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A Necroptosis-Inducing Nickel(ll) Complex for Inmunotherapeutic
Activation of Breast Cancer Stem Cells

Alex G. Brown, ™ Minhui Cui,™ Xiao Feng,™ Kuldip Singh,? Fabrizio Ortu,*2 Haihua Xiao* and
Kogularamanan Suntharalingam*2

The immunotherapeutic anti-cancer stem cell (CSC) properties of a nickel(ll) complex containing non-steroidal anti-
inflammatory drug, diclofenac is reported. The nickel(ll) complex 4 displays nanomolar potency towards breast CSCs, >264-
fold greater than salinomycin (gold standard anti-breast CSC agent) and cisplatin (blockbuster anticancer metallodrug). In
fact, 4 is more potent towards breast CSCs than any previously reported metal-containing compound. Notably, 4 exhibits
significantly higher selectivity for breast CSCs over bulk breast cancer cells than salinomycin. Mechanistic studies suggest
that 4 induces necroptosis and inhibits cyclooxygenase-2 expression (and thus perturbs the inhibitory damage-associated
molecular pattern axis) in breast CSCs. Both factors contribute to an immunogenic phenotype in breast CSCs that does not
exhibit all the hallmarks of immunogenic cell death. Further, breast CSCs dosed with 4 were efficiently phagocytosed by
macrophages. Remarkably, when delivered as a polymeric nanoparticle formulation in a murine metastatic triple-negative
breast cancer model, 4 significantly inhibits tumour growth and promotes immune system activation. The latter was
characterised by T-cell and mature dendritic cell infiltration into the tumour and tumour-draining lymph nodes. To the best
of our knowledge, 4 is among the first necroptosis-inducing metal complexes to evoke immunogenic-activating effects

towards hard-to-kill breast cancer cells in vitro and in vivo.

Introduction

Advancements in cancer care have been hampered by tumour
heterogeneity, and the existence of cancer cell sub-populations with
phenotypical profiles that enable treatment resistance.! Cancer stem
cells (CSCs) contribute to tumour heterogeneity, and have the ability
to self-renew, differentiate, and promote secondary tumour
formation.? The quiescent nature of CSCs coupled with their
tendency to reside in hard-to-access areas, means they are elusive to
chemotherapy and radiotherapy as well as surgical interventions.3-7
After escaping conventional therapies, CSCs can reform tumours
within the primary site or promote cancer cell motility and tumour
anchorage at secondary sites.> ° Given the negative clinical
implications of CSCs, it is imperative that treatment regimens have
the ability to remove heterogeneous tumour populations in their
entirety, including CSCs, so the possibility of CSC mediated cancer
reoccurrence is reduced. Immunotherapeutic approaches, that
utilise the inherent cancer-fighting properties of the immune system,
can provide durable anti-CSC therapeutic options.’® In order to
trigger a robust immune response against CSCs through the
application of exogenous agents, the mode of cell death evoked
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needs to be carefully considered. The majority of chemotherapeutics
in clinical use or development kill cancer cells by apoptosis.t!
Cytotoxic compounds can also kill cancer cells through non-apoptotic
pathways, such as necroptosis.’> Necroptosis is a regulated
inflammatory mode of cell death that relies on the formation of an
amyloid-like fibrillar complex called necrosome, consisting of
receptor-interacting protein kinases 1 and 3 (RIP1 and RIP3), and a
mixed-lineage kinase domain-like protein (MLKL).1> 14 Recent studies
showed that the induction of necroptosis
adenocarcinoma mice models led to the recruitment and activation

in melanoma or

of cytotoxic T-cells, and thus a robust immune response with
complete cancer regression and protection from subsequent tumour
rechallenges.!® Induction of apoptosis did not lead to immune system
activation or tumour suppression.!® Therefore, necroptosis-inducing
agents could be used to trigger a robust immune response towards
CSCs. The induction of necroptosis in CSCs is a completely unexplored
strategy for immunotherapy.'® It should be noted that although
necroptosis can be used to immunogenically overcome apoptosis-
resistant CSCs, it is highly inflammatory in nature and its induction is
reliant on sufficient expression of the receptor-interacting protein
kinases 1 and 3 (RIP1 and RIP3).1” Therefore, the immunogenic
potential of necroptosis-inducers could vary across tissue types.

A number of small molecule necroptosis-inducer have been
identified in CSC and bulk cancer cell systems, including those
containing metals, however very few have been investigated for their
immunogenic potential.’¥%> A ruthenium(ll) complex with 1,1-
(pyrazin-2-yl)pyreno([4,5-e][1,2,4]triazine, bipyridyl, and
phenylpyridyl ligands was reported to induce necroptosis via the
inhibition of topoisomerase | and Il activity in alveolar
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adenocarcinoma cells (the impact on alveolar-related CSCs was not
investigated).?® Another organoruthenium(ll) complex with a
triazene ligand was shown to induce necroptosis in colorectal
adenocarcinoma cells by impacting mitochondrial function (the
effect on colorectal CSCs was not evaluated).?’” Most notably, with
respect to the CSC-focus of our study, osmium(ll)- and ruthenium(ll)-
p-cymene  complexes  bearing  bathophenanthroline  and
dichloroacetate ligands were reported to trigger necroptosis in
breast CSCs.1® We reported a nickel(ll)-phenanthroline complex with
dithiocarbamate ligands capable of killing both breast CSCs and
osteosarcoma stem cells (OSCs) by necroptosis, in the micromolar
range.'> 20 Mechanistic studies revealed that the nickel(ll) complex
was able to evoke cell death by necrosome-mediated cell membrane
disruption and mitochondrial depolarisation.’® 20 Unbiased
predictive functional genetic analysis based on RNA interference
showed that the mechanism of action of the nickel(ll) complex
resembled that of shikonin, a bona fide necroptosis-inducer.’® The
functional outcome with respect to anti-CSC immunity of the
nickel(ll)-phenanthroline complex with dithiocarbamate was not
explored. Structurally related nickel(ll)-phenanthroline complexes
with non-steroidal anti-inflammatory drugs (NSAIDs), namely
naproxen, indomethacin, and flufenamic acid, were reported to kill
breast CSCs and OSCs via necroptosis and cyclooxygenase-2 (COX-2)
inhibition, in the micromolar range.?" 2?2 Translation of these
complexes was curtailed by limited solution stability and nickel
leaching, a shortcoming that will be addressed in the current study.
COX-2 is an enzyme that catalyses prostaglandin formation and is
overexpressed in certain CSCs.?® Prostaglandin was recently
identified as an inhibitory damage-associated molecular pattern
(iDAMP).2 Immune cells are stimulated by bulk cancer cells and CSCs
that have undergone immunogenic cell death (ICD) through the
release of DAMPs.3%-32 iDAMPs can block ICD, therefore inhibition of
COX-2 (and thus reduction in prostaglandin levels) in CSCs by
exogenous agents can potentially promote ICD of CSCs. Recently we
reported a cobalt(Ill)-cyclam complex with flufenamic acid that was
able to perturb the iDAMP axis and thus induce an immunogenic
response in vitro towards breast CSCs.3® The cobalt(lll)-cyclam
complex evokes apoptosis as the mode of cell death (rather than
necroptosis). The in vivo immunogenicity of the cobalt(lll)-cyclam
complex was not investigated.3? In this study we have sought to
combine the necroptosis-activating properties of the nickel(ll)-
phenanthroline moiety and the iDAMP-modulating properties of
diclofenac (a NSAID)3* to develop a stable coordination complex that
can evoke outstanding immunogenic responses against
chemotherapy-resistant breast cancer cells in vitro and in vivo. As far
as we are aware this study is one of a few to explore the
immunogenic potential of a nickel coordination complex in the
context of anti-breast CSC therapeutics. There are significant
translational challenges associated with nickel-based therapeutics,
including systematic toxicity arising from the inherent reactivity of
nickel coordination complexes, allergenicity associated to nickel-
mediated immune system activation, and a lack of clinical precedent
for nickel-based drug candidates in anticancer therapy. It should also
be noted that within this research domain, very recently, a gold(lll)
complex with an isoquinoline-derived cyclometalated ligand and a
dithiocarbamate ligand was shown to induce necroptosis and elicit
necroptosis-dependent ICD in vitro and in vivo in murine colon
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adenocarcinoma models, however, the capacity tg..effect GSC
populations was not explored.3> DOI: 10.1039/D6QI00611F

Results and Discussion
Synthesis and characterisation

A series of nickel(ll)-polypyridyl complexes 1-4 appended to
diclofenac were investigated in this study (Figure 1A). The
nickel(ll) complexes 1-4 were synthesised by reacting
NiCl;-6H,0 with two equivalents of sodium diclofenac and one
equivalent of the corresponding polypyridyl ligand in methanol
(see Sl). The nickel(ll) complexes 1-4 were fully characterised by
infrared and UV-vis spectroscopy, high-resolution ESI mass
spectrometry, and elemental analysis (Figures S1-S6). Analysis
of the vibrational stretching frequencies associated to the
asymmetric and symmetric carboxylato peaks provides insight
into the binding mode of diclofenac in 1-4 to the nickel centre.
The difference between the carboxylato peaks for 1-4 varied
between 174-191 cm™ (Vasym C=0 band varied from 1553-1575
cm and vsym C=0 band varied from 1377-1386 cm?, Figure S1),
suggestive of a bidentate binding mode for diclofenac.36 37 The
UV-vis spectra of 1-4 (1 mM, chloroform) displayed bands
between 627-639 nm (g varied from 7.2-25.2 M1 cm)
corresponding to d-d transitions typical of nickel(ll) octahedral
complexes containing ligands with nitrogen and oxygen donor
atoms (Figure S2).3% 39 Distinctive molecular ion peaks with the
appropriate isotopic pattern expected for 1-4 were observed in
the high-resolution ESI mass spectra (Figures S3-S6). The purity
of 1-4 was confirmed by elemental analysis. Single crystals of 2
suitable for X-ray diffraction analysis were obtained by layering
a dichloromethane solution of 2 with pentane (Figure 1B, CCDC
2483096, Table S1-S2).%0 The complex exhibits a distorted
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Figure 1. (A) Chemical structures of the nickel(ll)-diclofenac complexes 1-4 under
investigation in this study. (B) X-ray structure of 2 containing a distorted octahedral
nickel(ll) centre bound to 1,10-phenanthroline and two diclofenac units. The
ellipsoids are set at the 30% probability level. Hydrogen atoms have been omitted
for clarity, with the exception of atom H(2). Symmetry operation used to generate

equivalent atoms: i = 1-x, +y, 3/2—z.

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 12


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6qi00611f

Page 3 of 12

Open Access Article. Published on 18 May 2026. Downloaded on 5/20/2026 1:11:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

octahedral geometry with the nickel centre coordinated to
1,10-phenanthroline and two diclofenac molecules (via both
carboxylato oxygen atoms). Analysis of long-range contacts
reveals a hydrogen bonding interaction between one of the
carboxylato oxygen atoms and the amine proton on diclofenac
(O(1)---H(2), 2.013 A); the hydrogen atom was clearly identified
in the difference density map (Figure S7) and its position was
refined freely. The crystal packing diagram for 2 is provided in
Figure S8. This hydrogen bonding interaction could, in part,
explain the preference of the diclofenac molecules to bind to
the nickel centre in a bidentate manner and contribute to the
overall stability of the complex.

Solubility and stability in biologically relevant solutions

The LogP values for 1-4 (determined by the shake-flask method)
varied between 0.49 *+ 0.004 and 1.89 * 0.01, and were directly
correlated to the bulkiness of the polypyridyl ligand present (Table
S3). To investigate the stability of 1-4 in biologically relevant
solutions, time course UV-vis spectroscopy and high-resolution ESI
mass spectrometry studies were performed. Cell studies typically
involve the preparation of stock solutions of the test compound in
DMSO prior to dilution in cell culture media. Therefore, the UV-vis
trace of 1-4 (25 uM) in DMSO and cell medium DMEM:DMSO (4:1)
was monitored over the course of 24 h at 37 °C. The absorption bands
associated to 1-4 remained largely unaltered in DMSO and
DMEM:DMSO (4:1) indicative of good stability (Figures $9-S10). It
should be noted, however, that the UV-vis trace of 4 (25 uM) in cell
medium DMEM:DMSO (4:1) showed a slight decrease in absorption
(21%) over the course of 24 h at 37 °C, which could be due to inherent
instability under these conditions. Additional UV-vis spectroscopy
studies in PBS:DMSO (200:1) with and without ascorbic acid or
glutathione (cellular reductants), indicated that 1-4 (25 uM) were
stable in biologically reducing conditions (Figures S11-S13). Time
course ESI mass spectrometry studies with 4 (500 uM) in the
presence of glutathione, cysteine, and lysine (10-fold excess) in
H,0:DMSO (5:1) at 37 °Cover 72 h (Figures S14-S16) were conducted.
Under all conditions, the ESI spectra displayed a distinctive signal for
the corresponding molecular ion throughout the incubation period,
implying that 4 remains intact (at least partially) in the presence of
representative  metal-coordinating biomolecules. The high-
resolution ESI mass spectrum of 4 (500 uM) in H,0:DMSO (5:1) was
recorded after incubation for 24 h at 37 °C. The ESI mass spectra of 4
displayed a distinctive peak for the corresponding molecular ion
(with the appropriate isotopic pattern) after the incubation period
(Figure S17), indicating that 4 potentially remains intact in aqueous
solution. Given that ionisation variability in ESI mass spectrometry
can sometimes bias signal intensities or suppress certain species
signals, the overall peak profile may not always reflect the true
solution composition, and hence some caution must be taken when
considering the conclusions raised from the ESI mass spectrometry
stability data.

Further, HPLC analysis showed that when 4 (250 uM) was
incubated in DMEM:DMSO (4:1) for 72 h at 37 °C, the complex stayed
largely intact (98.9 %) sign of 4,7-diphenyl-1,10-
phenanthroline liberation (Figures S18-S19). Stability experiments
were also performed with human plasma. Upon incubation of 4 (500

with no
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MUM) in human plasma for 72 h at 37 °C, the amoupt, of .intact 4
(unbound to proteins in human plasma),DrieHsdiPéa/ Ok ONA Vs
spectroscopy and ICP-MS analysis, remained largely unchanged
(Figure S20, Table S4). This shows that 4 is potentially resistant to
nickel leaching and structural modifications in human plasma over 3
days.

Monolayer and three-dimensional cytotoxicity towards breast
cancer stem cells

The potency of 1-4 against bulk breast cancer cells (HMLER) and
breast CSC-enriched cells (HMLER-shEcad) cultured in monolayer
systems was determined using the MTT assay. HMLER cells are
human mammary epithelial cells that have been immortalised and
transformed by retroviral expression of SV40 large T oncogene,
hTERT and H-rasV12. HMLER-shEcad cells are HMLER cells subjected
to E-cadherin silencing by short hairpin RNA interference.** Breast
CSCs have been characterised to display a CD44*/CD24" phenotype*?
and the breast CSC population within the HMLER and HMLER-shEcad
cell lines has been previously characterised by us and others and
shown to display the appropriate CD44*/CD24- phenotypes.*l 43
HMLER cells exhibit a stable CSC-like population of 5-8 %, whereas
HMLER-shEcad cells display a significantly larger CSC-like population
(approximately 90%).4~ 4 The half-maximal inhibitory
concentrations (ICsp) were determined from dose-response curves
(Figures S21-S24) and are summarised in Table 1. The nickel(ll)
complexes 1-4 exhibited micromolar to nanomolar toxicities towards
HMLER and HMLER-shEcad cells with the 4,7-diphenyl-1,10-
phenanthroline-containing complex 4 displaying the highest potency
towards both cell lines. Strikingly, 4 exhibited 6.8-fold greater
potency (p < 0.05, n = 18) for breast CSC-enriched HMLER-shEcad
cells over CSC-depleted HMLER cells (Table 1). An inferior breast CSC
versus bulk breast cancer cell selectivity profile was observed for
salinomycin (2.7-fold, p < 0.05, n = 18, Table 1), a gold standard anti-
breast CSC agent.** Remarkably, the breast CSC potency of 4 (ICso
value = 16 £ 1 nM) was significantly greater (p < 0.05, n = 18) than a
panel of clinically approved breast cancer drugs (capecitabine, 5-
fluorouracil, cisplatin, carboplatin), salinomycin, and any previously
reported metal-containing agent (under identical conditions) (Table
1).%3-%6 The most potent metal-containing compounds towards breast
CSC-enriched HMLER-shEcad cells reported to date are the
antirheumatic agent auranofin (ICso = 26 £+ 5 nM) and an Au(l)
complex bearing triphenylphosphine and indomethacin (ICso=63 £ 6
nM).%> It is difficult to pinpoint the reason for the extremely high
potency of 4 towards HMLER and HMLER-shEcad cells, however, we
believe it could be, in part, due to the ability of 4 to potentially induce
necroptosis and the sensitivity of HMLER and HMLER-shEcad cells to
necroptosis-inducing agents.'® 2! The lipophilicity of 4 (LogP = 1.89 *
0.01, Table S3) could also be playing a part by enabling passive
uptake into HMLER and HMLER-shEcad cells.

Control cytotoxicity studies with the individual components of 4
were conducted. NiCl,:6H,0, 4,7-diphenyl-1,10-phenanthroline,
sodium diclofenac, and [Ni"(4,7-diphenyl-1,10-phenanthroline)Cly]
were significantly (p < 0.05, n = 18) less toxic (up to 728-fold) towards
HMLER-shEcad cells than 4 (Figure S25, Table S5). The combined
treatment of a 1:2 [Ni"(4,7-diphenyl-1,10-
phenanthroline)Cl;] and sodium diclofenac also resulted in a

mixture of
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significant (27.5-fold, p < 0.05, n = 18) reduction in potency compared
to 4 (Figure S26, Table S5). Taken together, the control cytotoxicity
studies imply that the anti-breast CSC potency of 4 is due to the
preformed complex rather than any of its individual components or
mixtures of its individual components. As a measure of therapeutic
potential, the cytotoxicity of 4 towards a panel of non-cancerous cell
lines; HEK 293 (embryonic kidney), MCF10A (epithelial breast), and
BEAS-2B (bronchial epithelium) was determined (Figure S27). The
nickel(ll) complex 4 was significantly (p < 0.05, n = 18) less potent
toward HEK 293 (ICsp = 0.30 £ 0.05 puM, 19-fold), MCF10A (ICso = 0.15
+0.01 uM, 9-fold), and BEAS-2B (ICso = 0.83 £ 0.03 puM, 52-fold) cells
than HMLER-shEcad cells, therefore 4 has the potential to potently
kill breast CSC-enriched cells over non-cancerous cells derived from
various tissue types.

Table 1. ICso values of nickel(ll)-diclofenac complexes 1-4, cisplatin, carboplatin, 5-
fluorouracil, capecitabine, and salinomycin against HMLER cells, HMLER-shEcad cells,
and HMLER-shEcad mammospheres. 2 Determined after 72 h incubation (mean of three
independent experiments * SD).  Determined after 5 days incubation (mean of three
independent experiments + SD). ¢ Reported in references 43-46 and 48. n.d. not
determined.

HMLER HMLER-shEcad Mammosphere
Compound
ICso [uM]® 1Cso [UM] 2 1Cso [LM] ®
1 7.37£0.42 11.45+2.46 n.d.
2 5.26 £0.29 14.76 £ 2.68 n.d.
3 1.17+0.13 2.51+0.26 79.55+1.77
4 0.11 +£0.02 0.016 + 0.001 15.27 +1.62
carboplatin ¢ 67.31+2.80 72.39+7.99 18.06 + 0.40
cisplatin® 2.57 £0.02 5.65 £ 0.30 13.50 £ 2.34
5-fluorouracil © 41.05+5.30 49.10+5.94 15.00 £ 1.01
capecitabine © > 100 > 100 > 133
salinomycin © 11.43+0.42 4.23+0.35 18.50 + 1.50

Mammospheres are three-dimensional collections of breast CSCs
that are more representative of solid tumours than monolayer
cultures and provide a reliable readout of translational potential.’
The treatment of single cell suspensions of HMLER-shEcad cells with
4 (0.13 uM) markedly reduced the number and size of
mammospheres formed after 5 days incubation (Figures 2A and S28).
Under the same conditions, dosage with 3 appreciably reduced the
size of mammopsheres formed but not the number of
mammospheres formed (Figures 2A and $28). The inhibitory effect
of 4 was comparable to treatment with clinically approved breast
cancer metallodrugs (cisplatin and carboplatin) and noticeably less

A) | 3 "4l 4
Ry

A f y D
d _
cisplatin . carboplatin
&

Figure 2. (A) Representatlive‘h bright-field images (x 10) of HMLER-shEcad
mammospheres in the absence and presence of 3, 4, cisplatin, carboplatin or
salinomycin (0.13 pM for 5 days). Scale bar = 200 um. (B) Representative confocal
laser scanning microscopy images of MDA-MB-231 mammospheres in the absence
and presence of 4 (0.5 uM for 3 days). Scale bar = 100 pm.
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than salinomycin under identical incubation conditions,(Figures.2A
and S26). The effect of 3 and 4 on mamrme3pHete3UiBbRtyONas
determined using the colorimetric resazurin-based reagent, TOX8.
Both nickel(Il) complexes displayed micromolar ICso values, however
4 was 5.2-fold more potent than 3. Further, the mammosphere
potency of 4 was comparable to cisplatin, carboplatin, and
salinomycin (Figure S29, Table 1).%6 %8 Using a cell live (calcein AM)
and cell death (propidium iodide) staining experiment, the effect of
4 on MDA-MB-231 mammospheres was evaluated. The red:green
fluorescence ratio increased upon incubation with 4. Mammosphere
structural disintegration with significant loss of intercellular cohesion
was also observed (Figure 2B). Taken together the mammosphere
studies show that 4 is capable of multicellular spheroid penetration
and cytotoxicity in three-dimensional breast cancer cultures.

Induction of necroptosis in breast cancer stem cells

The mode of breast CSC death induced by 4 was investigated. Co-
incubation of 4 with necroptosis pathway modulators, necrostatin-1
(RIP1 inhibitor, 20 uM)* or dabrafenib (RIP3 inhibitor, 10 uM),>
significantly decreased (up to 28-fold, p < 0.05, n = 18) the
cytotoxicity of 4 against HMLER-shEcad cells (Figure 3A, Table S6),
indicating necrosome-mediated necroptosis as the mode of cell
death. Complementary immunoblotting studies showed that the
expression of the necrosome components RIP1, RIP3, and MLKL
remained largely unaltered in HMLER-shEcad cells treated with
increasing concentrations of 4 (10-50 nM for 72 h) (Figure S30). This
suggests that 4-induced necroptosis is dependent on the formation
of the necrosome complex (association of RIP1, RIP3, and MLKL) and
not on the perturbation of the expression of its individual protein
kinase components. During necroptosis, MLKL homo-oligomers can
migrate from the cytoplasm to the cell membrane and induce ion
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Figure 3. (A) Representative dose-response curves for the treatment of HMLER-
shEcad cells with 4 after 72 h incubation in the presence and absence of
nectrostatin-1 (20 uM) or dabrafenib (10 uM). (B) Immunoblotting analysis of
MLKL expression in the membrane and cytosol fractions of HMLER-shEcad cells
treated with 4 (16 and 32 nM for 24 h). Uncropped images of the blots are provided
in the SI. (C & D) Representative histograms displaying the fluorescence emitted by
Pl stained HMLER-shEcad cells (red), and HMLER-shEcad cells treated with 4 (3 uM)
for 24 h (blue), or 4 (3 uM) with necrostatin-1 (20 uM) or dabrafenib (10 uM) for
24 h (orange).
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flux, leading to plasma membrane permeabilisation.!% 5!
Immunoblotting analysis of the isolated membrane and cytosol
fractions of HMLER-shEcad cells treated with 4 (16 and 32 nM for 24
h) indicated a clear increase in MLKL on the membrane and a
concurrent decrease in the cytosol (Figure 3B). To determine if 4
induces plasma membrane permeabilisation, propidium iodide (PI)
staining studies were undertaken using flow cytometry. Pl cannot
penetrate or stain healthy cells, however can enter and stain cells
with compromised cell membrane structures. HMLER-shEcad cells
treated with 4 (3 uM for 24 h) displayed increased PI uptake relative
to untreated cells, suggestive of cell membrane permeabilisation
(Figure 3C-D). When 4 (3 uM for 24 h) was co-treated with
necrostatin-1 (20 puM) or dabrafenib (10 uM), Pl uptake was
attenuated (Figure 3C-D), implying that 4-induced plasma membrane
permeabilisation is associated to necrosome formation and
potentially related to MLKL migration. Although the plasma
membrane is compromised during necroptosis, the nuclear
membrane is typically preserved.>2 Bright-field microscopy studies of
HMLER-shEcad cells treated with 4 (4 x 1Cso value for 24 h) showed
that some cells displayed cell membrane disruption while their
nuclear membrane was preserved (Figure S31), consistent with
necroptotic cell death. The morphological features induced by 4 in
HMLER-shEcad cells disappeared in the presence of necrostatin-1 (20
uM) and dabrafenib (10 uM), implying that they were related to
necrosome formation (Figure S31).

Cellular uptake and fractionation studies were conducted to
determine the ability of 4 to enter breast CSCs. Specifically, HMLER-
shEcad cells were incubated with 4 (0.25 uM for 24 h) and the
internalised nickel content was determined by inductively coupled
plasma mass spectrometry (ICP-MS) (Figure S32). The nickel(ll)
complex 4 was readily taken up by breast CSCs, with whole cell
uptake detected as 7.3 = 0.3 ng of Ni/ million cells. Fractionation
studies indicated that a large proportion of internalised 4 was
detected in the cytoplasm (81%), as opposed to the nucleus or
membrane, suggesting that 4-mediated breast CSC toxicity is likely to
be related to interactions with cytoplasmic biomolecules, consistent
with the induction of necroptosis.

A common hallmark of necroptosis is the hyperactivation of
PARP-1, which can result from DNA damage and lead to the depletion
of ATP and NAD levels.53 5* The cytotoxicity of 4 towards HMLER-
shEcad cells significantly decreased (p < 0.05, n = 18) in the presence
of well-known PARP-1 inhibitors, veliparib (10 uM, ICso = 0.20 + 0.006

This journal is © The Royal Society of Chemistry 20xx

UM, 12.5-fold)>> and 4-amino-1,8-naphthalimide (10 uM, 1Cso = 0.18
+ 0.005 pM, 11-fold)*® (Figure S33, Table S6), suggesting that
hyperactivation of PARP-1 was part of necroptosis mechanism
evoked by 4. Immunoblotting studies revealed that HMLER-shEcad
cells treated with 4 (1-3 uM for 72 h) expressed higher levels of
phosphorylated H2AX (yH2AX) and CHK2 than untreated cells,
indicative of genomic DNA damage (Figure $34).57- 58 Transcriptomic
RNA sequencing (RNA-seq) analysis of mouse mammary carcinoma
4T1 cells treated with 4 (5 uM for 12 h) revealed significant changes
in intracellular signaling pathways (528 uniquely expressed genes)
compared to untreated cells (Figures 4A-B). Gene Ontology (GO)
enrichment analysis showed that 4-treated 4T1 cells affected
kinetochore and chromosome genes in the cellular component
(Figure S35A), the processes of cell cycle, cell division, and DNA
replication in the biological process (Figure S35B), single stranded
DNA-dependent ATP-dependent binding in the molecular function
(Figure S35C). Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis indicates that cell cycle and DNA replication are affected by
4 (Figure 4C). According to cell cycle analysis, 4 (75-150 nM for 72 h)
stalls HMLER-shEcad cells at the G1 phase (Figure S36), consistent
with the RNA-seq data. G1-phase cell cycle arrest is also allied to
necroptosis.>® %0 The amalgamation of the necrosome complex can
lead to downstream reactive oxygen species (ROS) generation.b% 62
To determine if 4-induced necroptosis leads to intracellular ROS
elevation, 6-carboxy-2’,7’-dichlorodihydrofluorescein  diacetate
(DCFH-DA) was used. HMLER-shEcad cells dosed with 4 (32 nM)
displayed a time-dependent increase in ROS levels compared to
untreated cells over the course of 24 h (Figure S37). This suggests
that 4 is unlikely to intrinsically generate ROS and the time-
dependent ROS level elevation observed is a downstream outcome
(possibly through necrosome formation). Given this implication, 4 is
not expected to induce DNA damage via inherent ROS production but
possibly via necroptosis-associated hyperactivation of PARP-1. To
determine if 4-induced ROS elevation results in breast CSC death,
independent cell viability studies were carried out in the presence of
N-acetylcysteine (2.5 mM), a ROS scavenger. In the presence of N-
acetylcysteine the potency of 4 towards HMLER-shEcad cells
decreased significantly (ICso = 0.18 + 0.004 uM, 11-fold, p < 0.05, n =
18) (Figure S38, Table S6), suggesting that 4-induced breast CSC
death is related to ROS elevation.
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Modulation of cycloogenase-2 expression and impact on cell death

Given that 4 comprises of two diclofenac moieties and is designed to
modulate COX-2 levels, flow cytometric studies were conducted to
determine the impact of 4 on COX-2 expression and thus the iDAMP
axis. HMLER-shEcad cells pre-treated with lipopolysaccharide (LPS)
(2.5 uM for 24 h), to increase basal COX-2 levels, were treated with
4 (ICsp value and 2 x ICsq value for 48 h) and the COX-2 expression
was determined. COX-2 expression decreased significantly upon
treatment with 4 (Figure S39). Diclofenac-treated (20 uM for 48 h)
HMLER-shEcad cells also exhibit noticeably lower levels of COX-2
compared to untreated cells (Figure S40A). HMLER-shEcad cells
treated with [Ni'(4,7-diphenyl-1,10-phenanthroline)Cl;] (2 x ICso
value for 48 h) did not display a marked change in COX-2 expression
compared to untreated cells (Figure S40B). This suggests that 4-
induced downregulation of COX-2 in breast CSCs is associated to the
diclofenac moieties in 4. To determine if 4 induces COX-2-dependent
breast CSC death, cytotoxicity studies were performed with HMLER-
shEcad cells co-treated with prostaglandin E2 (20 uM). The potency
of 4 towards HMLER-shEcad cells decreased significantly (ICso = 0.34
+ 0.05 uM, 21-fold, p < 0.05, n = 18) under these conditions (Figure
S41). Overall, the flow cytometric and cytotoxicity studies suggest
that the mechanism of action of 4 could be related to COX-2
downregulation and iDAMP perturbation.
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Given the ability of 4 to downregulate COX-2 and induce necroptosis
in breast CSCs, we investigated whether 4 can induce DAMP release
from breast CSCs. Four major DAMPs allied to ICD, adenosine
triphosphate (ATP), nuclear high mobility group box 1 (HMGB-1),
calreticulin (CRT), and phosphatidylserine (PS) were monitored.3?
HMLER-shEcad cells treated with 4 (3-5 uM for 24 h) released ATP in
a dose-dependent manner (up to 6.6-fold more than untreated cells)
according to an established luciferase-based assay (Figure 5A).
Dosage with cisplatin (50-100 uM for 24 h) also induced significant
ATP release (up to 6.4-fold more than untreated cells) (Figure 5A).
Immunoblotting studies showed that HMLER-shEcad cells treated
with 4 (1-5 uM for 72 h) displayed markedly lower or undetectable
amounts of HMGB-1 relative to untreated cells, indicative of HMGB-
1 expulsion (Figure 5B). According to flow cytometric studies,
HMLER-shEcad cells dosed with 4 (3 uM for 24 h or 72 h) did not
display markedly higher levels of CRT on their cell membrane
compared to untreated cells (Figure S42). This phenomenon is
consistent with immunogenic hallmarks resulting from cells that
have undergone necroptosis.5® 6 In fact, CRT exposure is not a
prerequisite for the phagocytosis of necroptotic cells by immune
cells.®3.64 As expected, HMLER-shEcad cells dosed with cisplatin (150
UM for 24 h or 72 h) and thapsigargin (7 uM for 24 h or 72 h)
displayed an increase in CRT on their cell membrane (Figure S43).
Although CRT exposure is not synonymous with necroptotic cells, PS
externalisation is a common feature and functions as a ‘find me’ and
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Figure 5. (A) Normalised extracellular ATP released from HMLER-shEcad cells untreated and treated with 4 (3 uM or 5 uM) or cisplatin (50 uM or 100 uM) for 24 h. The data is
represented as the mean + SD (* p < 0.01, Student’s t-test). (B) Immunoblotting analysis of high mobility group box 1 (HMGB-1). Protein expression in HMLER-shEcad cells
following treatment with 4 (1-5 uM) for 72 h. Uncropped images of the blots are provided in the SI. (C) Representative histograms displaying the green fluorescence emitted
by FITC Annexin V-stained HMLER-shEcad cells untreated (blue, median: 1556.9 + 78.0), and treated with 4 (64 nM) (green, median: 1948.4 + 97.4) or 4 (128 nM) (red, median:
2176.2 £ 43.5) for 72 h. (D) Representative two-dimensional scatter plots of CellTracker Green-stained HMLER-shEcad cells untreated and treated with 4 (5 uM) or diclofenac
(20 uM) or cisplatin (150 uM) and thapsigargin (7 uM) for 24 h and then co-cultured with CellTracker Orange-stained THP-1 macrophages for 2 h.

6 | J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Page 6 of 12


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6qi00611f

Page 7 of 12

Open Access Article. Published on 18 May 2026. Downloaded on 5/20/2026 1:11:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

‘eat me’ signal for immune cells.’® HMLER-shEcad cells treated with
4 (64 and 128 nM for 24 h) displayed a distinct increase in PS on their
cell membrane (Figure 5C) suggesting that 4-induced breast CSC
death may lead to an immunogenic effect through PS exposure.
Overall, the DAMP detection studies suggest that 4 is capable of
evoking an immunogenic phenotype in breast CSCs that does not
display all the hallmarks of ICD.

We next investigated the ability of HMLER-shEcad cells treated
with 4 to be phagocytosed by macrophages. HMLER-shEcad cells pre-
stained with CellTracker Green were treated with 4 (5 uM for 24 h)
and then incubated with macrophages pre-stained with CellTracker
Orange for 2 h. The population of double-stained macrophages and
engulfed HMLER-shEcad cells is indicated in the two-dimensional
scatter plots shown in Figure 5D. The nickel(ll) complex 4 (5 uM for
24 h) was able to significantly enhance engulfment of HMLER-shEcad
cells by macrophages (5.3-fold increase compared to untreated cells,
Figure 5D). HMLER-shEcad cells treated with diclofenac (20 uM for
24 h) did not induce significant phagocytosis by macrophages (Figure
5D). This that the necroptosis-inducing nickel(ll)-
phenanthroline moiety in 4 is vital for prompting phagocytosis of
breast CSCs by macrophages. The addition of cisplatin (150 uM for
24 h) and thapsigargin (7 uM for 24 h) to HMLER-shEcad cells resulted
in a significant increase in the population of double-stained

implies

macrophages (23.5-fold increase compared to untreated cells, Figure
5D) indicative of phagocytosis. Overall, the phagocytosis assay shows
that 4 is able to kill breast CSCs in a manner that promotes
engulfment by macrophages.

Immunotherapeutic efficacy in a murine breast cancer model

To ensure intact delivery of 4 to breast tumour sites in vivo, 4 was
encapsulated into polymeric nanoparticles. We used the thioketal
bond-containing, ROS-responsive, amphiphilic polymer, PSP to
encapsulate 4 (Figure 6A). PSP was synthesized using a previously
reported protocol (Scheme $1).%° The nanoprecipitation method was
employed to encapsulate 4 (5 mg/mL) into the hydrophobic core of
PSP (50 mg/mL) to produce 4-loaded PSP nanoparticles NP-4 (Figure
6A). The concentration of 4 in NP-4 was determined by atomic
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absorption spectrometry (AAS). The average nanopartigle size 06 MP=
4 measured by dynamic light scattering (DLSPw4sl 23839 hiadREGRE
polydispersity was 0.05 (Figure 6B-C). The morphology of NP-4 was
probed by transmission electron microscopy (TEM). As depicted in
Figure 6D, NP-4 had spherical morphology with a uniform size
distribution. Given the presence of ROS-responsive thioketal bonds
in PSP, the release profile of NP-4 was studied in the presence of
H,0, over the course of 48 h. After 48 h incubation, NP-4 was able to
release 2.5-fold more 4 in the presence of H02 (10 mM) compared
to the PBS control group (Figure 6E). This shows that NP-4 can
potentially release its payload more effectively in ROS-enriched
areas of the body, such as the cancer microenvironment or inside
cancer cells.®®

The distribution of NP-4 and 4 in BALB/c mice bearing 4T1 breast
tumours was determined by intravenous administration of NP-4 (5
mg Ni kg1) or 4 (5 mg Ni kg), organ harvesting after 3 days, and
analysis of the nickel content in each tissue by AAS (n = 4 mice)
(Figure S44). NP-4 was found to primarily accumulate in the kidneys
and spleen, whereas 4 accumulated predominantly in the kidneys
and lungs (Figure 7A-B). Comparative analysis of nickel levels in the
tumour showed that NP-4 exhibited 1.8-fold higher tumour
accumulation than 4 (Figure 7C). This suggests that the encapsulation
of 4 by PSP nanoparticles enhances tumour accumulation (possibly
via the enhanced permeability and retention effect).

Next, the ability of NP-4 to modulate tumour growth in 4T1
breast cancer-bearing mice was determined. Survival analysis and
maximum tolerated dose studies (n = 4 mice) were conducted with
four doses to determine the administration dose for the tumour
growth inhibition studies (Figure S45). The study showed that the
body weight of the mice was relatively stable when dosed with 0.5
mg Ni kg or 1.5 mg Ni kg of NP-4 over a 10 day period. When the
dose was increased to 2.5 mg Ni kg of NP-4, two mice in this
treatment group experienced approximately 20% body weight loss.
At the higher dose of 5 mg Ni kg of NP-4, all mice showed around
20% body weight reduction. Among them, two mice died on the 6t
day, and the other two died on the 8t day. Based on these results
1.5 mg Ni kg of NP-4 was selected as the administration dose for
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Figure 6. (A) Schematic showing the encapsulation of 4 into PSP polymeric nanoparticles (NP-4) and the ROS-triggered release of 4 from NP-4. (B and C) The average
nanoparticle size and PDI of NP-4 determined by DLS. (D) Representative TEM images of NP-4. Scale bar = 100 um. (E) Representative nickel release profiles of NP-4 in PBS

alone and in PBS with H,0, (10 mM) at 37 °C over the course of 48 h.
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the tumour growth inhibition studies. Once BALB/c mice inoculated
with 4T1 cells displayed tumours with a volume of about 50 mm3, the
nanoparticle formulation NP-4 (1.5 mg Ni kg') was administered
intravenously every 2 days for 8 days (n = 4 mice) and the tumour
size was monitored every 2 days for 12 days (Figure 7D). Negative
and positive control groups (n = 4 mice) were treated with the vehicle
(PBS), doxorubicin (1.5 mg kg?, clinically used chemotherapeutic
agent with immunogenic properties in vivo®”-8) or oxaliplatin (1.5 mg
Pt kg?, clinically used anticancer metallodrug with ICD-inducing
properties in vivo® 79). As depicted in Figures 7E and S46, tumour
growth was significantly inhibited in the NP-4-treated group with
respect to the control group (47% smaller tumours after 12 days).
Additionally, the tumour growth inhibitory profile of the NP-4-
treated group was significantly (p < 0.01) stronger than the
doxorubicin- and oxaliplatin-treated groups (Figures 7E and S46). In
all cases, treated mice maintained their body weight relative to the
control group throughout the course of the study (Figure S47).
Given the ability of 4 to induce an immunogenic phenotype in
breast CSCs in vitro, the immunotherapeutic efficacy of NP-4 was
investigated in immunocompetent 4T1 breast cancer-bearing BALB/c
mice. Immunogenic agents promote the recruitment and infiltration
of immune cells (mature dendritic cells and T-cells) into the lymph
nodes and tumours.”! 4T1 tumour-bearing mice were subject to
intravenous administration of NP-4 (1.5 mg Ni kg?) or doxorubicin
(1.5 mg kg) or oxaliplatin (1.5 mg Pt kg?) or the vehicle (PBS) every
2 days for 8 days (n = 3 mice) and after 12 days the lymph nodes and
tumours were extracted and analysed by flow cytometry using
relevant immune cell markers (Figure S48). Analysis of tumour-
draining lymph nodes revealed that mice treated with NP-4 exhibited
significantly higher levels of CD8* CD69* T-cells (17.0%) than to those
treated with doxorubicin (13.9%), oxaliplatin (15.5%) or the vehicle
(11.2%) (Figure S49). Furthermore, the proportion of CD80* CD86*
mature dendritic cells in the tumour-draining lymph nodes of mice
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treated with NP-4 (36.3%) was approximately twice,that.of mice
treated with the vehicle (17.6%) and markeé@ly!Pé¥®/thdn Odse
treated with doxorubicin (28.2%) or oxaliplatin (28.6%) (Figure S50).
Since mature dendritic cells can activate T lymphocytes and trigger
an adaptive immune response,’? the proportions of tumour
infiltrating CD4* and CD8* T-cells were examined. The percentage of
CD8* T-cells in tumours of mice treated with NP-4 (33.1%) was
significantly higher than in tumours of mice treated with the vehicle
(22.5%) and markedly more than those treated with doxorubicin
(26.6%) or oxaliplatin (29.4%) (Figure S51). An increase in the
percentage of CD4* T-cells in tumours of mice treated with NP-4
(55.6%) compared to the control group (47.5%) was also observed
(Figure S46). The proportion of tumour infiltrating CD8* T-cells was
also gauged by histological studies (Figure S51). Noticeably more
CD8* T-cells (cells stained red) were detected in tumour samples
taken from mice treated with NP-4 compared to those taken from
mice treated with oxaliplatin or the vehicle (Figure S52). Overall, the
in vivo results support proof-of-concept that intratumorally delivery
of the nickel(ll) complex 4 can be achieved by PSP nanoparticles and
that the formulation can induce an immunogenic effect. It is
acknowledged that no functional assessment of anti-tumour
immunity was performed.

Conclusions

In summary we report the synthesis, characterisation, and anti-
breast CSC properties of a series of nickel(ll)-polypyridyl complexes
1-4 containing two diclofenac moieties. Time course UV-vis
spectroscopy and mass spectrometry studies indicated that 1-4 are
stable in cell culture conditions and in the presence of cellular
reductants (ascorbic acid and glutathione). HPLC analysis provided
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Figure 7. Biodistribution of nickel in 4T1 tumour-bearing mice following treatment with (A) NP-4 (5 mg Ni kg) or (B) 4 (5 mg Ni kg*) (n = 4 mice). H: heart, Li: liver, S: spleen,
Lu: lungs, Ki: kidney, and T: tumour. (C) Differential tumor accumulation of NP-4 and 4. (D) Schematic of the experimental design for determining the tumour growth inhibition
profiles. (E) Averaged tumor growth inhibition curves of 4T1 tumour-bearing mice (n = 4 mice), following intravenous administration of the vehicle (PBS) or doxorubicin (1.5

mg kg?) or oxaliplatin (1.5 mg Pt kg) or NP-4 (1.5 mg Ni kg).

8| J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 12


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6qi00611f

Page 9 of 12

Open Access Article. Published on 18 May 2026. Downloaded on 5/20/2026 1:11:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

further evidence that 4 was stable in cell culture media, and UV-vis
spectroscopy and ICP-MS studies showed that 4 was stable in human
plasma and resistant to nickel leaching. Cytotoxicity studies showed
that 4 displayed the highest potency towards breast CSCs within the
series and was an astonishing 264-fold and 353-fold more potent
than salinomycin and cisplatin, respectively. Mechanistic studies
revealed that 4 is able to induce necroptosis in breast CSCs by
necrosome-mediated and MLKL migration-associated plasma
membrane permeabilisation. Detailed cell-based studies also
showed that intracellular ROS elevation and PARP-1 hyperactivation
(possibly due to genomic DNA damage) are part of the necroptosis
mechanism evoked by 4. Furthermore, 4 is able to reduce COX-2
expression in breast CSCs. The potency of 4 toward breast CSCs was
attenuated in the presence of prostaglandin E2 (an iDAMP), implying
that the mechanism of action of 4 could be related to COX-2
downregulation. DAMP detection studies indicated that 4 is able to
promote extracellular release of ATP and HMGB-1 and lead to PS (but
not CRT) exposure on the membrane, consistent with a necroptosis-
associated and iDAMP-modulating immunogenic phenotype (which
is not fully consistent with ICD). Phagocytosis studies showed that
breast CSCs treated with 4 were efficiently engulfed by macrophages,
highlighting the promising immunogenic potential of 4. In vivo
studies with immunocompetent 4T1 breast cancer-bearing mice,
showed that upon encapsulation of 4 into polymeric nanoparticles
NP-4 and intravenous administration, tumour progression was
significantly inhibited and a robust immune response was evoked.
Taken together, the in vivo studies suggest that 4 is an efficacious
immunotherapeutic agent with very promising translatable scope.
We believe this study provides fresh impetus to explore the
biological activity of nickel coordination complexes. The results also
pave the way for the development of other metal-NSAID complexes
as necroptosis-inducing, iDAMP-modulating immunotherapeutics
for CSC-directed treatment.
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