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(4) and
Cp.Ti(flufenamate), (5) show enhanced redox stability and potent
cytotoxicity against breast cancer stem cells (CSCs), with 5 rivaling
salinomycin and cisplatin. Complex 5 induces DNA damage and

Titanocene(iv)-NSAID complexes Cp,Ti(mefenamate),

apoptosis, and its nanoparticle encapsulation improves biocom-
patibility. This is the first report targeting breast CSCs with titano-
cene-based metallodrugs.

Titanocene dichloride (Cp,TiCl,, 1) is a Ti(iv) metallocene first
reported to exhibit anticancer activity in 1979," demonstrating
promising efficacy in mouse tumour models and reduced tox-
icity relative to cisplatin. However, its clinical development was
hindered by poor aqueous stability, rapid hydrolysis, and
limited activity in human cells. These drawbacks have motiva-
ted efforts to develop substituted titanocene derivatives with
improved solubility, stability, and selectivity for cancer cells.>

Modifications to both the Cp and X ligands of the Cp,TiX,
scaffold have yielded derivatives with enhanced cytotoxicity
and pharmacological properties.®> In particular, replacing
chloride with oxygen-donor ligands has improved hydrolytic
stability, mirroring strategies used in successful platinum-
based drugs.* Carboxylate ligands - including x*-oxalates and
bifunctional linkers — have enabled access to water-soluble,
cytotoxic complexes with activity against a range of tumour
types.” More recently, titanocene-NSAID conjugates have
emerged,® though their mechanisms of action remain unclear.

Herein we report the synthesis, structural and electro-
chemical characterisation of two novel bis(k'O-salicylato) tita-
nocene NSAID complexes. Their cytotoxicity is assessed in
breast cancer and breast cancer stem cell (CSC) cultures - an
aggressive subpopulation implicated in relapse and meta-
stasis. Nanoparticle encapsulation of the most promising com-
pound is also explored to enhance its safety and therapeutic
profile.
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Novel titanocene NSAID complexes were prepared via a salt
metathesis route, by reaction of 1 with the sodium salts of the
NSAID carboxylic acids in THF, according to Scheme 1.
Complexes Cp,Ti(mefenamate), (4) and Cp,Ti(flufenamate),
(5) were isolated as orange crystalline solids in 79% and 59%
yield, respectively (see SI for synthesis and characterisation
data).

The identity and solution structure of 4 and 5 were con-
firmed via '"H NMR spectroscopy (Fig. S11 and S13), each
revealing one CpH signal with relative integration 10H, and
aromatic signals with a total of 14H and 16H, respectively, con-
sistent with bis(salicylate) complexes. Each spectrum shows a
downfield singlet resonance (§ = 10.57 (4) and 10.86 (5) ppm)
integrating to 2H assigned to the NH environment. "*C NMR
spectroscopy data for 4 and 5 (Fig. S12 and S14) are consistent
with the proposed structures, with 5 showing a CF; carbon
quartet at 124.9 ppm (YJ¢_p = 272.4 Hz). The "°F NMR spectrum
of 5 consists of a single resonance at —62.49 ppm corres-
ponding to the two equivalent CF; groups (Fig. S15).
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Scheme 1 Synthesis and solid state structures of 4 and 5 with ellipsoids
at 50% probability. Selected hydrogen atoms (except H-bonded atoms)
are omitted for clarity.
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IR spectroscopy of 4 and 5 (Fig. S19 and S20) reveals an
intramolecularly bonded N-H stretch (v = 3227 (4) and 3174
(5) em™), an N-H bend (v = 1574 (4) and 1579 (5) cm ™), and a
C-O stretch (v = 1242 (4) and 1259 (5) em ™). High resolution
mass spectrometry data for 4 and 5 (Fig. S22 and S23) are con-
sistent with the proposed formulations, and bulk purity was
confirmed by elemental analysis.

The solid state structures of 4 and 5 were revealed by single
crystal X-ray diffraction (Scheme 1) with selected metrical para-
meters summarised in Table S1 (SI). The Ti centre in each
complex shows pseudo-tetrahedral geometry (z, = 0.86), with
bond distances and angles similar to those of other structu-
rally characterised titanocene bis(k'O-carboxylate) complexes.”
Hydrogen bonding interactions are present between the N-H
functionalities on the NSAID ring and the uncoordinated C=0
of the k'O-carboxylate ligands (2.033(6) for 4; 2.012(13) for 5),
at a longer distance than in the free carboxylic acids (distance
1.888 A), presumably due to a lower partial negative charge on
oxygen as a result of carboxylate binding with Ti. Hydrogen
bonding confers co-planarity to the carboxylate and attached
aromatic rings within each NSAID ligand, average dihedral
angles between CO,/Cs mean planes being 16.1(3)° and 1.8(6)°
for 4 and 5, respectively.

The Ti-bound C-O distances (1.286(8) A for 4; 1.2942(14) A
for 5) are long compared to an average C—=O double bond
(1.24 A), whereas uncoordinated C-O distances (1.223(8) A for
4; 1.231(14) for 5) are short compared with the average C-O
single bond length (1.38-1.42 A),® suggesting a degree of delo-
calisation across the carboxylate moieties.

The redox properties of 4 and 5 were investigated by cyclic
voltammetry in THF/0.2 M ["Bu,N][PF,] at a glassy carbon elec-
trode (Fig. 1, and Table S3). For both complexes, the Ti(wv)/Ti
(m) reduction process is not fully reversible, with half-peak
potentials, Ep,, at —1.46 V (4) and —1.38 V (5) vs. FeCp,"°. It is
postulated that following electrochemical reduction [Cp,TiX,]
+ e~ = [Cp,TiX,]|™ (Eg), the reduced species is unstable with
respect to ligand dissociation, [Cp,TiX,]” — [Cp,TiX] + X~ (Cj),
under the conditions and timescale of the CV experiment.’

Guk et al. have recently reported several titanocene(iv) dicar-
boxylate complexes, and postulated a mechanism of action
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Fig. 1 Stacked CV scans of 4 and 5 in THF/0.2 M ["Bu4N][PF¢], scan rate
01vs™
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involving intracellular reduction of Ti(v) to Ti(u) accompanied
by the release of free ligands.®”® However, the redox potentials
of some cellular reductants such as NADH, GSH, and ascor-
bate are approximately —0.72, —0.64, and —0.35 V vs. FeCp,"°
(converted by employing the literature value of FeCp,”° = 0.40
V vs. NHE in H,0),'° respectively. Therefore, the reduction of
the metal centre in these complexes from Ti(v) to lower oxi-
dation states by cellular reductants is not thermodynamically
feasible. Hence, we postulate that 4 and 5 remain as Ti(v) and
operate via a non-redox pathway, and downstream stability
with respect to ligand-dissociation stability and biomolecular
interactions of the metal, are not accompanied by a change in
oxidation state from Ti(wv). More plausible is the mechanism
suggested by Sadler, involving uptake of 1 by transferrin and
the hypothesis that this provides a toxic intracellular Ti(wv)
species (of unknown structure) that interacts with DNA (and/or
RNA).M

The potency of the isolated titanocene complexes toward
bulk breast cancer cells (HMLER) and breast CSC-enriched
cells (HMLER-shEcad) was determined using the colorimetric
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay. The ICs, values associated to the titanocene
complexes 1-5 were calculated from dose-response curves
(Fig. S32-S36) and are presented in Table 1. According to the
IC5, values, all of the titanocene complexes 1-5 displayed
micromolar potency towards bulk breast cancer cells and
breast CSCs. Titanocene dichloride Cp,TiCl, (1) exhibited
similar IC5, values to the known salicylate-bearing complexes
Cp,Ti(x'0-salH), (2) and Cp,Ti(x*0,0"-sal) (3, Scheme S1),'?
suggesting that incorporation of salicylate onto the titanocene
scaffold does not improve potency towards bulk breast cancer
cells and breast CSCs. Additionally, the aforementioned
result indicates that the differing salicylate chelation modes
observed for 2 and 3 does not impact bulk breast cancer cells
or breast CSCs potency. Notably, the ICs, values for the bis
(x'O-NSAID) titanocene complexes 4 and 5 were significantly
(p < 0.05, n =18) lower than 1. This implies that the incorpor-
ation of two mefenamate or flufenamate units onto the tita-
nocene scaffold enhances cytotoxicity towards bulk breast
cancer cells and breast CSCs. Within the series, 5 displayed

Table 1 Csq values of the titanocene complexes 1-5, flufenamic acid,
cisplatin, and salinomycin against HMLER and HMLER-shEcad cells and
HMLER-shEcad mammospheres determined after 72 h incubation (mean
of three independent experiments + SD)

Complex HMLER ICs, [uM] HMLER-shEcad ICs, [uM]
1 39.52 + 5.21 46.3 + 3.61
2 36.50 + 0.98 53.45 + 2.36
3 38.25 + 3.89 40.77 + 2.42
4 15.54 + 0.07 32.77 +0.98
5 3.90 +0.15 4.59 = 0.10
Flufenamic acid® 7.32 £1.04 30.86 + 2.65
Cisplatin® 2.57 + 0.02 5.65 + 0.30
Salinomycin® 11.43 + 0.42 4.23+0.35

“Reported in ref. 13. ? Reported in ref. 14 and 15.

This journal is © The Royal Society of Chemistry 2025
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the greatest potency towards bulk breast cancer cells and
breast CSCs.

The ICs, value of flufenamic acid towards breast CSCs is
6.7-fold higher than 5, indicating that complexation of flufe-
namic acid to the titanocene scaffold improves cytotoxicity
towards breast CSCs.

Complex 5 exhibited comparable potency toward bulk
breast cancer cells and breast CSC as salinomycin and
cisplatin.”*"® Salinomycin is a polyether antibiotic often used
as a positive control for anti-breast CSC cytotoxicity studies,"®
whereas cisplatin is the leading metallodrug used to treat
various forms of cancer in the clinic.*

To determine whether the cytotoxicity is cancer cell-specific,
additional studies were carried out with 5 and non-malighant
BEAS-2B (bronchial epithelium) and HEK 293 (embryonic
kidney) cells (Fig. S37). Compound 5 was significantly less
potent (up to 24-fold, p < 0.05, n = 18) towards BEAS-2B (ICs,
value = 93.64 + 0.19 pM) and HEK 293 (ICs, value = 44.40 +
2.30 puM) cells than HMLER and HMLER-shEcad cells, indicat-
ing selectivity for bulk breast cancer cells and breast CSCs over
non-cancerous cells.

Stability studies were carried out for 1-5 under conditions
relevant to the biological assays. Time course UV-vis spec-
troscopy of 4 and 5 in cell media: DMSO (200 : 1) showed only
gradual spectral changes over 72 h (Fig. S38-5S42), with the
principal absorption bands retained, indicating that hydro-
lysis is markedly slower at physiological pH than in coordi-
nating organic solvents. This trend is consistent with our
time course NMR studies in THF-dg/D,O (Fig. S44-5S48) and
with the well-documented behaviour of 1."”7 Complementary
mass spectrometry analysis confirmed that all complexes
undergo controlled speciation into titanocene-derived oxo/
hydroxo species (Fig. S49-S57). These findings suggest that 4
and 5 act as ligand-labile precursors, consistent with the pro-
posed prodrug role for titanocene complexes in Ti(w)
delivery."*

Further cell-based studies were carried out with the most
effective titanocene complex within the series, Cp,Ti(flufena-
mate), (5) to shed light on its mechanism of action. Cellular
uptake and fractionation studies were performed to determine
the breast CSC permeability and localisation of 5. HMLER-
shEcad cells treated with 5 (10 pM for 24 h) displayed a signifi-
cant amount of titanium (82.8 + 1.3 ng of Ti per million cells),
suggestive of effective cell uptake (Fig. S40). Fractionation
studies indicated that the vast majority of 5 was actually
detected in the membrane fraction suggesting that although 5
is able to enter breast CSCs, a proportion becomes entrapped
in the membrane enroute. A smaller, but in the context of
DNA-binding anticancer agents, significant amount of tita-
nium was deterred in the nucleus fraction (4.4 ng of Ti/million
cells, 6%). This implies that the mechanism of action of 5
could involve biological targets in the nucleus (such as
genomic DNA or histones). To provide context, it should be
noted that cisplatin is widely accepted to induce its therapeutic
effect by damaging DNA and under identical conditions, only
7% is detected in the nucleus of HMLER-shEcad cells.'®

This journal is © The Royal Society of Chemistry 2025
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Further, exploring the DNA damaging effects of 5 is plausible
as titanocene complexes such as 1 were historically developed
and investigated as DNA-binding anticancer agents."®

Given that 5 is able to access the breast CSC nucleus, its
potential to induce genomic DNA damage and activate the
DNA damage response was probed by monitoring the
expression of specific biomarkers using immunoblotting
methods. HMLER-shEcad cells incubated with 5 (15-60 pM for
24 h) displayed a marked increase in the expression of the
phosphorylated forms of H2AX and CHK2, indicative of DNA
damage (Fig. S41).

DNA damage, if left unrepaired, can lead to apoptotic cell
death.”® The reorganisation of the cell membrane is an early-
stage feature of apoptosis. This involves the translocation of
phosphatidylserine residues from the interior to the exterior of
the membrane. The cell membrane becomes significantly
compromised during late-stage apoptosis. Early-stage apopto-
sis can be monitored by Annexin V binding to phosphatidylser-
ine residues on the cell exterior, whereas late-stage binding
can be detected by the uptake of propidium iodide (an agent
that cannot enter health cells).?’ The established dual FITC
Annexin V-propidium iodide staining flow cytometry assay was
used to determine if 5 evoked apoptosis-like features in breast
CSCs. Incubation of 5 (25-100 pM for 48 h) with HMLER-
shEcad cells led to a dose-dependent increase in the popu-
lation of cells expressing early-stage and late-stage apoptotic-
like features (Fig. S42). As expected HMLER-shEcad cells
treated with cisplatin (25 pM for 48 h) also led to a significant
increase in the population of cells expressing early-stage and
late-stage apoptotic-like features (Fig. S43). Independent
immunoblotting studies were carried out to monitor the
caspase-dependent apoptosis pathway. HMLER-shEcad cells
treated with 5 (15-60 pM for 24 h) displayed markedly higher
levels of cleaved caspase 3, 7, and poly ADP ribose polymerase
(PARP) compared to untreated cells (Fig. S41), characteristic of
caspase-dependent apoptosis.>* Taken together the mechanis-
tic studies show that 5 can enter the nucleus of breast CSCs
and induce genomic DNA damage, which ultimately leads to
caspase-dependent apoptotic cell death. As 5 contains two flu-
fenamate units that are known to modulate cyclooxygenase-2
(COX-2) function, we investigated the ability of 5 to perturb
COX-2 expression in breast CSCs. COX-2 is an enzyme that is
responsible for converting arachidonic acid into prostaglan-
dins and is implicated in inflammation.>® Within the CSC
context, COX-2 is overexpressed in certain CSCs, plays a role in
CSC regulation and maintenance and thus is an established
anti-CSC target.”* HMLER-shEcad cells pre-treated with lipopo-
lysaccharide (LPS) (2.5 pg mL™" for 24 h), to increase basal
COX-2 levels, were treated with 5 (10 and 20 pM for 48 h), and
the COX-2 expression was determined. COX-2 expression
increased significantly upon treatment with 5 (Fig. S44). The
observed increase in COX-2 levels could be a downstream
genetic response to acute depletion of COX-2 by 5. To deter-
mine if 5 induces COX-2-dependent breast CSC death, cyto-
toxicity studies were performed with HMLER-shEcad cells pre-
treated with prostaglandin E2 (PGE2) (20 pM, 2 h) or LPS

Dalton Trans.
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(2.5 pg mL™", 24 h). The potency of 5 towards HMLER-shEcad
cells decreased significantly under both conditions (ICs, value
=12.10 + 0.99 uM with PGE2 and ICs, value = 16.60 + 1.10 pM
with LPS, p < 0.05) (Fig. S45). Collectively, the flow cytometric
and cytotoxicity studies suggest that the mechanism of action
of 5 could be related to COX-2 modulation.

With the aim of enhancing the safety profile of 5 the
complex was encapsulated into PEG-PLGA (5000 :30 000 Da,
1:1 LA:GA) nanoparticles. PEG-PLGA copolymers form
sphere-like nanoparticles in aqueous solutions (with a hydro-
phobic PLGA inner core and a hydrophilic PEG outer layer)
due to their amphiphilic nature. PEG-PLGA nanoparticles (5
NP) were prepared with a 10% feed of 5 using the nanoprecipi-
tation method. The loading and encapsulation efficiency of 5
into 5 NP, calculated by measuring the titanium concentration
using ICP-MS, was 0.46% and 4.55%, respectively. These
values are consistent with those obtained for the encapsula-
tion of other metal into PEG-PLGA-based
nanoparticles.'

According to dynamic light scattering (DLS) studies the
average nanoparticle diameter of 5 NP was 129.7 + 0.61 nm
and the polydispersity was 0.099 + 0.007 (Fig. 2A). The mor-
phology of 5 NP was assessed by transmission electron
microscopy (TEM). The TEM images confirmed that 5 NP
form relatively uniform spherical structures with an average
size of 95.76 + 37.41 nm (Fig. 2B). The average nanoparticle
diameter determined by DLS and TEM are in reasonable
agreement.
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Fig. 2 (A) Dynamic light scattering size distribution of 5 NP suspended
in water. Size refers to diameter of nanoparticles in nm. (B) TEM images
of 5 NP suspended in water at x15000 magnification, scale bar =
200 nm and x80000 magnification, scale bar = 50 nm. (C)
Representative dose-response curves for the treatment of HMLER-
shEcad cell with 5 NP or the payload 5.
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The potency of the nanoparticle formulation 5 NP towards
breast CSC-enriched HMLER-shEcad cells was determined
using the MTT assay, and the ICs, value was calculated from
the corresponding dose-response curve (Fig. 2C). The nano-
particle formulation 5 NP displayed an ICs, value of 7.70 +
0.21 pM, slightly higher than that observed for the payload 5.
This shows that encapsulation of 5 into PEG-PLGA
(5000:30000 Da, 1:1 LA:GA) nanoparticles improves the
safety profile of 5. This is consistent with previous reports that
show polymeric nanoparticles reduce the toxicities of incorpor-
ated compounds.>®

Conclusions

In conclusion we report the synthesis and extensive character-
isation of titanocene(iv) complexes bearing NSAID ligands.
Single-crystal X-ray diffraction of Cp,Ti(mefenamate), (4) and
Cp,Ti(flufenamate), (5) confirms pseudo-tetrahedral geome-
tries, with two Cp ligands and two monodentate NSAID moi-
eties bound to a Ti centre. Titanocene cytotoxicity is widely
linked to hydrolytic activation, and our electrochemical data
and stability studies clarify that this likely involves ligand dis-
sociation and hydrolysis - not formal Ti(wv)/Ti(m) redox
processes.

Biological evaluation revealed micromolar cytotoxicity for
all titanocene compounds (1-5) against breast cancer cells and
cancer stem cells (CSCs). Notably, bis(NSAID) derivatives 4 and
5 showed significantly improved potency over Cp,TiCl, (1),
highlighting the benefit of flufenamate and mefenamate lig-
ation. Furthermore, encapsulation of 5 in PEG-PLGA nano-
particles reduced its toxicity, suggesting improved safety and
delivery potential.

This is the first study to investigate titanocene complexes
in the context of anti-breast CSC therapy. These results
demonstrate the potential of Ti(iv) compounds as promising
leads for CSC-targeted chemotherapy and encourage broader
exploration of metal-NSAID frameworks in anticancer drug
design.
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