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Synthetic ease and exceptional in vivo
performance of pyrazole-based cyclometallated
iridium complexes¥t
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*3 and

Two luminescent cyclometallated Ir"' complexes of the type [IHCAN)(INAN)X (X = 0 (1), and X = +1 (2))
were prepared using methyl 2-phenylquinoline-4-carboxylate as CAN ligands and either a deprotonated
or protonated 3-(2-pyridyl)pyrazole as the NAN chelate. The synthesis followed a well-established and
straightforward procedure. Photophysical analysis unveiled their remarkable properties, featuring phos-
phorescent red and orange emissions attributed to *MLCT and 3LLCT transitions, with high emissive
quantum yields in degassed DMSO solutions. Importantly, these complexes exhibited dual functionality as
potent chemotherapeutic agents and photosensitisers, with their effectiveness tailored to specific cancer
cell lines. Phototherapeutic treatment was particularly effective against lung cancer A549 cells, while a
chemotherapeutic approach yielded superior results against breast cancer 4T1-luc2 cells. Both complexes
primarily targeted lysosomes, leading to cell death through apoptotic pathways, with ICsq values in the
nanomolar range. Importantly, they demonstrated no cytotoxicity against lymphocytes, mimicking the
behaviour observed in healthy cells. Encouragingly, 1 and 2 exhibited minimal in vivo toxicity. The most
striking finding was the exceptional chemotherapeutic efficacy of complexes 1 and 2 against 4T1-luc2
cells in BALB/c mice. These complexes surpassed the performance of the clinically employed 5-fluorour-
acil, especially at early tumor stages, significantly retarding 4T1-luc2 proliferation. Further investigations at
vascularised and organised tumor stages revealed that complex 1 could reduce tumor size by half com-
pared to untreated mice, which was also confirmed through tumoral weight analysis. While these findings
are preliminary, the outstanding performance of these complexes at early tumor stages against breast
cancer 4T1-luc?2 in vivo, their selective therapeutic feasibility (chemotherapy vs. PDT) tailored to specific
cancerous cell lines, and their straightforward synthetic design make them highly attractive candidates for
cancer treatment.

(*0,).> This has opened the door to including cyclometallated
Ir'"" complexes within photodynamic therapy, potentially creat-

Cyclometallated iridium complexes have emerged as promis-
ing alternatives to platinum-based anticancer drugs in chemo-
therapy.” In addition, they have been reported to function as
efficient photosensitisers (PSs) producing reactive oxygen
species (ROS), such as the highly cytotoxic singlet oxygen
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ing multifunctional therapeutic metallodrugs capable of
serving as both chemotherapeutics and PSs agents.
Additionally, their phosphorescent nature with high quantum
yield, large Stokes shifts and long-lived phosphorescence,
among other features, makes them also suitable for bio-
imaging.’> One of the advantages of cyclometallated iridium
complexes of the type [Ir(C*N),(N*N)]""° is the possibility of
incorporating pharmacophoric motifs in the form of ligands,
broadening the scope of their applications in therapy. The easy
modification of these ligands leads to a feasible modulation of
the biological and photophysical properties for the cyclometal-
lated iridium complex.*

The pyrazole motif is a significant component of hetero-
cycles and is commonly present as a key element in numerous
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commercially available drugs.® Examples of the pyrazole-based
commercial drugs include Tartrazine and Pyrazofurin (anti-
cancer),® Deracoxib, Lonazolac, Celecoxib, Tepoxalin, and
Ramifenazone  (nonsteroidal  anti-inflammatory  drugs,
NSAIDs),” as well as Difenamizole and Metamizole (analgesic)
(see Fig. 1).® Hence, the pyrazole motif has been incorporated
as a component of cyclometallated ligands (C"N), forming
complexes with remarkably potent anticancer capabilities,’ as
well as in the diimine derivate (N"N) rendering theragnostic
agents'® (Fig. 1, examples A-D). Despite the great possibilities
of the pyrazole motif, its utilisation is not as widespread in the
realm of anticancer complexes. Instead, its primary applica-
bility when combined with cyclometallated iridium species
lies in the optical field and catalysis.**

On the other hand, lysosomes are involved in various
aspects of cell death. Moreover, in cancer cells, lysosomes are
more numerous and larger, making them very attractive
targets for an anticancer drug.'? Their acidic microenvi-
ronment (pH 4.5-5) results very favourable to trap molecules
containing protonable groups such as amines. Several cyclo-
metallated iridium complexes containing amines in their
ligand design have been demonstrated to be selective probes
for lysosomes. '

Our approach focuses on the development of two critical
aspects: firstly, the design of synthetically straightforward lyso-
some-targeted cyclometallated iridium complexes; secondly,
their utility as versatile chemotherapeutic and photosensitis-
ing agents. To achieve this, pyrazole was incorporated within
the diimine ligand’s design (N”N). This inclusion not only
enables lysosome targeting through its amine group but also
enhances water solubility and improves cellular uptake.
Because the activation of a PS needs to occur at low energies to
improve light penetration and ensure efficient photodynamic
therapy, the selection of cyclometallated ligands (C*N) was a
crucial aspect. C*N ligands are known to play a pivotal role in
determining the photophysical properties of the final proto-
type, therefore, a highly aromatic platform was used to extend

Commercial available pyrazolyl-based drugs

N P _N > OH
Ho <y 0" o OH
HOC . OH .
Tartacine NH; Pyrazofurin

Pyrazolyl-based Ir(lll) complexes

(A) R:H,R:H
(B) R: "Bu, R": COOMe

Fig.1 Chemical structures of commercial available anticancer drugs
containing a pyrazole motif and some examples of pyrazol based Ir'"
complexes.
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Fig. 2 (A) Hypothesis-based approach to probe design. (B) Synthetic
pathway to prepare 1 and 2. (i) SOCl,, MeOH, (0 °C); (ip) reflux, 2 h; (ii)
IrCls:nH,O, 2-etoxyethanol, reflux, 24 h; (iii, 1) 3-(2-pyridyl)pyrazole,
Cs,CO3, DCM, 318 K, 20 h; (iii, 2) DCM:MeOH (1:1), 298 K, 24 h. (C).
Synthesised cyclometallated Ir'"' complexes.

the optical properties towards the NIR region (see Fig. 2A).
Furthermore, additional functionalisation was carried out to
enhance cellular permeability while ensuring the ease of syn-
thesis for the final metallodrug.

Results and discussion
Design and synthesis of complexes 1 and 2

To obtain the desired iridium-based PS agents, the first step
was to select a suitable C*N ligand that, once incorporated to
the metal centre can deliver soluble and photostable com-
plexes in biological media, capable of being activated by low
energy irradiation for the treatment of inner tumors.
Therefore, it was envisaged that phenylquinoline-4-carboxylic
acid as C”N ligand could fulfil such features. This molecule
has extended aromaticity and less flexibility than analogous
2-phenylpyridine (ppy), which is expected to deliver a red-
shifted optical properties. Moreover, its carboxylic group
allows for easy functionalisation, opening the scope of introdu-
cing a great variety of functionalities, Fig. 2(A). Therefore, the
carboxylate group underwent conversion into a methyl ester
following a synthetic pathway previously outlined by DasGupta
and coworkers."* This transformation yielded methyl-2-phenyl-
quinoline-4-carboxylate (mpc), which will assist to enhance
cell permeation in biological media. Subsequently, the cyclo-
metallated precursor, [Ir(mpc),(p-Cl)],, was prepared according
to an adaptation to conventional procedures, by reaction of
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IrCl;-6H,0O with mpc in ethoxyethanol instead of a mixtures of
ethoxyethanol : water'® (see Fig. 2(B)). Afterwards, 3-pyridyl-1H-
pyrazole was selected as the N”N ligand owing to its excep-
tional structural versatility, enabling straightforward metal
coordination in a chelating manner. This ligand offers the
potential for lysosome targeting and incorporates a biologi-
cally friendly motif, thanks to the presence of the pyrazolyl
unit, Fig. 2(A). Hence, the Ir'-dimer was treated with
3-pyridyl-1H-pyrazole to obtain either a neutral complex 1, if
Cs,CO; in DCM was used as an extrinsic base, or a cationic
analogue 2 when no base and a mixture of DCM : MeOH (1: 1)
was utilised. In both cases purification step was undertaken by
column chromatography, rendering the desired complexes 1
and 2 as orange solids in moderate yields of 82% and 76%,
respectively (Fig. 2(C) and S3-S77).

The structures of both complexes were corroborated using
'H and "’C{'H} spectroscopy and assignation of the peaks was
possible by means of two-dimensional (2D) NMR experiments
(*H-COSY, HSQC and HMBC). Coordination of the N~N ligand
breaks the C,-symmetry of the Ir-dimer, causing the two C"N
ligands to become inequivalent and, in consequence, doubling
the number of peaks for the C*N ligands. This resulted in dis-
tinct splitting patterns for each proton of the mpc ligand.
Specifically, protons within the quinoline fragment experi-
enced an upfield shift, while those within the phenyl fragment
were slightly shifted downfield related to the initial Ir'™-
dimer."® A comparison of the "H-NMR spectra of [Ir(mpc),(j-
Cl)], (Ir-dimer) and complex 1 and 2 are shown in Fig. 3(A),
illustrating the asymmetric pattern and the chemical shifts
upon coordination of 3-pyridyl-1H-pyrazole. The main differ-
ence between complexes 1 and 2 is the presence or absence of

(A) *H-RMN spectra
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the NH proton at the pyrazole moiety. This difference is clearly
shown in the "H-NMR spectra, where the broad peak integrat-
ing for one proton at 13.95 ppm in 2 is absent in 1. Moreover,
as result of the NH pyrazolyl deprotonation, pyrazole protons
H(24) and H(25) shifted upfield from 6.98 and 7.86 ppm in 2
to 6.37 and 7.21 ppm in 1 respectively, which is consistent
with similar complexes reported by Davis and coworkers.”
Moreover, *C-NMR spectra followed the same trend displaying
the asymmetric pattern for 1 and 2, Fig. S4 and S7.f High
resolution mass spectra showed the characteristic Ir isotope
patterns for the neutral [M + H]" and cationic [M]" complex at
m/z 862.1988 and 862.1979 respectively, Fig. S5 and S8.t

Photophysical study

Optical properties of 1 and 2 were investigated in DMSO solu-
tion at room temperature and the most relevant data is col-
lected in Table 1. The UV-Visible spectra of 1 and 2 exhibited
strong absorption bands below 300 nm, which can be assigned

Table 1 Photophysical data of 1 and 2 measured in DMSO solution at
298 K

1 2

273 (9.1), 357 271 (6.9), 259 (6.0), 355

mol™ em (4.2), 461 (1.1) (3.3), 464 (0.6)
Aem “ [NM] (Aexe, [nm]) 720 (590) 690 (610)

¢4 [ns] 50 265

7 19.7% 23.6%

@’ 41.6% 56.1%

“ Aerated DMSO solution. ” Deoxygenated DMSO solution.

(B) UV-Absorption spectra
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Fig. 3 (A) Staked 'H-NMR (400 MHz) spectra of Ir-dimer and complexes 1 and 2 collected in d®-DMSO at 298K. (B) UV-vis absorption spectra of 1
and 2 in DMSO at 298 K, and study of their stability in physiological conditions (310.5 K) after 48 h. (C) Normalised emission spectra of complexes 1

and 2 collected in aerated DMSO at r.t. upon excitation at 425 nm.
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to ligand-centred spin-allowed ('LC, = — =*) transitions, invol-
ving both, phenylquinoline and pyridylpyrazolyl derivates.'®
Both spectra also displayed weaker and broader bands
between 320 and 400 nm. These bands, likely arising from
charge transfer (CT) transitions, could be attributed to "MLCT
and 'LLCT transitions due to their structureless nature and
smaller extinction coefficients.'® Above 400 nm, a smaller
band with a long tail reaching 600 nm is noticeable, which is
typically associated with a forbidden *MLCT transition in this
type of complex (Fig. 3(B)).>° Stability of 1 and 2 in DMSO solu-
tion was also monitored by UV-Vis spectroscopy. The similarity
of the UV-Vis absorption spectra profiles at 0 and 48 h revealed
that these complexes are stable in those conditions, Fig. 3(B).
Concerning their emission spectra, complexes 1 and 2 dis-
played structureless emission bands with maximum peaks at
720 nm and 690 nm, respectively, along with significant Stokes
shifts, Fig. 3(C) and Table 1. These emission bands can be
attributed to mainly *MLCT and °LLCT transitions. This
assignment of origin is consistent with that reported for
similar complexes in the literature.>" Additionally, these data
clearly showed that the charge of complexes influences the
emission maximum promoting a shift from less energetic in
neutral species (1) to more energetic emission in cationic
species (2) as a consequence of changes in the energy of fron-
tier orbitals. In this particular case, it can be proposed that
protonation of the pyridylpyrazol renders less electron density
on the Ir'™ metal center, lowering the energy of the HOMO
orbitals® and blue-shifting the emission maxima from 720 to
690 nm. Such behaviour was corroborated upon HCI addition
to a DMSO solution of 1, Fig. S10.f Notably, the 30 nm red
shift is much greater than that observed for analogue com-
plexes (A1 =12 nm)" in cases where C*N ppy instead of mpc.
This suggests that compounds 1 and 2 could be promising
candidates for pH sensors. Accordingly, the smaller energy gap
between the HOMO and LUMO levels in 1 is reflected in the
measured emission lifetime values, which are shorter com-
pared to 2 (50 ns vs. 265 ns, respectively). Similarly, the
quantum yield exhibits the same trend with increasing energy
gap, with 1 showing a lower quantum yield compared to 2
(19.7 vs. 23.6). Furthermore, in both cases, the quantum yield
was observed to increase in the absence of oxygen, with values

Table 2
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of 41.6% and 56.1% obtained for 1 and 2, respectively,
suggesting that molecular oxygen may act as a quencher.

Cytotoxicity and photocytotoxicity

The initial stage in the biological exploration of compounds 1
and 2 involved the assessment of in vitro bioactivity using
MTT-reduction assays. A549, a human non-small cell lung
cancer cell line, and 4T1-luc2, a cell line derived from the
4T1 mouse mammary carcinoma cell line which mimics stage
IV human breast cancer, were treated with compounds 1 and 2
under various conditions to assess their potential as both, che-
motherapeutic and photosensitiser agents (see Table 2 and
Fig. S11-S137).

In the case of A549 cells, the obtained ICs, values revealed
that both complexes exhibit moderate cytotoxicity in absence
of irradiation (ICs0(1) > 200 pM, ICs0(2): 67.2 + 1.2 pM) upon
24 h incubation. However, upon exposure to 470 nm
irradiation for ten minutes, their antiproliferative potential
increased considerably, with photocytotoxic index (PI) greater
than 85 and 38, respectively. Incubation time also played a
crucial role in the assay. When incubated for 48 h, both com-
plexes showed an increment of antiproliferative activity even
without irradiation in A549 cells (ICs0(1): 22.2 + 0.9 pM,
IC50(2): 58.0 + 1.6 pM). However, their best ICs, values were
achieved, once again, after photoactivation, resulting in ICs,
values in the low micromolar range (ICso(1): 0.86 + 0.05 uM,
IC50(2): 0.93 + 0.07 pM), suggesting their great performance as
PSs. In terms of dealing with 4T1-luc2 cells, complex 1 shows
moderate cytotoxicity at 21.4 + 0.8 pM, while its analogue,
complex 2, exhibits higher activity with an ICs, value of 4.6
0.4 pM. The antiproliferative properties of these complexes
have a clear dependence on incubation time. At 48 hours of
incubation, their ICs, values drop to the nanomolar range in
both cases (ICso(1): 0.22 + 0.05 pM, IC50(2): 0.27 + 0.08 uM),
and this trend continues at 72 hours (IC5(1): 0.14 + 0.09 pM,
IC50(2): 0.22 + 0.03 pM). In contrast with the higher photocyto-
toxicity seen against A549, photoactivation of 1 and 2 did not
showed any significant increment of their antiproliferative
activity in 4T1-luc2. Hence, in this case, 1 and 2 are best pro-
posed as chemotherapeutic drugs against 4T1-luc2.
Furthermore, a closer look to the ICs, data for both complexes

IC50 values (uM) of 1 and 2 incubated in A549 and 4T1-luc2 cells and lymphocytes in dark and under irradiation. Incubation times of 24, 48

or 72 h. Data were obtained from quadruplicates of three independent experiments and expressed as mean values + standard deviation (SD)

A549 4T1-luc2 Lymphocytes
DARK Irrad.® pr’ DARK Irrad.” pr’ DARK Irrad.®
1 24h >200 2.3+0.2 86.9 21.8£0.8 19.6 + 1.3 1.1 >100 >100
48h 22.2+0.9 0.86 + 0.05 25.8 0.22 + 0.05 — — — —
72 h — — — 0.14 + 0.09 — — 98.6 + 0.17 83.6 +0.27
2 24 h 67.2 +1.2 1.7+0.3 39.5 4.6+0.4 2.1+0.7 2.2 >100 >100
48h 58.0 + 1.6 0.93 + 0.07 62.4 0.27 + 0.08 — — — —
72 h — — — 0.22 + 0.03 — — 96.3 + 0.28 81.9 + 0.30

“Irradiation at 470 nm during 10 min, dose of 15.2 J cm™>. b

PIL: photocytotoxic index: ratio between ICs, value in dark and ICs, value after

irradiation, PI = ICs54(dark)/ICse(irrad.). ICso(cisplatin): 0.2 pM at 72 h in lymphocytes.>”

This journal is © the Partner Organisations 2024
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Fig. 4 (A) Cell microscopy images of 2 incubated with A549 for 24 h
470 nm (1.7 and 3.4 uM). Black arrows point to examples of apoptotic
cells, blue triangles necrotic cells and black triangles point to possible
parapoptotic cells. (B) Flow cytometry graph of 2 incubated with A549
for 24 h and irradiation at 470 nm during 10 min using Annexin V-FITC
and Pl as markers. (C) Flow cytometry graphs of ROS generation ability
of 1 and 2 incubated with A549 cells for 24 h in dark and under
irradiation (10 min, 470 nm, 15.2 J cm™3) using DCFDA/H,DCFDA as
marker. (D) Emission of a solution of 1 (5 x 10~> M CHCN, blue line), 2
(5 x 107> M CH3CN red line) and neat CH3CN (grey line).

indicated that their distinct nature (neutral vs. cationic) do not
appear to significantly affect their in vitro antiproliferative
potential. Therefore, it can be suggested that both of them
behave similarly in vitro.

Recognising the exceptional multifunctionality of these
complexes, which serve as both chemotherapeutic drugs and
photosensitiser agents, prompted an investigation into the
mechanisms of cell death in both conditions. Cellular bled-
ding observed by optical microscopy is indicative of apoptotic
cell death mechanism, Fig. 4(A) and S14.7 To ascertain the cell
death mechanism, flow cytometry analysis for complexes 1 and
2 was investigated upon incubation in dark and under
irradiation in A549 cells. Annexin V-FITC and PI were used as
markers for early (Annexin V-FITC satining) and late (dual
Annexin V-FITC/PI staining).”® The analysis clearly corrobo-
rated that both complexes induced cell death via an apoptotic
pathway independent of both, concentration and incubation
conditions, Fig. 4(B) and S15.1 Additionally, the increased anti-

1832 | /norg. Chem. Front., 2024, 11,1828-1838
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proliferative activity showed by 1 and 2 upon irradiation
suggest that the generation of intracellular reactive oxygen
species, ROS, might be implicated. Thus, ROS generation was
investigated in A549 cells using flow cytometry. The assay
revealed that both complexes generated ROS, not only under
irradiation, but also in dark conditions, aligning with previous
findings.>* Histograms in Fig. 4(C) clearly showed the appear-
ance of two peaks for each complex. The first peak can be
associated with a population of dead cells, while the second
peak corresponds to cells with a higher level of ROS gene-
ration. Among the ROS produced, it is likely that 'O, is gener-
ated, as previously reported for similar Ir'™" complexes.?® It is
known that the phosphorescence of 10, becomes evident ca.
1270 nm. Consequently, if 'O, is generated through
irradiation, an emission band should be detected the by fluo-
rescence spectroscopy.”® Therefore, 'O, generation was
addressed through steady-state fluorescence spectroscopy.
Emission spectra of 1 and 2 were recorded upon excitation
with a picosecond pulsed diode laser at 450 nm, revealing an
emission band centered at 1272 nm, indicative of 'O, gene-
ration, Fig. 4(D). To rule out the possibility of an artefact from
the spectrometer, an additional experiment was performed
measuring a solution of acetonitrile (CH3CN) in the absence of
complexes. It can be concluded that both complexes induce
'0, production, which undoubtedly contributes to enhance
the photocytotoxicity revealed in vitro.

The stability to light degradation of both complexes in the
biological medium DMEN was investigated using absorption
spectroscopy. In both cases, absorption bands were slightly
modified compared to the initial spectra immediately after a
cycle of irradiation. However, they regained their initial
absorption pattern at 24 hours indicating their stability
against light degradation, see Fig. S16.7 Additionally, fluo-
rescence spectroscopy assay was also performed to corroborate
such stability to light degradation of the complexes. In both
cases, it was observed an initial decrease in emission intensity
upon irradiation at 470 nm for 10 minutes, which drop even
lower after a second cycle of irradiation. However, emission
intensity was significantly recovered after 24 h and remained
similar at 48, suggesting once again the stability to light degra-
dation even applying two cycles of irradiation. We speculate
that the emission intensity drop seen just after applying the
irradiation could be attributed to deactivation caused by 'O,
formation.

Lymphocytes were then used as model for healthy cells to
assess the cytotoxicity of 1 and 2 and comparison with that
revealed in cancerous A549 and 4T1-luc2 cells. The MTT anti-
proliferative assays demonstrated that both complexes had no
effect on lymphocytes after incubation for 24 or 72 hours,
either in the dark or under irradiation conditions. In all cases,
ICs, values were greater or close to 100 pM, see Table 2 and
Fig. S13.1 A flow cytometry assay revealed that both control
and treated cells exhibited similar patterns, confirming that
neither compound 1 nor compound 2 induces cell death in
healthy cells, Fig. S17.1 Therefore, cytotoxicity selectively arises
against tumoral A549 and 4T1-luc2 cells.

This journal is © the Partner Organisations 2024
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The remarkable versatility of these complexes is evident, as
they exhibit dual activity as both chemotherapeutic drugs and
photosensitiser agents, contingent on the specific cell line
being targeted for treatment. Moreover, no evident cytotoxicity
was revealed for lymphocytes suggesting their higher selecti-
vity towards tumoral A549 and 4T1-luc2 cells.

Intracellular organelle distribution

Fluorescence confocal microscopy assays were performed to
investigate the intracellular organelle distribution of complex 2
in A549, see Fig. 5(A and B). Organelle-selective trackers
CellTracker Blue (CTB) and LysoTracker Green (LTG) were used
to ascertain the localization pattern through separate assess-
ments. Subsequent irradiations at 405, 488 and 561 nm were
used to visualise the emission from the CTB, LTG and complex
2 respectively. These assays demonstrated that the complex
internalised into the A549 cells. However, when LTG was used
as an internal standard, its fluorescence emission was absent
upon irradiation at 488 nm, Fig. 5(A). Additionally, when the
positive LTG control was conducted without the presence of 2,
it exhibited a vivid green emission (as shown in Fig. 5(C))
under identical irradiation conditions. This result implies that
the presence of the complex could potentially suppress LTG’s
emission. This observation raises the possibility that both,
compound 2 and LTG, might be situated within the same orga-
nelle for this suppression to occur. Given that LTG specifically

A) Co-localisation assay: A549

Aexc: 488 nm (LTG)

Superimposition

B) Co-localisation assay: A549
Aexc: 561 nm

exc*

Ayt 405 nm (CTB) Superimposition

C) LTG positive control: A549
Aexc: 561 nm

exc®

Superimposition

Aexe: 488 nm (LTG)

Fig. 5
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targets lysosomes, it is highly likely that lysosomes are the
organelles where complex 2 is predominantly located.

Fluorescence spectroscopy further confirmed the proposed
quenching effect of 2 over LTG. Fig. 5(D) clearly showed that
emission intensity of a solution of LTG at 525 nm was dis-
missed over time in the presence of complex 2. After establish-
ing that 20 minutes were sufficient for complex 2 to reduce the
LTG emission intensity up to half, a slightly different fluo-
rescence microscopy experiment was utilised to determine the
distribution of 2 within 4T1-luc2 cells. This time LTG was
added just prior to image collection. Confocal superimposed
image in Fig. 5(E) demonstrated that complex 2 was also inter-
nalised in lysosomes in 4T1-luc2. Therefore, it can be con-
cluded that complex 2 has a lysosomal localisation in both,
A549 and 4T1-luc2. Lysosomal internalisation is often
observed in Ir'™ species containing ligands with protonable
amine groups'® as in the case of 1 and 2. Additionally, given
the structural similarity between both complexes, a compar-
able lysosomal distribution is expected for complex 1.

In vivo assays

After validating the in vitro performance of 1 and 2, and con-
firming their ability to inhibit the cell proliferation as che-
motherapeutic drugs in the case of 4T1-luc2, a new study was
designed to evaluate their toxicity and efficiency potential
in vivo. In first place the toxicity of 1 and 2 was assessed using

D) Fluorescence spectroscopy quenching assay

1.0x10° 4
515 nm (LTG) —L16
——LTG + 2 (0 min)
8.0x10°4 LTG + 2 (10 min)
———LTG + 2 (20 min)
6.0x10°4

Intensity

4.0x10°4

T
750

650 700
Wavelength (nm)

I T T
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E) Co-localisation assay: 4T1-luc2

A A, 488 nm (LTG)

exc*

561 nm

Superimposition

(A and B) confocal microscopy images of A549 incubated with 2 (2 uM) for 2 hours, followed by the addition of organelle-selective trackers,

LysoTracker Green (LTG, 45 min incubation, 100 nM) and CellTracker Blue (CTB, 30 min incubation, 500 mM). Excitation lasers at 405, 488 and
561 nm were employed for activate CTB, LTG and complex 2 respectively. Emission optical window was 407—-480 nm for CTB, 500-560 nm for LTG
and 575-715 nm for complex 2. (C) Positive control: A549 and LTG. (D) Evolution of emission spectra of LTG in presence of complex 2. (E) Confocal
microscopy images of 4T1-luc2 incubated with 2 (2 pM) for 2 hours, followed by the addition of organelle-selective trackers, LysoTracker Green
(LTG, 3—5 minutes incubation, 100 mM).
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an acute oral toxicity test according to the OECD Test No. 425:
Acute Oral Toxicity: Up-and-Down Procedure.”® The starting
dose of 17.5 mg kg™ " was administered to a group of 8 RjOrl:
SWISS mice aged 10-11 weeks, at dosing intervals of 48 h. The
highest dose tested was 175 mg kg™'. The health of the
animals was measured by weighing them and assessing their
general status, spontaneous and provoked behaviour, using a
modified evaluation scale to that established by Morton and
Griffiths,?® see Table S1.1 These data were collected for a total
of 14 days revealing no loss of animal welfare in any of the
mice during experiment (Table S21). In fact, the first 24 to
48 h after administration are critical for the toxicity to be
detected, which would lead to a drastic decrease of the mice
weight. Both compound showed less than 5% loss weight
within those critical hours, see Table S3.} Likewise, within two
week of the initial administration, there was even a slight
increase in weight, comparable to the typical growth rate for
the specific mice stain of that age. This demonstrates the
absence of any toxic effects from complex 1 and 2 at the
maxima administered dose, 175 mg kg™* (Tables S2 and S31).

Once it was observed that no toxic effects occurred, the next
step was to evaluate their chemotherapeutic efficacy in the
mammary carcinoma cell line 4T1-luc2. As commented pre-
viously 4T1 has been used in many research studies to mimic
human breast cancer at stage IV.*® In the particular case of in
4T1-luc2 cells, they have been genetically modified to express
luciferase, a bioluminescent enzyme. As a consequence, this
cell line is commonly used in preclinical studies to evaluate
the efficacy of anticancer therapies in mouse models of breast
cancer via non-invasive imaging.’’ Two distinct efficiency
assays were developed to assess the effectiveness of potential
therapeutics in early-stage (trial 1) and late-stage in vascu-
larised and organised tumors (trial 2) (Fig. 6(A)).

In the trial 1, the progression of tumor growth was moni-
tored using optical images that relied on bioluminescence
(BLI) produced by the luciferin-luciferase system. This allowed
us to track tumor growth even when it was not yet visible to
the naked eye. 4T1-luc2 cells were subcutaneously implanted
in 36 mice BALB/cByJRj strain. In the following day, optical
imaging was performed to establish the four balanced experi-
mental groups, negative control group (a), two treatment
groups (b) and (c) and a positive control group treated with
5-fluorouracil a gold standard (d), a commonly used che-
motherapeutic drug for treating breast cancer.** Mice in
groups (b) and (c) were then orally treated with 1 mg kg™ of
the corresponding compounds 1 and 2, respectively, as a sus-
pension in a physiological saline buffer containing 5% DMSO.
Mice in group (d) were also treated with 1 mg kg™ " of 5-fluor-
ouracil, but this time it was administered via intraperitoneal
injection, following the guidelines for the administration of
this drug. It is worth noting that the typical administration of
this drug is at 35 mg per kg of body weight. However, the dose
was reduced in order to facilitate a fair comparison with com-
plexes 1 and 2.

This assay lasted for 11 days, with the optical imaging
follow-up, mice weight measurements, and treatment adminis-
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tered on days 1, 5, 7, and 11, see Fig. 6(A). Representation of
the bioluminescence emission intensity against the days
elapsed clearly showed that 1 and 2 were able to significantly
slowdown the proliferation of 4T1-luc2 cells at early stages.
Fig. 6(B) (Table S4t) clearly illustrates a significant reduction
in the emission intensity originating from the tumor area in
mice treated with both complexes. This reduction is also
evident in the lower tumor growth rates. In the early stages, it
is reasonable to assume a growth rate constant independent of
tumor size. Therefore, an exponential growth model can be
applied following eqn (1) in Fig. 6(C), where BLI(¢) represents
the bioluminescence intensity as a function of time, BLI) is
the bioluminescence intensity at ¢ = 0, r is the growth rate con-
stant, and ¢ is the time elapsed. Mathematical transformation
allowed the determinate the tumor growth rates of the
different experimental groups. The control group (a) had a
growth rate constant of 0.54 day ' (in consonance with the lit-
erature, 0.57 day ')** while group (b) and group (c) exhibited
values of 0.30 day " and 0.46 day", respectively, highlighting
the reduced predisposition of tumors to grow following treat-
ment, Fig. 6(D). Additionally, the similarity in the growth
tumoral constant observed in mice groups treated with com-
plexes 1 and 2 suggests that both compounds have a similar
effectiveness in early tumoral stages, aligning with our in vitro
observations.

For the second efficiency test in well-organised and vascu-
larised tumors, trial 2, a measurement of tumor caliper was
used instead of bioluminescence. In advanced stages, it is
more accurate to measure the size and volume of tumors using
a caliper rather than relying on the bioluminescence emitted
by larger tumors, which may be in a necrotic stage and there-
fore emit an uneven signal. Thus, tumor cells were subcu-
taneously injected into 21 mice (BALB/cByJRj) on day 0, but
this time the mice were not treated until day 14. On that day,
the mice were divided into two balanced groups: a negative
control group (a’) and a treatment group (b’), that were treated
in this case with complex 1, seen the similar effectiveness at
early tumoral stages with complex 2. Administration, tumoral
volume and mice weight measurements were performed on
days 14, 18, 21, 25 and 32, as depicted in Fig. 6(A). Fig. 6(E)
presents the tumoral volume for both groups (a’ and b’) from
day 14 until day 32. A noticeable decrease in tumor size
became evident after day 21, see Table S5.7 This reduction was
statistically validated by Mann-Whitney test, indicating a sig-
nificant decline in tumor growth from this point onward in
the treated group. On day 32, the data clearly illustrates that
administering complex 1 to the mice (group b’) resulted in a
substantial reduction in tumor size, decreasing its volume by
nearly half. Importantly, no significant differences in the
mice’s weight were observed in both group ‘a’ and group ‘b’,
indicating that repeated dose administration did not result in
any toxicity. However, concerning tumor ulceration, on day 32,
8 out of 10 mice in the control group exhibited ulcerated
tumors, whereas only 4 out of 11 mice in the treated group
did, suggesting slower tumor growth in the treated group fol-
lowing treatment with compound 1. Consequently, on day 32,
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(A) Assays setup: early tumor and vascularised and well-organised stages
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Fig. 6 (A) Followed setup for evaluation of 1 and 2 and fluorouracil in vivo at early tumoral stages (trial 1) and complex 1 in vascularised and well

organised 4T1-luc2 tumors (trial 2). The administration route was oral for 1 and 2 at 1 mg kg™* and intraperitoneal injection for fluorouracil at 1 mg
kg™, (B) Tumoral evolution recorded by bioluminescence (BLI), control group (grey bar), mice treated 1 (pink bar) with 2 (purple bar) and 5-fluorour-
acil (green bar) at days 1, 5, 7 and 11. Data are presented as mean + SD, n =9 (1), n = 9 (2), n = 9 control *P < 0.05, ***P < 0.001 indicates comparison
with the control group. (C) Tumor growth prediction models for BLI. (D) BLI-based exponential growth models for control group, 1 and 2. (E)
Volume of the tumor measured by caliper measured on days 14, 18, 25 and 32 of mice in the control group mice treated oraly with 1 (1 mg kg™3).
Data are presented as mean + SD, n = 11 (1), n = 10 (control), **P < 0.01 and ***P < 0.001 indicates comparison with the control group. (F) Predicted
and experimental tumor weight of isolated tumors at day 32 removed upon euthanasia. Data are presented as mean + SD, n = 11 (1), n = 10 (control),

**P < 0.01 indicates comparison with the control group.

the mice with ulcerated tumors were euthanized as a humane
endpoint (HEP). The remaining mice were monitored until day
39, at which point the trial was terminated. See Table S6t for
details. Tumor weight was then recorded upon isolation on
both euthanasia days, as shown in Fig. S18. It is well-known
that caliper measurements and tumor weight are correlated
variables (both dependent on the cancer cell count).’*
Consequently, a tumor growth model was developed using the
caliper data, eqn (S1) and (S2).T This model quantifies and
predicts the tumoral weight for each animal on a specific day
of the experiment. Therefore, we were able to estimate the
tumor weight on day 32 for the mice treated and euthanised
on day 39 (Fig. 6(F) and S19%1). A significant reduction in
tumor weight was observed in mice treated with compound 1
compared to the control group, with weights of 0.31 + 0.03 g
and 0.69 + 0.17 g, respectively. Moreover considering difference
between the incidence of tumor ulceration among the control

This journal is © the Partner Organisations 2024

and treated mice, it becomes evident that the administration
of complexes 1 significantly impedes tumor growth even in the
later stages of tumor progression. In summary, these findings
underscore the potential of complex 1 as highly promising
candidate for chemotherapy targeting 4T1-luc2 tumors at both
early and advanced stages. This provides a strong foundation
for continued research into this class of cyclometallated
iridium compounds.

Conclusions

In conclusion, our research has resulted in the development of
luminescent neutral complex 1 and cationic complex 2, both
cyclometallated Ir'™ complexes with pyrazolyl derived ligands
designed as versatile and readily synthesisable anticancer
agents with a lysosomal targeting strategy. These compounds
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exhibit dual functionality, serving as effective chemotherapeu-
tic agents and photosensitisers, with their optimal perform-
ance contingent upon the specific cancer cell line. A549 cells
demonstrated heightened sensitivity to phototherapeutic treat-
ment with 1 and 2, while 4T1-luc2 cells exhibited superior
responses to chemotherapeutic approaches. Significantly,
these complexes displayed selective activity against cancer
cells, leaving healthy cells unharmed.

Flow cytometry investigations indicated an apoptotic cell
death mechanism and ROS generation for both therapeutic
approaches, and fluorescence NIR spectroscopy highlighted
singlet oxygen (*0,) as a key cytotoxic agent in the photothera-
peutic approach. In vivo studies revealed minimal toxicity and
remarkable effectiveness against 4T1-luc2 cells, surpassing the
performance of clinically employed drugs at early tumor stages
and even at vascularised and organised tumor stages. While
further investigations are warranted, these findings strongly
suggest the potential of these pyrazolyl-based Ir'™ complexes
for the treatment of breast cancer. Their adaptability to target
specific cancer cell lines, either as chemosensitisers for photo-
dynamic therapy (PDT) or as chemotherapeutics, combined
with their ease of synthesis, positions them as promising can-
didates for future research, paving the way for innovative
approaches in cancer therapy.
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