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Introduction

Cationic octahedral molybdenum cluster
complexes functionalized with mitochondria-
targeting ligands: photodynamic anticancer
and antibacterial activitiest

Kaplan Kirakci, & *@ Jaroslav Zelenka,® Michaela Rumlova,© Josef Cvacka,
Tomas Ruml® and Kamil Lang @ *2

Octahedral molybdenum cluster complexes have recently come forth as pertinent singlet oxygen photo-
sensitizers towards biological applications. Still, their phototoxic efficiency in the absence of nanocarriers
remains limited due to their poor cellular uptake. Here, two cationic octahedral molybdenum cluster
complexes, bearing carboxylate ligands with triphenylphosphonium (1) or N-methyl pyridinium (2) mito-
chondria-targeting terminal functions, have been designed and synthesized. Their photophysical pro-
perties in water and in vitro biological activity were investigated in the context of blue-light photodynamic
therapy of cancer and photoinactivation of bacteria. Upon blue light irradiation, complex 1 displays red
luminescence with a quantum yield of 0.24 in water, whereas complex 2 is much less emissive (@ <
0.01). Nevertheless, both complexes efficiently produce singlet oxygen, Oz(lAg). Complex 1 is rapidly
internalized into Hela cells and accumulated in mitochondria, followed by relocation to lysosomes and
clearance at longer times. In contrast, the more hydrophilic 2 is not internalized into Hela cells, highlight-
ing the effect of the apical ligands on the uptake properties. The treatment with 1 results in an intensive
phototoxic effect under 460 nm irradiation (ICso = 0.10 + 0.02 pM), which exceeds by far those previously
reported for octahedral cluster-based molecular photosensitizers. The ratio between phototoxicity and
dark toxicity is approximately 50 and evidences a therapeutic window for the application of 1 in blue-light
photodynamic therapy. Complex 1 also enters and efficiently photoinactivates Gram-positive bacteria
Enterococcus faecalis and Staphylococcus aureus, documenting its suitability as a blue-light photosensi-
tizer for antimicrobial applications.

zer (PS) to molecular oxygen.® This feature, coupled with the
limited diffusion length of O,(*A,) in cells (d ~ 150-190 nm)*

The photodynamic killing of tumor cells, bacteria, or viruses
has attracted widespread interest during the last few
decades.” One of the most potent mediators of phototoxicity
is singlet oxygen O,('A,), which is typically generated by
energy transfer from the excited triplet states of a photosensiti-
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due to its short lifetime, leads to a high selectivity in the
annihilation of targeted problematic cells. Among the variety
of PSs, those activated by blue light are generally used in
dermatology to treat actinic keratosis, basal cell carcinoma,
squamous cell carcinoma, and acne.” In addition, these PSs
can also be employed in the photoinactivation of antibiotic-
resistant and antibiotic-susceptible bacteria. Because O,(*A,)
interacts with several cell structures and interferes with
different metabolic pathways, it prevents the development of
resistance to photodynamic treatment.®

In this respect, octahedral molybdenum cluster (Mog) com-
plexes are relevant PSs with attractive properties. The com-
plexes can be depicted as an octahedron of molybdenum
atoms surrounded by eight strongly bonded inner ligands,
usually halogen atoms, and six labile inorganic/organic apical
ligands (Fig. 1). Upon excitation from the UVA to the green
spectral region, these complexes form long-lived triplet states

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic representation of the molecular structures of 1 and 2.
Color coding: Molybdenum (blue), iodine (magenta), caboxylated
ligands (green), and hydrogen atoms are omitted for clarity.

that relax via red-NIR luminescence.””® This luminescence is
efficiently quenched by oxygen, leading to the formation of
0,('A,) in high yields, making these clusters not only good
PSs but also relevant luminescent probes for in situ monitoring
of oxygen levels.® In contrast to commonly used organic PSs
such as porphyrins, which lose their photosensitizing activity
upon aggregation mostly due to mn-m stacking interactions,
these complexes remain good O,('A,) photosensitizers even in
their aggregated form. In general, the coordination of carboxy-
late ligands to the {Moglg}** core provides complexes with suit-
able photophysical properties and has the potential for
additional functionalization.” ™"

In aqueous media, especially at physiological pH, the com-
plexes generally undergo a hydrolytic process characterized by
the replacement of apical ligands by hydroxyl groups. This
results in a change of the photophysical and chemical pro-
perties of the complexes that can be detrimental to biological
applications. The stabilization against hydrolysis can be
achieved by immobilization in inorganic or organic
12716 This strategy led to promising results in
blue-light photodynamic therapy (PDT)'”>' or photoinactiva-
tion of bacteria.>>** The applicability of Mos complexes as PSs
in their molecular form still remains a challenge as the only
phototoxic effects of molecular clusters were recently reported
for [RegQs(CN)6]*™ (Q = S or Se) at high concentrations
(>100 pM).** We also reported the absence of phototoxic
effects of water soluble Mos complexes bearing azide and iso-
thiocyanate apical ligands on the HeLa and HEK-293T cell
lines.>® This fact was explained by the poor cellular uptake
attributable to the anionic and hydrophilic character of these
complexes. The research on novel Mos complexes with positive
charges appears to be a relevant direction towards biological
applications. Indeed, cationic PSs are generally well interna-
lized into cells and have a tendency to accumulate into mito-
chondria, whose damage has become a popular cancer thera-
peutic strategy for PSs.>®*” Mitochondria are energy sources
for cells and play a critical role in the initiation of cellular

nanocarriers.
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apoptosis when their integrity is disrupted. Due to the negative
potential and lipophilicity of the mitochondrial membrane,
most of the mitochondria targeted PSs are lipophilic cations.
Among the organic functions providing a positive charge, tri-
phenylphosphonium and N-methyl pyridinium moieties are
commonly used for the functionalization of typical PSs such as
porphyrin or phtalocyanines.*®>°

Herein, we report on the luminescence properties, singlet
oxygen photogeneration, water stability, toxicity, cellular
uptake, and in vitro photodynamic toxicity of two cationic
cluster complexes based on the {Moglg}** core associated with
(4-carboxybutyl)triphenylphosphonium (1) and 4-carboxy-1-
methylpyridinium (2) apical ligands (Fig. 1). Both HeLa cancer
cells and bacteria, namely Gram-negative Pseudomonas aerugi-
nosa and Escherichia coli and Gram-positive Enterococcus faeca-
lis and Staphylococcus aureus strains, were utilized in this
investigation.

Results and discussion

Synthesis and characterization

Compounds [Moglg(OCOC,HgPPhj)s|Br, (1) and
[Moglg(OCOCsH,NMe)g]|Cl, (2) were obtained by a method
derived from a previously published procedure.?® In brief, pre-
cursor Na,[Moglg(OMe)s] was allowed to react overnight with
six equivalents of (4-carboxybutyl)triphenylphosphonium
bromide or 4-carboxy-1-methylpyridinium chloride in di-
methylsufoxide (DMSO). "H NMR of 1 and 2 in de-DMSO
revealed the disappearance of the 'H signals at 12.09 and
13.65 ppm, belonging to the COOH protons of the starting
(4-carboxybutyl)triphenylphosphonium bromide and
4-carboxy-1-methylpyridinium chloride, respectively. It evi-
dences the coordination of the ligands to the {Mo4lg}*" core
through their carboxylate functions (Fig. S11). When compared
with the free ligands, the '"H NMR signals of the aliphatic
protons in 1 exhibited upfield shifts (—0.34, —0.08, —0.06, and
—0.06 ppm), whereas the aromatic signals belonging to the
phenyl groups are not shifted. For 2, the signals of the aromatic
protons are significantly shifted upfield (—0.3 and —0.28 ppm),
whereas the aliphatic protons of the methyl groups are less
affected (—0.12 ppm). The high-resolution electrospray ioniza-
tion mass spectrometry of 1 and 2 revealed peaks with m/z
values of 943.8846 and 1317.3861, corresponding to
[Moels(OCOC,HgPPh;)s]** and  {[Mogls(OCOCsH,NMe),|Cle>~
for 1 (Fig. S21) and 2 (Fig S37), respectively. C, H, and N elemen-
tal analysis confirmed the purity of the bulk material used
for the measurement of the photophysical properties and the
evaluation of the biological activity.

Photophysical properties and singlet oxygen productivity

Complexes 1 and 2 are not readily soluble in water, and there-
fore, their water solutions were prepared by adding small ali-
quots of highly concentrated DMSO solutions into deionized
water. As shown in Fig. 24, fresh solutions of 1 and 2 exhibited
broad unresolved absorption bands in the UV and visible

Biomater. Sci., 2019, 7, 1386-1392 | 1387


https://doi.org/10.1039/c8bm01564c

Published on 08 mis Genver 2019. Downloaded on 07/01/2026 22:41:28.

View Article Online

Paper Biomaterials Science
- ; . . . . . 1.6x10° T T T T
- {3 N
3 1.0 A 3 1x10 /M\ B s t/ \ C
>
2 2 / \
08 \ 18 / \ / \
s \
=~ /b / \,
9T T \ 8.0x10° | \\ -
\ S 5x10° - / . /
04l \/\\ _ \\ a
N\,
a \b /
0.2} - 4 / = \\\
A / O e NG
0.0 1 1 0 / 1 - - T \ 00 b — <P TR S S SR l\; T
300 200 500 500 550 600 650 700 750 800 850 550 600 650 700 750 800 850
Wavelength /nm Wavelength / nm Wavelength / nm
4x10° ; : 4x10° : , - T
8 2
D = E 2 F
/"b\\\‘
2x10° - 1 2x10° | / \ -
e /
2N~ B
N e —— 0 e L L
1240 1260 1280 1300 1320 1240 1260 1280 1300 1320

Wavelength / nm Wavelength / nm

Fig. 2 Spectral and photophysical properties of 1 and 2. (A) Normalized absorption spectra of fresh aqueous solutions of 1 (a) and 2 (b).
Luminescence spectra of 1 (B) and 2 (C) in air- (a), Ar- (b) and oxygen-saturated (c) water. The samples were excited at 400 nm. (D) Luminescence of
oxygen-saturated (left) and argon-saturated (right) water solution of 1 under 365 nm excitation. Luminescence emission band of Oz(lAg) produced
by 1 (E) and 2 (F) in oxygen-saturated, fresh aqueous solution (a), and the same solution after 11 days (b). The same spectral region was recorded in

fresh, oxygen-free solution (c). The excitation wavelength was 400 nm.

regions with an onset approximately at 550 nm, which are
typical spectral features of [Mogls(OCO-R)s]>~ complexes.®
Upon excitation at 400 nm, deaerated solutions of 1 and 2 dis-
played broad emission bands with maxima at 700 and 685 nm,
respectively (Table 1). Complexes considerably differed in
luminescence quantum yields, being 0.24 for 1 and less than
0.01 for 2. Thus, complex 1 has the highest luminescence
efficiency ever reported for an octahedral transition metal
cluster complex dissolved in water. The luminescence
quantum yields of complexes increased to 0.50 and 0.21 in
deaerated DMSO, for 1 and 2, respectively, substantiating,
especially for 2, the quenching of the excited triplet states by

Table 1 Luminescence properties of 1 and 2 in water at room
temperature®

Ar/nm Tro/ LS Tair/ LS 70,/18 D,
1, fresh 700 119 76 54 0.24
1, 11 days 700 58 42 37 0.08
2, fresh 685 22 6.7 2.0 <0.01
2,11 days 695 51 8.6 2.5 0.07

%)y, is the maximum of the luminescence emission band; 71, 7air, and
70, are the amplitude average lifetimes of the triplet states in oxygen-
free, air-, and oxygen-saturated water, respectively (recorded at 700 (1)
and 690 nm (2), excited at 390 nm); @y, is the luminescence quantum
yield in oxygen-free water solution (excitation wavelengths were from
320 to 440 nm). All data are recorded in fresh solutions and in the
same solutions after 11 days.

1388 | Biomater. Sci., 2019, 7, 1386-1392

water through coupling with O-H vibrational modes. The
luminescence intensities (Fig. 2B and C) and the corres-
ponding lifetimes (Fig. S4,f Table 1) were considerably
quenched by oxygen, suggesting that both complexes can
produce O,('A,), similarly to already reported molybdenum
cluster complexes.”® It is worth mentioning that the lumine-
scence decay curves of both complexes are purely monoexpo-
nential under oxygen-free conditions, whereas the decay curves
become biphasic in the presence of oxygen. These features can
be interpreted by the contribution of two luminescent popu-
lations to the overall luminescence, i.e., monomeric species
and cluster aggregates, differing in diffusion parameters and
oxygen accessibility.

Changes in the luminescence properties can serve as an
indicator of the stability of the cluster complexes in a water
environment, which is essential for their application as photo-
sensitizers for PDT. For this purpose, the luminescence pro-
perties of freshly prepared water solutions were compared with
11-day old ones (i.e., when the photophysical properties stabil-
ized at constant levels). The water-induced changes of 1 are
indicated by the considerable decrease of luminescence
quantum yield and luminescence lifetimes in older solutions
(Table 1, Fig. S5At). In the case of 2, the changes are in the
opposite direction; the lifetimes and &;, increase, accompanied
by a red shift of the emission band (Table 1, Fig. S5B7). All the
changes indicate some instability of 1 and 2 in water, associ-
ated with the progressive replacement of one or more apical
ligands by hydroxyl groups as already observed for some

This journal is © The Royal Society of Chemistry 2019
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[MoglgLe]>~ complexes.'*'®*> A more precise evaluation of the
kinetics of formation of the hydrolyzed species can be
obtained from the evolution of the @&; values over time. It is
clear that the hydrolysis process is slow in the time frame of a
typical biological experiment with the majority of the cluster
complexes remaining intact after 24 h (Fig S6t). It is note-
worthy that the addition of PBS and irradiation for 15 min
with a 460 nm LED source did not affect the kinetics of the for-
mation of hydrolyzed species. These changes pose a relevant
question in the context of photodynamic applications using
Mos clusters. How these water-induced processes affect the
productivity of cytotoxic O,(*Ag)?

The photosensitization of O,('A,) by 1 and 2 in fresh water
solutions was directly evidenced by the appearance of the
characteristic O,('A,) phosphorescence band around 1270 nm
in air- and oxygen-saturated solutions and its disappearance in
argon-saturated solutions (Fig. 2E and F). The quantum yields
of the O,('A,) formation in water are 0.41 + 0.05 and 0.23 +
0.03 for 1 and 2, respectively, and document quite high
efficiency of the O,('A,) production in water. As shown in
Fig. 2E, the integral production of O,(*A,) mediated by 1 is
lower by approximately 4% after 11 days, indicating that the
water-induced changes lead to a species with slightly smaller
0,(*Ay) productivity, when compared to fresh 1 solutions. In
contrast, the O,('A,) production of 2 is favorably affected by
the hydrolytic process as evidenced by an approximately 60%
increase of the intensity of 02(1Ag) luminescence after 11 days.
The presented results demonstrate that hydrolyzed cluster
complexes can be comparable or even better PSs of O,('A,)
than the original compounds. This is an important finding in
the area of transition-metal cluster complexes since it was sup-
posed that hydrolysis diminishes both luminescence and
0,(*Ay) production.

Uptake and toxicity in cancer cell lines

The cellular uptake of 1 and 2 in HeLa cells was quantitatively
analyzed by flow cytometry in the concentration range of
0.5-20 pM. The luminescence intensities of cells after incu-
bation with 2 did not exceed the level of the control experi-
ments for all tested concentrations and incubation times, indi-
cating no uptake of this complex by HeLa cells (Fig. S7Ct). On
the other hand, compound 1 was quickly internalized in a
dose-dependent manner within 30 min of incubation with
only a slight increase at longer incubation times (Fig. 3A and
B, Fig. S7A and Bf). The cellular accumulation of 1 decreased
after a 22 h washout in the fresh medium suggesting the clear-
ance of the complex from cells (Fig S8AT). There was only a
negligible effect of fetal bovine serum on the uptake of 1, prob-
ably due to the positive charge of the complex that limits the
interaction with serum proteins (Fig S9AT). The experiments
were also conducted with 11-day old solutions of 1, in order to
evaluate the effects of the hydrolysis on the uptake features. In
this case, hydrolyzed 1 is not internalized (Fig. S7D¥). The lack
of the cellular uptake of 2 and hydrolyzed 1 probably orig-
inates from their hydrophilic character, similar to the behavior
of [MogIg(NCS)s]*~ and [Moglg(N;)e]*~ cluster complexes.?
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Fig. 3 Uptake, toxicity, and phototoxicity of 1 against HelLa cells. (A)
Dose-dependent uptake of 1 after 120 min incubation with indicated
concentrations of 1. The y axis represents the fluorescence intensity of
cells minus the fluorescence intensity from the control experiment. (B)
Time-dependent uptake of 1 after the indicated time of incubation with
10 pM 1. The y axis represents the fluorescence intensity of cells minus
the fluorescence intensity from the control experiment. (C) Dark toxicity

of 1 measured 24 h after incubation compared with the phototoxicity of

1 measured 24 h after incubation and irradiation (460 nm, 20 mW cm™2,

15 min). The bar labeled 0 uM belongs to the control experiment, i.e.,
cells were irradiated in the absence of 1. (D) Percentage of apoptotic
and necrotic cells measured 4 h after incubation with 5 uM 1 in the dark
or after incubation with 1 pM 1 followed by irradiation (460 nm,
20 mW cm™2 15 min). The empty bars are for control experiments
performed in the absence of 1 and in the dark.

The subcellular localization of 1 in HeLa cells was investi-
gated using a spinning-disc confocal microscope. An intense
red intracellular luminescence originating from 1 was observed
within the cells after incubation with this complex (Fig. 4).
Staining of HeLa cells with MitoTracker Green and LysoTracker
Green indicated co-localization of 1 with mitochondria after 2 h
of incubation (Pearson coefficient = 0.58, Manders coefficient =
0.56), followed by the clearance (Pearson coefficient = —0.06,
Manders coefficient = 0.15) and relocation of 1 to lysosomes
after incubation for 6 h (Pearson coefficient = 0.53, Manders
coefficient = 0.62). The presented results suggest that 1 can
reach mitochondria far before its considerable hydrolysis.

The dark toxicity of 1 and 2 against HeLa cells was evalu-
ated at pharmacologically relevant concentrations ranging
from 0.05 to 20 uM. Analysis of the results from these experi-
ments showed that 1 displays a moderate cytotoxic effect on
HeLa cells with an ICs, value of 5.3 + 1.5 pM, whereas com-
pound 2 is non-toxic at all concentrations (Fig. S10%). It is
noteworthy that several cationic PSs were shown to induce
mitochondrial toxicity.”® Thus, the dark toxicity of 1 could
originate from the interaction between the complex and mito-
chondria as evidenced by microscopy. Analysis of the cellular
death pathway reveals that cells incubated with 1 mostly
undergo apoptosis, consistent with a toxic effect on mitochon-
dria which serve as a principal trigger of apoptosis (Fig. 3D).*"

Photodynamic toxicity was evaluated by irradiation of HeLa
cells treated for 2 h with 1 and 2 in the concentration range of

Biomater. Sci., 2019, 7, 1386-1392 | 1389
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Fig. 4 Localization of 1 in Hela cells. Confocal sections showing colo-
calization of 1 with mitochondria after 2 h of incubation: (A) localization
of 1 (red luminescence); (B) mitochondria stained with the mitochondrial
marker MitoTracker Green (green); (C) merging of the panels (A) and (B).
Confocal sections documenting the redistribution of 1, 6 h of incu-
bation: (D) and (G) localization of 1 (red luminescence); mitochondria (E)
and lysosomes (H) stained with the mitochondrial marker MitoTracker
Green (green) and lysosomal marker LysoTracker Green (green),
respectively; (F) and (I) merging of two corresponding panels on the left.
Scale bars: 10 pm.

0.02 to 20 pM. Cells were irradiated for 15 min with a 460 nm
LED source and their viability was analyzed after 24 h. As
expected, there was no phototoxic effect of 2, in accordance
with the absence of the cellular uptake (Fig. S10%). On the
other hand, HeLa cells incubated with 1 exhibited a strong
dose-dependent phototoxicity with an ICs, value of 0.10 +
0.02 pM (Fig. 3C), which is at least three orders of magnitude
lower than the value for Na,[ResSeg(CN)g], the most efficient
M cluster molecular PS reported so far.>* The phototoxicity of
1 was reduced by the 22 h washout in the fresh medium as
expected from the clearance of the complex from cells
(Fig. S8BY). The presence of fetal bovine serum only slightly
decreased the phototoxicity of 1 which is an important feature
for possible translation to in vivo experiments (Fig. S9BTY).
Interestingly, the cellular death pathway after irradiation of
cells incubated with 1 was assigned mainly to necrosis,
differing from the cellular death pathway observed in the case
of the dark toxicity (Fig. 3D). The ratio between phototoxicity
and dark toxicity is approximately 1:50 and points out to a
therapeutic window for the use of 1 in blue-light PDT.
Phototoxicity can be attributed to the localization of 1 within
mitochondria that are highly sensitive to ROS, especially in
cancer cells.*' In contrast, hydrolyzed 1 showed no phototoxi-
city in the studied concentration range (Fig. S11}), in accord-
ance with the lack of cellular uptake evidenced by flow cytome-
try (Fig. S7D7). It points out to the dramatic effect of the hydro-
lytic process on the biological activity of 1. Therefore, the
phototoxicity of 1 at different incubation times was compared
(Fig. S127). The 24 h incubation which led to a slightly better
cellular accumulation than the 2 h incubation also resulted in
a moderately higher phototoxicity. It indicates that the effect

1390 | Biomater. Sci,, 2019, 7, 1386-1392
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of the hydrolysis process on the biological activity of 1 can be
considered as negligible within 24 h.

Antibacterial effects

In vitro studies of antimicrobial photodynamic inactivation
with 1 and 2 were performed with several strains of opportu-
nistic pathogens, namely, Gram-negative Pseudomonas aerugi-
nosa and Escherichia coli and Gram-positive Enterococcus faeca-
lis and Staphylococcus aureus. Under the experimental con-
ditions employed, only negligible effects of DMSO, blue LED
light (460 nm, 20 mW c¢m™?, 30 min), and compounds 1 or 2
were observed when used separately.

Irradiation of Gram-negative bacteria preincubated with up
to 50 uM of compound 1 by 460 nm light showed no effect on
viability (Fig. 5A and B). In contrast, Gram-positive bacteria
were effectively inactivated under these conditions (Fig. 5C
and D). Interestingly, no significant phototoxicity was observed
for 2 and for hydrolyzed 1 (Fig. S13t). We determined the
uptake of 1 and 2 with bacteria using flow cytometry and
found significant uptake of 1 for Gram-positive bacteria and
much lower uptake for Gram-negative bacteria, while no
uptake was observed for 2 on both bacteria types (Fig. 6 and
Fig. S1471). Next, we inspected the bacteria stained with 1 using
a confocal microscope and found that only Gram-positive bac-
teria are stained, whereas Gram-negative strains showed no
cluster luminescence probably because the luminescence
intensity was below the detection limit (Fig. 7). These results
are in line with the generally higher resistance of Gram-nega-
tive bacteria to antiseptics, disinfectants, and antibiotics due
to different compositions of cell walls, which limits the uptake
of bactericidal molecules.**

c
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Fig. 5 Photoinactivation of Gram-negative Escherichia coli (A) and
Pseudomonas aeruginosa (B) and Gram-positive Enterococcus faecalis
(C) and Staphylococcus aureus (D) by 1 of indicated concentrations
upon 460 nm light irradiation. Dark controls are represented with black
bars. Bars labeled 0 uM are control experiments in the absence of 1.
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Fig. 6 Uptake of 10 uM 1 or 2 into Gram-positive Enterococcus faecalis
and Gram-negative Escherichia coli measured using flow cytometry
after 1 h incubation. Data are expressed as medians of cellular fluor-
escence intensity with subtracted medians of control (unloaded) cells.

Fig. 7 Bright field images of E. coli (A) and E. faecalis (B) merged with
confocal images of 1 (red) after 30 min incubation with 50 uM 1. The
white bar represents 10 pm.

Next, the Gram-positive strains were incubated in decreas-
ing concentrations of 1 to determine IC5, values. Interestingly,
the antimicrobial photodynamic efficacy of 1 significantly
depended on the metabolic state of cells. The ICsq was 2.0 +
0.5 uM for well-fed E. faecalis freshly grown on plates. In con-
trast, the ICs, value decreased to 0.15 + 0.10 pM for the same
cells stored on plates for 1 month at 4 °C. In the case of
S. aureus, the phototoxic ICs, was 1.0 + 0.5 pM for fed cells and
0.08 + 0.04 pM for starving cells. This effect may be important
for the application of 1 in antimicrobial photodynamic inacti-
vation, since well-fed bacteria are expected in wounds and on
catheter surfaces, whereas starving bacteria are preferentially
present in air-conditioning units and sanitized surfaces. These
effects are in clear contrast to the efficacy of many other disin-
fectants and antibiotics which show lower efficiency for
starved cells due to the upregulation of resistance mechanisms
and formation of biofilms.**”* Since the phototoxicity of 1 is
related to oxidative damage by reactive oxygen species, we may
hypothesize that the higher sensitivity of starving cells is due
to the lack of substrates for the regeneration of glutathione
and other thiols, which are critical components of the anti-
oxidant system.>'
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Conclusion

We have designed and prepared two new cationic octahedral
molybdenum cluster complexes bearing (4-carboxybutyl)tri-
phenylphosphonium (1) and 4-carboxy-1-methylpyridinium (2)
mitochondria-targeting apical ligands. Complex 1 is highly
emissive in water solutions with a quantum yield of 0.24,
whereas 2 displays low luminescence quantum efficiency due
to the quenching of the triplet states by the solvent. The triplet
states of both complexes interact with oxygen and produce
0,(*'Ay). The studied complexes undergo hydrolysis in water
solutions, which changes the luminescence quantum yields;
however, the O,(*'A,) production is affected to a lesser extent.
Investigation on the biological activity of 1 revealed its efficient
mitochondria-targeting activity which resulted in a moderate
dark toxicity and a strong phototoxicity upon 460 nm
irradiation with an ICs, value of 100 + 20 nM, unmatched for
PDT systems based on Mo, cluster-based molecular PSs. On
the other hand, neither 2 nor hydrolyzed 1 showed a photo-
toxic effect because of the absence of cellular internalization,
illustrating the dramatic influence of the apical ligands on the
uptake features. It is worth mentioning that a well-timed de-
activation of the phototoxic effect of a PS can be advantageous
in the context of PDT in order to avoid post-treatment photo-
sensitization issues. Complex 1 also showed efficient photoi-
nactivation of Gram-positive bacteria E. faecalis and S. aureus,
whereas 2 and hydrolyzed 1 were inactive. Overall, this study
highlights the importance of the apical ligands of these com-
plexes in their photophysical properties in aqueous media and
biological activities against cancer cells and bacteria and gives
a bright prospective towards the use of these complexes as
molecular PSs or luminescent probes for biological
applications.
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