetradecane, and cyclam towards HMLER-
shEcad cells was significantly lower (p < 0.05, n = 18) than 1 and 2 (Table S5 and Figure S23).
This suggests that the cytotoxicity of 1 and 2 towards breast CSCs is likely to result from
the intact cobalt(III) complexes rather than their individual components (cobalt or the free
macrocyclic ligand).
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Figure 2. (A) Representative dose–response curves for the treatment of HMLER, HMLER-shEcad,
and BEAS-2B cells with 1 after 72 h incubation; and (B) representative dose–response curves for the
treatment of HMLER, HMLER-shEcad, and BEAS-2B cells with 2 after 72 h incubation.

To determine the potential of 1 and 2 to kill non-cancerous cells, additional cytotoxicity
studies were conducted with epithelial bronchial BEAS-2B cells. The cobalt(III) complexes
1 and 2 were significantly less potent towards BEAS-2B cells than HMLER and HMLER-
shEcad cells (IC50 value for 1 = 84.18 ± 10.10 µM, up to 46-fold, p < 0.05 and IC50 value
for 2 = 50.58 ± 2.25 µM, up to 16-fold, p < 0.05) (Figure 2). Taken together, the cytotoxicity
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studies in the monolayer systems suggests that 1 and 2 have the potential to preferentially
kill breast CSCs and bulk breast cancer cells over non-cancerous bronchial cells.

Three-dimensional spherical structures akin to tumours called mammospheres can
form when breast CSCs are cultured in serum-free, anchorage-independent cell culture
conditions [32]. The ability of a given compound to inhibit mammosphere formation
and viability is a useful indicator for CSC potency in vivo. The ability of 1–3 to inhibit
the formation of spherical mammospheres from single suspensions of HMLER-shEcad
cells was analysed. Dosages with 1 and 2 (at 2 µM for 5 days) significantly reduced the
number and size of the mammospheres formed (Figure 3). Dosage with 3 (at 2 µM for
5 days) did not significantly affect the number or size of mammospheres formed (p = 0.45)
(Figure 3). Under the same conditions, salinomycin and cisplatin decreased the number of
mammospheres formed to a better extent than 1 and 3, and to a similar extent to 2 (Figure 3).
In order to decipher the ability of 1–3 to reduce mammosphere viability, the colorimetric
resazurin-based reagent TOX8 was used. IC50 values (the concentration required to reduce
mammosphere viability by 50%) were determined from dose–response curves (Figure S24)
and are listed in Table 1. The IC50 value of 1 and 2 was in the micromolar range, signifi-
cantly higher than salinomycin and cisplatin (Table 1) [33,34]. As expected, based on the
monolayer studies, 3 was non-toxic towards mammospheres at the concentrations tested
(IC50 > 133 µM).

Table 1. IC50 values of the cobalt(III) complexes 1–3, cisplatin and salinomycin against HMLER and
HMLER-shEcad cells and HMLER-shEcad mammospheres determined after 72 h or 120 h incubation
(mean of two or three independent experiments ± SD).

Compound HMLER
IC50 [µM]

HMLER-shEcad
IC50 [µM]

Mammosphere
IC50 [µM]

1 4.64 ± 0.25 1.83 ± 0.32 51.46 ± 1.49
2 13.86 ± 0.01 3.09 ± 0.01 55.04 ± 3.23

3 1 >100 >100 >133
cisplatin 1 2.57 ± 0.02 5.65 ± 0.30 13.50 ± 2.34

salinomycin 1 11.43 ± 0.42 4.23 ± 0.35 18.50 ± 1.50
1 Taken from references [11,30,31,33,34].

Cell uptake studies were performed to determine the breast CSC permeability of the
cobalt(III) complexes 1 and 2. Specifically, HMLER-shEcad cells were incubated with 1 and 2
(2 µM for 24 h) and the cobalt content was determined by inductively coupled plasma mass
spectrometry (ICP-MS). As shown in Figure S25, 1 and 2 were taken up reasonably well by
HMLER-shEacd cells, with whole-cell uptake ranging from 51.6 ± 3.2 ng of Co/million
cells for 1 to 80.2 ± 4.8 ng of Co/ million cells for 2. The whole-cell uptake of 1 and 2
is consistent with their relative LogP values (Table S4). The more lipophilic cobalt(III)
complex 2 was internalised better by HMLER-shEcad cells than 1. However, the opposite
correlation was noted between whole-cell uptake and cytotoxicity (Table 1). This could be
due to the greater redox stability (resistance towards bioactivation) of 2 over 1, owing to
the presence of the oxygen atom which stabilises the cobalt(III) oxidation state.
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3. Conclusions

In summary we report the synthesis and characterisation of two cobalt(III) complexes
with 14-membered macrocyclic ligands (1,4,7,11-tetraazacyclotetradecane for 1 and 1-oxa-
4,8,12-triazacyclotetradecane for 2). The X-ray structures of 1 and 2 show that both adopt a
distorted octahedral geometry, with the 14-membered macrocyclic ligands occupying the
equatorial positions in a trans-II fashion, and the chloride ligands residing in the axial posi-
tions. Time course UV–Vis spectroscopy and mass spectrometry studies revealed that 1 and
2 were stable in solution. The cobalt(III) complexes 1 and 2 displayed micromolar potency
towards breast CSCs and bulk breast cancer cells, in the same range as salinomycin and
cisplatin. Strikingly, 1 and 2 killed breast CSCs selectively compared to bulk breast cancer
cells (up to 4.5-fold) and epithelial bronchial cells (up to 46-fold). The cobalt(III) complex 2
was also able to inhibit the formation of mammospheres from a single-cell suspension of
breast CSCs to a similar extent as salinomycin. However, the ability of 2 to reduce mammo-
sphere viability was lower than salinomycin. The control cobalt(III)–cyclam complex 3 was
non-toxic towards breast CSCs grown in monolayers and in three-dimensional cultures.
This suggests that subtle chemical changes to cobalt(III) complexes with 14-membered
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macrocyclic ligands can facilitate enhanced potency and selectivity towards breast CSCs.
Overall, our results show that cobalt(III) complexes with 14-membered macrocyclic ligands
can be used to effectively and selectively kill breast CSCs. The results could cultivate
further studies that aim to improve the scope of 1 and 2 by using them to deliver cytotoxic
and imaging agents into breast CSCs.

4. Materials and Methods
4.1. General Procedures

All synthetic procedures were performed under normal atmospheric conditions. 1H
NMR were recorded at room temperature on a Bruker Avance 400 spectrometer (1H
400.0 MHz) with chemical shifts (δ, ppm) reported relative to the solvent peaks of the
deuterated solvent. Fourier transform infrared (FTIR) spectra were recorded with an
IRAffinity-1S Shimadzu spectrophotometer. UV–Vis absorption spectra were recorded
on a Cary 3500 UV–Vis spectrophotometer. Inductively coupled plasma mass spectrom-
etry (ICP-MS) was conducted using a Thermo Scientific ICAP-Qc quadrupole ICP mass
spectrometer (Waltham, MA, USA). Elemental analysis of the compounds prepared was
performed commercially by the University of Cambridge. [Co(cyclam)Cl2]Cl, 1,4,7,11-
tetraazacyclotetradecane, and 1-oxa-4,8,12-triazacyclotetradecane were prepared using
reported protocols [28,29]. CoCl2·6H2O and concentrated HCl were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and used without further purification. Solvents were
purchased from Fisher and used without further purification.

4.2. Synthesis of [Co(1,4,7,11-tetraazacyclotetradecane)Cl2]Cl (1)

A solution of CoCl2·6H2O (38.1 mg, 0.16 mmol) in methanol (5 mL) was added to a
solution of 1,4,7,11-tetraazacyclotetradecane (32.5 mg, 0.16 mmol) in methanol (10 mL).
Concentrated HCl (37%, 1 mL) was added immediately, and the mixture was stirred under
reflux conditions for 15 min. The mixture was then stirred at room temperature for 16 h.
The resultant solution was filtered with Celite, and diethyl ether (50 mL) was added to
the filtrate to produce a precipitate. The precipitate was collected and dried to yield 1 as a
light green solid (30 mg, 50%); 1H NMR (400 MHz, CD3OD) δH 6.97 (s, 1H), 6.19 (s, 1H),
5.94 (s, 1H), 5.38 (s, 1H), 3.63–3.40 (m, 2H), 3.28–1.81 (m, 18H); 1H NMR (400 MHz, D2O)
δH 7.04 (s, 1H), 6.22 (s, 1H), 5.96 (s, 1H), 5.44 (s, 1H), 3.48–3.43 (m, 2H), 3.14–1.77 (m, 18H);
ATR-FTIR (solid, cm−1): 3198, 2961, 2938, 1635, 1462, 1171, 1099, 1083, 1048, 1017, 986, 947,
934, 891, 518, 488, 442, 420, 397; ESI-MS Calcd. for C10H24Cl2CoN4 [M-Cl]+: 329.0710 a.m.u.
Found [M-Cl]+: 329.0712 a.m.u.; Anal. Calcd. for C10H24Cl3CoN4: C, 32.85; H, 6.62; N,
15.32. Found: C, 32.89; H, 6.70; N, 15.03.

4.3. Synthesis of [Co(1-oxa-4,8,12-triazacyclotetradecane)Cl2]½CoCl4 (2)

A solution of CoCl2·6H2O (60 mg, 0.25 mmol) in methanol (5 mL) was added to a
solution of 1-oxa-4,8,12-triazacyclotetradecane (50 mg, 0.25 mmol) in methanol (10 mL).
Concentrated HCl (37%, 1 mL) was added immediately, and the mixture was stirred under
reflux conditions for 15 min. The mixture was then stirred at room temperature for 16 h.
The resultant solution was filtered with Celite, and diethyl ether (100 mL) was added to
the filtrate to produce a precipitate. The precipitate was collected and dried to yield 2 as a
dark green solid (107.4 mg, 99%); 1H NMR (400 MHz, CD3OD) δH 3.84 (t, 4H), 3.32 (m, 8H),
3.30 (m, 4H), 2.19 (m, 4H); 1H NMR (400 MHz, D2O) δH 3.86 (t, 4H), 3.42 (t, 4H), 3.31 (t, 4H),
3.25 (t, 4H), 2.18 (m, 4H); ATR-FTIR (solid, cm−1): 3123, 2959, 2798, 2774, 1616, 1593, 1538,
1451, 1433, 1361, 1112, 1056, 1019, 998, 939, 869, 840, 807, 790, 774, 766, 735, 698, 669, 640, 626,
599, 582, 551, 531, 512; ESI-MS Calcd. for C10H23Cl2CoN3O [M-½CoCl4]+: 330.0550 a.m.u.
Found [M-½CoCl4]+: 330.0552 a.m.u.; Anal. Calcd. for C10H23Cl4Co1.5N3O: C, 27.83; H,
5.37; N, 9.74. Found: C, 28.21; H, 5.99; N, 9.56.
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4.4. Synthesis of [Co(1,4,8,11-tetraazacyclotetradecane)Cl2]Cl (3)

[Co(cyclam)Cl2]Cl was prepared using a reported protocol [28,29]. Light green solid
obtained for 3 (69% yield); 1H NMR (400 MHz, CD3OD) δH 6.13 (s, 4H), 2.89–2.80 (m, 12H),
2.53 (dd, 4H), 2.10 (d, 2H), 1.99–1.87 (m, 2H); 1H NMR (400 MHz, D2O) δH 6.27 (s, 2H),
3.07–2.47 (m, 18H), 2.26–2.16 (dd, 2H), 1.98–1.88 (d, 2H); ATR-FTIR (solid, cm−1): 3161,
2970, 2953, 2937, 2883, 2869, 1472, 1454, 1437, 1423, 1384, 1322, 1295, 1244, 1135, 1102, 1069,
1038, 1013, 904, 890, 813, 556, 523, 505, 445, 422, 402; ESI-MS Calcd. for C10H24Cl2CoN4
[M-Cl]+: 329.0710 a.m.u. Found [M-Cl]+: 329.0717 a.m.u.; Anal. Calcd. for C10H24Cl3CoN4:
C, 32.85; H, 6.62; N, 15.32. Found: C, 32.96; H, 6.62; N, 15.04.

4.5. X-ray Crystallography

Crystals were mounted in inert oil on glass fibres and transferred to a Bruker Apex
2000 CCD area detector diffractometer. Data was collected using graphite-monochromated
Mo-Kα radiation (λ = 0.71073) at 150(2) K. Scan type ϖ. Absorption corrections based
on multiple scans were applied using SADABS [35] or spherical harmonics implemented
in a SCALE3 ABSPACK scaling algorithm [36]. The structures were solved by direct
methods and refined on F2 using the program SHELXT-2016 [37]. All non-hydrogen atoms
were refined anisotropically. The CCDC deposition numbers 2346593–2346594 contain the
supplementary crystallographic data. This data can be obtained free of charge via The
Cambridge Crystallography Data Centre.

4.6. Measurement of Water-Octanol Partition Coefficient (LogP)

The LogP value for 1–3 was determined using the shake-flask method and inductively
coupled plasma mass spectrometry (ICP-MS). The 1-octanol used in this experiment was
pre-saturated with water. A DMSO solution of 1–3 (10 µL, 10 mM) was incubated with
1-octanol (495 µL) and H2O (495 µL) in a 1.5 mL tube. The tube was shaken at room
temperature for 24 h. The two phases were separated by centrifugation and the content of
1–3 in the water phase was determined by ICP-MS.

4.7. Cell Culture

The human mammary epithelial cell lines, HMLER and HMLER-shEcad were kindly
donated by Prof. R. A. Weinberg (Whitehead Institute, MIT). HMLER and HMLER-
shEcad cells were maintained in Mammary Epithelial Cell Growth Medium (MEGM)
with supplements and growth factors (BPE, hydrocortisone, hEGF, insulin, and gentamicin/
amphotericin-B). The BEAS-2B bronchial epithelium cell line was acquired from American
Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in RPMI 1640 medium
with 2 mM L-glutamine supplemented with 1% penicillin and 10% fetal bovine serum. The
cells were grown at 310 K in a humidified atmosphere containing 5% CO2.

4.8. Cytotoxicity Studies: MTT Assay

Exponentially growing cells were seeded at a density of approximately 5 × 103 cells
per well in 96-well flat-bottomed microplates and allowed to attach for 24 h prior to the
addition of compounds. Various concentrations of the test compounds (0.0004–100 µM)
were added and incubated for 72 h at 37 ◦C (total volume 200 µL). Stock solutions of the
compounds were prepared as 10 mM DMSO solutions and diluted using cell media. The
final concentration of DMSO in each well was ≤1 %. After 72 h, 20 µL of MTT (4 mg
mL−1 in PBS) was added to each well and the plates incubated for an additional 4 h
at 37 ◦C. The media/MTT mixture was eliminated and DMSO (100 µL per well) was
added to dissolve the formazan precipitates. The optical density was measured at 550 nm
using a 96-well multiscanner autoreader. Absorbance values were normalised to (DMSO-
containing) control wells and plotted as concentration of compound versus % cell viability.
IC50 values were interpolated from the resulting dose dependent curves. The reported IC50
values are the average of three independent experiments (n = 18).
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4.9. Tumorsphere Formation and Viability Assay

HMLER-shEcad cells (5 × 103) were plated in ultralow-attachment 96-well plates
(Corning, Corning, NY, USA) and incubated in MEGM supplemented with B27 (Invitrogen,
Waltham, MA, USA), 20 ng mL−1 EGF and 4 µg mL−1 heparin (Sigma) for 5 days. Studies
were also conducted in the presence of 1–3, cisplatin, and salinomycin (0–133 µM). Mam-
mospheres treated with 1–3, cisplatin, and salinomycin (at 2 µM, 5 days) were counted and
imaged using an inverted microscope. The viability of the mammospheres was determined
by the addition of a resazurin-based reagent, TOX8 (Sigma). After incubation for 16 h,
the fluorescence of the solutions was read at 590 nm (λex = 560 nm). Viable mammo-
spheres reduce the amount of the oxidised TOX8 form (blue) and concurrently increase
the amount of the fluorescent TOX8 intermediate (red), indicating the degree of mammo-
sphere cytotoxicity caused by the test compound. Fluorescence values were normalised to
DMSO-containing controls and plotted as a concentration of the test compound versus %
mammosphere viability. IC50 values were interpolated from the resulting dose-dependent
curves. The reported IC50 values are the average of two independent experiments, each
consisting of two replicates per concentration level (overall n = 4).

4.10. Cellular Uptake

To measure the cellular uptake of 1 and 2, about 1 million HMLER-shEcad cells were
treated with 1 or 2 (2 µM) at 37 ◦C for 24 h. After incubation, the media were removed
and the cells were washed with PBS (2 mL × 3) and harvested. The number of cells was
counted at this stage using a haemocytometer. This mitigates any cell death induced by 1
and 2 at the administered concentration and experimental cell loss. The cellular pellet was
dissolved in 65% HNO3 (250 µL) overnight. Then, the samples were diluted 17-fold with
water and analysed using inductively coupled plasma mass spectrometry (ICP-MS, Thermo
Scientific ICAP-Qc quadrupole ICP mass spectrometer). Cobalt levels are expressed as
mass of Co (ng) per million cells. Results are presented as the mean of two determinations
for each data point.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29122743/s1, Figures S1–S25; Tables S1–S5.

Author Contributions: Conceptualization, K.S. (Kogularamanan Suntharalingam) and U.-P.A.;
methodology, K.S. (Kogularamanan Suntharalingam), U.-P.A., J.F., P.G. and K.S. (Kuldip Singh);
validation, K.S. (Kogularamanan Suntharalingam), U.-P.A., J.F., P.G. and K.S. (Kuldip Singh); for-
mal analysis, K.S. (Kogularamanan Suntharalingam), U.-P.A., J.F., P.G. and K.S. (Kuldip Singh);
investigation, K.S. (Kogularamanan Suntharalingam), U.-P.A., J.F., P.G. and K.S. (Kuldip Singh);
writing—original draft preparation, K.S. (Kogularamanan Suntharalingam), U.-P.A., J.F. and P.G.;
writing—review and editing, K.S. (Kogularamanan Suntharalingam), U.-P.A., J.F. and P.G.; supervi-
sion, K.S. (Kogularamanan Suntharalingam) and U.-P.A.; project administration, K.S. (Kogularamanan
Suntharalingam) and U.-P.A.; funding acquisition, K.S. (Kogularamanan Suntharalingam) and U.-P.A.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the University of Leicester, the Chinese Scholarship Council,
the EPSRC, and the Deutsche Forschungsgemeinschaft.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Samples of the compounds are available from the authors.

Acknowledgments: J.F. is supported by a Chinese Scholarship Council PhD studentship. We also
thank the Advanced Imaging Facility (RRID:SCR_020967) at the University of Leicester for support.
XRD crystallography at the University of Leicester is supported by an EPSRC Core Equipment
Award (EP/V034766/1). NMR Spectroscopy at the University of Leicester is supported by an
EPSRC Strategic Equipment Award (EP/W02151X/1). U.-P.A. is thankful for support by the Deutsche
Forschungsgemeinschaft (DFG; German Research Foundation) under Germany’s Excellence Strategy—
EXC-2033 390677874—“RESOLV”) and individual research grants (AP242/5-2).

https://www.mdpi.com/article/10.3390/molecules29122743/s1
https://www.mdpi.com/article/10.3390/molecules29122743/s1


Molecules 2024, 29, 2743 10 of 11

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Yamada, K. Cobalt: Its Role in Health and Disease. In Interrelations between Essential Metal Ions and Human Diseases; Sigel, A., Sigel,

H., Sigel, R.K.O., Eds.; Springer: Dordrecht, The Netherlands, 2013; Volume 13, pp. 295–320.
2. Munteanu, C.R.; Suntharalingam, K. Advances in cobalt complexes as anticancer agents. Dalton Trans. 2015, 44, 13796–13808.

[CrossRef] [PubMed]
3. Heffern, M.C.; Yamamoto, N.; Holbrook, R.J.; Eckermann, A.L.; Meade, T.J. Cobalt derivatives as promising therapeutic agents.

Curr. Opin. Chem. Biol. 2013, 17, 189–196. [CrossRef] [PubMed]
4. Hall, M.D.; Failes, T.W.; Yamamoto, N.; Hambley, T.W. Bioreductive activation and drug chaperoning in cobalt pharmaceuticals.

Dalton Trans. 2007, 36, 3983–3990. [CrossRef] [PubMed]
5. Schwartz, J.A.; Lium, E.K.; Silverstein, S.J. Herpes simplex virus type 1 entry is inhibited by the cobalt chelate complex CTC-96. J.

Virol 2001, 75, 4117–4128. [CrossRef] [PubMed]
6. de Paiva, R.E.F.; Peterson, E.J.; Malina, J.; Zoepfl, M.; Hampton, J.D.; Johnson, W.E.; Graminha, A.; Ourahmane, A.; McVoy, M.A.;

Brabec, V.; et al. On the Biology of Werner’s Complex. Angew. Chem. Int. Ed. 2021, 60, 17123–17130. [CrossRef] [PubMed]
7. Louie, A.Y.; Meade, T.J. A cobalt complex that selectively disrupts the structure and function of zinc fingers. Proc. Natl. Acad. Sci.

USA 1998, 95, 6663–6668. [CrossRef] [PubMed]
8. Kim, B.J.; Hambley, T.W.; Bryce, N.S. Visualising the hypoxia selectivity of cobalt(III) prodrugs. Chem. Sci. 2011, 2, 2135–2142.

[CrossRef]
9. Renfrew, A.K.; Bryce, N.S.; Hambley, T.W. Delivery and release of curcumin by a hypoxia-activated cobalt chaperone: A XANES

and FLIM study. Chem. Sci. 2013, 4, 3731–3739. [CrossRef]
10. Yamamoto, N.; Danos, S.; Bonnitcha, P.D.; Failes, T.W.; New, E.J.; Hambley, T.W. Cellular uptake and distribution of cobalt

complexes of fluorescent ligands. J. Biol. Inorg. Chem. 2008, 13, 861–871. [CrossRef]
11. Cressey, P.B.; Eskandari, A.; Bruno, P.M.; Lu, C.; Hemann, M.T.; Suntharalingam, K. The Potent Inhibitory Effect of a Naproxen-

Appended Cobalt(III)-Cyclam Complex on Cancer Stem Cells. ChemBioChem 2016, 17, 1713–1718. [CrossRef]
12. Cressey, P.; Eskandari, A.; Suntharalingam, K. A Cancer Stem Cell Potent Cobalt(III)–Cyclam Complex Bearing Two Tolfenamic

Acid Moieties. Inorganics 2017, 5, 12. [CrossRef]
13. Abe, D.O.; Eskandari, A.; Suntharalingam, K. Diflunisal-adjoined cobalt(III)-polypyridyl complexes as anti-cancer stem cell

agents. Dalton Trans. 2018, 47, 13761–13765. [CrossRef] [PubMed]
14. Fang, J.; Orobator, O.N.; Olelewe, C.; Passeri, G.; Singh, K.; Awuah, S.G.; Suntharalingam, K. A Breast Cancer Stem Active

Cobalt(III)-Cyclam Complex Containing Flufenamic Acid with Immunogenic Potential. Angew. Chem. Int. Ed. 2024, 63,
e202317940. [CrossRef] [PubMed]

15. Phi, L.T.H.; Sari, I.N.; Yang, Y.G.; Lee, S.H.; Jun, N.; Kim, K.S.; Lee, Y.K.; Kwon, H.Y. Cancer Stem Cells (CSCs) in Drug Resistance
and their Therapeutic Implications in Cancer Treatment. Stem Cells Int. 2018, 2018, 5416923. [CrossRef] [PubMed]

16. Shiozawa, Y.; Nie, B.; Pienta, K.J.; Morgan, T.M.; Taichman, R.S. Cancer stem cells and their role in metastasis. Pharmacol. Ther.
2013, 138, 285–293. [CrossRef] [PubMed]

17. Kaiser, J. The cancer stem cell gamble. Science 2015, 347, 226–229. [CrossRef] [PubMed]
18. Du, F.Y.; Zhou, Q.F.; Sun, W.J.; Chen, G.L. Targeting cancer stem cells in drug discovery: Current state and future perspectives.

World J. Stem Cells 2019, 11, 398–420. [CrossRef] [PubMed]
19. Ayob, A.Z.; Ramasamy, T.S. Cancer stem cells as key drivers of tumour progression. J. Biomed. Sci. 2018, 25, 20. [CrossRef]

[PubMed]
20. Laws, K.; Suntharalingam, K. The Next Generation of Anticancer Metallopharmaceuticals: Cancer Stem Cell-Active Inorganics.

ChemBioChem 2018, 19, 2246–2253. [CrossRef]
21. Northcote-Smith, J.; Suntharalingam, K. Targeting chemotherapy-resistant tumour sub-populations using inorganic chemistry:

Anti-cancer stem cell metal complexes. Curr. Opin. Chem. Biol. 2023, 72, 102237. [CrossRef]
22. Johnson, A.; Northcote-Smith, J.; Suntharalingam, K. Emerging Metallopharmaceuticals for the Treatment of Cancer. Trends Chem.

2021, 3, 47–58. [CrossRef]
23. Li, Y.; Liu, B.; Shi, H.; Wang, Y.; Sun, Q.; Zhang, Q. Metal complexes against breast cancer stem cells. Dalton Trans. 2021, 50,

14498–14512. [CrossRef] [PubMed]
24. Abramson, S.B.; Weissmann, G. The mechanisms of action of nonsteroidal antiinflammatory drugs. Arthritis Rheum. 1989, 32, 1–9.

[CrossRef] [PubMed]
25. Pang, L.Y.; Hurst, E.A.; Argyle, D.J. Cyclooxygenase-2: A Role in Cancer Stem Cell Survival and Repopulation of Cancer Cells

during Therapy. Stem Cells Int. 2016, 2016, 11. [CrossRef] [PubMed]
26. Singh, B.; Berry, J.A.; Shoher, A.; Ramakrishnan, V.; Lucci, A. COX-2 overexpression increases motility and invasion of breast

cancer cells. Int. J. Oncol. 2005, 26, 1393–1399. [CrossRef] [PubMed]
27. Sharma, V.; Dixit, D.; Ghosh, S.; Sen, E. COX-2 regulates the proliferation of glioma stem like cells. Neurochem. Int. 2011, 59,

567–571. [CrossRef] [PubMed]
28. Gerschel, P.; Battistella, B.; Siegmund, D.; Ray, K.; Apfel, U.-P. Electrochemical CO2 Reduction—The Effect of Chalcogenide

Exchange in Ni-Isocyclam Complexes. Organometallics 2020, 39, 1497–1510. [CrossRef]

https://doi.org/10.1039/C5DT02101D
https://www.ncbi.nlm.nih.gov/pubmed/26148776
https://doi.org/10.1016/j.cbpa.2012.11.019
https://www.ncbi.nlm.nih.gov/pubmed/23270779
https://doi.org/10.1039/b707121c
https://www.ncbi.nlm.nih.gov/pubmed/17828357
https://doi.org/10.1128/JVI.75.9.4117-4128.2001
https://www.ncbi.nlm.nih.gov/pubmed/11287561
https://doi.org/10.1002/anie.202105019
https://www.ncbi.nlm.nih.gov/pubmed/34105220
https://doi.org/10.1073/pnas.95.12.6663
https://www.ncbi.nlm.nih.gov/pubmed/9618469
https://doi.org/10.1039/c1sc00337b
https://doi.org/10.1039/c3sc51530c
https://doi.org/10.1007/s00775-008-0374-7
https://doi.org/10.1002/cbic.201600368
https://doi.org/10.3390/inorganics5010012
https://doi.org/10.1039/C8DT03448F
https://www.ncbi.nlm.nih.gov/pubmed/30225483
https://doi.org/10.1002/anie.202317940
https://www.ncbi.nlm.nih.gov/pubmed/38063406
https://doi.org/10.1155/2018/5416923
https://www.ncbi.nlm.nih.gov/pubmed/29681949
https://doi.org/10.1016/j.pharmthera.2013.01.014
https://www.ncbi.nlm.nih.gov/pubmed/23384596
https://doi.org/10.1126/science.347.6219.226
https://www.ncbi.nlm.nih.gov/pubmed/25593170
https://doi.org/10.4252/wjsc.v11.i7.398
https://www.ncbi.nlm.nih.gov/pubmed/31396368
https://doi.org/10.1186/s12929-018-0426-4
https://www.ncbi.nlm.nih.gov/pubmed/29506506
https://doi.org/10.1002/cbic.201800358
https://doi.org/10.1016/j.cbpa.2022.102237
https://doi.org/10.1016/j.trechm.2020.10.011
https://doi.org/10.1039/D1DT02909F
https://www.ncbi.nlm.nih.gov/pubmed/34591055
https://doi.org/10.1002/anr.1780320102
https://www.ncbi.nlm.nih.gov/pubmed/2643434
https://doi.org/10.1155/2016/2048731
https://www.ncbi.nlm.nih.gov/pubmed/27882058
https://doi.org/10.3892/ijo.26.5.1393
https://www.ncbi.nlm.nih.gov/pubmed/15809733
https://doi.org/10.1016/j.neuint.2011.06.018
https://www.ncbi.nlm.nih.gov/pubmed/21763744
https://doi.org/10.1021/acs.organomet.0c00129


Molecules 2024, 29, 2743 11 of 11

29. Bosnich, B.; Poon, C.K.; Tobe, M.L. Complexes of Cobalt(III) with a Cyclic Tetradentate Secondary Amine. Inorg. Chem. 1965, 4,
1102–1108. [CrossRef]

30. Boodram, J.N.; McGregor, I.J.; Bruno, P.M.; Cressey, P.B.; Hemann, M.T.; Suntharalingam, K. Breast Cancer Stem Cell Potent
Copper(II)-Non-Steroidal Anti-Inflammatory Drug Complexes. Angew. Chem. Int. Ed. 2016, 55, 2845–2850. [CrossRef]

31. Eskandari, A.; Suntharalingam, K. A reactive oxygen species-generating, cancer stem cell-potent manganese(ii) complex and its
encapsulation into polymeric nanoparticles. Chem. Sci. 2019, 10, 7792–7800. [CrossRef]

32. Dontu, G.; Abdallah, W.M.; Foley, J.M.; Jackson, K.W.; Clarke, M.F.; Kawamura, M.J.; Wicha, M.S. In vitro propagation and
transcriptional profiling of human mammary stem/progenitor cells. Genes Dev. 2003, 17, 1253–1270. [CrossRef] [PubMed]

33. Lu, C.; Laws, K.; Eskandari, A.; Suntharalingam, K. A reactive oxygen species-generating, cyclooxygenase-2 inhibiting, cancer
stem cell-potent tetranuclear copper(ii) cluster. Dalton Trans. 2017, 46, 12785–12789. [CrossRef] [PubMed]

34. Eskandari, A.; Kundu, A.; Ghosh, S.; Suntharalingam, K. A Triangular Platinum(II) Multinuclear Complex with Cytotoxicity
towards Breast Cancer Stem Cells. Angew. Chem. Int. Ed. 2019, 58, 12059–12064. [CrossRef] [PubMed]

35. Sheldrick, G. SADABS: Program for Absorption Correction Using Area Detector Data; University of Göttingen: Göttingen, Ger-
many, 1996.

36. CrysAlisPro, Agilent Technologies, Version 1.171.35.11. Multi-scans absorption correction with SCALE3 ABSPACK scaling
algorithm (release 16-05-2011 CrysAlis171 .NET).

37. Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Crystallogr. Sect. C 2015, 71, 3–8. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/ic50030a003
https://doi.org/10.1002/anie.201510443
https://doi.org/10.1039/C9SC01275C
https://doi.org/10.1101/gad.1061803
https://www.ncbi.nlm.nih.gov/pubmed/12756227
https://doi.org/10.1039/C7DT02789C
https://www.ncbi.nlm.nih.gov/pubmed/28932846
https://doi.org/10.1002/anie.201905389
https://www.ncbi.nlm.nih.gov/pubmed/31209956
https://doi.org/10.1107/S2053229614024218
https://www.ncbi.nlm.nih.gov/pubmed/25567568

	Introduction 
	Results and Discussion 
	Conclusions 
	Materials and Methods 
	General Procedures 
	Synthesis of [Co(1,4,7,11-tetraazacyclotetradecane)Cl2]Cl (1) 
	Synthesis of [Co(1-oxa-4,8,12-triazacyclotetradecane)Cl2]½CoCl4 (2) 
	Synthesis of [Co(1,4,8,11-tetraazacyclotetradecane)Cl2]Cl (3) 
	X-ray Crystallography 
	Measurement of Water-Octanol Partition Coefficient (LogP) 
	Cell Culture 
	Cytotoxicity Studies: MTT Assay 
	Tumorsphere Formation and Viability Assay 
	Cellular Uptake 

	References

