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ABSTRACT

Photosubstitutionally active ruthenium complexes show high
potential as prodrugs for the photoactivated chemotherapy
(PACT) treatment of tumors. One of the problems in PACT
is that the localization of the ruthenium compound is hard to
trace. Here, a ruthenium PACT prodrug, [Ru(3)(biq)(STF-
31)1(PFg), (where 3 = 3-(([2,2':6',2"-ter- pyridin]-4'-yloxy)
propyl-4-(pyren-1-yl)butanoate) and biq = 2,2'-biquinoline),
has been prepared, in which a pyrene tracker is attached via
an ester bond. The proximity between the fluorophore and
the ruthenium center leads to fluorescence quenching. Upon
intracellular hydrolysis of the ester linkage, however, the flu-
orescence of the pyrene moiety is recovered, thus demonstrat-
ing prodrug cellular uptake. Further light irradiation of this
molecule liberates by photosubstitution STF-31, a known
cytotoxic nicotinamide phosphoribosyltransferase (NAMPT)
inhibitor, as well as singlet oxygen via excitation of the free
pyrene chromophore. The dark and light cytotoxicity of the
prodrug, embedded in liposomes, as well as the appearance
of blue emission upon uptake, were evaluated in A375 human
skin melanoma cells. The cytotoxicity of the liposome-
embedded prodrug was indeed increased by light irradiation.
This work realizes an in vitro proof-of-concept of the lock-
and-kill principle, which may ultimately be used to design
strategies aimed at knowing where and when light irradiation
should be realized ir vivo.

INTRODUCTION

Nowadays, a plethora of transition metal complexes are consid-
ered for medicinal application against cancer, including those
based on platinum, palladium, copper, or ruthenium (1). Particu-
larly, ruthenium-based (pro)drugs have been prepared, some of
which have reached clinical trials, for example NAMI-A,
KP1019 and KP1339, and TLD1433 indicating that ruthenium-
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containing compounds are promising anticancer agents (2-5).
They are particularly suitable for photodynamic therapy (PDT)
and photoactivated chemotherapy (PACT), two treatment modali-
ties where a prodrug is activated upon visible light irradiation to
induce cell death only at the location of the tumor. The complex
left in nonirradiated tissues remains nontoxic or much less toxic,
thereby minimizing systemic toxicity for the patient (6-10). PDT
typically relies on the production of reactive oxygen species
(ROS) by energy or electron transfer from the excited state of
the ruthenium complex to O,. By contrast, in PACT, the excited
state releases a cytotoxic compound via a photosubstitution reac-
tion that is independent from the presence of O,. This specific
mode of activation of PACT is relevant for oncology, as many
tumors are hypoxic ([O,] < 1%) in their core. Hypoxic tumors
are more difficult to treat, not only by radiation therapy but also
by PDT (11,12). The cytotoxic species in PACT may be the
ruthenium polypyridyl complex itself, but the complex may also
be used as a photocage to hide the anticancer activity of an
organic inhibitor. In the dark, the inhibitor remains inactive as it
is bound to the metal, but it is re-activated by light irradiation,
which removes the ruthenium photocage (13-16). A recent
example of this principle is the photoactivatable ruthenium com-
plex [Ru(tpy)(big)(STF-31)]Cl,, where tpy = 2,2:6'2"-
terpyridine, biq = 2,2'-biquinoline and STF-31 = 4-((4-t-butyl)
phenylsulfonamido)methyl-N-(pyridin-3-yl)benzamide (17). This
PACT compound is a photocaged version of the biologically
active STF-31 moiety, which is a known glucose transporter 1
(GLUT1) and nicotinamide phosphoribosyltransferase (NAMPT)
inhibitor (18,19). When bound to the ruthenium metal center,
STF-31 is 18 times less active than the free inhibitor. Once it is
released from the metal complex, however, it regains its ability
to inhibit NAMPT, leading to significant cell death (17).

For efficient application of light-activated technologies to can-
cer patients, it is of utmost importance that surgeons can localize
the tissue that should be irradiated with light. Typically, PDT
compounds (e.g. protoporphyrin IX) are luminescent, which is
used by the surgeon not only to localize the tumor in a proce-
dure called photodynamic diagnosis (PDD) (20-24) but also to
pinpoint where to shine light in vivo to destroy the tumor via a
photodynamic effect (25). Ruthenium-based PACT compounds,
on the other hand, are generally not emissive. In these com-
pounds indeed, the triplet metal-to-ligand charge transfer
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(®MLCT) excited states typically responsible for the phosphores-
cence of photodynamically active ruthenium compounds such as
[Ru(bpy)s]** (bpy = 2,2-bipyridine) are quenched by the low-
lying triplet metal-centered (*MC) excited states required for
photosubstitution to take place (26). Thus, localizing the precise
location where a PACT compound has been taken up, and hence
where the laser should be directed to activate it, is inherently dif-
ficult.

To address this issue, we investigated in this study a new
design for a ruthenium-based PACT compounds that can reveal
itself after cellular uptake. The complex [Ru(3)(biq)(STF-31)]
(PFg)> ([11(PFg),), where 3 = 3-(([2,2:6/,2"-terpyridin]-4’-yloxy)
propyl-4-(pyren-1-yl)butanoate) bears a pyrene fluorescent tag
attached to the terpyridine ligand via an intracellularly degrad-
able ester linker (Fig. 1A). Before uptake, the fluorophore emis-
sion is quenched by the nearby ruthenium moiety. Upon cellular
uptake, however, emission is recovered by esterase-activated
cleavage of the linker, which releases free 1-pyrenebutyric acid.
In fact, ester cleavage in living cells has been reported to occur
quickly, which has been applied for prodrug activation, bio-
imaging and uptake visualization (27-30), in particular in cancer
cells where esterases are overexpressed (31,32). Cancerous tis-
sues are thus more likely to light up than noncancerous tissues.
This strategy is aimed at creating an optical contrast that pin-
points the location of the PACT compound inside the tumor, to
reveal where irradiation should be delivered. Upon light irradia-
tion, the PACT compound should be able to kill the cancer cells
by photo-activated release of STF-31 (Fig. 1B-D). In this work,
we investigate the synthesis and properties of [1](PF¢), as a
proof-of-concept of this design. The hydrophobic compound was
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formulated in liposomes and delivered to skin cancer cells. Our
results provide the demonstration that pyrene-based fluorescence
is indeed recovered via ester cleavage by enzymes, which can be
detected via fluorescence microscopy, and that STF-31 release
takes place, leading to phototoxicity.

RESULTS AND DISCUSSION

The synthesis of [1](PF¢), was inspired by the published proto-
col for making the fluorophore-free complex (17), but modified
as follows (Scheme 1). First, 1,3-propanediol was reacted with
4'-Cl tpy to obtain 2, to which the pyrene tag was attached by
Steglich-esterification using 1-pyrenebutyric acid, to afford 3.
[(Ru(3)Cl,)], (compound [4]) was obtained via the metalation of
ligand 3 in the presence of [(Ru(p-cymene)Cly)],, and further
converted into [Ru(3)(biq)(C1)]CI ([S]CI) by coordination of the
biq bidentate chelate to the ruthenium center. Thermal substitu-
tion of the chlorido ligand by the STF-31 inhibitor yielded the
final compound, [1](PFg),. The reference compound [8](PFy),,
which was deprived of the pyrene fluorophore, was prepared via
the same route, but starting from ligand 2 instead of the pyrene-
functionalized ligand 3. Finally, the known complex [Ru(tpy)
(biq)(STF-31)](PFs), ([9](PFg),) was prepared according to the
published procedure. All compounds were characterized by 'H
and ">C NMR spectroscopy, LCMS and HRMS analysis. The
purity of [1](PFe), and [S]Cl was determined via elemental anal-
ysis (see Supporting Information).

UV-Vis experiments were employed to evaluate the thermal
stability and photochemical properties of [1](PF¢),. Although
[1]*" is bicationic, the strongly hydrophobic ligands and PFe~

(PFg)2 NAMPT

l Ester degradation

l Local irradiation

-0

> O

Fluorescent tag
Location tracker l

Cell Death

Figure 1. Design of a lock-and-kill PACT agent. (A) Molecular structure of [Ru(3)(biq)(STF-31)](PFs), ([1](PFg),). The different functionalities are
highlighted in different colors. (B—D) When the prodrug is internalized in a cell (B), the ester connection (violet) is cleaved by intracellular esterases,
which makes the fluorescence of the pyrene tag (green) no longer quenched by the ruthenium complex, hence lighting up the cell (green box in C). The
luminescent cells can then be treated by light irradiation, to release the STF-31 cytotoxic inhibitor (red) from the ruthenium photocage (orange, D) and

induce cell death.
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N-N-N = 3: [1](PFg),
N-N-N = 2: [8](PFe),
N-N-N = tpy: [9](PF),

Scheme 1. Synthetic scheme toward [1](PFg), and [8](PF¢),. (a) 1,3-Propanediol, KOH, DMSO, 60°C, 5 h, 75%. (b) 1-pyrenebutyric acid, DMAP,
DCC, DCM, rt, overnight, 45%. (c) Ligand 3 or 2, DCM, tt, 1 h, 68% and 92% for [4] and [6], respectively. (d) 2,2’-Biquinoline, ethylene glycol,
180°C, 2.5 h, 71% and 30% for [S]CI1 and [7]Cl, respectively. (e) SFT-31 (2.0 eq.), AgPFs, acetone/water 1:1, 50°C, 81% and 4% for [1](PFs), and [8]

(PFe),, respectively.

counter-ions prevented complex [1](PF¢), from being soluble in
water. To circumventing this problem, we dissolved [1](PFg),
([Ru] = 25 pum) in methanol to study photosubstitution of the
STF-31 ligand by methanol upon irradiation. When kept for 1 h
in dark, the absorption profile did not change, reflecting that the
complex was stable in such dark conditions. When the same
solution was irradiated with green light (4, = 530 nm), the
absorption curve changed rapidly, corresponding to a color
change from pink to purple. In a matter of minutes, the absorp-
tion maximum A, shifted from 540 nm to 554 nm, with a clear
isosbestic point at 556 nm (Fig. 2A). Mass spectrometry (MS)
after irradiation confirmed the full conversion of [1](PFe), into
its Ru-MeOH analogues (m/z = 483.6 and 966.4 for [1 — STF-
31 + MeOHJ*" and [1 — STF-31 + MeO]") and the liberated
STF-31 (m/z = 424.2), thereby confirming the occurrence of a
photosubstitution reaction.

Similar behavior was found for [8](PF¢), and [9](PF¢), in
methanol upon green light irradiation (Figure S1). The photosub-
stitution of STF-31 was completed for all ruthenium complexes
within 15 min of light exposure, that is the UV-Vis spectra
showed no more change vs. irradiation time and MS analysis
showed no remaining starting material in the irradiated solutions
(Fig. 2B). The photosubstitution quantum yield (@s39) was mea-
sured by calculating the slope of the amount of ruthenium-bound
STF-31 complex in solution, ng,.str (in mol) vs. Q(t), the total
amount of photons (in mol) absorbed by the reagent since the

start of the reaction ( = 0 min). As shown in Fig. 2C, [1](PFg),
and [8](PFg), showed almost equal photosubstitution quantum
yields (ps3p = 0.0052 and 0.0058, respectively), which were
slightly lower than that of the unmodified complex [9](PF¢),
(¢s30 = 0.012 in the same conditions). This latter value was simi-
lar to the @gps = 0.013 value reported in water for the same com-
plex using red light (625 nm, see reference (17)), showing that
photosubstitution was as efficient in water as in methanol, and
also mostly independent from the irradiation wavelength.
According to these results, the g¢s30 value was significantly
affected by the ether moiety in the 4’ position of the tpy ligand.
We hypothesize that the electron-donating effect of the ether
group in [1](PFg), and [8](PFy), is responsible for these changes:
this electron-donating group increases the electron density of the
tpy ligand, hence the ligand field splitting energy of the complex,
and hence the energy gap between the MLCT and the *MC
state. As a result, photosubstitution is slower compared to other
processes taking place from the MLCT, which lowers the photo-
substitution quantum yield ¢s3o. On the other hand, the presence
of the pyrene moiety on the ether-modified tpy ligand of [1]
(PFs), did not impair the photoreactivity of the ruthenium com-
plex, which was identical to that of [8](PF¢),, probably because
of the high energy of the pyrene-centered excited states, com-
pared to the ruthenium-involving *MLCT and *MC states. When
irradiation of [1](PF¢), and [9](PFs), was performed in the
region where pyrene absorbs (4, = 365 nm, Figure S2), the
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Figure 2. Photosubstitution of STF-31. (A) Evolution of absorbance of a solution of [1](PFg), (25 pm) in pure methanol, upon irradiation with green
light (i = 530 nm, photon flux = 1.36 x 10”7 mol-s ') after 1 h equilibration in the dark at rt. Spectra display the absorbance at the start of irradia-
tion (red) to 10 min after irradiation started (blue), recorded every 30 s. (B) Absorbance change (AA at Ay.x) vs. irradiation time for [1](PFg),, [8](PFg)2
and [9](PF¢), (denominated Ru-STF: blue, red and black solid line, resp. 540, 538 and 531 nm), and for their corresponding photoproducts (denomi-
nated Ru-MeOH: blue, red and black dashed line, resp. 554, 552 and 580 nm). (C) Evolution of the amount of Ru-STF complexes in solution, ngy.str
in mol, vs. Q(t) (in mol), defined as the total amount of photons absorbed by the Ru-STF complexes since ¢t = 0 min, for [1](PFg), (blue), [8](PFs),
(red) and [9](PFg), (black); the slope of these plots are the quantum yields ¢s3o of the photosubstitution reaction in pure methanol. (D) Absorbance vs.
time at Am.x for [1](PFs), and the photoproduct (red: Zpm.x = 540 nm and blue: Ay.x = 587 nm) in a methanol/water = 95:5 (v/v) mixture. Irradiation
started at # = 60 min and was switched off and on (green bars) repeatedly, every 30 min. Spectra were recorded every 30 s.

photosubstitution kinetics observed at this wavelength were simi-
lar to those obtained for green light irradiation, that is in such
conditions the reaction was finished within a few minutes. In
addition, no significant increase of the rate of photosubstitution
was found for [1]*", compared to [9]**, suggesting that FRET
did not play a significant role when [1]** was irradiated at
365 nm. Overall, photosubstitution of STF-31 in [1]2+ was
affected by the presence of the ether linker on the terpyridine
ligand, but not by the presence of the covalently bound pyrene
moiety.

For all three complexes, STF-31 photosubstitution in metha-
nol was an irreversible process, that is in the dark no back-
coordination of STF-31 to the ruthenium methanol complex
was observed. Interestingly, in presence of 5% water (MeOH/
H,0 = 95:5 (v/v)), the photoreaction seemed to become reversi-
ble. After reaching the steady state, switching off the light
source led to reverse changes of the absorption spectrum of the
solution, compared with the changes observed under light

irradiation, and identical isosbestic points. In addition, switching
on and off the light source twice more led to identical time
evolution of the absorbance spectra (Fig. 2D, Figure S3A,B),
and the spectra at the steady state (under light irradiation) or
thermal equilibrium (in the dark) were identical (Figure S3C,
D). Based on these data, we hypothesize that the photosubstitu-
tion reaction was reversible in such conditions, that is that
STF-31 may partly bind back to ruthenium in the dark. Such
reversibility solely obtained upon adding water may be attribu-
ted to solvation effects: in pure methanol, both the liberated
STF-31 and the ruthenium photoproduct are soluble enough to
diffuse away from each other, which prevents them from react-
ing back thermally to form [1]2+. In the presence of water,
however, the reaction products diffuse less than in methanol
due the high lipophilicity of the compound. This effect keeps
both photoproducts close to each other by the water molecules
in a solvent “cage,” and the back-reaction is thus more likely
to occur (33). Such reversibility, although interesting, is
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probably not relevant to explain what happens in a biological
setting: cells are full of hydrophobic regions (proteins, mem-
branes, DNA, etc.), which would be capable of solvating the
photoproducts of photosubstitution in [1]**, thereby preventing
back-coordination. Overall, all three complexes uncaged the
STF-31 ligand upon green light irradiation and adding the pyr-
ene group did not prevent this photosubstitution to occur.

As the pyrene moiety and the ruthenium complex can be
addressed independently by shining UV or visible light, respec-
tively, it was also possible to study the effect of the ruthenium
complex on the emission of the fluorophore. We postulated that
the presence of the ester linker is crucial for altering the emission
properties of the pyrene group, and that such quenching by the
ruthenium complex is relieved once the ester linker is cleaved
(Fig. 3A). In order to verify this hypothesis, we studied the
luminescence properties of the intact complexes [1](PFg), and
[S]IC1 and that of the ester degradation products [7]Cl and
1-pyrenebutyric acid in methanol. Complex [1](PFg), (50 um)
was found to be nonfluorescent, while complex [S]Cl showed a
weak emission at A, = 395 and 375 nm upon excitation at
Aex = 354 nm. In comparison, upon mixing 1-pyrenebutyric acid

Photochemistry and Photobiology 5

and [7]Cl at the same concentration, a strong emission was
recorded at Ao, = 395 and 375 nm, indicating that diffusional
quenching by an unbound ruthenium complex was not efficient
(Fig. 3B and Figure S4). Nevertheless, it did occur to some
extent, as 1-pyrene butyric acid alone exhibited stronger fluores-
cence at Aey, = 375-400 nm in the absence of a ruthenium com-
plex. The ruthenium complex absorbed in the region where free
1-pyrenebutyric acid emitted, so a filter effect is also likely here
(Fig. 3C). Most importantly, fluorescence quenching was much
stronger when the pyrene group was covalently attached to the
complex. We hypothesized quenching occurred via Forster reso-
nance energy transfer (FRET), as reported for a pyrene-labeled,
photosubstitution-inactive ruthenium(Il) trisbipyridine complex
(34). The Forster distance R, at which quenching of the fluores-
cence by FRET has an efficiency of 50% was calculated to be
24 A (see Supporting Information). In a model of [11*" (simu-
lated with Yasara), we evaluated the Ru-pyrene distance to be
~20 A (Figure S5), which is quite smaller than Rj. This short
distance is compatible with an efficient quenching of the pyrene
tag by FRET to ruthenium in compounds [1]2+, and the corre-
sponding FRET efficiency was calculated to be grrer = 0.76.
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Figure 3. Quenching of the pyrene tag emission by ruthenium, and effect of ester degradation on 1-pyrenebutyric acid emission. (A) Upon cleavage of

Wavelength (nm)

the ester bond, the 1-pyrenebutyric acid (black star) is liberated, and is no longer quenched by the ruthenium complex and shows strong fluorescence
(green star). (B) Emission intensity of a methanol solution of [1](PF¢), (green), [S]CI1 (blue), a 1:1 mixture of [7]Cl and 1-pyrenebutyric acid (black),
and 1-pyrenebutyric acid alone (red), Aex = 354 nm. Concentration of all species was 50 pm. Inset: zoom of emission intensity (Em. Int.). (C) Spectral
overlap between the emission of 1-pyrenebutyric acid (black, left axis, A.x = 354 nm) and absorbance of [7]Cl (blue, right axis), both 50 pm in metha-

nol. Dashed line is the baseline.
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Water solubility is of utmost importance for a compound to
be tested for biological purposes. As previous tests highlighted a
very poor water solubility for this family of compounds, lipo-
somes were chosen as drug carriers to bring these molecules into
cancer cells (35). Complexes [1](PF¢), and [S]CI (as a reference)
were hence embedded into DSPC/NaDSPG/Cholesterol 53:21:26
liposomes prepared in Dulbecco’s phosphate buffer (PBS), a for-
mulation called AmBisome® (where DSPC = distearoylphos-
phatidylcholine and NaDSPG = 1,2-distearoyl-sn-glycero-3-
phospho-rac-glycerol, sodium salt (36)). The theoretical concen-
tration of ruthenium in the liposome formulation was 1 mol%,
but inductively-coupled plasma mass spectrometry (ICP-MS) was
used to experimentally establish the real ruthenium concentration
in the liposomes, as lipophilic compounds are sometimes retained
in the extrusion filters used during liposome preparation. An
average bulk ruthenium concentration of 42 pm ([1](PF¢),) and
48 uM ([S]Cl) was found (Table S1), instead of the calculated
100 pm, confirming that some ruthenium was indeed lost during
extrusion. Size distribution analysis by dynamic light scattering
(DLS) showed that liposomes loaded with [1](PFg), or [S]CI pos-
sessed an average diameter of 353 nm or 307 nm and a polydis-
persity index (PDI) of 0.25 or 0.14, respectively (Table S1).
These characteristics remained stable when the liposomes were
kept in the dark over 15 days at room temperature (Table S2).
Last but not least, the UV—Vis spectral evolution of a liposome
solution loaded with [1](PFg), displayed two distinct isosbestic
points at 570 and 628 nm upon irradiation with green light
(Zirr = 528 nm, 7.00 mW, Figure S6), pointing to a selective and
unique photoreaction, similar as what was observed in homoge-
neous methanol solutions. Complex [1](PFg), is thus still light-
activatable when embedded in a liposome, as demonstrated ear-
lier (37).

In the next step, we designed an esterase assay aiming at
investigating whether the ester linker between the ruthenium
moiety and the pyrene fragment was indeed degradable by
esterases, and how such a cleavage would influence the fluores-
cence of the pyrene dye. Therefore, a solution of porcine liver
esterase (PLE, 1 U mL™') in PBS was mixed with liposomes (as
previously prepared) containing either [1](PFg), or [S]Cl
(10 pm). The fluorescence of the solution was recorded vs. time
(Zex = 320 nm). Upon addition of the PLE solution, fluorescence
started to build up for both types of liposomes, as depicted in
Fig. 4A,B. Here, the fluorescence intensity is displayed at
Aem = 386 nm, which is also the emission maximum for free 1-
pyrenebutyric acid. When PLE was not added, no increase in flu-
orescence was observed (control). These results demonstrated
that the ester linker was indeed cleaved by enzymatic activity for
both complexes, although the metal complex was embedded in
the lipid membrane environment. As a note, the sensitivity of the
ester linker to acids was also demonstrated, at least for [S]CI:
when trying to crystalize this complex in presence of triflic acid,
an aqua complex with a broken ester linkage was obtained (Fig-
ure S7). Overall, in a controlled chemical environment the lead
compound [1](PF¢), can hence release two fragments: the
GLUT1/NAMPT inhibitor upon irradiation with visible light, and
the pyrene moiety in the presence of esterases (or acid). Upon
cleavage of the ester linker the pyrene group can be detected by
its fluorescence, since it is no longer quenched by the covalently
bound ruthenium complex.

With these results in hands, we conducted in vitro studies on
the cellular uptake of the ruthenium-functionalized liposomes in

A375 human skin melanoma cells and followed their fluores-
cence intensity using fluorescence microscopy. For uptake, the
pyrene label was used as a probe. Liposomes with a calculated
1 mol% of 1-pyrenebutyric acid loading served as a positive con-
trol. After 24 h incubation in the dark, cells treated with such
liposomes were indeed efficiently stained by pyrene, albeit only
at relatively high treatment concentrations (>5 pm), while control
cells and cells treated with pyrene-free liposomes did not show
emission at all (Figure S8). On the other hand, upon treatment
with [S]CI only the cells treated with the highest concentration
(20 um) were found to be stained by pyrene. Unfortunately, at
such concentrations most cells perished (Fig. 4C). For liposomes
loaded with [1](PFg),, however, no fluorescence was observed
even after 24 or 72 h incubation. These data are in accordance
with those obtained using PLE (Fig. 4A), in which [5]Cl showed
a faster release of the pyrene moiety. Also, when the liposome-
containing medium was refreshed with liposome-free medium
after 24 h incubation to avoid cell death, no blue emission
was detected. Even the control liposomes loaded with
1-pyrenebutyric acid did not show any fluorescence 24 h after
exchanging the medium, which shows that such conditions are
not optimal for such an experiment. This observation suggests
that the pyrene moiety may be metabolized by the cells, or
pumped out, within 24 h. It may also be that the ester linker
between the pyrene fluorophore and the ruthenium prodrug is not
efficiently metabolized by esterases in the lysosomes, and hence
that the pyrene tag buildup in cells is too low to be detected.
Nevertheless, we have demonstrated that cells can indeed be
stained by pyrene, revealing the presence of the ruthenium pro-
drug, but our study also highlights the fact that the cells may die
before they are stained, if the prodrug (or here, the liposomes)
are too toxic. Thus, the success of the strategy investigated in
this work appears to rely on the delicate balance between drug
toxicity and efficiency of the fluorescent tag cleavage.

The influence of the Ambisome® liposomes loaded with
1 mol% [1](PFg), or [S]Cl on cell viability was evaluated on
A375 cells via a colorimetric Sulforhodamine B (SRB) assay,
following a published protocol (38). The cells were seeded at
t = 0 min, treated at 24 h and either activated by green light irra-
diation at 48 h (4, = 520 nm, power density 14.6 mW cm 2,
light dose = 26.3 J cm™>), or kept in the dark. Further incubation
for 48 h was terminated by the SRB end-point cell viability
assay (z = 96 h). Label-free liposomes and liposomes loaded with
1% 1-pyrenebutyric acid served as vehicle controls. The highest
concentrations of the two ruthenium compounds were chosen as
low as possible (25 um) as these compounds absorb at the same
wavelength as the SRB dye used to quantify cell viability in the
endpoint assay. In the dark, the drug-free liposomes displayed no
cytotoxic effects in the chosen cell line up to a lipid bulk con-
centration of 10 mm (Figure S9A), but after exposure to green
light a slightly reduced cell proliferation was observed. Lipo-
somes loaded with 1% 1-pyrenebutyric acid illustrated an anti-
proliferative effect at high pyrene concentration only (ECsq.-
dark = 329 pM, ECsojighe = 16.1 pum), with small differences
between dark and light conditions that corresponded to a pho-
toindex (PI = ECsgar/ECso jigh) of 2.0 (Figure S9B). Similar
light-induced effects were observed for [S]CI (Fig. 5A). In the
dark, an ECsgga value of 3.63 um was observed while after
irradiation cell survival was inhibited at an ECsqjign, = 1.87 um
(PI = 1.94). As expected, complex [1](PFs), displayed high
cytotoxicity (ECspgax = 1.93 pum; ECsqjighe = 0.26 pm) and a
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Figure 4. Fluorescence activation. (A) Pyrene emission intensity vs. incubation time for Ambisome® liposomes ([lipid] = 1 mm) bearing a calculated
loading of 1 mol% Ru in PBS (Aex = 320 nm, A, = 386 nm). After a short stabilization period, a solution of the enzyme porcine liver esterase (PLE,
final concentration 1 U mL™") in PBS was added (indicated by the arrow). For the reference samples, the PLE solution was replaced by PBS. Blue/black
and red/green: [1](PFs), and [S]C1 with/without PLE, respectively. For comparison, the emission intensity value is set to O right after PLE addition. Sta-
tistical errors are indicated by the shaded area in the corresponding color. (B) Color-enhanced photograph of liposome solutions with calculated 1 mol%
loading of [1](PFg),, [S]Cl, 1-pyrenebutyric acid, and without loading, after 7 days storage at rt, with or without PLE incubation, indicated with + or —.
(C) Fluorescence microscopy images of A375 cells treated for 24 h in the dark with Ambisome® liposomes containing [1](PFs), or [S]CI (calculated
[Ru] =20 pum in PBS) in DAPI modus.
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Figure 5. Cellular toxicity of Ambisome® liposome functionalized with 1 mol% of [1](PFg), or [S]CI under greenlight irradiation and in the dark. The
dose response curves show the endpoint (r = 96 h) relative cell viability according to the SRB assay for A375 cells treated with AmBisome® liposomes
loaded with (A) [5]CI or (B) [1](PF¢),. The X-axes shows the calculated ruthenium concentration (top) and the lipid concentration (bottom).

comparatively high PI value of 7.50, thus showing a higher STF-31 is very likely, for [S]CI the cause of the phototoxic effect
light-activation efficiency than [5]CI (Fig. 5B). Though for [1] was less obvious. To investigate any photodynamic effect, singlet
(PF¢), a PACT mechanism driven by light-induced delivery of oxygen (‘0,) production was quantified by measuring the
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emission peak of 'O, at 1270 nm upon irradiation of the com-
plex with blue light in CD5;0D (/;, = 450 nm) (39). Compound
[Ru(bpy);]Cl,, a well-known producer of 10,, served as refer-
ence (pa = 0.73) (40,41). For [S]CI a 102 generation quantum
yield g, of only 0.0042 was found (Figure S11 and Table S4).
This complex is thus a very weak producer of 'O,. Yet, for the
free 1-pyrenebutyric acid, we found that p, = 0.078 (Figure S12
and Table S5), meaning that this species is active as a PDT
agent after it is cleaved from the ruthenium complex. Thus, next
to PACT and PDD, PDT also occurs here, making of [1](PF)s,,
in fact, a triple-action prodrug. It should be noted that the mode-
of-action of this prodrug is wavelength-dependent: PDT and
PACT can be activated simultaneously using UV or blue light,
where free pyrene absorbs light significantly (Figure S5), while
PACT will be the main mode of action to be activated when irra-
diation is performed with green light, that is at wavelengths
where pyrene poorly absorbs.

To correlate the cytotoxicity results to the actual concentration
of ruthenium in the cells, cellular uptake quantification studies
were done using ICP-MS. After 24 h incubation the intracellular
accumulation of liposome loaded with 1 mol% of [S]CI was 2.25
times higher (26.1 & 0.5 ng million cells™') than that of lipo-
somes loaded with 1 mol% of [1](PF¢), (11.6 £ 2.7 ng million
cells ). Even though the uptake of [1](PFs), was lower than
that of uncaged [S]CI (in the same conditions), liposomes loaded
with [1](PF¢), showed a higher PI value, which can probably be
attributed to the light-induced release of the cytotoxic STF-31
ligand. From the cytotoxicity and uptake results, we conclude
that the light-induced toxicity of liposome-embedded complex
[1](PF¢), resulted in a lower ECsq value, likely not only due to
the release of the toxic STF-31 ligand upon light irradiation, but
also due to a contribution of the ruthenium-based photoproduct
remaining after release of STF-31.

CONCLUSIONS AND OUTLOOK

The ruthenium complex [1](PF¢), bearing a hydrolysable fluo-
rophore and a light-cleavable STF-31 ligand was synthesized as
a proof-of-concept that a fluorescent tag can be quenched when
covalently attached to ruthenium, and become visible upon enter-
ing into a cancer cell. Importantly, the presence of the pyrene
moiety did not modify the photosubstitution reactivity of the
ruthenium-based PACT complex, while the presence of the
ruthenium complex did strongly quench the emission of the fluo-
rophore. As a consequence of the different fragments used in the
design of [1](PF¢), it ended up being highly hydrophobic, which
required liposomes for delivering this molecule into A375 skin
cancer cells. Even after embedding in the liposome membrane,
the ester bond in [1](PFg), could be cleaved by esterases in the
aqueous phase, which “unlocked” the fluorescence of the pyrene
tag. At the same time, such cleavage also unlocked the ability of
the pyrene moiety to generate singlet oxygen, and hence to gen-
erate a photodynamic effect on top of its PACT mode of action.
Enzymatic ester cleavage was significantly faster for complex [5]
Cl, an analogue of [1](PF¢), deprived of the STF-31 inhibitor,
than for [1](PFg),, showing the influence of the molecular for-
mula of the ruthenium compound on its position in the mem-
brane and availability to enzymatic cleavage. The cytotoxicity of
Ambisome® liposomes loaded with 1 mol% of [1](PFg),
increased significantly upon green light irradiation (PI = 7.50), as

expected for a PACT compound. Most importantly, we were able
to detect by fluorescence microscopy traces of the released pyr-
ene fluorophore in A375 skin cancer cells treated for 24 h with
liposomes loaded with [S]Cl. Cleavage of the ester bond thus
occurred in cellulo, which validates our approach. Yet, in the
same conditions, this effect was not observed for liposomes
loaded with [1](PFg),. This contradicting result appears to be a
consequence on the one hand of their lower cellular uptake and
slower enzymatic ester cleavage, compared with liposomes
loaded with [5]Cl, which renders detection by fluorescence
microscopy more difficult; and on the other hand by their higher
cytotoxicity, which imposes to work at low concentrations if one
tries to observe the fluorescence of the pyrene tag in living cells.

This study highlights the intricate relationship between the
dark toxicity and photoactivation efficiency of the PACT com-
pound, its hydrophobicity, its reactivity to enzymatic cleavage of
the dye, and its cellular uptake and localization, all the more
when supported in a liposome drug delivery system like the one
presented in this work. In order to build a practical system work-
ing in vivo, these parameters will need to be optimized alto-
gether. We envision that the principles of fluorescence activation
by prodrug metabolism prior to light activation may be used in
the future for visualizing PACT prodrug uptake in tumors
in vivo. If prodrug metabolism in cancer cells is faster, the tumor
may indeed light up and show contrast with healthy tissues in
the operating room, thus showing a surgeon where to shine light.
Moreover, the ability to perform both PDT and PACT opens up
multiple routes towards cell death, which will decrease the likeli-
ness of the tumor cells to develop drug resistance. In conclusion,
the ruthenium prodrug we have reported here is a truly multi-
action phototherapeutic agent, as it covers three different pho-
totherapies (PDD, PDT and PACT) at once in one compound,
accessed through multiple activation strategies. The strategy of
multifunctional prodrugs presented here can pave the way to
designing more versatile (photo)activatable prodrugs that help to
trace the fate of the drug in vivo, while at the same time reduc-
ing drug resistance via the opening of multiple cell killing
routes.
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Figure S1. Evolution of the absorption spectrum of a solution
of [8](PF¢), and [9](PF¢), (respectively A and B, 25 pm) in
methanol upon irradiation with green light (Z;; = 530 nm, pho-
ton flux = 1.36 x 1077 mol-s™'). Spectra shown between
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t = 0 min (red spectrum) and ¢ = 10 min (blue spectrum). Spec-
tra were recorded under air, every 30 s. Temperature: 298 K.

Figure S2. Evolution of the absorption spectrum of a solution
of [1](PF¢), and [9](PFs), (respectively A and B, 50 pm,
Ases ~ 0.4 for both compounds) in methanol upon irradiation
with UV light (4, = 365 nm, 23.8 mW). Spectra shown between
t = 0 min (red spectrum) and ¢ = 30 min (blue spectrum). Spec-
tra were recorded under air, every 30 s. Temperature: 298 K. (C)
Absorbance change (AAszg nm) Vs. irradiation time for [1](PFe),
and [9](PF¢), under UV light irradiation (blue and black solid
line, respectively), and for their corresponding photoproducts
(Ru-MeOH: blue, black dashed line, at respectively 585 and
590 nm).

Figure S3. Evolution of the UV—vis spectrum for a solution
of [1](PFe), (25 pum) in methanol/water (95:5) upon 1st (A) and
ond (B) irradiation with green light (/;; = 530 nm, photon
flux = 1.36 x 1077 mol-s~'). Spectra shown between 7 = 0 min
(red spectrum) and 7 = 10 min (blue spectrum). Spectra were
recorded under air, every 30 s. Temperature: 298 K. (C) Absorp-
tion spectra at the end of three dark and three light irradiation
periods. From black to light gray: dark reaction, 1%, 2™ and 3™
thermal coordination. From dark red to orange: 1%, 2™ and 3™
light irradiation period. (D) Time evolution of the color-coded
absorption spectra of the solution shown in A-C showing the
reversibility of the spectral signature of the reaction during light
(on)/dark (off) switching of the light source.

Figure S4. 2D Luminescence plots of [1](PFg),, [S]ICl, [7]1C],
[7]C1 + 1-pyrenebutyric acid and 1-pyrenebutyric acid (respec-
tively A—E, 50 pum) in methanol. Compounds are schematically
represented by the components of the intact complex as orange,
green and blue boxes. Excitation (EX) wavelength (A.,) is plot-
ted on the x-axis and emission (EM) wavelength (A.,) on the y-
axis. Rainbow color scale shows relative fluorescence intensity,
with red for high emission and blue for no emission. Scale multi-
plier is indicated by the number in the bottom right of each
panel. Detections at Aex = Zen, are due to scattering of the excita-
tion laser by the solutions.

Figure S5. (A) Spectral overlap (F n(A)ea(2)2%) of the emis-
sion intensity, total area normalized to 1, (Fp(4)) of the donor 1-
pyrenebutyric acid, and the extinction coefficient of the acceptor
[8]CI1 g4, multiplied by J4 vs. the wavelength (4). (B) Yasara
simulation of [1]2+, the Ru-pyrene distance » (from the ruthenium
ion to the center carbon atoms of the pyrene moiety) is indicated
by the dashed lines; » was found to be 20.2 A.

Figure S6. Evolution of absorbance of a solution of complex
[1](PFg)> (25 pm, calculated 1% loading) loaded on AmBisome®
liposomes (DSPC/NaDSPG/Cholesterol 53:21:26, lipid concen-
tration = 2.5 mm) in Dulbecco’s phosphate buffer upon green
light irradiation (4 = 528 nm, P = 7.00 mW) at 37°C.

Figure S7. Displacement ellipsoid plot (50% probability) of
[Ru(2)(biq)(OH,)](OTf), crystals, obtained from a solution of [5]
Cl in a methanol that was acidified with TFA. Hydrogen atoms
and the triflate counterions have been omitted for clarity.

Figure S8. Fluorescence microscopy images of A345 skin
cancer cells. Top: control cells that are untreated. Middle: A345
cells that are treated with “empty” liposomes, that is, liposomes
that were not loaded with an additional molecule other than
lipids or cholesterol. Bottom: cells treated with liposomes loaded
with 1-pyrenebutyric acid, calculated loading 1% = 20 pm.
Images produced in DAPI mode.
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Figure S9. SRB assay dose response curves for A375 skin
cancer cells treated with (A) empty AmBisome® liposomes, or
(B) with AmBisome® liposomes with a loading of 1-pyrenebu-
tyric acid (1% calculated loading).

Figure S10. Singlet oxygen ('O,) production for [5]Cl. The
presence of 'O, is shown by emission peak at 1270 nm. Emis-
sion spectra are shown for solutions of complex [S]CI and refer-
ence compound [Ru(bpy);]Cl, (both 25 pm in MeOD) in blue
and black, respectively. The emission integrated area E between
1200 and 1350 nm that were used for the quantum yield calcula-
tions are displayed under the curves.

Figure S11. 0, phosphorescence in CD;OD (normalized
data).

Table S1. Average diameter (Zave) and polydispersity index
(PDI) as determined by DLS and total ruthenium concentration
determined by ICP-MS of Ambisome® liposomes (DSPC/
NaDSPG/Cholesterol 53:21:26, lipid concentration = 10 mm)
with a calculated loading of 1% of complex [1](PF¢), or [S]CI.

Table S2. Ruthenium-loaded liposome stability over days,
studied with DLS.

Table S3. Selected bond length (A) and torsion angle (°) for
[Ru(2)(big)(OH)1(OT1),.

Table S4. Determination of singlet oxygen quantum yields.

Table S5. Determination of singlet oxygen quantum
yields (ID).

Section S1. Materials and Methods.
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