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Photodynamic therapy (PDT) is a medical technique for the treatment of cancer. It is based on the use of non-
toxic molecules, called photosensitizers (PSs), that become toxic when irradiated with light and produce
reactive oxygen specious (ROS) such as singlet oxygen (*O,). This light-induced toxicity is rather selective
since the physician only targets a specific area of the body, leading to minimal side effects. Yet, a strategy
to improve further the selectivity of this medical technique is to confine the delivery of the PS to cancer
cells only instead of spreading it randomly throughout the body prior to light irradiation. To address this
problem, we present here novel sulfonamide-based monopodal and dipodal ruthenium and osmium
polypyridyl complexes capable of targeting carbonic anhydrases (CAs) that are a major target in cancer
therapy. CAs are overexpressed in the membrane or cytoplasm of various cancer cells. We therefore
anticipated that the accumulation of our complexes in or outside the cell prior to irradiation would
improve the selectivity of the PDT treatment. We show that our complexes have a high affinity for CAs,

Received 29th July 2023 accumulate in cancer cells overexpressing CA cells and importantly kill cancer cells under both normoxic
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and hypoxic conditions upon irradiation at 540 nm. More importantly, Os(i) compounds still exhibit some
DOI 10.1039/d35c03932¢ phototoxicity under 740 nm irradiation under normoxic conditions. To our knowledge, this is the first

rsc.li/chemical-science description of ruthenium/osmium-based PDT PSs that are CA inhibitors for the selective treatment of cancers.

PDT PSs, such as Ru(u) or Os(u) polypyridyl complexes, among
others, have been extensively studied in the last few years due to
their high stability, low photobleaching rate and high 'O,
production.”® For example, the metal-based PSs Photosens (Al-

Introduction

Photodynamic therapy (PDT) has recently emerged as a promising
medical technique to treat certain forms of cancer due to its high

spatiotemporal precision, leading to minimal side effects."> A
PDT treatment mainly relies on a photosensitizer (PS) to produce
cytotoxic reactive oxygen species (ROS) upon light irradiation. The
ROS produced usually include superoxide anion radicals (0, ),
hydroxyl radicals (OH"), or hydrogen peroxide (H,0,) in type I PDT
and singlet oxygen (*0,) in type II PDT.>* Apart from classical
porphyrins or other organic-based PSs, transition metal-based
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phthalocyanines) and Tookad (padeliporfin) have successively
been approved for clinical use and the Ru(u)-based PS TLD1433
has entered phase II clinical trials against bladder cancer (see
Fig. 1)."” We note that, compared to Ru(u) polypyridyl complexes,
Os(1) polypyridyl complexes typically exhibit absorption maxima
in the near-infrared region, which is closer to the most favorable
photodynamic therapeutic window if deep-seated or large tumors
are targeted.”'®*

However, the common Ru(1) or Os(u) polypyridine complexes
reported so far in the literature are not inherently selective for
cancer cells.”” To overcome these limitations, metal complexes
have been combined with some cancer cell-selective biomole-
cules (e.g., peptides, aptamers, and antibodies).?*° It is also
noteworthy that the tumor microenvironment (TME) is under
hypoxic conditions due to the uncontrolled growth of tumor
cells that consume a massive quantity of O,, reducing the effi-
cacy of PDT treatments.***> Therefore, it is of great interest to
discover PSs that can equally or more effectively work against
the hypoxic TME to improve the therapeutic potency of PDT.
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Fig.1 Metal-based PDT PSs, which have been approved or are currently in clinical trials, and rhenium-CA inhibitor based PDT PS developed by

Mao et al.*®

Carbonic anhydrases (CAs) are a group of metallo-enzymes,
which catalyze, in a reversible manner, carbon dioxide and water
to bicarbonate and a proton.* This simple chemical reaction is
widely distributed in various living organisms and has important
implications for physiological activities, such as ion exchange, CO,
exchange and pH balance. There are 16 known isoforms of CAs in
human, which play different roles in tissue distribution, cell
localization and kinetics.>* As a representative of the cytosolic
form, CAII mainly exists in red blood cells and plays a crucial role
in maintaining physiological blood pH and metabolism, and is
considered as a drug target for various diseases.**” CAIX is
a transmembrane protein directly overexpressed in the presence of
hypoxia or transcription factors (HIF-1). Therefore, it has been
recognized as an important marker of hypoxia.**** In addition, CAs
can regulate the pH of the plasma membrane by promoting ion
transport, thereby preventing the accumulation of intracellular
acidity leading to toxicity. CAIX inhibitors have shown promise as
potential candidates for targeted hypoxia solid antitumor
therapy.”** Two main classes of CAIX inhibitors have been
investigated: sulfonamides and coumarin compounds. Some of
them are currently in clinical trials (SLC-0111 and DTP-348).#*
For example, Alberto and coworkers reported on rhenium- and
technetium-based human carbonic anhydrase IX inhibitors for
therapy and imaging (theranostic).*® Recently, Mao and co-workers
designed a carbonic anhydrase IX (CAIX)-anchored rhenium(r) PS

M750 | Chem. Sci, 2023, 14, 1749-11760

(CA-Re, Fig. 1), which was localized on cell membranes and
demonstrated nanomolar phototoxicity under normoxic and
hypoxic (2.5 times decrease vs. normoxia) conditions at 425 nm
and 525 nm (ca. 10 times decrease vs. 425 nm).*

In addition, Ward and coworkers have extensively explored the
addition of metal-based cofactors in human carbonic anhydrase
(hCAII) for catalysis.****** Therefore, inspired by their pioneering
work on the utilization of surface-displayed hCA to accumulate
sulfonamide-bearing cofactors,” we set out to merge CA-targeting,
normoxic anti-tumoral activity and a higher absorption wavelength
by using metal complexes. In this spirit, we designed and evaluated
four CA-inhibitors anchored Ru(u)/Os(u) PSs. These PSs, based on
sulfonamide ligands, demonstrated phototoxicity at specific wave-
lengths on MDA-MB-231 and A549 cells, both under normoxic and
hypoxic conditions. Notably, by transitioning from Ru to Os while
maintaining the same ligand framework, we achieved a significant
red-shift in the absorption spectrum, enabling near-infrared PDT
(NIR-PDT) applications. The resulting Os(u) compounds main-
tained their cytotoxicity at a wavelength of 740 nm.

Results and discussion
Synthesis and characterization

Ruthenium complexes 1-3 (Scheme 1) were synthesized according
to previous reports.'****® Slight modifications were undertaken.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic route and molecular structures of the complexes studied in this work. All complexes were isolated as PFg salts. Biological
experiments of the complexes were performed with the chloride counter-anion.

Ru(Bphen),Cl, (Bphen = 4,7-diphenyl-1,10-phenanthroline) was
refluxed with various substituted bipyridine ligands (R,/R, = H,
Br, NH,) in a mixture of CH;OH/H,O (1: 1, v/v) and purified using
silica gel chromatography. The preparation of complex 4 involved
the reaction of complex 2 and ethylenediamine under microwave
heating. Complex 4 was then coupled with N,-succinoylsulfani-
lamide, which possesses the targeting sulfonamide group found
in CAIX inhibitors. The carboxylic acid was activated as an N-
hydroxysuccinimide and reacted with 4. As a result, from the same
reaction, two complexes were obtained and isolated: the Ru(u)-
monosulfonamide complex 5 and the Ru(u)-disulfonamide
complex 6. The same successful strategies were employed to
synthesize the Os(u) polypyridine complexes 7-10, Os(u)-mono-
sulfonamide complex 11 and Os(u)-disulfonamide complex 12. All
complexes were characterized by 'H and "*C NMR and HR-MS
(Fig. S1-S367) and their purity was confirmed by HPLC (Fig. S37
and S387). It is worth noting that all octahedral complexes studied
are isolated as a racemic mixture of the /1 and 4 enantiomers. In
the case of 5 and 11 that bear a non-symmetrical bi-pyridine
ligand, this leads to the formation of a mixture of diastereoiso-
mers. To ensure better solubility of complexes in biological fluids,
the cell-based experiments of the complexes were performed with
the chloride counter-anion, using an Amberlite IRA-410 to
exchange the hexafluorophosphate anion, and the replacements
were confirmed by '°F NMR (Fig. S39-S421).

Spectroscopic properties and singlet oxygen production

To better understand the effect of various bipyridine substitu-
ents and metal ions on the photophysical properties of the

© 2023 The Author(s). Published by the Royal Society of Chemistry

complexes, their UV-Vis absorption spectra and emission
spectra were recorded in acetonitrile (MeCN). As displayed in
Table 1, all complexes exhibit typical ligand-centered (LC)
transition absorption around 280 nm, while metal-to-ligand
charge transfer (‘MLCT) absorption was observed in the
visible region (400-650 nm). Similar spectra were obtained in
H,O (Fig. S4371). The presence of different substituent groups on
the pyridine ligand affects the absorption bands of the
complexes. Replacing hydrogen with bromine causes a red shift
in the visible region, and changing the R group to an amino
group further enhances this shift. Although the substitution of
bromine and amino groups also shifts the emission band to
longer wavelengths, it leads to a noticeable decrease in lumi-
nescence intensity. The sulfonamide-based osmium complexes
11 and 12 did not present any luminescence, while the ruthe-
nium complexes 5 and 6 presented very low luminescence with
a quantum yield of 2%. In addition, a broad absorption band
(600-800 nm) was observed for the Os(u) polypyridine
complexes owing to the spin-forbidden absorption of the
SMLCT state.'®

The ability of the sulfonamide complexes to produce 'O,
upon irradiation at 450 nm in MeCN was evaluated by direct
observation of 'O, phosphorescence at about 1270 nm using
[Ru(bpy);]Cl, as a reference. As shown in Table 1, the number of
sulfonamide moieties had almost no effect on the production of
'0,, in contrast to the metal center that played an important
role in the ability to produce 'O,. Overall, for the Ru(n)
compounds, the highest '0, quantum yield was 77% (5/6),
compared to ca. 10% for the Os(u) compounds (11/12). This

Chem. Sci., 2023, 14, 1749-11760 | 11751
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Table 1 Spectroscopic properties and 1O, quantum yields in MeCN“

View Article Online

Edge Article

Spectroscopic properties

'0, quantum yield

Jabs/MM (6/M~ " em ™! x 107%) Aem/NM D/ % 7/ns DA%
5 280(66.4), 452(17.9), 495(16.3) 674 2 122 77
6 280(66.4), 452(16.0), 505(14.8) 675 2 117 77
11 280(48.7), 463(11.9), 531(12.0) n.d. 0 n.d. 11
12 278(51.4), 463(11.9), 528 (11.9) n.d. 0 n.d. 10
Ru(bpy); — 608 8 159 77

“ labs absorption maximum, A, emission maximum, @, luminescence quantum yield, 7 fluorescence lifetime, ¢, 0, quantum yield at 450 nm,

and n.d. not detectable.

observation can be explained by the *MLCT lifetimes of Os(n)
compounds that are shorter than for the corresponding Ru(m)
compounds, which is consistent with the literature.*

Hydrophobicity and dispersion

Lipophilicity plays an important role in the cellular uptake,
which can be evaluated with the organic/water partition coeffi-
cient (expressed as log P).*"*> PBS buffer was used here instead
of water to reduce the effect of pH on the log P value. As shown
in Fig. 24, for the Ru(u)-sulfonamide complexes 5 and 6 or the
Os(u)-sulfonamide complexes 11 and 12, their log P values were
greater than 1, indicating that all complexes are lipophilic.
However, as shown in Fig. S44 and S45,1 both Ru(u)-sulfon-
amide complexes 5 and 6 and Os(u)-sulfonamide complexes 11
and 12 have a good solubility in water. Compared with the
complexes having PFs~ as the counteranion, the corresponding
complexes with C1™ as the counteranion generally have better
solubility in water. we note that when these
compounds were dispersed in the cell environment PBS sup-
plemented with 10% FBS, the hydrodynamic size of complexes
increased from 27.2 nm (control: 10% FBS in PBS without
compounds) to 37 nm, indicating that they formed nano-
particles after binding with serum albumin proteins (Fig. 2B
and S46t), as previously shown with other Ru(u) polypyridine
complexes.®” The fluorescence quantum yields of the complexes
were significantly higher in the aggregated state (10% FBS in
PBS, 1% DMSO) than in the solution state (PBS, 1% DMSO) (see

However,
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Fig. 2 (A) Octanol/PBS partition coefficients of the Ru(i)-sulfonamide
complexes 5 and 6 and Os(i)-sulfonamide complexes 11 and 12. All
complexes were performed as PFg™ salts; (B) dynamic light scattering
data: Z-average of particle size distribution by the intensity of
complexes 5 and 6 and 11 and 12 (10 uM) in 10% FBS in PBS, and the
control group is 10% FBS in PBS.
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Fig. S57f). In order to gain a deeper understanding of the
photophysical properties upon irradiation, a series of photo-
bleaching experiments were conducted using 10% FBS in PBS as
the solvent. The results detailed in Fig. S55t revealed that all
complexes demonstrated a relatively stable behavior when
exposed to 540 nm irradiation for up to 40 min, which corre-
sponds to the duration of the irradiation for photo-toxicity
experiments at this wavelength.

Competitive binding affinity for the inhibition of hCA II

Sulfonamide derivatives have been reported as effective CA
inhibitors, with dissociation constants ranging from micromolar
to nanomolar concentrations.®**® Since hCAII is widely used in
mechanistic and high-resolution structure studies and easier to
obtain from commercial sources than other forms of CAs, hCAII
was chosen for the binding affinity studies.®”*® Acetazolamide
was used as a control since it is a clinically approved CA inhib-
itor.* Competitive binding affinity for the inhibition of hCAII
was determined using the fluorophore Dansylamide (DNSA),
which increases fluorescence emission intensity through Forster
resonance energy transfer (FRET) with tryptophan residues near
the active site when it binds to CAIl. However, the presence of
sulfonamide complexes would cause the dissociation of DNSA,
which leads to a decrease in fluorescence. The monitoring of
DNSA dissociation can therefore characterize the dissociation of
a compound from hCA II, providing insight into its behavior and
therapeutic potential.*® As shown in Fig. 3 and S47,1 both the
ruthenium-based (5 and 6) and osmium-based complexes (11
and 12) bind to hCAII effectively with dissociation constants (Ky)
of 151.2 nM, 139.0 nM, 111.5 nM and 111.7 nM, respectively. This
demonstrated the excellent hCAIl-binding ability of our metal
sulfonamide complex. Of note, the Os sulfonamide complex
exhibits slightly stronger inhibition compared to the Ru sulfon-
amide complex and the bis-sulfonamide substitution does not
appear to affect the binding. We speculate that this may be due to
steric hindrance, which would prevent binding to a second CA
once one binding is operative as the two sulfonamides lay in
relatively close vicinity.

The overexpression of CA in different cell lines

The endogenous expression of CAIX in different kinds of cell lines
was studied by western blotting. GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) was used as an internal reference to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Competitive binding affinity for the inhibition of hCAIl. The

equilibrium dissociation constants for ligands were determined by
competitive binding with DNSA. Fixed concentration 20 uM DNSA and
0.25 uM hCA Il W, (180 pl) were titrated against complexes from 0-
32.5 uM (5-15 pl). Al the titration experiments were performed in
triplicate. (B) Summary of the dissociations constants.

assess whether similar amounts of proteins were loaded in each
lane. As shown in Fig. 4A and S56,} the basal (20% O,) expression
of CAIX was similar in tumor cells (MDA-MB-231 and A549) and
non-tumor cells (RPE-1). Moreover, according to previous
reports,* it was increased by hypoxia (48 h at 2% O,) in both
tumor cell lines. Of note, CAIX upregulation by hypoxia was visibly
much stronger in A549 cells than in MD-MB-231. These results
were confirmed by CAIX immunostaining and confocal imaging,
which also allowed assessing the subcellular localization of the
protein (see Fig. 4B). In RPE-1 cells, normoxic or hypoxic MDA-
MB-231 cells and normoxic A549 cells, we observed a faint intra-
cellular signal. Considering that CAIX is a transmembrane
protein, this signal likely corresponds to an intracellular pool of
the protein localized in the endoplasmic reticulum and Golgi
apparatus. By contrast, hypoxic A549 cells displayed a strong
signal localized at the plasma membrane (Fig. 4B and S53+ for the
staining specificity control). Therefore, A549 cells were selected as
a positive cell line towards CAIX, while MDA-MB-231 cells and
RPE-1 cells were used as negative cell lines.

(Photo-)toxicity

The cytotoxic activities of the metal-based sulfonamide
compounds (5, 6, 11 and 12) towards cancerous MDA-MB-231
and A549 cell lines and the non-cancerous RPE1 cell line were
investigated using a fluorometric cell viability assay (Resa-
zurin).” Complexes 3 and 9 were used as control complexes,
and since they do not bear a sulfonamide group, along with the
clinically approved PDT PS, protoporphyrin IX (PPIX) and
acetazolamide, an approved CA inhibitor, were used for

comparison purposes.”*’> The phototoxicity of these

© 2023 The Author(s). Published by the Royal Society of Chemistry
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compounds was assessed using standard procedures with irra-
diation at 540 nm for 40 min (light dose 9.0 J cm™?), 620 nm for
60 min (light dose 6.7 J cm™?), 670 nm for 60 min (light dose
13.5 ] em~?) and 740 nm for 60 min (light dose 12.6 J cm™?),
respectively. To determine the dark cytotoxicity and evaluate the
phototoxicity index (PI), the cells were treated identically and
incubated in the dark. As shown in Table 2 and S48-S51,} all
compounds did not show any cytotoxicity in the dark under
both normoxic and hypoxic conditions (ICs, values >100 uM).
Upon light irradiation at 540 nm, all metal-based sulfonamide
compounds (5, 6, 11 and 12) and sulfonamide-free compounds
(3 and 9, R = NH,) exhibited a high cytotoxicity level within the
low micromolar range under normoxic and even under hypoxic
conditions. Due to the nature of PSs, which induce toxicity by
reacting with oxygen, ICs, values under hypoxic conditions were
significantly higher than those under normoxic conditions.
While Ru(u)-based compounds (3, 5, and 6) could induce
phototoxicity upon irradiation up to 670 nm wavelength only,
Os(u)-based compound (9, 11, and 12) still proved phototoxic
upon irradiation at 740 nm. Similar results were obtained for
MDA-MB-231 cells and there was no dark toxicity towards non-
cancerous RPE-1 cells (see Table 3 and S527). In view of these
results, complexes 6 and 12 were selected as lead compounds
for further study.

Cellular uptake and localization studies

The cellular uptake capacity of a target small molecule is an
essential aspect to obtain the expected PDT effect. Herein, 5 uM
of Ru(ur) complexes 3, 5, and 6 and Os(u1) complexes 9, 11, and 12
were co-incubated with A549 cells for 4 h, respectively, and the
cellular uptake of the complexes in cells was evaluated by
inductively coupled plasma mass spectrometry (ICP-MS) based
on the concentration of Ru(u) or Os(u). As shown in Fig. 5A,
Ru(n) sulfonamide complexes 5 and 6 were taken up in
a comparable manner. In contrast, complex 3, which does not
bear a sulfonamide moiety, appeared to accumulate 2 times
more than Ru(n) sulfonamide-containing complexes 5 and 6.
Notably, Os(i1) complexes were 2.5 times better taken up by the
cells compared to Ru(u) complexes with the same ligands. The
Os(un) complexes exhibited comparable results, with sulfon-
amide complexes 11 and 12 demonstrating similar uptake
properties. Again, complex 9, which lacks the sulfonamide
moiety, exhibited 1.5 times higher accumulation compared to
the other compounds. Although the sulfonamide compounds
displayed a lower uptake rate compared to the control
complexes 3 and 9, their phototoxicity levels were found to be
similar. Moreover, it was observed that the disubstituted
sulfonamide exhibited a slightly higher uptake than the mon-
osubstituted sulfonamide compounds, suggesting a positive
association with enhanced phototoxicity. Os(u) complexes 9, 11
and 12 were chosen for further investigation under hypoxic
conditions. As depicted in Fig. 5B, sulfonamide-free complex 9
exhibited notably reduced cellular uptake under hypoxic
conditions compared to normoxic conditions. The mono-
sulfonamide complex 11 has a lower cellular uptake
compared to complex 9 under normoxic conditions, but the

Chem. Sci., 2023, 14, 1749-11760 | 11753


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc03932c

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 22 September 2023. Downloaded on 6/16/2026 12:30:34 AM.

(cc)

View Article Online

Chemical Science Edge Article

A MDA-MB-231 A549 RPE-1

20%0, 2% O, 20% 0, 2% O, 20% O,

CAIX — - . -
GAPDH quptemdowonl GG  ouue

B Hoechst 33342 CAIX Overlay

Q

[

LLLELL]
=
.
- w®,
=

MDA-MB-231
(20% O,)

MDA-MB-231
2%0,)

A549
(20% O,)

Ha
LEE RN

A549
(2% 0,)

RPE-1
(20% O,)

Fig. 4 Endogenous expression of CAIX in cancerous (MDA-MB-231, A549) and non-cancerous (RPE-1) cell lines. (A) Western blot analysis.
GAPDH is used as a loading control. (B) Confocal microscopy images of A549, MDA-MB-231 and RPE1 cells immunostained for CAIX (magenta)
and labelled with the Hoechst 33342 nuclear stain (cyan). In each lane, the right panel shows a high magnification image of the boxed area.
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the experiments were performed in triplicate.

decrease of uptake under hypoxic conditions is somewhat
mitigated. In contrast, the cellular uptake of the di-sulfonamide
complex 12 in a hypoxic environment was found to be 1.3 times
higher than under normoxic conditions. This implied that
complexes bearing sulfonamide groups have an increased
cellular uptake capacity in hypoxic environments. This corre-
lates, although it is too early to establish a clear causality, with
the overexpression of CA under hypoxic conditions. However, it
should be noted that the relationship between the structure and
toxicity has not been fully established at this stage. Further
research is required to better understand the precise connec-
tion between the structure, cell penetration and (photo)toxic
effects.

To investigate the subcellular localization of disubstituted
sulfonamide complexes 6 and 12, which were co-incubated with
cells for 24 h, the nuclei and cytoplasm were isolated, and the
contents were analyzed using ICP-MS. The results, depicted in
Fig. 5C and D, revealed a comparable pattern of cellular local-
ization for both complexes. Remarkably, over 80% of the
compounds were found to be localized within the cytoplasm.

Confocal microscopy was used to get further insight into the
subcellular localization of the internalized complexes, using the
intrinsic luminescence of Ru(u) compounds. Green CellMask,
MitoTracker Green (MTG) and LysoTracker Green (LTG) were
used to specifically label the plasma membrane, mitochondria
and lysosomes respectively, while Hoechst 33342 allowed
nuclear staining. There was no crosstalk between acquisition
channels as assessed by single staining experiments (Fig. S547).
Both complexes 3 (Fig. 6A) and 6 (Fig. 6B) were visualized as an
intracellular dot pattern except in the nucleus. In high magni-
fication images (see the enlargement of boxed areas in Fig. 6),
complexes (magenta) and MTG or LTG (yellow) staining
patterns were clearly distinct, indicating that the complexes do
not significantly accumulate in mitochondria or lysosomes.

© 2023 The Author(s). Published by the Royal Society of Chemistry

This was confirmed by colocalization analysis using the coloc2
plugin in Image J, which yielded Pearson colocalization coeffi-
cients (PCC) with a MTG and LTG of respectively —0.33 and
—0.11 with complex 3, and —0.24 and —0.08 with complex 6.
Similarly, no colocalization of complexes 3 and 6 was found
with Hoechst (PCC —0.08 and —0.06 respectively) and CellMask
(PCC —0.25 and —0.27), indicating that they do not accumulate
in the nucleus or plasma membrane. Altogether confocal
imaging shows that complexes 3 and 6 are internalized in A549
cells where they accumulate as free cytoplasmic aggregates,
possibly in the endoplasmic reticulum, the Golgi apparatus or
other vesicles (excluding mitochondria and lysosomes).

Sulfonamide inhibition

Based on the above experiments, it was demonstrated that
sulfonamide-containing compounds have the ability to bind to
CAIL The cellular uptake of these complexes in A549 cells under
various conditions (in the presence or absence of acetazol-
amide) was determined using ICP-MS analysis (Fig. 7). For
complexes 3 and 9, the impact of acetazolamide pre-incubation
was negligible. However, for Ru(u) sulfonamide complexes (5
and 6) or Os(u) sulfonamide complexes (11 and 12), the cellular
uptake was notably reduced when A549 cells were pre-incubated
with acetazolamide. This indicates that acetazolamide effec-
tively affects cellular uptake capacity. To gain a better under-
standing and evaluate the statistical significance of this
observation, a two-way ANOVA test followed by a Bonferroni
post-test was used to calculate the effect of acetazolamide on the
cellular uptake of different compounds. Among them,
complexes 11 and 12 showed a significant decrease of cellular
uptake by acetazolamide pre-treatment, which was demon-
strated by the Bonferroni post-test.”® The addition of acetazol-
amide inhibitors may lead to intracellular CA binding, which

Chem. Sci., 2023, 14, 1749-11760 | 11755
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Complex 3 CeilMask ;
Complex 3 itotr ", Overlay
Complex 3 Lysotracker Overlay

Complex 6

A

T, 4 M = i
Complex 6 7 R
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Fig.6 Confocal microscopy images of A549 cells incubated with complex 3 (A) (5 uM and 4 h) or complex 6 (B) (10 uM and 4 h) and labelled with
the plasma membrane stain Green CellMask (100 nM and 10 min), mitochondria stain MTG (100 nM and 10 min) or lysosome stain LTG (100 nM
and 40 min), and nuclear stain Hoechst 33342. Excitation/emission wavelengths are 405/420-450 nm (Hoechst), 488/670-800 nm (complexes
3 and 6), and 488/500-550 nm (green CellMask, Mitotracker Green and Lysotracker Green). In each lane, the right panel shows a high
magnification image of the boxed area. The scale bar is 10 um.
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Table 2 (Photo-)toxicity (ICsq, pM) of the tested compounds against cancerous A549 cells and MDA-MB-231 cells for 4 h in the absence and
presence of 540 nm (9.0 J cm™2, 40 min), 620 nm (6.7 J cm™2, 60 min), 670 nm (13.5 J cm™2, 60 min) or 740 nm (12.6 J cm™2, 60 min)

irradiation®?

Compounds Dark IC50 PIS40 ICso P1620 IC50 leo ICso PI740
540nm 620nm 670nm 740nm
A549 Normoxia (20%)
3 >100 0.3£0.1 >400 4.8+2.1 >20. 5.5424 >18.2 >100 -
8
5 >100 0.2£0.0 >500 6.1+1.9 >16. 12.943. >7.7 >100 -
5 4 1
6 >100  0.6£0.1 >166. 2.4+0.7 >41. 8.1£0.2 >12.3 >100 -
7 7
9 >100  5.1£0.9 >19.6 27.0£2. >3.7 9.6£2.8 >104 11.742. >8.5
8 9
11 >100  8.1x1.9 >12.3 >30 >33  26.2+5. >3.8  22.543. >4.4
4 8
12 >100  4.4+0.1 >22.7 10.4+0. >9.6 9.9+0.9 >10.1 7.0£0.1 >14.3
7
PPIX >100  0.3+0.1 >333. 2.7+0.1 >37 3.0£0.1 >33.3 >100 -
3
Acetazolamid >100 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
e
A549 Hypoxia 2%)
3 >100 7.2+4.4 >13.9 >30 >33 >30 >33 >100 -
5 >100  7.3£3.2 >13.7 >30 >33 >30 >33 >100 -
6 >100  S.1£1.7 >19.6 >30 >33 >30 >33 >100 -
9 >100  7.1£1.6 >14.1 >10 >10 >30 >33 >100 -
11 >100 14.6£3. >6.8 >30 >33 >100 - >100 -
1
12 >100 >30 >33 >30 >33 >100 - >100 -
PPIX >100 0.7£0.2 >142. 22409 >45. 3.540.3 >28.6 >100 -
9 5
Acetazolamid >100 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
e
MDA-MB-231 Normoxia (20%)
3 >100  0.3£0.1 >333. 1.4+02 >71. 2.8+0.2 >35.7 >30 3
3 4
5 >30 0.3+0.1 >100 2.0£0.3 >15 3.0£1.2 >10 10.2+£1. >2.9
1
6 >100 0.6£0.1 >166. 2.3+0.6 >43. 5.2+0.5 >19.2 >30 >3
7 4
9 >100  1.6£0.1 >62.5 3.1+0.2 >32. 29+0.2 >34.5 0.8+0.2 >125
3
11 >30 1.2+0.1 >25 6.242.8 >48 3.9+£0.5 >7.7 3.6£0.4 >8.3
12 >100 2.2+£0.1 >454 2.6£0.5 >38. 3.0£1.2 >333 0.7£0.2 >142.8
4
PPIX >100 0.8£0.4 >131. 1.0£0.5 >100 0.7+£0.3 >142. n.d. n.d.
6 3
Acetazolamid >100 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
e
MDA-MB-231 Hypoxia (2%)
3 >30 2.0£0.6 >15 27402 >11. 3.120.1 >9.7 >30 -
1
5 >30 2.9+0.8 >10.3 2.4+0.5 >12. 4.0+03 >7.5 >30 -
5
6 >30 2.3+0.3 >13 33+1.6 >9.1 29+0.2 >10.3 >30 -
9 >30 8.0+1.3 >13 6.6£0.7 >4.5 42+1.0 >7.1 >30 -
11 >30 >10 >10 9.243.0 >33 12.0£1. >2.5 >30 -
0
12 >30 >30 >33 >30 - 4.6£0.6 >21.7 >30 -
PPIX >100  0.6£0.1 >175. 1.8£0.4 >55. 0.4+£0.1 >250 n.d. n.d.
4 6
Acetazolamid >100 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

€

“ PPIX stands for protoporphyrin; PI stands for the phototoxicity index at the mentioned wavelengths in comparison with dark toxicity. * Note: the
value below 1 pM in green, between 1 and 10 pM in blue and between 10 and 29 pM in orange, and the rest in white.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Cytotoxicity (ICsq, pM) of the tested compounds against non-cancerous RPE-1 cells in the dark as a control
RPE-1 normoxia (20%)
Compounds 3 5 6 9 11 12 PPIX Acetazolamide
Dark >100 >100 >100 >30 >100 >100 >100 >100

Acetazolamide

gow  \T——" Rt o e "
Add 50 uM acetazolamide Add 5 uM complex media
and incubate for 2 h i i
solution and incubate for 4 h L ICPMS

Control @

A

solution and

Complex 3

B

Add 5 pM complex media

Complex 5

|

v

incubate for 4 h

Complex 6

C

Acetazolamide -% %ﬁ % .;ﬁ ﬁ %ﬁ —| Acetazolamide o

] 7

7

Acetazolamide

Control - Control -:

Control 4

80 100 120 0
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Amount of Ru inside the cells/%
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D E
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Amount of Ru inside the cells/%
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Fig. 7 Cellular uptake inhibition mechanism study in the A549 cell line of different compounds (5 uM, 1% DMSO, v%, and 4 h) in the presence/

absence of the acetazolamide inhibitor (50 uM and 2 h). (A) Complex 3;
(F). "*" represent a p value <0.05 for the Bonferroni post-test.

thus limits the available binding sites for the metallic
complexes, thereby curbing their cellular uptake.

Conclusions

In this work, we mainly designed and synthesized four
complexes bearing sulfonamide moieties and explored their
photophysical and photochemical properties. The sulfonamide-

1758 | Chem. Sci, 2023, 14, N749-11760

(B) complex 5; (C) complex 6; (D) complex 9; (E) complex 11; complex 12

containing Ru(i1) complexes (5 and 6) displayed a 'O, produc-
tion quantum yield of 77%, while the absorption spectrum of
the sulfonamide-containing Os(n) complexes (11 and 12)
exhibited a notable red shift. Furthermore, these complexes
have good binding ability to CAIIL. More importantly, A549 cells
were considered as CAIX positive cells and MDA-MB-231 cells as
negative cells through western blotting and immunofluores-
cence experiments. The biological evaluation was performed on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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these compounds, which exhibited micromolar phototoxicity
against the A549 cells under both normoxic and hypoxic
conditions, particularly at 540 nm. Notably, as the wavelength
increased, the cellular phototoxicity decreased. However,
compared with Ru(u) compounds, Os(u) compounds still
showed significant phototoxicity upon irradiation at 740 nm
under normoxic conditions. These findings demonstrate the
potential of sulfonamide-containing Ru(u)/Os(u)-based PSs as
an effective drug for PDT. Their ability to induce phototoxicity
in the visible and near-infrared regions, as well as under
hypoxic conditions, holds promise for targeted cancer therapy.
Further refinement and exploration of these compounds may
contribute to the development of new therapies that exploit
unique features of the tumor microenvironment, such as
hypoxia and enzyme overexpression, and red-shifted absorp-
tion, to enhance therapeutic efficacy.
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