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Intracellular redox modulation offers a viable approach to effectively remove cancer stem cells (CSCs),
a subpopulation of tumour cells thought to be responsible for cancer recurrence and metastasis. Here
we report the breast CSC potency of reactive oxygen species (ROS)-generating manganese(i)- and
copper(i)-4,7-diphenyl-1,10-phenanthroline complexes bearing diclofenac, a nonsteriodial anti-
inflammatory drug (NSAID), 1 and 3. Notably, the manganese(i) complex, 1, exhibits 9-fold, 31-fold, and
40-fold greater potency towards breast CSCs than 3, salinomycin (an established breast CSC-potent
agent), and cisplatin (a clinically approved anticancer drug) respectively. Encouragingly, 1 displays 61-fold
higher potency toward breast CSCs than normal skin fibroblast cells. Clinically relevant epithelial
spheroid studies show that 1 is able to selectively inhibit breast CSC-enriched HMLER-shEcad
mammosphere formation and viability (one order of magnitude) over non-tumorigenic breast MCF10A
spheroids. Mechanistic studies show that 1 prompts breast CSC death by generating intracellular ROS
and inhibiting cyclooxygenase-2 (COX-2) activity. The manganese(i) complex, 1, induces a greater
degree of intracellular ROS in CSCs than the corresponding copper(i) complex, 3, highlighting the ROS-
generating superiority of manganese(i)- over copper(i)-phenanthroline complexes. Encapsulation of 1 by
biodegradable methoxy poly(ethylene glycol)-b-poly(p,L-lactic-co-glycolic) acid (PEG-PLGA) copolymers

at the appropriate feed (5%, 1 NP®) enhances breast CSC uptake and greatly reduces overall toxicity. The
Received 14th March 2019

Accepted 2nd July 2019 nanoparticle formulation 1 NP® indiscriminately kills breast CSCs and bulk breast cancer cells, and evokes

a similar cellular response to the payload, 1. To the best of our knowledge, this is the first study to
investigate the anti-CSC properties of managense complexes and to demonstrate that polymeric
rsc.li/chemical-science nanoparticles can be used to effectively deliver managense complexes into CSCs.

DOI: 10.1039/c9sc01275¢

Introduction chemical or biological agent that can remove both bulk cancer
cells and CSCs at non-lethal doses.*® All of the chemical agents
A small subset of tumour cells, termed cancer stem cells (CSCs), currently undergoing clinical trials as prospective anti-CSC
are thought to be one of the underlying causes of metastasisand ~agents are completely organic in nature.® Recently, we and
relapse.? CSCs, akin to normal stem cells, replicate slowly and ~ others have shown that metal complexes can exhibit promising
thus evade conventional cancer treatments (such as platinum anti-CSC activities and deserve further investigation in this
chemotherapy and radiotherapy), which primarily target context.
proliferating cells.** Having bypassed conventional treatments, Copper- and iron-containing complexes have emerged as
CSCs can instigate metastasis and relapse due to their cell promising anti-CSC agents owing to their ability to partake in
motility proficiency and high secondary tumour seeding Fenton-type reactions and produce lethal levels of reactive
frequency, respectively.®” Therefore it is imperative for new oxygen species (ROS) inside CSCs.""™** Notably, copper(u)-phe-
generations of anticancer agents to remove entire populations nanthroline and -Schiff base complexes bearing non-steroidal
of tumour cells, including CSCs, in order to provide a durable anti-inflammatory drugs (NSAIDs) kill breast CSCs and bulk
clinical response. Several CSC functional targets have been breast cancer cells, both selectivity and indiscriminately at
identified, however, there is still no clinically approved micromolar and sub-micromolar concentrations.'>'*'* Mecha-
nistic studies show that these complexes induce CSC death by
elevating intracellular ROS levels and inhibiting cyclooxygenase
isoenzyme-2 (COX-2). This approach exploits the vulnerability of
CSCs and bulk cancer cells to changes in their intracellular
t Electronic ~ supplementary information (ESI) available. See DOI: redox state and the overexpression of COX-2, a major player in
10.1039/c9sc01275¢ regulation, in certain CSCs and bulk cancer cells."®"” Here we
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have sought to improve CSC potency by developing related
manganese(u)-phenanthroline complexes bearing diclofenac (a
potent COX-2 inhibitor with anti-metastatic potential)*®*® with
higher ROS-generating power. Analogous copper(u)-phenan-
throline complexes bearing diclofenac were also prepared and
used as controls to showcase the superiority of manganese(u)
over copper(n) (within this system) to elevate intracellular ROS
levels.

Manganese is an essential trace element for animals and
plants, and plays an important role in many biological processes
including cell protection, metabolism, bone mineralisation, and
reproductive function.”® Although the anticancer properties of
manganese complexes are underexplored, a number of bulk
cancer cell-potent manganese(n/m) complexes containing Schiff
base, porphyrin, flavonoids, and polypyridyl ligands have been
identified.**** The cellular mechanism of action of the man-
ganese(ii/m) complexes is highly dependent on the nature of the
coordinated ligand.”® Notably, a number of studies have shown
that manganese metal and its coordination complexes increase
markers of oxidative stress in various cell types due to intracel-
lular ROS generation.”**** By utilising manganese over other
more common endogenous metals such as copper and iron, we
hope to take advantage of the many physiologically accessible
oxidation states of manganese and its ability to undergo Fenton-
type reactions (whereby the manganese(n) form can effectively
generate hydroxide radicals from endogenous hydrogen
peroxide), to potently kill CSCs via efficient ROS production.
Indeed, a series of di-nuclear manganese(n)-phenanthroline
complexes were previously reported to significantly increase
intracellular ROS levels and thus cytotoxicity in human-derived
colorectal cancer lines, relative to equivalent copper(m)
complexes.” The impact of manganese-mediated ROS generation
in CSCs, however, is completely unknown.

Therapeutic agents (especially metal complexes) can suffer
from systematic toxicity due to non-specificity, resulting from
their degradation in biological solutions. Nanoscale technolo-
gies offer a method to precisely deliver anticancer therapeutics
to tumour microenvironments.** Further, nano-systems
increase drug solubility, bioavailability, and extend drug half-
life.>*> Nano-sized particles passively target certain tumours by
taking advantage of the enhanced permeability and retention
(EPR) effect in tumour tissues.**** From recent clinical studies,
it is clear that the EPR effect is highly dependent on tumour
histology.***® For instance, human carcinomas are very vascular
and have many porous blood vessels and thus more susceptible
to targeting by the EPR effect.’” Slow-growing human sarcomas
on the other hand are not extremely vascular and thus less able
to accumulate nano-sized entities via the EPR effect. The work
presented in this manuscript involves breast carcinomas (bulk
and CSCs). Several nanoparticle formulations exist, including
those based on iron oxide, carbon, gold, hydrogels, liposomes,
and polymers.*® A number of these formulations are currently
used in the clinic to deliver chemotherapies to tumours.*
Polymeric nanoparticles are of particular interest due to their
biocompatibility, synthetic versatility, and tuneable proper-
ties.** We recently reported a proof-of-concept study where the
biodegradable, amphiphilic copolymer, methoxy poly(ethylene
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glycol)-b-poly(p,i-lactic-co-glycolic) acid (PEG-PLGA) was used to
encapsulate and deliver a copper(un)-NSAID complex into
(carcinoma-derived) breast CSCs.** In addition to improved
cellular uptake, cytotoxicity toward breast CSCs over bulk breast
cancer cells, was enhanced compared to the payload. Here we
use similar polymeric nanoparticles to encapsulate and deliver
the most CSC-potent manganese(n)-phenanthroline complex
identified in this study into breast CSCs.

Results and discussion
Synthesis and characterisation

The manganese(u)- and copper(u)-phenanthroline complexes,
1-4 investigated in this study are shown in Fig. 1. The man-
ganese(u) complexes, 1 and 2 were prepared by reacting
MnCl,-4H,0 with 3,4,7,8-tetramethyl-1,10-phenanthroline or
4,7-diphenyl-1,10-phenanthroline and two equivalents of
diclofenac sodium salt in methanol, under basic conditions.
The corresponding copper(u) complexes, 3 and 4 were syn-
thesised via the same procedure, with CuCl,-2H,0 used as the
metal source. The manganese(n) complexes, 1 and 2 were iso-
lated as yellow solids whereas the copper(u) complexes, 3 and 4
were obtained as green solids. All of the complexes, 1-4 were
characterised by infrared spectroscopy and elemental analysis
(Fig. S1t). The difference between the vibrational stretching
frequencies between the asymmetric, v,5m(CO,) and
symmetric, v4,m(CO,) carbonyl peaks gives an indication into
the binding mode of the associated carboxylic acid group to
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Fig. 1 Proposed chemical structures of the manganese(i)- and cop-
per(i)-phenanthroline complexes bearing two diclofenac molecules,
1-4 under investigation in this study.
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a given metal centre.”* According to the IR spectra, the
difference (4) between v,4m(CO,) and v4m,(CO,) stretching
bands for 1 and 2 varied between 125-128 cm™ " (Fig. S1A and
Bt), suggestive of a bidentate binding mode for the carboxylate
group on diclofenac to the manganese(u) centre (as depicted in
Fig. 1). Similarly, the difference (4) between v,4m(CO,) and
Veym(CO,) stretching bands for 3 and 4 was 107-125 c¢cm '
(Fig. S1C and Df), indicative of a bidentate binding mode
between diclofenac and the copper(u) centre (as depicted in
Fig. 1). The purity of 1-4 was established by elemental analysis
(see Experimental details section in the ESIf). Mn(3,4,7,8-tet-
ramethyl-1,10-phenanthroline)Cl, was also prepared to serve as
a control compound - a manganese(n)-phenanthroline complex
without diclofenac. The synthetic protocol and characterisation
of Mn(3,4,7,8-tetramethyl-1,10-phenanthroline)Cl, is reported
in the Experimental details section in the ESL.

Lipophilicity and stability in biological solutions

The lipophilicity of 1-4 was determined by measuring the extent
to which it partitioned between octanol and water, P. The
experimentally determined log P values varied from 0.9 to 1.1
for the manganese(i1) complexes, 1 and 2, and 0.2 to 0.8 for the
copper(u) complexes, 3 and 4 (Table S1t). The hydrophobic
nature of 1-4 suggests that the manganese(u) and copper(u)
complexes should be readily internalized by cells. UV-vis spec-
troscopy studies were carried out to assess the stability of 1-4, in
biological relevant solutions. The UV-vis metal-perturbed m-m*
absorption band of 1 (25 uM) in PBS : DMSO (200 : 1) with and
without 10 equivalents of glutathione (a cellular reductant)
remained constant over the course of 24 h at 37 °C (Fig. S2 and
S3t), indicative of stability. In contrast, the 4,7-diphenyl-1,10-
phenanthroline-containing manganese(u) complex, 2 was rela-
tively unstable in PBS : DMSO (200 : 1) with and without 10
equivalents of glutathione (Fig. S4 and S5%). Like the trend
observed for the manganese(n) complexes, the copper(u)
complex bearing 3,4,7,8-tetramethyl-1,10-phenanthroline, 3 was
comparatively more stable in PBS: DMSO (200 : 1) with and
without 10 equivalents of glutathione than the 4,7-diphenyl-
1,10-phenanthroline-bearing complex, 4 (Fig. S6-S97). The UV-
vis bands associated to 1 and 3 (25 pM) in mammary epithe-
lial cell growth medium (MEGM)/DMSO (200 :1) remained
unaltered over the course of 24 h at 37 °C, suggestive of stability
in conditions required for cellular studies (Fig. S10 and S117¥).
Under the same conditions, 2 and 4 were relatively unstable
(Fig. S12 and S137). Collectively, the UV-vis spectroscopy studies
suggest that the stability of the complexes in biologically rele-
vant solutions is dependent on the metal and the polypyridyl
ligand, with the manganese(u)-3,4,7,8-tetramethyl-1,10-
phenanthroline complex, 1 being the most stable. High-
resolution ESI mass spectrometry studies were also performed
to confirm the stability of 1 in biologically-relevant conditions.
Upon incubation of 1 (100 uM) in PBS : DMSO (200 : 1) for 72 h
at 37 °C, a peak corresponding to [1-2H + 2Na]" (925.1902 m/z)
with the appropriate isotopic distribution was observed in the
positive mode of the ESI mass spectrum (Fig. S147), further
suggesting that 1 is stable under these conditions.
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Cytotoxicity toward CSCs, bulk cancer cells, and normal cells
in monolayer systems

Given the instability of the 4,7-diphenyl-1,10-phenanthroline-
containing complexes, 2 and 4 in MEGM (Fig. S12 and S137),
cellular studies were not performed with these complexes. The
cytotoxicity of 1 and 3 against bulk bone (U20S), liver (HepG2),
and breast (HMLER) cancer cells, and breast CSC-enriched cells
(HMLER-shEcad) was determined using the MTT assay. The
ICs, values were determined from dose-response curves
(Fig. S15 and S16}) and are summarised in Tables 1 and S2.}
Both complexes displayed submicro- or micro-molar potency
towards the cell lines tested. The manganese(n) complex, 1
killed CSC-enriched HMLER-shEcad cells and CSC-depleted
HMLER cells similarly whereas the copper(u) complex, 3 killed
CSC-depleted HMLER cells preferentially (9-fold selectivity)
(Table 1). Notably, 1 displayed 9-fold, 31-fold, and 40-fold
greater potency (p < 0.05, n = 18) for HMLER-shEcad cells than
3, salinomycin (an established breast CSC-potent agent),'* and
cisplatin (a clinically approved anticancer drug) respectively
(Fig. S17,1 Table 1). As a measure of therapeutic potential, the
cytotoxicity of 1 and 3 towards normal skin fibroblast GM07575
cells was determined. The complexes, 1 and 3 were 61-fold and
11-fold less potent toward GM07575 cells (IC5, value = 8.5 + 1.5
uM for 1 and 13.9 £+ 0.1 uM for 3, Fig. S18 and S19%) than
HMLER-shEcad cells respectively, indicating selective toxicity
for breast CSCs over non-tumorigenic cells. Taken together, the
cytotoxicity studies showed that the manganese(1) complex, 1 is
significantly (p < 0.05) more cytotoxic towards breast CSCs than
its copper(u) analogous, 3, and displays reduced toxicity towards
normal cells.

Control cytotoxicity studies showed that the potency of
MnCl,-4H,0, CuCl,-2H,0, diclofenac, and the polypyridyl
ligand,  3,4,7,8-tetramethyl-1,10-phenanthroline, = towards
HMLER and HMLER-shEcad cells was significantly lower (p <
0.05, n = 18) than 1 and 3 (Table 1 and Fig. S20-S23+t). This

Table 1 ICsq values (in nanomolar) of 1, 3, cisplatin, salinomycin,
MnCl,-4H,0, CuCl,-2H,0, diclofenac, 3,4,7,8-tetramethyl-1,10-
phenanthroline, and Mn(3,4,7,8-tetramethyl-1,10-phenanthroline)Cl,
against HMLER and HMLER-shEcad cells determined after 72 h incu-
bation (mean of three independent experiments + SD)

HMLER HMLER-shEcad
Compound 1C5¢/nM IC5o/nM
1 186 + 26 137 £ 15
3 133+ 8 1250 + 282
Cisplatin 2565 £ 21 5645 £ 304
Salinomycin® 11 400 + 400 4200 + 400
MnCl,-4H,0 10 385 + 1491 7765 + 318
CuCl,-2H,0 47 545 £ 176 47 920 £ 1803
Diclofenac 69 495 + 8704 54 735 £ 233
3,4,7,8-Tetramethyl-1,10- 785 £+ 10 720 + 84
phenanthroline
Mn(3,4,7,8-tetramethyl-1,10- 163 + 21 170 + 14
phenanthroline)Cl,

% Taken from ref. 12.
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suggests that the cytotoxicity of 1 and 3 towards bulk breast
cancer cells and breast CSCs is likely to result from the intact
manganese(u) and copper(n) complexes rather than their indi-
vidual components (manganese, copper, diclofenac, or the free
polypyridyl ligand). Interestingly the potency of Mn(3,4,7,8-tet-
ramethyl-1,10-phenanthroline)Cl, towards HMLER and
HMLER-shEcad cells was similar to 1 (Table 1 and Fig. $247).
This suggests that the Mn-polypyridyl unit is largely responsible
for the bulk breast cancer cell and breast CSC toxicity of 1.

Epithelial spheroid inhibitory studies

Epithelial breast cells (cancer and non-tumorigenic), when
grown in serum-free media under low-attachment conditions,
are capable of forming three-dimensional spheroids called
mammospheres.** The ability of a given compound to inhibit
mammosphere formation from single cell suspensions (with
respect to number, size, and viability) is often used as a marker
for in vivo potency, given that three-dimensional systems are
more representative of organs and tumours than monolayer cell
cultures. The ability of 1 and 3 to inhibit breast CSC-enriched
HMLER-shEcad and non-tumorigenic breast epithelial
MCF10A mammosphere formation (at a non-lethal dose, IC,,
value for 5 days) was assessed using an inverted microscope.
The addition of 1 (IC,, value for 5 days) to single cell suspen-
sions of HMLER-shEcad cells significantly (p < 0.05) decreased
the number and size of HMLER-shEcad mammospheres
formed (Fig. 2A and B). Notably, the HMLER-shEcad mammo-
sphere inhibitory effect of 1 (51% decrease in number of
HMLER-shEcad mammospheres formed compared to the

80
70 B HMLER-shEcad
u MCF10A

mammospheres/ 2000 cells >

control
salinomycin
|

' salinomycin.

Fig. 2 (A) Quantification of spheroid formation with HMLER-shEcad
and MCF10A cells untreated and treated with 1 and salinomycin at their
respective ICyq values for 5 days. Error bars = SD and Student t-test, *
= p < 0.05. (B and C) Representative bright-field images (x20) of
HMLER-shEcad and MCF10A spheroids in the absence and presence
of 1 and salinomycin at their respective IC,q values for 5 days.
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untreated control) was comparable to that of salinomycin under
identical conditions (53% decrease in number of HMLER-
shEcad mammospheres formed compared to the untreated
control, Fig. 2A and B). The copper(u) complex, 3 (IC,, value for
5 days) did not significantly alter the number or size of HMLER-
shEcad mammospheres formed (Fig. S25 and S26T). We have
previously shown that diclofenac does not significantly affect
the number or size of HMLER-shEcad mammospheres
formed.” This suggests the HMLER-shEcad mammosphere
inhibitory effect of 1 is a due to the manganese(u)-polypyridyl
component. To gauge the ability of 1 to decrease HMLER-
shEcad mammosphere viability, the colorimetric resazurin-
based reagent, TOX8 was employed. Encouragingly, the ICs,
value of 1 (3.0 + 0.1 uM) (Fig. S27t) was 6-fold lower than that
reported for salinomycin (18.5 + 1.5 uM)* under identical
conditions. As diclofenac is non-toxic towards HMLER-shEcad
mammospheres (IC5, > 133 uM)," we believe that the man-
ganese(u1)-polypyridyl component in 1 is the major contributor
for HMLER-shEcad mammosphere toxicity.

The addition of 1 (IC,, value for 5 days) to single cell
suspensions of non-tumorigenic MCF10A cells did not signifi-
cantly (p = 0.25) change the number or size of MCF10A spher-
oids formed (Fig. 2A and B). In contrast, treatment with
salinomycin under the same conditions resulted in a significant
(p < 0.05) decrease in the number (40% decrease) and size of
MCF10A spheroids formed (Fig. 2A and B). This is similar to the
result obtained with HMLER-shEcad mammospheres (Fig. 2A
and B). Spheroid viability studies showed that 1 killed non-
tumorigenic MCF10A spheroids (ICso, = 36.7 £ 1.9 uM) with
12-fold lower potency than CSC-enriched HMLER-shEcad
mammospheres (Fig. S281). Salinomycin on the other hand
killed MCF10A (ICso = 14.9 + 0.5 pM) and HMLER-shEcad
mammospheres equipotently (Fig. S291). Overall the epithelial
spheroid studies, show that 1 is able to selectively inhibit CSC-
enriched HMLER-shEcad mammospheres formation and
viability over non-tumorigenic MCF10A spheroids. These
properties are highly desirable for selecting CSC drug candi-
dates in preclinical studies.

Cellular uptake and fractionation in breast CSCs

Cellular uptake studies were carried out to determine the breast
CSC permeability of 1 and 3. CSC-enriched HMLER-shEcad cells
were incubated with 1 or 3 (0.25 pM for 12 h) and the intra-
cellular manganese or copper concentration was determined by
inductively coupled plasma mass spectrometry (ICP-MS). The
complex, 1 was modestly taken up by HMLER-shEcad cells, with
whole cell uptake totalling 5.4 = 0.1 ppb of Mn/million cells
(Fig. S30%). Under identical conditions, 3 (0.25 uM for 12 h)
entered HMLER-shEcad cells to a higher extent (17.5 £ 0.5 ppb
of Cu/million cells) than 1. Although the amount of manganese
and copper found inside HMLER-shEcad and HMLER cells is
relatively low, it is reasonable considering the low administra-
tion concentration (0.25 uM). Fractionation studies were con-
ducted to determine the cell localisation of 1 in HMLER-shEcad
cells (Fig. S307). In terms of the cell distribution pattern, 6% of
internalised 1 was found in the nucleus, 39% in the cytoplasm,
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and 10% in the membrane (Fig. S3071). The ability of 1 to access
the nucleus could be attributed to the presence of the diclofenac
ligand, which is known to interact with COX-2 located on the
nuclear envelope.* Since a relatively large amount of internal-
ised 1 was also found in the cytoplasm and membrane, the
fractionation studies suggest that 1-induced cell toxicity could
be related to a mixture of genomic DNA-dependent or -inde-
pendent mechanisms.

Mechanism of CSC toxicity of 1

The manganese(i1) complex, 1 was envisaged to kill CSCs by
increasing intracellular ROS levels to lethal doses. To test this
hypothesis, the ability of 1 to produce ROS in HMLER-shEcad
cells was determined using 6-carboxy-2’,7’-dichlorodihydro-
fluorescein diacetate (DCFH-DA), a well-established ROS indi-
cator. HMLER-shEcad cells treated with 1 (0.25 pM) exhibited
a substantial increase in intracellular ROS levels over the course
of 48 h, peaking after 6 h exposure (3.4-fold increase) (Fig. 3A).
Under identical conditions, the corresponding copper(n)
complex, 3 (0.25 uM) displayed a general increase in ROS levels
in HMLER-shEcad cells over the course of 48 h, however, the
extent was significantly lower than 1 (Fig. S31%). Cytotoxicity
studies in the presence of N-acetylcysteine (NAC, 2 mM, 72 h),
a ROS scavenger showed that the potency of 1 and 3 towards
HMLER-shEcad cells decreased significantly (IC5, value
increased from 137 4 15 nM to 1100 + 89 nM, 8-fold, p < 0.05 for
1 and 1.3 £ 0.3 pM to 3.6 £ 0.1 pM, 3-fold, p < 0.05 for 3)
(Fig. S32 and S337) suggesting that 1 and 3-induced CSC death
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(A) Normalised ROS activity in untreated HMLER-shEcad cells
(control) and HMLER-shEcad cells treated with 1 (0.25 uM for 1, 3, 6, 12,
24, and 48 h). Error bars represent SD and Student t-test, * = p < 0.05.
(B) Immunoblotting analysis of proteins related to the JNK, p38, and

Fig. 3

apoptosis pathways. Protein expression in HMLER-shEcad cells
following treatment with 1 (0.25, 0.5, and 1 uM for 72 h) (C) repre-
sentative dose—response curves of 1 against HMLER-shEcad cells in
the absence and presence of z-VAD-FMK (5 uM) after 72 h incubation.
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is related to intracellular ROS generation. The differential
increases in ICs, values of 1 and 3 in the presence of NAC
indicates that 1-induced CSC death is more reliant on intra-
cellular ROS production than 3-induced CSC death. Therefore,
the greater intracellular ROS-generating power of 1 over 3 could
explain the 9-fold greater potency of 1 over 3 against HMLER-
shEcad cells (Table 1).

Intracellular ROS production can activate Jun-amino-
terminal kinase (JNK) and/or p38 MAP kinase (MAPK) path-
ways.*® To provide further insight into the mechanism of cyto-
toxicity of the manganese(u) complex, 1 we conducted
immunoblotting studies to monitor changes in the expression
of biomarkers related to these pathways. HMLER-shEcad cells
dosed with 1 (0.25-1 pM for 72 h) exhibited enhanced phos-
phorylation of JNK and its downstream effector, c-Jun indicative
of JNK pathway activation (Fig. 3B). Interestingly, p38 phos-
phorylation was not markedly effected although its downstream
effector, MAP kinase-activated protein kinase 2 (MAPKAPK-2)
was greatly phosphorylated in the presence of 1 (Fig. 3B).
Constant activation of JNK or p38 pathways can induce
apoptosis.” Immunoblotting studies showed that HMLER-
shEcad cells treated with 1 (0.25-1 puM for 72 h) displayed
increased expression of cleaved caspase-3 and -7 compared to
untreated cells, indicative of caspase-dependent apoptosis
(Fig. 3B). Interestingly, 1 induced a greater level of caspase-3
and -7 cleavage upon treatment of HMLER-shEcad cells with
0.25 pM of 1 than 0.5 pM of 1. Cytotoxicity studies in the
presence of z-VAD-FMK (5 uM), a peptide-based caspase-
dependent apoptosis inhibitor showed that the potency of 1
towards HMLER-shEcad cells decreased significantly (p < 0.05,
ICs5o value = 220 + 14 nM) (Fig. 3C). This confirms that 1
induces caspase-dependent CSC death. As expected the potency
of cisplatin, a well-known apoptosis-inducer, towards HMLER-
shEcad cells decreased significantly (p < 0.05, ICs, value =
10.21 + 0.78 pM) in the presence of z-VAD-FMK (5 puM)
(Fig. S347). Collectively, the ROS, immunoblotting, and cyto-
toxicity studies show that 1 elevates intracellular ROS levels,
activates the JNK pathway, and triggers apoptotic CSC death.

COX-2 is overexpressed in certain bulk breast cancer cells
and breast CSCs and is thought to play a meaningful role in CSC
maintenance and regulation, as well as chemotherapeutic
resistance.'”**** COX-2 is widely regarded as a molecular target
for CSC-directed therapy. Given that the manganese(i) complex,
1 contains two diclofenac ligands, flow cytometric studies were
performed to determine if the mechanism of action of 1
involved COX-2 downregulation. HMLER-shEcad cells were pre-
treated with lipopolysaccharide (LPS) (2.5 pg L™ for 24 h), to
increase basal COX-2 levels, and then treated with 1 (0.25 uM),
diclofenac (20 uM) or Mn(3,4,7,8-tetramethyl-1,10-phenanthro-
line)Cl, (0.25 pM) for 48 h and the COX-2 expression was
determined. A noticeable decrease in COX-2 expression was also
observed in HMLER-shEcad cells treated with 1 and diclofenac
compared to untreated cells (Fig. S35t). No appreciable change
in COX-2 expression was detected in the presence of Mn(3,4,7,8-
tetramethyl-1,10-phenanthroline)Cl, suggesting that the COX-2
downregulation observed in the presence of the 1 is most likely
mediated by the diclofenac moieties (Fig. S361). Overall this
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suggests that the cytotoxic mechanism of action of 1 may
involve COX-2 downregulation. To probe this further, cytotox-
icity studies were carried out with HMLER-shEcad cells in the
presence of prostaglandin E2 (PGE2) (20 uM, 72 h), the func-
tional product of COX-2-catalysed arachidonic acid metabolism.
The ICs, value for 1 against HMLER-shEcad cells in the pres-
ence of PGE2 was significantly (p < 0.05, ICs, value = 255 + 50
nM) higher than for 1 alone (Fig. S377), implying that 1 induces
COX-2-dependent CSC death.

Encapsulation of 1 into polymeric nanoparticles

In order to improve the anti-CSC properties of 1 further (espe-
cially the cellular uptake), biodegradable PEG-PLGA polymeric
nanoparticles were employed. PEG-PLGA copolymers are
amphiphilic and tend to self-assemble in water to yield sphere-
like nanoparticles with a hydrophobic PLGA inner core and
a hydrophilic PEG outer shell.** The hydrophobic nature of 1
(log P = 1.1) enabled encapsulation into the lipophilic core of
PEG-PLGA (5000 : 30 000 Da, 1 : 1 LA : GA) nanoparticles using
the nanoprecipitation method. Various nanoparticle formula-
tions (1 NP>*°%) were prepared using a range of feeds (2.5-
60%), where feed refers to the percentage (w/w) of 1 to polymer.
To determine the most suitable formulation for biological
studies, the loading and encapsulation efficiency of 1 was
calculated by measuring the manganese concentration using
ICP-MS. The loading and encapsulation efficiency was highly
dependent on the feed (Fig. 4). Optimal encapsulation condi-
tions were achieved at 5% feed (1 NP°®), where the encapsulation
efficiency = 5.1% and loading efficiency = 0.25%. The diameter
of 1 NP® was 114.7 nm and the polydispersity was 0.116,
according to dynamic light scattering (DLS) studies (Fig. S387).
These values are comparable to those reported for other poly-
meric nanoparticles with internalised metal complexes.*>** For
reference, the diameter of empty PEG-PLGA nanoparticles was
94.5 nm and the polydispersity was 0.086 (Fig. S39%). As ex-
pected the zeta-potential of 1 NP® was negative (—14.4 mV)
owing to the PEG outer shell (Fig. S401). The zeta-potential of
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Fig. 4 The effect of feed variation on loading and encapsulation
efficiency of 1 incorporated into PEG-PLGA nanoparticles.
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empty PEG-PLGA nanoparticles was —33.3 mV (Fig. S417). The
surface morphology and size distribution of 1 NP®> was exam-
ined further by scanning electron microscopy (SEM). SEM
images showed that 1 NP® does indeed adopt relatively uniform
spherical structures with an average size of 93 = 6 nm
(Fig. S427). The latter is in good agreement with the DLS
measurements (Fig. $381). The nanoparticle formulation, 1 NP®
was stable in water, PBS, and PBS with 10% FBS (all at pH 7.4)
over the course of 72 h at 37 °C (Fig. S43t). Furthermore, 1 NP®
effectively releases reasonable amounts of its payload over the
course of 72 h at 37 °C in PBS (pH 7.4) (Fig. S44%). The stability
of 1 NP’ and its ability to release sufficient amount of the
payload bode well for the effective delivery of 1 into breast CSCs.

Delivery of 1 into CSCs using polymeric nanoparticles

To gauge the ability of the nanoparticle formulation, 1 NP® to
deliver its payload, 1, into CSCs, the manganese content in
HMLER-shEcad cells treated with 1 NP® (1 pM, 12 h) was
measured by ICP-MS. The intracellular manganese concentra-
tion (297.1 £+ 1.8 ppb of Mn/million cells) was 15-fold higher
than that observed for HMLER-shEcad cells treated with 1
under identical conditions (18.6 £ 0.7 ppb of Mn/million cells,
Fig. 5A). This shows that 1 NP” is able to markedly improve the
internalisation of 1 into breast CSCs. Polymeric nanoparticles
such as PEG-PLGA tend to undergo cell uptake via energy-
dependent endocytosis.*® To probe the mechanism of cellular
uptake of 1 NP°, studies were conducted in the presence of
endocytosis inhibitors. HMLER-shEcad cells treated with 1 NP®
(1 uM, 12 h) in the presence of chloroquine (100 puM) or
ammonium chloride (50 mM) displayed significantly (p < 0.01)
lower levels of manganese than HMLER-shEcad cells treated
with 1 NP® alone (Fig. 5A). This suggests that the mechanism of
CSC uptake of 1 NP® is likely to be endocytosis. Nanoparticles
undergoing endocytosis often end up in acidic endosomes.
Therefore we investigated the ability of 1 NP® to release its
payload under acidic conditions (sodium acetate buffer, pH 5.2
at 37 °C over 72 h). The nanoparticle formulation, 1 NP®
released 1 to a better extent than in PBS (pH 7.4), under similar
conditions (Fig. S4471), indicating that it is capable of releasing
its payload in CSCs upon endocytic uptake.

CSC potency and mechanism of action of the nanoparticle
formation, 1 NP®

The cytotoxicity of 1 NP® against breast CSC-enriched (HMLER-
shEcad) and breast CSC-depleted (HMLER) cells was deter-
mined using the MTT assay (Fig. 5B). The nanoparticle formu-
lation displayed micromolar toxicity toward both cell lines (ICs,
value = 1.3 £+ 0.1 uM for HMLER-shEcad cells and IC5, value =
1.8 =+ 0.1 uM for HMLER cells, Fig. 5B). The nanoparticle
formulation, 1 NP® was 10-fold less toxic than the payload, 1 for
both HMLER-shEcad and HMLER cells. This result was some-
what expected, as polymeric nanoparticles are well known to
reduce the toxicities of incorporated compounds.> Importantly,
1 NP° killed HMLER-shEcad and HMLER cells with equal
potency (like 1), showing that the encapsulation of 1 by PEG-
PLGA polymeric nanoparticles does not affect its spectrum of
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Fig. 5 (A) Manganese content in HMLER-shEcad cells treated with 1
NP® (1 uM for 12 h) at 37°C, 1 (1 pM for 12 h) at 37 °C, 1 NP® (1 uM for 12
h) co-incubated with ammonium chloride (50 mM) or chloroquine
(100 puM) at 37 °C. Error bars represent standard deviations and Student
t-test, ** = p < 0.01. (B) Representative dose—response curves for the
treatment of HMLER-shEcad and HMLER cells with 1 NP® after 72 h
incubation. (C) Representative bright-field images (x20) of HMLER-
shEcad mammospheres in the absence and presence of 1 NP® and
salinomycin at their respective ICyq values for 5 days.

activity. The empty PEG-PLGA nanoparticles were non-toxic
towards CSC-enriched HMLER-shEcad cells (ICs5, value >
5 mg L") (Fig. S45%). This implies that the CSC-potency of the
nanoparticle formation, 1 NP°® is due to its payload, 1 rather
than the PEG-PLGA components. Spheroid formation studies
showed that 1 NP® (when treated at the IC,, value for 5 days) was
able to significantly reduce the number and size of HMLER-
shEcad mammospheres formed from single cell suspensions
of HMLER-shEcad cells (Fig. 5C and S46%). This result was
comparable to the payload, 1 (Fig. 2A and B). Notably, 1 NP® was
able to reasonably recapitulate the potency of the payload, 1
towards HMLER-shEcad mammospheres (ICs, value = 3.6 + 0.1
uM, Fig. S477). Interestingly, 1 NP®> did not significantly (p =
0.18) change the number or size of non-tumorigenic MCF10A
spheroids formed (Fig. S48 and S49%). Viability studies showed
that 1 NP® killed non-tumorigenic MCF10A spheroids (IC5, =
9.5 + 0.1 pM) with significantly (p < 0.05) lower potency than
CSC-enriched HMLER-shEcad mammospheres (Fig. S507).
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Collectively, the monolayer and three-dimensional toxicity
studies show that encapsulation of 1 into PEG-PLGA polymeric
nanoparticles (1 NP*) does not detrimentally affect its potency
towards CSCs.

Further cell studies were conducted to determine the
mechanism of action of the nanoparticle formulation, 1 NP>.
Given that the payload, 1 induced CSC death by elevating
intracellular ROS levels and inhibiting COX-2, studies were
carried to determine if 1 NP® was able to retain the mechanism
of action of the payload. HMLER-shEcad cells treated with 1 NP®
(1.3 uM) displayed a massive increase in intracellular ROS levels
over the course of 48 h, peaking after 3 h exposure (9-fold
increase) (Fig. S511). Under identical conditions, after 3 h
exposure, the payload, 1 increased intracellular ROS levels by
only 2-fold (Fig. 3A). The markedly different ROS generating
power of the nanoparticle formulation, 1 NP and the payload, 1
is likely to be due to the better internalisation of the nano-
particle formulation (Fig. 5A). Cell viability studies in the pres-
ence of NAC (2 mM, 72 h) showed that the potency of 1 NP®
towards HMLER-shEcad cells decreased significantly (ICs, value
increased from 1.3 + 0.1 pM to 4.8 + 0.1 pM, 3.7-fold, p < 0.05)
(Fig. $521) suggesting that 1 NP*-induced CSC death, like 1-
induced CSC death, is related to intracellular ROS generation.
Immunoblotting studies showed that like 1, 1 NP® is able to
activate the JNK and p38 pathways (probably due to ROS
formation) and induce caspase-dependent apoptosis
(Fig. S531). Cytotoxicity studies in the presence of z-VAD-FMK (5
uM), showed that the potency of 1 NP® towards HMLER-shEcad
cells decreased significantly (p < 0.05, IC5, value = 4.4 + 0.1 uM)
(Fig. S541), confirming that 1 NP® induces caspase-dependent
CSC apoptosis.

HMLER-shEcad cells pre-treated with LPS (2.5 pg L™ " for 24 h)
and incubated with 1 NP® (0.6-1.3 uM for 48 h) displayed
a noticeable decrease in COX-2 levels according to flow cyto-
metric studies (Fig. S551). This is comparable to the COX-2
downregulation induced by the payload, 1 (Fig. S35%). Cytotox-
icity studies in the presence of PGE2 (20 uM, 72 h) showed that
the potency of 1 NP® towards HMLER-shEcad cells decreased
significantly (ICs, value increased from 1.3 + 0.1 uM to 2.7 +
0.02 pM, 2.1-fold, p < 0.05) (Fig. S56) suggesting that 1 NP°, like
1, induces COX-2-dependent CSC death. Collectively, the mech-
anistic studies shows that encapsulation of 1 by PEG-PLGA
polymeric nanoparticles (1 NP®) does not alter its cellular prop-
erties, which augers well for further pre-clinical development.

Conclusions

In summary we report the synthesis, characterisation, anti-CSC
properties, and encapsulation of a manganese(u)-3,4,7,8-
tetramethyl-1,10-phenanthroline complex, 1 bearing a NSAID
moiety, namely diclofenac. The manganese(i) complex, 1 is
stable in biologically relevant solutions, including PBS with and
without glutathione (a cellular reductant) and cell culture
media, under physiological conditions. The manganese(u)
complex, 1 displays equally toxicity against bulk breast cancer
cells (HMLER) and breast CSCs (HMLER-shEcad), in the sub-
micromolar range, suggesting that it has the potential to
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eliminate heterogeneous breast tumour populations (made up
of bulk cancer cells and CSCs) with a single dose. The analogous
copper(u) complex, 3 exhibited preferential potency towards
bulk breast cancer cells (HMLER) over breast CSCs (HMLER-
shEcad), implying that the metal (within this system) plays
a determinant role in bulk cancer versus CSC toxicity. Extraor-
dinarily, the manganese(n) complex, 1 inhibited HMLER-
shEcad mammospheres formation and viability favourably
over non-tumorigenic MCF10A spheroids (12-fold selectivity),
indicating that 1 can potentially remove breast CSCs with
reduced toxicity towards normal breast epithelial cells. In
contrast, salinomycin, one of the leading anti-breast CSC agents
identified thus far, killed HMLER-shEcad mammospheres and
MCF10A spheroids equipotently. Detailed mechanistic studies
showed that the cytotoxic mechanism of action of 1 involved
intracellular ROS generation and COX-2 inhibition. The man-
ganese(n) complex, 1 generated significantly higher levels of
ROS inside CSCs than the analogous copper(n) complex, 3
proving that manganese(u)-phenanthroline complexes are, in
general, better intracellular ROS generators than their copper(u)
counterparts.

In an attempt to improve CSC delivery, the manganese(u)
complex, 1 was encapsulated into PEG-PLGA nanoparticles.
The optimal loading conditions were obtained when the feed
was set at 5%, 1 NP°. This yielded predominantly spherical
nanoparticles with a diameter of ca. 100 nm. Importantly, 1
NP® was stable and able to release the payload, 1 in biologically
relevant solutions over the course of 72 h. The nanoparticle
formulation delivered 15-fold higher levels of manganese into
CSCs (via an endocytotic pathway) than the free payload.
Encapsulation of 1 into PEG-PLGA nanoparticles significantly
reduced overall toxicity towards bulk breast cancer cells
(HMLER) and breast CSCs (HMLER-shEcad). The nanoparticle
formulation retained the ability of the payload to indiscrim-
inately kill bulk breast cancer cells and breast CSCs and thus
its potential to remove whole breast cancer cell populations
(including bulk cancer cells and CSCs) with a single dose.
Mechanistic studies proved that 1 NP® exhibited a similar
mechanism of action as 1 — CSC death by intracellular ROS
elevation and COX-2 inhibition. This is a highly desirable trait,
as one of the major drawbacks associated to nanoparticle
encapsulation as a strategy for drug delivery is the potential
discrepancy in cellular mechanism of action of the nano-
particle formulation and its payload.

Overall this study highlights the expanding potential of
redox modulating metal complexes as anti-CSC agents and
opens the door for the development of other manganese
complexes as CSC-potent agents. Furthermore, in light of the
findings reported in this manuscript, the anti-CSC potential
of ROS-generating manganese complexes previously
reported in the literature should be determined as they could
provide promising anti-CSC leads. As well as presenting the
first manganese complex to show therapeutically relevant
CSC potency, we demonstrate that polymeric nanoparticles
can be used to effectively deliver manganese complexes into
CSCs.
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