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ABSTRACT: Ruthenium (IT) polypyridyl complexes exhibit a lack of selectivity towards cancer tissues despite extensive studies as
photosensitizers for photodynamic therapy (PDT). Here, we report pH-activatable Ru (II) photosensitizers for molecular targeted
PDT by exploiting the higher acidity of tumoral tissue. The fluorescein moiety, well-known for its high pH sensitivity, was connected
to a Ru center to yield novel photosensitizers for pH-sensitive 'O, photogeneration. Their ability to photosensitize molecular dioxygen
was studied at various pHs and revealed a drastic enhancement from 0.07 to 0.66 of the !O* quantum yield in acidic conditions (pH
7.5 to pH 5.5). Their photo-cytotoxicity against U20S osteosarcoma cells was also investigated at pH 5.5 and 7.5 through ICs
determination. A strong enhancement of the photocytotoxicity reaching 880 nM was observed at pH 5.5 which showed the potential

of such photosensitizers for pH-activatable PDT.

INTRODUCTION

The quest for more targeted photo-chemotherapeutics stimu-
lated the search for new solutions to either locate the photosen-
sitizer (PS) at the cancer cell or to make it more effective in
tumoral tissues.! Among the different pathways explored, the
increased acidity of tumors (pH 5.5-6.5 vs. 7.2-7.4 in healthy
tissues) is very promising and has led to the development of
new, promising therapies.? This includes the development of tu-
mour antigen-targeted pH-sensitive antibodies, pH-responsive
nanoparticle conjugates with anticancer drugs and a combina-
tion of alkaline diet through bicarbonate therapy to neutralize
the tumoral tissue acidity.® Along with these innovative ap-
proaches, the quest for more targeted PDT agents has encour-
aged the study of a new class of PSs able to preferentially pro-
duce 'O, in cancer tissue based on their slightly higher acidity
than healthy ones.* This would increase the accuracy of PDT
activation and could open the way for PDT treatment of cancers
at the metastatic stage, as suggested by a recent study.’ Indeed,
in pH activatable PDT, the fact that the PS is effective only in
the more acidic cancer tissue allows for a wider zone of irradi-
ation, containing both cancer and healthy tissue. Hence, the
damage to the healthy cells is limited, which is the main draw-
back in the treatment of metastases. Some porphyrin and
BODIPY derivatives have already been studied for pH-respon-
sive PDT and showed very promising results in cellulo with en-
hanced photo-cytotoxicity against cancer cells in acidic condi-
tions. Significantly different pH-dependent photocytotoxicities
were reported for BODIPY dyes over HeLa cells (ICso=30 nM
and 150 nM at pH 5.5 and 7.5 respectively). However, this class
of compounds also show high toxicity in the dark with ICsg val-
ues in the micromolar range.® Concerning the porphyrin deriv-
atives, either polypyridyl or amino substituents were added to
the porphyrin core giving rise to intramolecular electron trans-
fer that quenches the triplet excited state of porphyrin and pre-
vents 'O, generation. The electron transfer can thus be sup-
pressed by protonation in acidic conditions and the porphyrin’s
PDT activity is then restored along with the fluorescence and
light absorption. Even if exhibiting very promising results such
photocytotoxicities in the micromolar range, the pH-activatable
porphyrins still show the drawbacks of porphyrin PDT agents
which are a challenging synthesis, limited solubility, and high
cytotoxicity in the dark.”®° Ru" complexes are another class of

PS that has been widely explored for various biological appli-
cations.'? They often present lower cytotoxicity in the dark than
BODIPY derivatives, as well as higher solubility and easier
synthesis than porphyrins.'! However, their potential as pH-ac-
tivatable PDT agents has still not yet been widely investigated.
Papish and co-workers paved the way for this approach by de-
veloping pH and light activated Ru® polypyridyl complexes
based on acid promoted photo-dissociation of ligands, also
called pH-Activated Metallo Prodrugs (phAMP’s), hence re-
quiring higher concentrations of photoactivated complex.'?
Here, we aim at combining the PDT capabilities of Ru"
polypyridyl complexes with the well-known high pH sensitivity
of fluorescein which was already reported as a marker of acidity
for biological applications.”® This, with a view of developing
pH-activatable PDT agents of a new type. The Ru' salphen
Schiff base complex [Ru(phen),dfsa]** 1 (dfsa = 5,6-difluores-
ceindiimine-1,10-phenanthroline) that contains two fluorescein
moieties is the main studied candidate (Figure 1). [Ru(phen);]*
and fluorescein were used as reference compounds for the
study. The Ru" salphen Schiff base complex [Ru(phen),sal-
phen]** 3 and [Ru(phen),mfsa]*" 2 (mfsa = 5-monofluoresce-
indiimine-1,10-phenanthroline), which is the mono-fluorescein
analogue of complex 1 were also prepared for comparison pur-
poses. Singlet oxygen photosensitization was studied as a func-
tion of pH which revealed a drastic 10-fold enhancement of the
10, quantum yield (from 0.07 to 0.66) in slightly acidic condi-
tions (pH 5.5) compared to the physiological conditions (pH
7.5). The impact of acidity on the cell internalization and loca-
tion of the complex was studied on the U20S osteosarcoma cell
line using confocal microscopy. Finally, the photocytotoxic ac-
tivity of the complex was measured in cellulo at pH 7.5 and 5.5
and showed a substantial decrease of the ICsy, reaching 0.88 uM
atpH 5.5.
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Figure 1. Structures of [Ru(phen);], fluorescein and of the Ru" com-
plexes 1-3.

Results and discussions
Synthesis

The synthesis of a new Schiff base type ligand containing the
fluorescein moiety (dfsa) was performed by condensing 5,6-di-
amino-1,10-phenanthroline with two equivalents of fluores-
cein-5-carbaldehyde. The aldehyde was itself obtained via a
modified Reimer-Tiemman reaction,'* in the presence of a cat-
alytic amount of acetic acid in refluxing ethanol and was ob-
tained with a 31% yield. A mono fluorescein analogue of the
ligand (mfsa) was prepared from 5-amino-1,10-phenanthroline
using similar conditions with a 42% yield. The structure of the
ligands was confirmed by 'H-NMR spectroscopy and HRMS
analysis (see SI). The corresponding Ru" complexes 1 and 2
depicted in Figure 1 were synthesized by the direct chelation of
the ligands onto a [Ru(phen),Cl,] precursor in refluxing ethanol
to yield the corresponding complexes as orange powders in 52-
60% yields. Concerning complex 1, '"H-NMR spectroscopy un-
ambiguously shows the symmetry of the compounds, which in-
duces the equivalence of (i) the protons of the ligands and (ii)
of the phenanthroline moieties which was not the case for the
dissymmetric complex 2 (see SI).

Photophysical properties and pH dependence.

Light absorption data of 1 were recorded at ambient tempera-
ture in acetonitrile under air and in deionized water and are pre-
sented along with the data collected for the compounds 2, 3,
[Ru(phen);]** and fluorescein (Table 1). As depicted in Figure
2, the absorption spectrum of 1 in acetonitrile displayed the typ-
ical shape and molar absorption coefficients of Ru® polypyridyl
complexes such as the reference compound [Ru(phen);]**. In-
deed, in the visible part of the spectra (at ca. 460 nm), absorp-
tion bands (g = 15000-25000 L.mol'.cm™) assigned to metal to

ligand charge transfer (MLCT) transitions, were monitored.
Strong absorption bands resulting from LC transitions centred
on the phenanthroline ligands were also observed in the UV-
region (250 nm), as for [Ru(phen);]** and 1. In acetonitrile, the
presence of the two fluorescein moieties in 1 only leads to a
relatively weak increase of the visible light absorption com-
pared to [Ru(phen);]** but showed a noticeable red shift of the
MLCT transitions (from 447 nm in [Ru(phen);]** to 459 nm in
1). This was attributed to (i) the greater conjugation of the dfsa
ligand compared to a phen and (ii) the presence of the two elec-
tron withdrawing imines in the dfsa ligand.
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Figure 2. UV-visible absorption spectra of [Ru(phen)s]** in acetonitrile and
of [Ru(phen):dfsa]*" 1in acetonitrile and in deionized water at pH 7.

Table 1 - Absorption data in CH3CN and in deionized H,O.

Complex Absorption Apax [nm]

(¢ [10° L.mol L.em™])al

CH;CN Deionized H,O
[Ru(phen);]** 263, 447 (18.4) 263, 447 (18.4)
Fluorescein 453,474 (11.8) 490 (67.3)
[Ru(phen),dfsa]** 1 264, 459 (24.8) 262,493 (34.1)
[Ru(phen),mfsa]** 265,456 (18.2) 262,492 (22.1)
[Ru(phen),salphen]?* 3 265,458 (10.4) 265,458 (10.8)
[a] Measurements were performed with 1 x 10~ mol L' solutions of
the complex at room temperature. Molar absorption coefficients are re-
ported in brackets. sh = shouldering peak.

Going from acetonitrile to water led to tremendous change of
the visible light absorption of compound 1 which absorbed light
at longer wavelengths (up to 580 nm) and more intensely (g =
34.1*10° L.mol"l.cm™ at 493 nm). This strong absorption band
at 493 nm was also observed for compound 2 and is typical of
the n-n* transition occurring between the phenol and the car-
bonyl moieties of the fluorescein fragment (OH(p)

©*(C"0)). This transition is no longer observed in acetonitrile,
likely due to the major presence of the unconjugated lactone
form of fluorescein. These conclusions are based on previous
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studies reporting deep investigations over the origin of the var-
ious absorption bands occurring in the fluorescein absorption
spectra along with their pH dependence. !> 1¢

The pH titration curves displayed in Figure 3 revealed
strong influence of the pH on the visible light absorption prop-
erties of complex 1. A sigmoidal fit of the absorption band en-
hancement was used to estimate the pKa of the carboxylic acid
function of the fluorescein fragments (see Figure 3, inset). A
pKa of 5.1 + 0.1 was determined, which indicated a slightly
more acidic carboxylic acid function than in free fluorescein
(pKa=5.5%0.1, see SI, Figure S13). This agreed with the elec-
tron withdrawing effects of the Schiff base functions and the
Ru?* cation coordinated to the ligand. The absorption band at
435 nm appearing at pH 2 is typical of the cationic form of flu-
orescein, while those at 455 and 477 nm are attributed to its
neutral form.!” As displayed in Figure 3, the UV region absorp-
tion was weakly affected by pH changes. Interestingly, the
shape of the absorption spectrum of the complex in water at pH
4 was similar to the one in acetonitrile in Figure 2, which indi-
cated that the fluorescein moiety was in the same ionization
state and in similar tautomeric ratios in both conditions. Unsur-
prisingly, the light absorption spectrum of [Ru(phen);]** was
not affected by pH variations, as it does not possess any chem-
ical functionality that could be protonated or deprotonated in
aqueous conditions.
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Figure 3. Light absorption spectra of complex 1 in water at various pH. The
inset displays the normalized absorption of the complex as function of pH
at 490 nm (pH 12.02 as reference) with the corresponding sigmoidal curve
fit in green.

Light emission properties of the complexes were also investi-
gated in acetonitrile and in deionized water. Strong and broad
photoluminescence were observed for complex 1, centred at ca.
600 nm in acetonitrile with quantum yields, excited-state life-
times and radiative deactivation rate constants close to those of

[Ru(phen);]** (Table 2). This indicated a *MLCT-type emitting
state, as already reported for [Ru(phen);]**.!® In deionized wa-
ter, a much stronger and sharper emission was observed at 515
nm with higher quantum yields (>0.1), shorter excited state life-
times (4-5 ns) and higher radiative deactivation constants (> 10°
s1) close to those of the fluorescein dianion (Figure 4 and Ta-
ble 2). A very similar behaviour was observed for complex 2.
This highlights the impressive solvent sensitivity of the com-
plex going from a Ru-centred emission in acetonitrile to a fluo-
rescein-centred emission in the protic solvent, water.
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Figure 4. Normalized photoluminescence spectra of [Ru(phen).dfsa]** 1 at
a concentration of 5 pM in acetonitrile (orange) and in deionized water (vi-
olet) (Aexc = 450 nm) recorded under inert atmosphere.

At this stage, it should be noted that the reported lifetime for 1
and 2 were shorter than 10 ns in deionized water. In fact, the Ru
centred emission might be hidden by the intense luminescence
of the fluorescein fragment in water. This can be linked to the
fact that the fluorescein moiety is present in its poorly emissive
neutral form in acetonitrile while its bright anionic form is pre-
dominant in deionized neutral water.'® To shine light on this hy-
pothesis, delay maps, which consist in recording emission spec-
tra of the compounds at different time intervals after excitation,
showed that the emission of fluorescein at 515 nm was com-
pletely turned off 50 ns after the laser pulse (Aexe = 450 nm).
However, photoluminescence from the Ru centre was unambig-
uously observed at longer time range and was only completely
switched off 20-30 ps after the excitation pulse. The excited-
state lifetime was well altered upon pH change with the longest
lifetime observed at pH 10 (1030 ns) and the shortest one meas-
ured at pH 2 (625 ns). The same experiments were carried out
for complex 2 and showed a weaker pH effect on the excited-
state lifetime of the complex (see SI, Figure S16-S19).



Table 2 - Emission data in CH3CN and H,O at 298 K under ambient air for complexes 1-3.

Emission D4 7!l [ns] k. [103s71]
Amax®P![nm]
Complex CH;CN H,0  CH;CN H,0 CH;CN H,0 CH;CN H,0
[Ru(phen)s]?* 604 606 0.028 0.072 460 920 60.9 78.0
Fluorescein 599 515 0.0041" 0.17!1 6 4 666 42%103
[Ru(phen)dfsa]* 1 598 514 0.0171¢! 0.1110 522 5 325 27*103
[Ru(phen);mfsa]?* 2 599 514 0.018 0.10 488 4 36.9 25%103
[Ru(phen),salphen]?* 3 599 600 0.018 0.075 688 1222 262 61.4

[a] Measurements were made with solutions 5 x 107 mol.L ™! in complex under air. [b] Aexe= 450 nm. [¢] Measurements were made with 5 x 107 mol.L™!
solutions of the complex under nitrogen. [d] Measurements relative to [Ru(bpy)s]*" in nitrogen purged aqueous solution (®em = 0.063) and in nitrogen
purged acetonitrile (®Pem = 0.094); errors are estimated as 5%.'° [e] The luminescence was observed with ®em < 107°. n.d. = not determined. [f] Measurements
relative to fluorescein in aqueous solution at pH 10 (®em = 0.93); errors are estimated as 5%.%

Evaluation of pH effect on the 'O, photoproduc-

tion yields
By virtue of their long-lived excited state, Ru" polypyridyl
based PSs can generate 'O, under visible light irradiation with
high yields through energy transfer to molecular oxygen. The
10, quantum yield (®,) corresponds to the ratio of the number
of produced 'O, molecules to the number of absorbed photons
and can be measured by spectroscopic techniques. In the present
project, the @, were determined in water by monitoring the de-
composition of anthracene-9,10-divinylsulfonate (AVS) which
reacts efficiently with the photoproduced 'O, through a [4+2]
cycloaddition. Practically, a solution of AVS (C = 10* mol.L™};
A = 1 at 395 nm) using a catalytic concentration of the Ru"
complex (C = 10° mol.L™!; A = 0.025 at 465 nm) was irradiated
at 465 nm. The decomposition of AVS was followed over 15
min, via the decay of its absorption band at 395 nm (Figure 5).
The decay was much greater at pH 5.5 (Figure 5A) than at pH
7 (Figure 5B). The insets represent the linear fit of the decay
that can be used to determine the 'O, quantum yield of the com-
plex @4 (Ru) as explained hereafter. As displayed in Table 3,
the @, of complex 1 is relatively low for a Ru"" complex in the
pH 7-7.5 region (o = 0.07-0.09) but increased at pH=5.5,
reaching a @, of 0.66. For the [Ru(phen);]** reference complex,
10, quantum yield @, = 0.23 was determined in deionized wa-
ter, which is very close to the values reported for [Ru(bpy);]**.!
In contrast to 1, the @, of [Ru(phen);]** remained unaltered
upon decreasing pH, which is consistent for a complex without
any protonation sites. Taking fluorescein as the reference (Oa=
0.030 at pH 7),% its @, increases steadily with acidity and is
doubled when going from pH 7 to pH 5.5. However, the meas-
ured @, values were weak and did not fully account for the large
@, increase observed for compound 1. The same trend of en-
hanced ®, with increased acidity was also observed for com-
plexes 2 and 3, but to a lesser extent than for 1, suggesting that
protonation of both the Schiff base and fluorescein moieties
could be involved in the pH activation process.
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Figure 5 — Absorption spectra monitoring the decomposition of AVS by
'0; upon 15 minutes of blue light irradiation (465 nm, A = 0.025) of
[Ru(phen).dfsa]*” 1 at pH 5.5 (A) and at pH 7 (B). The insets show the
absorption decays at 395 nm corresponding to the AVS decomposition and
were fitted linearly.



Table 3— Measured 'O, quantum yields at various pH for the studied complexes 1-3 and the reference compounds.

logP(®b! 2]

Photosensitizer

pH 5.5 pH 7.5 pH 4.5 pH 5.5 pH 6.5 pH7 pH 7.5
[Ru(phen);]** -1.73 -1.78 0.28 0.24 0.22 0.23 0.23
Fluorescein -2.83 -3.00 0.080 0.062 0.041 0.030 0.028
[Ru(phen),dfsa]** 1 -2.02 -2.23 0.71 0.66 0.18 0.09 0.07
[Ru(phen),mfsa]** 2 -1.89 2,11 0.46 0.38 0.20 0.11 0.11
[Ru(phen),salphen]?" 3 -1.03 -1.13 0.42 0.30 0.24 0.18 0.16
[a] Measurements were performed on aerated solutions. [b] Partition coefficients between water and octanol, log P = log(Coct/Cwar), determined through
absorption spectroscopy measurements (experimental error estimated to 10%). [c] The singlet oxygen quantum yield of fluorescein at pH 7 was taken as
reference.”> %

Evaluation of the complexes as photosensitizers against can-
cer cells

As 'O, photogeneration of the compounds could be modulated
by pH, we tested whether these complexes could be candidates
for PDT. To this end, U20S osteosarcoma cells were incubated
in the presence of various concentrations of compounds 1 and 3
or the reference compound [Ru(phen);]**. Cell viability was
then assessed following blue light irradiation (405 nm: 15.7
Wm?) or without irradiation (dark control). As displayed in
Figure 6, the PSs exhibit a low dark cytotoxicity with ICs, val-
ues over 100 uM. However, upon light irradiation, cytotoxicity
of the PSs increased by several orders of magnitude. The ICsy
values after 90 min of incubation followed by 30 min of irradi-
ation was of 14.8 uM for [Ru(phen);]**, and lower ICsy values
of 3.96 and 2.10 uM were found for the Ru" Schiff base com-
plexes 1 and 3, respectively (Table 4).

Taking advantage of the luminescence of the compounds, a first
insight into the cellular penetration potency and subsequent cel-
lular localization of the compounds upon incubation using con-
focal microscopy imaging was achieved. Cell penetration as-
says were performed using the same U20S osteosarcoma cell
line and DRAQS as nuclear marker. Compounds 1 and 2 pene-
trated U20S cells within 90 min and located mainly in the nu-
cleus (see SI, Figure S35), which is consistent with their nega-
tive logP values (Table 3). Complex 3, that possesses salicylic
moieties instead of fluorescein fragments, also penetrated the
cell but localizes both in the nucleus and in the cytosol (see SI,

Figure S36). The preferential targeting of complexes 1 and 2 to
the nucleus compared to compound 3 might be related to the
extended aromatic structure of fluorescein in comparison to sal-
icylic fragments conferring a higher affinity towards the genetic
material.
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Figure 6 - Cell viability of U20S cells in full medium (DMEM, pH 7.4)
depending on the concentration of complexes 1 (purple) and the control
[Ru(phen)s]** (C) (black) upon blue light irradiation for 30 min (+ light)
and in the dark (- dark). Cell viabilities were determined using the tetrazole
derivative cell proliferation reagent WST-1 test after a further 24 h of incu-
bation.

Table 4 — Calculated ICs values of the different compounds for given conditions.

Conditions [Ru(phen);]* 1 3

light, full medium 14.8£2.1 uyM 3.96 £ 0.65 uM 2.10+0.60 uM
light pH 5.5 148+ 1.9 uM 0.93+0.23 uM 1.15+£0.15 uM
light pH 7.5 13.8+£2.1 uM 3.84+£0.75 uM 1.93+£0.27 uM
dark, full medium >100 uM > 100 uM > 100 uM




dark, pH 5.5 79 £20 uM

dark, pH 7.5 > 100 uM

> 96 uM > 100 uM

> 100 uM > 100 uM

The results represent mean & CI of 12 experiments (CI: confidence interval 95%). Irradiation time is of 30 min.

Evaluation of the complexes as pH sensitive photosensitiz-
ers

The results obtained in the previous sections demonstrated the
applicability of the fluoresceine-containing compounds as PS
candidates for PDT. To test their potential as pH-sensitive PDT
agents, U20S cells were incubated for 5 minutes in an “Intra-
cellular pH Calibration Buffer Kit, Thermo Fisher Scientific”
(see the experimental section) at pH 5.5 or 7.5 prior to and dur-
ing the irradiation step. This protocol was recently implemented
by Resch-Genger and co-workers for a similar study.’ These
experiments aim to assess the impact of acidity on the photocy-
totoxicity of the compounds, as cancer cells are often reported
to evolve at more acidic pH than healthy cells. The stability of
the Schiff base link in complexes 1-3 was assessed at pH 5.5 for
a duration of 72 hours, demonstrating no degradation of the
compounds. The robust conjugation observed in these Schiff
bases is widely acknowledged as a factor contributing to their
increased resistance to hydrolysis under mildly acidic condi-
tions. The ability of the salphen site of complex 1 to bind to
Mg?" cations was also tested using a physiological concentra-
tion of Mg?". The unchanged UV/vis spectra of complex 1 con-
firmed that the complex does not bind to Mg*". The
[Ru(phen);]** complex was used as a control as its ability to
photoproduce singlet oxygen is not influenced by pH variations.
Table 4 gathers the ICs, values obtained in the dark and under
irradiation for the different compounds at pH 5.5 and 7.5, as
well as in full medium conditions (DMEM, pH 7.4). The tox-
icity of the compounds in the dark appeared to be very low, with
most ICs values above 100 uM, irrespective of the pH. How-
ever, upon light irradiation with blue light, cytotoxicities dras-
tically increased giving rise to high photo-indexes. As depicted
in Figure 7 and in agreement with a pH independent photopro-
duction of '0,, the control compound [Ru(phen);]** displayed
similar cytotoxicity upon irradiation at pH 5.5 and 7.5 with ICs,
values of 13.2 and 14.2 uM, respectively. Hence, with ICs val-
ues close to those measured in full medium conditions (14.8
puM), the impact of the “intracellular pH calibration buffer” in-
cubation step has no deleterious effect on cell viability.

Strikingly, the 4-5-fold decrease of the ICsy determined for
complex 1 at pH 5.5 compared to pH 7.5 clearly demonstrated
that cytotoxic ROS photoproduction was pH-dependent. The
ICsp decrease was however lower than expected from the 'O,
photoproduction assays performed in vitro. We hypothesized
that this lower effect might be due to the accumulation of the
compounds in various subcellular compartments which might
be different upon change of intracellular pH. We therefore re-
peated cell penetration assays under those pH conditions to
evaluate their impact on cellular uptake and localization of the
compounds.
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Figure 7 - Cell viability of U20S cells after a 5 min incubation step and
blue light irradiation for 30 min in buffer at pH 5.5 or 7.5 depending on the
concentration of complexes 1 (purple and orange) and the control
[Ru(phen);]** (C) (grey). Cell viabilities were determined using the te-
trazole derivative cell proliferation reagent WST-1 test after a further 24 h
of incubation.

Complex 1-pH5.5

Complex1-pH7.5

Figure 8 - Cell penetration studies. Confocal microscopy pictures of U20S
cells after incubation with 10 uM of complex 1 in DMEM for 1,5 hours
followed by incubation for 5 minutes in a buffer at either pH 5.5 (A-C) or
pH 7.5 (E-G). Nucleus was stained in red by DRAQS (A and D); the fluo-
rescence of the fluorescein moiety of the Ru' complex appears in yellow (B
and F). C and G are merged images. Images D and H show 3D images re-
built from Z-stack experiments.



Cell penetration assays performed by 2D and 3D confocal mi-
croscopy revealed that incubation at pH 5.5 drastically changed
the location of complex 1 in the cell, with the compound no
longer accumulating in the nucleus, but rather into smaller cell
compartments (Figure 8, top). Even if the complex did not ac-
cumulate in the nucleus in these pH conditions, the lower ICs
was consistent with higher photocytotoxicity. The same exper-
iment was repeated using a pH 7.5 buffer (Figure 8, bottom)
and revealed that complex 1 also accumulated outside the nu-
cleus.

These cell penetrations assays carried out at various pH high-
lighted the strong sensitivity of the subcellular location of the
compounds as a function of the pH. While their dark cytotoxic-
ities are very low (ICsp > 100 uM) , the light-induced cytotox-
icities in the submicromolar range observed for complex 1 with
an internal pH of 5.5 outperform PSs studied in the same con-
ditions against U20S.?* 2 However, no comparison of the ad-
vantages of the pH-controlled cytotoxicity of the complexes can
be made as there are presently no data available for other pH-
controlled Ru' complexes able to photosensitize molecular ox-

ygen.

CONCLUSIONS

This research included the synthesis, characterization and pho-
tophysical studies of pH-activatable luminescent 'O»-generat-
ing Ru" Schiff base complexes. The Ru centre is responsible for
the ability of the compound to photoproduce 'O, with high
quantum yields, while the fluorescein moiety and particularly
its carboxylic acid function is the origin of the on/off switch of
the PS in the pH 5-7 range. Consequently, the resulting com-
plexes show a pH-dependent 'O, generation ability which make
them more effective at the acidity level observed in most tu-
moral tissues (pH 5.5-6.5). The photophysical properties of the
complexes appeared to be strongly influenced by their environ-
ment. In acetonitrile, the emission was centred at ca. 600 nm
with excited-state lifetimes >400 ns, while in water, fluores-
cence was measured at ca. 515 nm with short excited-state life-
times (4-5 ns). This can be explained by the open form of the
fluorescein moiety present in protic solvents, such as water,
which lead to a bright emission centred on the fluorescein frag-
ment, likely hiding the Ru-centred emission. In acetonitrile, the
poorly emissive lactone form of fluorescein dominates, allow-
ing Ru-centred emission to be seen. This hypothesis was further
confirmed by time-resolved emission spectra.

This study also aimed at evaluating the ability of the complexes
to act as photosensitizers for PDT. The 'O, trap experiments
showed the pH sensitivity of the 'O, photoproduction quantum
yields in water, which increased by a factor 10 in slightly acidic
conditions compared to the physiological conditions of pH 7.5.
In cellulo studies using U20S osteosarcoma cell lines showed
that light irradiation triggered an increased cytotoxicity of the
compounds. Indeed, cells irradiated with blue light for 30 min
were almost completely eradicated at micromolar concentra-
tions of the complex, while in dark conditions, concentrations
of several orders of magnitude higher were tolerated. Moreover,
we showed that the pH control of the photosensitizer, and by
extension the 'O, photoproduction, can provide the basis for
pH-dependent photocytotoxicity of Ru" complexes. This was
demonstrated with the [Ru(phen),dfsa]** complex (pKa=5.1)
that showed a 4-5-fold increase in photocytotoxicity at pH 5.5
compared to pH 7.5, reaching an ICsy of 0.88 uM. This 4-5 fold

increase is similar to the one reported for pH controllable
BODIPY dyes and is more likely related to the “switched-on”
10, generation at lower pH.? Cell penetration assays revealed a
high sensitivity to the intracellular acidity on the cell location
of the compounds. The results presented underline the potential
application of Ru" Schiff base complexes bearing a pH switch-
able moiety, such as fluorescein, as pH-controllable 'O,-gener-
ating photosensitizers. The compounds also showed higher
photo-indexes compared to the previously reported pH-control-
lable BODIPY dyes. The developed compounds are also more
water soluble and easier to prepare than the BODIPY and por-
phyrin dyes previously studied as pH activatable photosensitiz-
ers.® 8 Future research will aim at investigating the further po-
tential of the compounds with studies on in vivo systems.

EXPERIMENTAL SECTION
Reagents and characterization

[Ru(phen),Cl,] precursor, 5,6-diamino-1,10-phenanthroline
and 5-amino-1,10-phenanthroline were synthesized according
to previously described literature protocols.?® All solvents and
reagents for the synthesis were of reagent grade and were used
without any further purification. All solvents for the
spectroscopic and electrochemical measurements were of
spectroscopic grade. Water was purified with a Millipore Milli-
Q system. '"H NMR experiments were performed in CD;CN or
d6-DMSO on a Bruker AC-300 Avance II (300 MHz) or on a
Bruker AM-500 (500 MHz) at 20 °C. The chemical shifts
(given in ppm) were measured vs the residual peak of the
solvent as the internal standard. High-resolution mass
spectrometry (HRMS) spectra were recorded on a Q-Exactive
orbitrap from ThermoFisher using reserpine as the internal
standard. Samples were ionized by electrospray ionization
(ESI; capillary temperature = 320 °C, vaporizer temperature =
320 °C, sheath gas flow rate = 5 mL min™! ). HPLC analyses
were performed on a Waters Alliance 2690 using a XBridge
C18 column (50 x 4.6 mm; 2.5 um) as stationary phase. The
elutions were performed with a gradient starting from
water/acetonitrile 90-10 (0.1% TFA) to water/acetonitrile 10-
90 (0.1% TFA).. All compounds are >95% pure by HPLC
analysis.

Synthesis

dfsa ligand. To a refluxing solution of 5,6-diamino-1,10-phe-
nanthroline (105 mg, 0.50 mmol) in ethanol were added two
equivalents of fluorescein-5-carbaldehyde (360 mg, 1.00
mmol) and a catalytic amount of acetic acid (20 puL). The reac-
tion was maintained at reflux for 3 hours. The so-formed orange
precipitate was filtered and succinctly washed with ethanol and
ether which afforded the dfsa ligand (135 mg, 0.15 mmol, 31%)
as an orange solid. 'H NMR (DMSO-ds, 300 MHz) § 12.37
(2H, s, -COOH), 10.24 (2H, s, -OH), 9.72 (2H, s, -CHN-), 9.41
(2H, dd, J = 8.2, 1.5 Hz, H}2), 9.22 (2H, dd, ] = 4.7, 1.5 Hz,
Hy), 8.17 (2H, dd, J = 8.2, 4.7 Hz Hy;), 8.11 — 8.00 (2 H, m,
H;), 793 — 7.68 (4H, m, H>-3), 7.43 — 7.31 (2H, m, Hy), 6.99
(2H, d, J = 1.8 Hz, Hy), 6.90 (2H, d, ] = 8.8Hz, H), 6.87 — 6.78
(4H, m, Hs-4), 6.73 — 6.55 (2H, m, H7). HRMS-ESI calculated
for [Cs3HioN4Os]t fragment: m/z 551.13500, found: m/z
551.13561.

mfsa ligand. To a refluxing solution of 5-amino-1,10-phenan-
throline (195 mg, 1.00 mmol) in ethanol were added fluores-
cein-5-carbaldehyde (360 mg, 1.00 mmol) and a catalytic
amount of acetic acid (20 pL). The reaction was maintained at



reflux for 3 hours. The so-formed salmon precipitate was fil-
tered and succinctly washed with ethanol and ether which af-
forded the mfsa ligand (223 mg, 0.42 mmol, 42%) as an orange
solid. "H NMR (DMSO-ds, 300 MHz) 5 10.22 (broad s, 1H, -
OH), 9.73 (s, 1H, -CHN), 9.20 (dd, J=4.2, 1.7 Hz, 1H, H}3),
9.11 (dd, J = 4.3, 1.7 Hz, 1H, H}4), 8.65 (dd, J = 8.3, 1.7 Hz,
1H, H;1), 8.58 (dd, J=8.2, 1.8 Hz, 1H, Hys), 8.08 (s, 1H, H}y),
8.04 (d,J=7.7Hz, 1H, H;), 7.89 (dd, J= 8.3, 4.2 Hz, 1H, H}>),
7.88 —7.80 (m, 2H, H; and Hs), 7.79 — 7.72 (m, 1H, H3), 7.35
(d,J=17.7THz, 1H, Hy), 6.94 (s, |H, m, Hs), 6.90 (d, J=8.9 Hz,
1H, H,), 6.82 (d, J= 8.9 Hz, 1H, Hj), 6.63 (d, /= 1.0 Hz, 2H,
Hs and H;). HRMS-ESI calculated for [C33HioN3Os]" @ m/z
536.12410, found: m/z 536.12580.

General procedure for the chelation of [Ru(phen);Cl;]. The
dichloro precursor [Ru(phen),Cl>] (1.0 eq) and the ligand (1.0
eq) were mixed in absolute ethanol. The reaction medium was
then stirred at 80 °C until the precursor was consumed as mon-
itored by TLC. Afterwards, ethanol was evaporated and addi-
tion of small portions of an aqueous solution of NH4PF yielded
to the formation of a precipitate. After centrifugation, the crude
solid was washed several times with water and was then dried
under reduced pressure. The residue was finally purified by
flash chromatography on silica gel (CH3;CN/H0O/ KNOsgy).
The addition of a saturated solution of KNO; to the eluent mix-
ture allows to increase the ionic strength of the eluent and eases
complexes purification. The counter-anion exchange from PFg
to CI was performed by adding small portions of NBusCl to a
solution of the complex in acetone. This led to the precipitation
of the complex which was then washed three times with acetone
to remove any exceeding salts.

[Ru(phen),dfsa]®* 1. Using general procedure with
[Ru(phen),Cl>] (20 mg, 0.038 mmol) and dfsa ligand (33 mg,
0.038 mmol) gave the crude product that was purified by flash
chromatography on silica (CH3;CN/H,O/ KNOsg 10:1:1/2) to
provide [Ru(phen).dfsa]** as a red solid (32 mg, 0.020 mmol,
52%). Ry 0.28 (CH;CN/H,O/ KNOsq 10:1:1/2); '"H NMR
(CDsCN, 500 MHz) & 13.55 (s, 1H, -COOH), 9.08 (d, J = 8.1
Hz, 2H, H.), 8.53 (d, J= 1.3 Hz, 2H, H>), 8.51 (d, /= 1.2 Hz,
2H, H,), 8.18 (s, 4H, Hsand Hy), 8.02 (broad s, 2H, Hy), 7.87-
7.93 (m, 6H, H,, H;and H7), 7.87 (m, 2H, H;), 7.71 (dd, J =
7.4, 1.4 Hz, 2H, H;), 7.67 (dd, J= 7.3 Hz, 4.6 Hz, 2H, H;), 7.55
(m, 6H, Hy, H; and Hy), 7.23 (m, 2H, H;),7.20 (d, J=7.5 Hz,
2H, H)), 6.80 (d, /= 1.6 Hz, 2H, H.), 6.69 — 6.64 (m, 2H, Hy),
6.64 — 6.58 (m, 2H, H,). HRMS-ESI calculated for
[Cs7H34NsOsRul*: m/z 506.08492, found: m/z 506.08423.

[Ru(phen);mfsa]** 2. Using general procedure with
[Ru(phen),Cl>] (20 mg, 0.038 mmol) and mfsa ligand (20 mg,
0.038 mmol) gave the crude product that was purified by flash
chromatography on silica (CH3;CN/H,O/ KNOsg 10:1:1/2) to
provide [Ru(phen),mfsa]’*" as an orange solid (28 mg, 0.023
mmol, 60%). R 0.31 (CH;CN/H,O/ KNOsq 10:1:1/2); 'H
NMR (DMSO-dé6, 500 MHz) 6 8.88 (dd, J=8.5, 1.2 Hz, 2H),
8.78 (d,J=1.3 Hz, 2H), 8.76 (d, /= 1.3 Hz, 2H), 8.76 — 8.73
(m, 2H), 8.38 (s, 4H), 8.38 (s, 1H), 8.29 (dd, /=8.5, 1.2 Hz,
2H), 8.10 - 8.03 (m, 7H), 8.00 (dd, J=5.2, 1.2 Hz, 2H), 7.83
—7.76 (m, SH), 7.76 — 7.75 (m, 1H), 7.74 — 7.73 (m, 1H),
7.69 (dd, J=8.5, 5.3 Hz, 2H), 7.56 (dd, /= 5.1, 1.2 Hz, 2H),
7.45 (dd, J= 8.4, 5.1 Hz, 2H), 7.08 (s, 2H), 6.93 (s, 2H).

Photophysical measurements

UV/Vis absorption spectra were recorded on a Shimadzu UV-
1700 spectrophotometer. Room temperature luminescence

spectra were recorded on a Varian Cary Eclipse instrument.
Quantum yields were obtained using [Ru(bpy):]** as a refer-
ence.'” Luminescence lifetime measurements were performed
after irradiation at A=450 nm obtained as the second harmonic
of a titanium: sapphire laser (picosecond Tsunami laser Spectra
at a repetition rate of 80 kHz. A Fluotime 200 instrument from
AMS Technologies was used for the decay acquisition. It con-
sists of a GaAs microchannel plate photomultiplier tube (Ha-
mamatsu model R3809U-50) followed by a time-correlated sin-
gle-photon counting system from Picoquant (PicoHarp300).
The ultimate time resolution of the system is close to 4 ps. Lu-
minescence decays were analyzed with FLUOFIT software
available from Picoquant. Steady state luminescence titrations
were performed in 10 mM HEPES pH 7.4, 50 mM NaCl and
100 mM KCI. The complex concentration was kept at 5 uM.
For delay maps, a Xenon lamp was used to generate visible
range light and near-UV light. Emission spectra were recorded
thanks to the Hamamatsu 928 PMT-LP phototube. The excita-
tion source was a laser of 420 nm wavelengths. All the meas-
urements were done with 30 scans and were integrated over
time (0 ns to 30 ps). All the data were transferred onto a PC and
were reworked using Origin.

Singlet oxygen quantum yield

Singlet oxygen quantum yields of the complexes were deter-
mined in milliQ water by monitoring the decomposition of AVS
(= Anthracene-9,10-divinylsulfonate), a 'O, trap, on a time
range extending from 0 to 15 minutes. Practically, a solution
containing AVS (Absorbance = 1 at 395 nm) and the photosen-
sitizer (Absorbance = 0.025-0.05 at 465 nm was irradiated at
465 nm using a LED (465 nm). The decomposition of AVS was
then monitored by analysing the absorption decay of AVS at
395 nm by a UV-1700 Pharma Spec Shimadzu. The @, of the
complex (Ru) can be obtained by comparing the measured slope
of AVS decomposition k(Ru) with the one measured for the ref-
erence compound fluorescein k(fluo) whose the @, is reported
(@4 = 0.030).% The @, of the Ru complex is then obtained after
correction of the absorbance at 465 nm (A4es) using the follow-
ing Equation ES1:

A (fl k

Equation ES1

Cell penetrations assays

U20S cells were grown at 37 °C in a humidified atmosphere
with 5% CO, in DMEM medium (Westburg) containing 10%
fetal bovine serum (FBS) (Gibco) and 1% penicillin/streptomy-
cin (Westburg). 20000 cells were seeded onto a coated micro-
scope slide and incubated with 20 uM of complex for 1,5 h in
the dark. After incubation, the medium containing the complex
was removed, and fresh medium was added to the cells. The
cells were rinsed in pre-warmed PBS, fixed in 4% paraformal-
dehyde (VWR) for 10 min, and labelled with DRAQS (eBiosci-
ence) following the instructions of the manufacturer. A confo-
cal laser scanning microscopy system (Zeiss LSM 710) was
used to acquire the images, which were processed with Zen
software.

Cell penetrations assays at various pH

U20S cells were grown at 37 °C in a humidified atmosphere
with 5% CO, in DMEM medium (Westburg) containing 10%



fetal bovine serum (FBS) (Gibco) and 1% penicillin/streptomy-
cin (Westburg). 20000 cells were seeded onto a coated micro-
scope slide and incubated with 20 uM of complex for 1,5 h in
the dark. After incubation, the medium containing the complex
was removed, and the cells were incubated for 5 minutes with a
buffer solution at either pH 5.5 or pH 7.5 containing nigericin
and valinomycin antibiotics (the intracellular pH calibration
buffer kit was purchased from ThermoFisher). The cells were
then rinsed in pre-warmed PBS, fixed in 4% paraformaldehyde
(VWR) for 10 min, and labelled with DRAQS (eBioscience)
following the instructions of the manufacturer. A confocal laser
scanning microscopy system (Zeiss LSM 710) was used to ac-
quire the images, which were processed with Zen software.

Photo-cytotoxicity experiments

U20S cells were cultured for 24 h in DMEM (Westburg) con-
taining 10% FBS (Gibco) and 1% penicillin/streptomycin
(Westburg) in 96-well plates at an initial density of 10000
cells/well. The supernatant was then removed and fresh me-
dium containing different concentrations the complex was
added. After one hour and a half of incubation at 37 °C in the
dark, cells were rinsed twice with 1x PBS to remove non-inter-
nalized complex. They were then illuminated for 30 min with
blue LEDs (LED strip IP68 60 LEDm™! from Prolumia, 405 nm
at 15.7 Wm). The distance between the light source and the
culture plate was 10 cm. Dark controls were protected from il-
lumination with aluminium foil. Illuminated and control cul-
tures were directly put back in the incubator after addition of
fresh medium and incubated for another 24 hours. Cell viability
was measured 1-day post-irradiation using 10 pL/well of WST-
1 reagent (Roche) following the manufacturer’s instructions.
The ratio of the optical density at A = 450 nm under each set of
conditions to that of control cells (non-transfected and non-ir-
radiated, 100% viability) was used to determine the relative vi-
ability. Experiments were performed as biological triplicate
with 4 measurements each time.

Photo-cytotoxicity experiments at various pH

U20S cells were cultured for 24 h in DMEM (Westburg) con-
taining 10% FBS (Gibco) and 1% penicillin/streptomycin
(Westburg) in 96-well plates at an initial density of 10000
cells/well. The supernatant was then removed and fresh me-
dium containing different concentrations of the complex was
added. After one hour and a half of incubation at 37 °C in the
dark, cells were rinsed twice with 1x PBS to remove non-inter-
nalized complex. Cells were then incubated for 5 minutes with
a buffer solution at either pH 5.5 or pH 7.5 containing nigericin
and valinomycin antibiotics (the intracellular pH calibration
buffer kit was purchased from ThermoFisher) as already re-
ported for this type of study.® They were then directly illumi-
nated in the buffer for 30 min with blue LEDs (LED strip IP68
60 LEDm! from Prolumia, 405 nm at 15.7 Wm). The distance
between the light source and the culture plate was 10 cm. Dark
controls were protected from illumination with aluminum foil.
Illuminated and control cultures were directly put back in the
incubator after addition of fresh medium and incubated for an-
other 24 hours. Cell viability was measured 1-day post-irradia-
tion using 10 pL/well of WST-1 reagent (Roche) following the
manufacturer’s instructions. The ratio of the optical density at
A =450 nm under each set of conditions to that of control cells
(non-transfected and non-irradiated, 100% viability) was used
to determine the relative viability. Experiments were performed
as biological triplicate with 4 measurements each time.
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AVS, anthracene-9,10-divinylsulfonate; BODIPY, boron-di-
pyrromethene; CH3;CN, acetonitrile;  dfsa, 5,6-difluoresce-
indiimine-1,10-phenanthroline; ICs, half-maximal inhibitory
concentration; mfsa, S-monofluoresceindiimine-1,10-phenan-
throline; MLCT, metal to ligand charge transfer; PDT, photo-
dynamic therapy; phAMP’s, pH-Activated Metallo Prodrugs;
PS, photosensitizer; @, quantum yields for singlet oxygen pho-
toproduction; 1, luminescence lifetime.
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