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A Cancer Stem Cell Potent Copper(ll) Complex with a S, N,
S-Schiff base Ligand and Bathophenanthroline

Joshua Northcote-Smith*,” Pooja Kaur®*,"™

We investigate the anti-cancer stem cell (CSC) properties of two
copper(ll) complexes containing 4,7-diphenyl-1,10-phenanthro-
line and a S, N, X-Schiff base ligand, where X=0 (1) or S (2).
Complex 1 was previously reported by us, and is the first metal
complex to induce cytotoxic and immunogenic cell death of
breast CSCs. Complex 2 is a structural analogue of 1, where the
phenolate moiety (within the Schiff base ligand) is replaced by
a thiophenolate group. Complex 2 kills bulk breast cancer cells
and breast CSCs in the sub-micromolar range, with reduced

Introduction

Cancer is a dynamic disease with a diverse makeup of cells.”
Cancer heterogeneity is widely thought to be the underlying
reason for therapy resistance.”’ The existence of sub-popula-
tions of cancer cells with distinct molecular signatures and
varying degrees of treatment responses means current ther-
apeutic regimens are not always completely effective (in the
short and long term). Treatment-resistant sub-populations of
cancer cells are heavily linked to cancer relapse and metastasis,
the leading cause of cancer-related deaths.™ Cancer stem cells
(CSCs) are a genetically distinct subset of tumour cells that can
survive traditional cancer treatments (chemotherapy, radiation,
and surgery) and generate a progeny of differentiated cancer
cells, leading to cancer regeneration.”! Therefore, for durable
clinical outcomes, it is essential that treatment regimens are
able to remove entire populations of cancer cells, including
hard-to-kill CSCs that can re-seed tumours post-treatment. At
present, several academic- and pharmaceutical-led drug discov-
ery programs are underway aimed at developing clinically
viable anti-CSC agents.” Despite rapid progress in this area
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toxicity towards non-cancerous epithelial breast cells. Remark-
ably, 2 is over 10-fold more potent towards breast CSC
spheroids than salinomycin (an established anti-breast CSC
agent) and cisplatin (a clinically approved anticancer drug).
Complex 2 readily enters breast CSCs, accumulates in the
cytosol, and increases intracellular reactive oxygen species
(ROS) levels upon short exposure (1 h). The latter is likely to be
the mechanism by which 2 induces breast CSC death.

over the last decade, a clinically approved anti-CSC agent
remains elusive.

Over the last seven years we and others have attempted to
utilise the physical and chemical properties offered by metals to
develop inorganic anti-CSC agents.” Our research, which is
conducted primarily at the fundamental bench-side level
(compound design, synthesis, and in vitro testing), has led to
the identification of a promising class of anti-breast CSC agents,
namely copper(ll) complexes bearing polypyridyl and/or Schiff
base ligands.”’ This family of copper(ll) complexes kill breast
CSCs by elevating intracellular reactive oxygen species (ROS)
levels, activating the JNK and p38 stress pathways, and caspase-
dependent apoptosis.”) The high breast CSC potency and
selectivity (over bulk breast cancer cells and normal breast cells)
of these copper(ll) complexes is believed to be due, in part, to
the susceptibility of breast CSCs to subtle changes in their
redox state.”

It should be noted that copper(ll) coordination complexes
have been widely investigated as anticancer agents for
decades.” According to the large body work already published
on the anticancer properties of copper(ll) coordination com-
plexes, cancer cell toxicity and its associated mechanism of
action is highly dependent on the coordinating ligands.”*”
Despite these efforts, no copper(ll) coordination complex has
been approved for clinical use in humans as an anticancer drug.
The most advanced copper(ll) complexes, called Casiopeinas,
are currently in Phase | clinical trials."” Some of the latest
studies suggest that Casiopeinas may be limited by dose-
dependent cardiotoxicity,"” perhaps due to speciation. In the
context of the current investigation, it is important to highlight
that almost all of the reported studies on the anticancer
properties of copper(ll) coordination complexes (to date) have
focused on bulk cancer cell potency only. Very few studies have
reported the effect of copper(ll) coordination complexes on
hard-to-kill tumour sub-populations such as CSCs.

Recently, we reported a charged copper(ll) complex 1,
comprising of a S, N, O-Schiff base ligand L' (with oxygen,
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nitrogen, and sulphur donor atoms) and 4,7-diphenyl-1,10-
phenanthroline capable of killing breast CSCs via cytotoxic and
immunogenic pathways (see Figure 1 for chemical structures of
L' and 1)."? Copper(ll) complex 1 was the first metal complex
to evoke immunogenic cell death (ICD) of breast CSCs and
stimulate their engulfment by immune cells (macrophages).
This was a significant step in our quest to develop clinically
viable anti-breast cancer drug candidates, as the eradication of
CSCs by immunological pathways could serve as an effective
method to remove residual CSCs after conventional bulk cancer
cell specific treatments. In this study we explore the breast CSC
activity of a structurally related copper(ll) complex 2 where the
coordinated Schiff base ligand has been subtly modified.
Specifically, a thiol moiety was incorporated into the S, N, §-
Schiff base ligand scaffold (replacing the hydroxyl moiety in L")
to yield L*> which was used to prepare the corresponding
copper(ll) complex with 4,7-diphenyl-1,10-phenanthroline, 2
(Figure 1, Scheme S1). This synthetically challenging modifica-
tion was expected to modulate stability in physiologically
relevant solutions, intracellular ROS generation, and breast CSC
uptake. Herein we report the synthesis, characterisation, and
in vitro anti-breast CSC properties of the copper(ll) complex 2.

Results and Discussion
Synthesis and characterisation

The copper(ll) complex 2 was prepared as outlined in
Scheme S1. First, the S, N, S-Schiff base ligand L* was prepared
by reacting equimolar amounts of 2-mercaptobenzaldehyde
(prepared using a previously reported protocol)™ with 2-
(methylthio)ethan-1-amine in THF for 16 h under reflux. The
ligand L? was isolated in a reasonable yield (63%) as a yellow-
orange oil and characterised by 'H NMR spectroscopy and
atmospheric pressure ionization (APl) mass spectrometry (see
Electronic Supporting Information, Scheme S1, Figures S1-2).
The characteristic signal at 8.64 ppm in the '"H NMR spectrum of
L? confirmed formation of the imine functionality. Furthermore,
disappearance for the aldehyde proton signal (at 10.23 ppm)
corresponding to 2-mercaptobenzaldehyde established full
conversion to the imine product (Figure S3). A molecular ion
peak corresponding to L? was observed in the API-MS (negative
mode) (m/z=211.7 [L*"; Figure S2) with no trace of the

NS

Qx“
=N S—
/

X=0,L!

X=0,1
S, L2 S, 2

Figure 1. Chemical structures of the Schiff base ligands L' and L?, and the
corresponding copper(ll) complexes 1 and 2 containing L' or L? and 4,7-
diphenyl-1,10-phenanthroline.
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molecular ion peak for the starting material, 2-mercaptobenzal-
dehyde (m/z=137.0 [M—H]"; Figure S4), further supporting full
conversion to the imine product. The copper(ll) complex 2 was
prepared by reacting equimolar amounts of 4,7-diphenyl-1,10-
phenanthroline with copper(ll) nitrate hydrate in methanol,
followed by the addition of L? and leaving the resultant solution
stirring at room temperature for 16 h (Scheme S1). Excess
sodium hexafluorophosphate was then added to isolate 2 in
the monocationic form as a green solid. The copper(ll) complex
2 was characterised by high-resolution ESI mass spectrometry
and elemental analysis (see Electronic Supporting Information,
Figure S5). A distinctive molecular ion peak corresponding to 2
with the appropriate isotopic pattern was observed in the HR-
ESI MS (m/z=772.2086 [2-H+ Nal*; Figure S5). The purity of 2
was established by elemental analysis (see Electronic Support-
ing Information).

Lipophilicity and solution stability

Lipophlicity is an important biophysical property for small
molecule therapeutics as it directly influences absorption,
distribution, cellular uptake, and toxicity."” The lipophilicity of 2
was determined by measuring the extent to which it partitioned
between octanol and water, P. The experimentally determined
LogP value for 2 was 0.1340.03. The amphiphilic nature of 2
suggests that it should be partially soluble in aqueous solutions
and readily taken up by cells. The experimentally determined
LogP value for 1 was 2.01+0.16, suggesting that replacement
of the copper(ll)-coordinating oxygen atom in 1 for a sulphur
atom in 2 markedly increases hydrophilicity. UV-Vis and 'H NMR
spectroscopy, and high-resolution ESI mass spectrometry
studies were carried out to assess the integrity of 2 in
biologically relevant solutions. In PBS:DMSO (200:1), the
absorbance of the m-n* and MLCT bands associated to 2
(25 uM) decreased by up to 65% over the course of 24 h at
37°C (Figure S6). Nevertheless, the wavelengths associated to
the m-* and MLCT bands for 2 (25 uM) remained unaltered,
indicative of reasonable stability under these conditions (Fig-
ure S6). In PBS:DMSO (200:1) in the presence of ascorbic acid
(10 equivalents), a cellular reductant, the absorbance of the UV-
Vis trace for 2 (25 uM) decreased by up to 43 % over the course
of 24 h at 37°C (Figure S7). Upon addition of bathocuproine
disulfonate (BCS, 2 equivalents), a strong copper(l) chelator, to a
PBS:DMSO (200:1) solution of 2 (50 uM) and ascorbic acid (10
equivalents), a characteristic absorbance band at 480 nm
corresponding to [Cu'(BCS),I*~ was observed (Figure 2A), sug-
gestive of reduction of the copper(ll) centre in 2 to copper(l)."”
Taken together, the UV-Vis spectroscopy studies indicate that 2
is reduced from the copper(ll) to copper(l) form under bio-
logically reducing conditions. The HR-ESI (positive) mass
spectrum of 2 (500 uM) in the presence of ascorbic acid (10
equivalents), in H,O:DMSO (10:1) was dominated by a molec-
ular ion peak corresponding to [Cu'(4,7-diphenyl-1,10-
phenanthroline),]* (727.1896 m/z) with the appropriate isotopic
pattern (Figure 2B). This suggests that the copper(ll) centre in 2
undergoes reduction to copper(l), triggering ligand exchange.
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Figure 2. (A) UV-Vis spectrum of 2 (50 uM) in the presence of ascorbic acid
(500 uM) and bathocuproine disulfonate, BCS (100 uM) in PBS:DMSO (200: 1)
over the course of 24 h at 37 °C. (B) High resolution ESI mass spectrum
(positive mode) of 2 (500 uM) in H,0:DMSO (10:1) in the presence of
ascorbic acid (5 mM) after 24 h incubation at 37°C.

The 'H NMR spectrum of 2 (1 mM) in DMSO-dgD,0 (10:1)
displayed broad peaks, typical of a paramagnetic copper(ll)
complex (Figure S8A). The 'H NMR spectrum of 2 (1 mM) in the
presence of ascorbic acid (1 mM) in DMSO-dgD,0 (10:1)
displayed well defined peaks, consistent with the formation a
diamagnetic copper(l) species (Figure S8B). Signals in the
aromatic region of the '"H NMR spectrum can be tentatively
assigned to [Cu'(4,7-diphenyl-1,10-phenanthroline),]™. The ESI
mass spectrum of the DMSO-dgD,O (10:1) solution clearly
displayed the molecular ion peak corresponding to [Cu'(4,7-
diphenyl-1,10-phenanthroline),]* (727 m/z) with the appropri-
ate isotopic pattern (Figure S9). These studies indicate that the
copper(ll) centre in 2 undergoes reduction to copper(l) in the
presence of ascorbic acid. It should be noted that although the
copper(l) form detected under the conditions used in the
abovementioned  experiments is  [Cu'(4,7-diphenyl-1,10-
phenanthroline),]* it is unlikely to be the major reduced
product formed in cells given the high intracellular concen-
tration (millimolar range) of nitrogen- and sulphur-containing
biological nucleophiles with high copper(l) affinities. Such
biomolecules are likely to outcompete 4,7-diphenyl-1,10-phe-
nanthroline for copper(l) inside cells. Prior to preforming cellular
studies, the stability of 2 (25 pM) was gauged in mammary
epithelial cell growth medium (MEGM) (at 37 °C over the course
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Figure 3. Representative dose-response curves for the treatment of HMLER
and HMLER-shEcad cells with 2 after 72 h incubation.

Table 1. ICs, values of the copper(ll) complexes 1 and 2, cisplatin, and
salinomycin, against HMLER cells, HMLER-shEcad cells, and HMLER-shEcad
mammospheres.

Compound HMLER HMLER-shEcad Mammosphere
1Cso [HM][a] ICso [I-LM][E] ICso [P«M][b]

19 0.21+0.01 0.3240.02 0.54+0.01

2 0.2240.01 0.25+0.01 1.26+£0.04

cisplatin © 2.57+0.02 5.65+0.30 13.50+£2.34

salinomycin 9 11.43+£0.42 4.2340.35 18.50+1.50

[a] Determined after 72 h incubation (mean of three independent
experiments £ SD). [b] Determined after 5 days incubation (mean of three

independent experiments SD). [c] Reported in references 7a, 7d, 12, and 16.
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of 24 h) using UV-Vis spectroscopy (Figure S10). Complex 2 was
deemed to be reasonably stable under these conditions.

Monolayer and mammosphere CSC potency

The cytotoxicity of the copper(ll) complex 2 towards bulk breast
cancer cells (HMLER) and breast CSCs (HMLER-shEcad) in
monolayer cultures was assessed using the colorimetric MTT
assay. 1C;, values were determined from dose-response curves
(Figure 3) and are shown in Table 1. The copper(ll) complex 2
exhibited equal potency towards HMLER and HMLER-shEcad
cells, within the sub-micromolar range (Table 1). This implies
that 2 has the potential to kill entire heterogeneous breast
cancer cell populations (consisting of bulk breast cancer cells
and breast CSCs) with a single sub-micromolar dose. The ICg,
values of 2 towards HMLER and HMLER-shEcad cells were
similar to the parent copper(ll) complex 1,"? indicating that
replacement of the phenolate group in 1 with a thiophenolate
group in 2, does not detrimentally effect potency towards bulk
breast cancer cells and breast CSCs. Notably, the potency of 2
towards breast CSC-enriched HMLER-shEcad cells was 17-and
23-fold greater than that of salinomycin (a clinically tested anti-
breast CSC agent) and cisplatin (a clinically approved platinum-
based anticancer agent), respectively (Table 1).">'¥ To gauge
therapeutic potential, the cytotoxicity of 2 towards non-cancer-
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ous epithelial breast MCF10A cells was determined. The copper
(Il) complex 2 was less potent towards MCF10A cells than
HMLER and HMLER-shEcad cells (ICs, value=0.514+0.01 uM, up
to 2.3-fold, p<0.05) (Figure S11). Therefore, according to the
cytotoxicity studies in monolayer systems, 2 has the potential
to preferentially kill breast CSCs and bulk breast cancer cells
over non-cancerous breast cells at certain sub-micromolar
concentrations.

To provide more clinically relevant potency data, mammo-
sphere studies were performed. When CSCs are cultured in
serum-free media, under low-attachment conditions, three-
dimensional spheroids representative of tumours are formed."”
These structures provide a reliable in vitro model to probe CSC
activity. The ability of 2 (at a non-lethal dose) to inhibit HMLER-
shEcad mammosphere formation from single cell suspensions
was determined using an inverted microscope. Treatment of
HMLER-shEcad cells with 2 (at the IC,, value after 5 days
incubation) significantly reduced (p < 0.05) the number and size
of mammospheres formed (Figure 4A, Figure 4B). A comparable
result was observed for salinomycin (Figure 4A, Figure 4B)
under identical conditions. More specifically, 2 reduced the
number of mammospheres formed by 48% compared to the
untreated control, whereas salinomycin induced a 54% reduc-
tion in the number of mammospheres formed. It should be
noted that the parent copper(ll) complex 1 induced a 74%
reduction in the number of mammospheres formed compared
to the untreated control under identical conditions."” To
determine the ability of 2 to reduce mammosphere viability,
TOX8 a resazurin-based reagent was used."® The ICy, value of 2
(the concentration of 2 required to reduce mammosphere
viability by 50%) was extrapolated from a dose-response curve
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Figure 4. (A) Representation of the number of mammospheres formed from
HMLER-shEcad cell suspensions treated with 2 or salinomycin for 5 days at
their respective IC,, values. Error bars =SD and Student t-test, *=p < 0.05,
**=p <0.01. (B) Bright-field images (taken using an inverted microscope)
representative of untreated HMLER-shEcad mammaospheres and those
treated with 2 or salinomycin for 5 days at their respective 1C,, values. Scale
bar=100 pm.

Eur. J. Inorg. Chem. 2021, 1770-1775  www.eurjic.org

1773

(Figure S12) and is shown in Table 1. The IC;, value for 2 was in
the low micromolar range. The mammosphere potency of 2
was 14.7-and 10.7-fold greater than salinomycin and cisplatin,
respectively (Table 1), and 2.3-fold lower than 1.7%''% Qverall,
the mammosphere studies show that 2 is able to markedly
reduce mammosphere formation, size, and viability, however its
mammosphere inhibitory effect was somewhat reduced com-
pared to the parent copper(ll) complex 1.

Insight into the mechanism of CSC cytotoxicity

Cellular uptake studies were carried out to determine the bulk
breast cancer cell and breast CSC permeability of 2. HMLER and
HMLER-shEcad cells were independently incubated with 2
(5uM for 24h) and the intracellular copper content was
determined by inductively coupled plasma mass spectrometry
(ICP-MS). Identical studies were also carried out with 1 (5 uM for
24 h) for comparison. Both copper(ll) complexes, 2 (495.0+0.3
to 525.7+1.3 ng of Cu/ million cells) and 1 (465.5+1.0 to
482.3+2.1 ng of Cu/ million cells) were readily internalised by
HMLER and HMLER-shEcad cells. The similar level of HMLER and
HMLER-shEcad cell uptake of 1 and 2 is consistent with their
comparable potencies towards the respective cell lines (Ta-
ble 1). Collectively, the cellular uptake data shows that the
slight structural modification between 2 and 1 does not
markedly affect bulk breast cancer cell or breast CSC uptake.
Fractionation studies with HMLER-shEcad cells treated with 2
(5 uM for 24 h) indicated that 65 % (341.7 ng of Cu/million cells)
of internalised 2 was detected in the cytoplasm, with only 7%
(36.8 ng of Cu/million cells) found in the nucleus. The remainder
of 2 that was absorbed by HMLER-shEcad cells was observed in
the cell membrane fraction. This suggests that the cellular
targets of 2 are likely to be biomolecules residing in the cytosol
rather than nucleus-housed biomolecules such as genomic DNA
or histone proteins.

Copper(ll) complexes compromising of Schiff base and/or
4,7-diphenyl-1,10-phenanthroline ligands are known to induce
CSC death by generating ROS."™ Indeed, we have previously
shown that 1 induces breast CSC apoptosis by increasing ROS
levels within the endoplasmic reticulum."? To determine if 2-
induced breast CSC cytotoxicity is associated to ROS generation,
intracellular ROS levels were measured over the course of 48 h
using  6-carboxy-2’,7"-dichlorodihydrofluorescein  diacetate
(DCFH-DA), a well-established ROS indicator. HMLER-shEcad
cells dosed with 2 (IC;, value) displayed a significant increase in
ROS levels relative to untreated control cells after 1 h exposure
(45% increase, p<0.05) (Figure S13). Prolonged (3-48 h) ex-
posure of 2 did not increase intracellular ROS levels to the same
extent, although a statistically insignificant increase (p > 0.05) in
ROS levels was observed after 3 and 16 h exposure. Taken
together, this suggests that HMLER-shEcad cells dosed with 2
experience a sharp ROS burst within the first hour of exposure
and then ROS levels attenuate to levels observed in untreated
control cells. Similar time-dependent ROS generation properties
have been previously reported for 1 and other CSC-potent
copper(ll) complexes.”“*'? The ROS studies also suggest that 2-
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induced breast CSC death could be associated to intracellular
ROS generation. To corroborate this, independent cell viability
studies were carried out in the presence of N-acetylcysteine
(2mM, 72h), a ROS scavenger. In the presence of N-
acetylcysteine the potency of 2 towards HMLER-shEcad cells
decreased significantly (ICs, value increased 8.8-fold to 2.21+
0.17 uM, p < 0.05) (Figure S14). Overall, the ROS and cytotoxicity
studies indicate that 2-mediated breast CSC death is likely to be
related to intracellular ROS production.

Conclusion

In summary, we report the synthesis, spectroscopic and
analytical characterisation, and in vitro anti-breast CSC proper-
ties of a copper(ll) complex, 2, consisting of a Schiff base ligand
(with two sulphur and one nitrogen donor atoms) and 4,7-
diphenyl-1,10-phenanthroline. Akin to the parent copper(ll)
complex 1, 2 simultaneously kills bulk breast cancer and breast
CSCs in the sub-micromolar range, which implies that 2 has the
potential to remove heterogenous breast tumour populations
(containing bulk breast cancer cells and breast CSCs) with a
single (sub-micromolar) dose. Studies in three-dimensional CSC
cultures indicate that 2 is over one order of magnitude more
potent towards mammospheres than salinomycin and cisplatin.
Cellular uptake studies show that 2 was internalised by breast
CSCs to a similar extent as 1, and localized predominately in the
cytoplasm. Furthermore, 2 is able to generate significant levels
of intracellular ROS (45 % increase relative to untreated control
breast CSCs) after a short exposure time (1 h), and this may be
the mechanism by which it induces breast CSC death. Overall,
the results presented in this study further highlight the
promising anti-CSC properties of redox-modulating copper(ll)
complexes containing Schiff base and phenanthroline ligands.
We believe that these findings justify the continued develop-
ment of this class of redox-active metal complexes as potential
CSC-directed chemotherapeutics. Given our previous work on
the cytotoxic and immunogenic properties of the parent copper
(Il) complex 1, our future work with 2 will focus on determining
the detailed mechanism of CSC death induced by 2 and the
ability of 2 to induce immunogenic CSC death.

Experimental Section

Materials and Methods. All synthetic procedures were performed
under normal atmospheric conditions or under nitrogen. High-
resolution electron spray ionisation mass spectra were obtained by
Dr Lisa Haigh (Imperial College London) on a Bruker Daltonics
Esquire 3000 spectrometer. Atmospheric pressure ionization mass
spectra were obtained on an Advion Expression compact mass
spectrometer with Plate Express and Atmospheric Solids Analysis
Probe (ASAP). Elemental analysis was performed commercially by
London Metropolitan University. 2-(methylthio)ethan-1-amine, 4,7-
diphenyl-1,10-phenanthroline, copper(ll) nitrate hydrate, and so-
dium hexafluorophosphate were purchased from Sigma and used
as received. 2-Mercaptobenzaldehyde was prepared according to a
previously reported protocol."
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Synthesis of L. 2-Mercaptobenzaldehyde (254.7 mg, 1.8 mmol) and
2-(methylthio)ethan-1-amine (185.5 mg, 2.0 mmol) was refluxed in
THF (20 mL) for 16 h. The reaction mixture was then reduced under
vacuum to afford L as a yellow-orange oil (246.0 mg, 63%); 'H
NMR (400 MHz, CDCl,): & 8.64 (s, 1H, N=CH), 7.76 (dd, 1H, Ar—H),
7.70 (dd, 1H, Ar—H), 7.32-7.28 (m, 2H, Ar—H), 3.85 (t, 2H, CH,), 2.86
(t, 2H, CH,), 2.17 (s, 3H, CH;); API-MS (negative) Calcd. for C,oH;;5NS,
[L?]" 211.3 a.m.u. Found [L?]: 211.7 a.m.u.

Synthesis of [Cu'(L?)(4,7-diphenyl-1,10-phenanthroline)][PF,], 2.
Cu(NO),-3H,0 (126.1 mg, 0.5 mmol) and 4,7-diphenyl-1,10-phenan-
throline (172.3 mg, 0.5 mmol) were dissolved in methanol (18 mL)
and the resultant blue solution was stirred for 30 min at room
temperature. L? (108.8 mg, 0.5 mmol) in methanol (8 mL) was then
added dropwise, and the green reaction mixture was stirred for
16 h at room temperature. NaPF, (190.1 mg, 1.1 mmol) was added
and the reaction mixture was stirred at room temperature for
10 min. The resulting precipitate was filtered, washed thoroughly
with cold methanol (10 mL) and diethyl ether (10 mL), and dried to
obtain 2 as a green solid (14.0 mg, 4%); HRMS (ESI) (DMSO) Calcd.
for Cy,H,,CuFgN;PS,Na [2-H+Na]™: 772.6647 a.m.u., Found: [2-H+
Na]*: 772.2086 a.m.u.; EA Anal. Calcd. for 2 (C3,H,3CuFgNsPS,): C,
54.36; H, 3.76; N, 5.59. Found: C, 54.53 ; H, 3.51; N, 5.48.

Measurement of water-octanol partition coefficient (LogP). The
LogP value for 2 was determined using the shake-flask method. The
1-octanol used in this experiment was pre-saturated with water. An
aqueous solution of 2 (500 uL, 100 uM) was incubated with 1-
octanol (500 pL) 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 concentration of 2 in the water and 1-
octanol layer was determined by UV-Vis spectroscopy. The LogP
value for 1 was previously reported by us in reference 12.

Cell Lines and Cell Culture Conditions. The human mammary
epithelial cell lines, HMLER and HMLER-shEcad were kindly donated
by Prof. R. A. Weinberg (Whitehead Institute, MIT). The human
epithelial breast MCF10A cell line was acquired from the American
Type Culture Collection (ATCC, Manassas, VA, USA). HMLER, HMLER-
shEcad, and MCF10A cells were maintained in Mammary Epithelial
Cell Growth Medium (MEGM) with supplements and growth factors
(BPE, hydrocortisone, hEGF, insulin, and gentamicin/amphotericin-
B). The cells were grown at 310K in a humidified atmosphere
containing 5% CO,.

Cytotoxicity MTT assay. The colorimetric MTT assay was used to
determine the toxicity of 2. HMLER, HMLER-shEcad, or MCF10A cells
(5x10°) were seeded in each well of a 96-well plate. After
incubating the cells overnight, various concentrations of 2 (0.0004-
100 uM), were added and incubated for 72 h (total volume 200 pL).
A stock solution of 2 (10 mM) was prepared in DMSO and diluted
using media. The final concentration of DMSO in each well did not
exceed 1% and this amount was present in the untreated control
as well. After 72 h, 20 pL of a 4 mg/mL solution of MTT in PBS was
added to each well, and the plate was incubated for an additional
4 h. The MEGM/MTT mixture was aspirated and 200 puL of DMSO
was added to dissolve the resulting purple formazan crystals. The
absorbance of the solutions in each well was read at 550 nm.
Absorbance values were normalized to (DMSO-containing) control
wells and plotted as concentration of test compound versus % cell
viability. ICs, values were interpolated from the resulting dose
dependent curves. The reported IC;, values are the average of three
independent experiments, each consisting of six replicates per
concentration level (overall n=18).

Mammosphere Formation and Viability Assay. HMLER-shEcad cells
(5x10% were plated in ultralow-attachment 96-well plates (Corn-
ing) and incubated in MEGM supplemented with B27 (Invitrogen),

© 2021 The Authors. European Journal of Inorganic Chemistry published
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20 ng/mL EGF, and 4 ug/mL heparin (Sigma) for 5 days. Studies
were also conducted in the presence of 2 and salinomycin (0-
133 uM). Spheroids treated with 2 and salinomycin (at their
respective IC,, values, 5 days) were counted and imaged using an
inverted microscope. The viability of the spheroids was determined
by addition of a resazurin-based reagent, TOX8 (Sigma). After
incubation for 16 h, the solutions were carefully transferred to a
black 96-well plate (Corning), and the fluorescence of the solutions
was read at 590 nm (A,=560 nm). Viable spheroids reduce the
amount of the oxidized TOX8 form (blue) and concurrently increase
the amount of the fluorescent TOX8 intermediate (red), indicating
the degree of spheroid cytotoxicity caused by the test compound.
Fluorescence values were normalized to DMSO-containing controls
and plotted as concentration of test compound versus % spheroid
viability. ICs, values were interpolated from the resulting dose
dependent curves. The reported IC;, values are the average of three
independent experiments, each consisting of three replicates per
concentration level (overall n=9).

Cellular Uptake. To measure the cellular uptake of 1 and 2, ca. 1x
10° HMLER and HMLER-shEcad cells were independently treated
with 1 and 2 (5 uM) at 37°C for 24 h. After incubation, the media
was removed and the cells were washed with PBS (2 mLx3), 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
cells were centrifuged to form pellets. The cellular pellets were
dissolved in 65% HNO; (250 pL) overnight. A pellet of 2 treated
HMLER-shEcad cells was also used to determine the copper content
in the nuclear, cytoplasmic, and membrane fractions. The Thermo
Scientific NE-PER Nuclear and Cytoplasmic Extraction Kit was used
to extract and separate the nuclear, cytoplasmic, and membrane
fractions. The fractions were dissolved in 65% HNO, overnight
(250 pL final volume). All samples were diluted 5-fold with water
and analysed using inductively coupled plasma mass spectrometry
(ICP-MS, PerkinElmer NexION 350D). Copper levels are expressed as
Cu (ng) per million cells. Results are presented as the mean of five
determinations for each data point.

Intracellular ROS Assay. HMLER-shEcad cells (5x 10°) were seeded
in each well of a 96-well plate. After incubating the cells overnight,
they were treated with 2 (ICs, value for 1-48 h) and incubated with
6-carboxy-2',7"-dichlorodihydrofluorescein diacetate (20 uM) for
30 min. The intracellular ROS level was determined by measuring
the fluorescence of the solutions in each well at 529 nm (A=
504 nm).
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