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Red-Light Activation of a Microtubule Polymerization Inhibitor via
Amide Functionalization of the Ruthenium Photocage

Ludovic Bretin®, Yurii Husiev', Vadde Ramu’, Liyan Zhang, Matthijs Hakkennes,
Selda Abyar, Andrew C. Johns, Sylvia E. Le Dévédec, Tania Betancourt,

Alexander Kornienko, and Sylvestre Bonnet*

Abstract: Photoactivated chemotherapy (PACT) is a
promising cancer treatment modality that kills cancer
cells via photochemical uncaging of a cytotoxic drug.
Most ruthenium-based photocages used for PACT are
activated with blue or green light, which penetrates sub-
optimally into tumor tissues. Here, we report amide
functionalization as a tool to fine-tune the toxicity and
excited states of a terpyridine-based ruthenium photo-
cage. Due to conjugation of the amide group with the
terpyridine n system in the excited state, the absorption
of red light (630 nm) increased 8-fold, and the photo-
substitution rate rose 5-fold. In vitro, red light activation
triggered inhibition of tubulin polymerization, which led
to apoptotic cell death both in normoxic (21 % O,) and
hypoxic (1% O,) cancer cells. In vivo, red light
irradiation of tumor-bearing mice demonstrated signifi-
cant tumor volume reduction (45%) with improved
biosafety, thereby demonstrating the clinical potential of
this compound. )

Introduction

Microtubules are dynamic, ATP-dependent supramolecular
polymers of tubulin. They form an essential part of the
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cytoskeleton by providing the structure and shape of
eukaryotic cells.!! They are also involved in regulation of
essential cellular processes such as cell division.”! In
consequence, microtubles are recognized as an important
target for chemotherapy, as demonstrated by clinically
approved tubulin-binding chemotherapeutics such as
paclitaxel.”! By blocking microtubule depolymerization,
paclitaxel suppresses the dynamics of the mitotic spindle,
which causes mitotic arrest and ultimately cell death.!"
Synthetic analogues of marine alkaloid rigidins have also
been found cytotoxic and exert antiproliferative activities by
the reverse effect, 1ie., by preventing tubulin
polymerization.*”) However, rigidins typically suffer from
high hydrophobicity™ and unselective uptake by healthy
tissues, which could potentially result in side-effects in
patients and limit their therapeutic potential. Both problems
may be solved by a strategy called photocaging, which
involves a conjugation to a photocleavable and hydrophilic
group. This conjugation will improve rigidin water solubility
and biologically “deactivate” them. Their high toxicity will
then be recovered upon light-induced removal of the caging
group in the tumor area.”™! Bicationic ruthenium photocaging
groups are particularly attractive due to their ability to bind
to heteroatom-containing inhibitors and their tunable photo-
chemistry. Following platinum-based anticancer compounds,
which have been used in the clinic for several decades,”!”
ruthenium-based compounds have reached clinical trials
only recently (NAMI-A, KP1019, KP1339 and TLD-
1433),M51 and several ruthenium-based photocaged com-
pounds are currently in pre-clinical development for photo-
activated treatments of cancer.*"”

In the clinically approved form of anticancer photo-
therapy, called photodynamic therapy (PDT), a photosensi-
tizer (PS) accumulated in the tumor is activated by visible
light irradiation of the tumor, to transfer energy or electrons
to dioxygen and kill cancer cells by massive production of
reactive oxygen species (ROS).'®! Like in PDT, photo-
activated chemotherapy (PACT) aims at sparing healthy
tissues while destroying cancerous tissues efficiently. How-
ever, its mode-of-action is very different from PDT: in
PACT the chemical bond between the photocaged cytotoxic
inhibitor and the photocage, is cleaved by light, thereby
releasing the cytotoxic agent.®*?? Because such bond
cleavage photoreactions are independent from the presence
of dioxygen,®* PACT compounds have been proposed for
the treatment of hypoxic tumors, where clinically approved

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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PDT agents are often ineffective.”®! On the other hand,
several shortcomings of PACT compounds can be identified
on the way to clinical applications. First, though a few
ruthenium photocages have been proposed that absorb in
the red or NIR region of the spectrum,” most of them are
activated with blue or green light, which penetrates sub-
optimally in biological tissues. Green light activation is
currently used in clinical trial of the TLD-1433 PDT
sensitizer,””) but very few in vivo experiments have been
published that directly compare the effect of green vs. red
light activation of a photosensitive drug. Second, little
biological information is available on the in vivo biological
properties of ruthenium-based PACT compounds,” and
very few animal experiment have been published to date
with this type of molecular compounds.[®*)

Results and Discussion

In this work we addressed both issues by preparing the new
ruthenium-based PACT compound [Ru"(Rtpy)(bpy)(3)]-
(PFs), (1, Rtpy=4'-(methylamido)-2,2":6',2"-terpyridine,
bpy =2,2"-bipyridine). This molecular compound releases,
upon red light irradiation (625 nm), the highly cytotoxic
microtubule polymerization inhibitor 3 (Figure 1).1 In fact,
1 is an amide-functionalized derivative of the known
terpyridine-based analogue [Ru"(tpy)(bpy)(3)](PF;), (4,
tpy=2,2":6',2"-terpyridine), which also photoreleased the
rigidin inhibitor 3 but was only tested with green light.["
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Unexpectedly, introducing a simple amide group in 4
position of the terpyridine ligand dramatically accelerated
red light activation for 1 not only in vitro but also in vivo.
For the first time, the activation of 1 could be tested in vivo
both with green (520 nm) and red (630 nm) light using a
non-melanoma skin tumor mouse model. This experiment
provided unprecedented information on the efficacy and
biosafety of this type of compounds, and on the importance
of the wavelength used to activate them.

1 was synthesised in 5 steps and 19% overall yield
starting from commercially available [2,2":6",2"-terpyridine]-
4’-carboxylic acid and [(p-cymene)RuCl,], (Figure S1). Full
characterization is provided in the Supporting Information.
1 is soluble in water but its photoreactivity was studied in
acetonitrile (ACN) as model solvent, as the free ligand 3 is
poorly soluble in pure water and precipitates during photo-
substitution experiments, which prevented quantification of
the photoreactivity. In the dark, 1 was as stable in
acetonitrile or OptiMEM cell-growing medium as 4
(Figures 1, S34, and S40). However, according to NMR
(Figure 2; S42), UV/Vis (Figures 1; S30-37), and mass
spectrometry (Figures S38-40), both green (520 nm) and red
light (625 or 660 nm) irradiation of 1 in acetonitrile lead to
the selective photosubstitution of the monodentate thioether
ligand 3 to afford the solvate adduct [Ru(Rtpy)(bpy)-
(CD5CN)](PF¢),. As suggested by Kasha’s rule, for 1 the
photosubstitution quantum yields (®) at 520 nm and 625 nm
were very similar (0.0070 vs. 0.0074, see Table 1). The much
higher molar extinction coefficient (¢) for green light
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Figure 1. a) Formula of the ruthenium-based PACT compound 1 and release of the cytotoxic microtubule polymerization inhibitor 3 by ligand
photosubstitution; b) Evolution of the absorption spectra of 1in ACN (0.1 mM solution) under red light (625 nm) irradiation for 3 h at 298 K plus
dark control; ¢) Evolution of the absorption spectra of reference compound 4 in ACN (0.1 mM solution) under red light (625 nm) irradiation for 3 h

at 298 K plus dark control.
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Figure 2. Evolution of '"H NMR spectra of 1in CD;CN upon irradiation with 660 nm red light at 298 K for 2 h compared to [Ru(Rtpy) (bpy) (CD;CN)]-

(PFg), and 3.

Table 1: Photochemical characterization of compounds 1 and 4 in
ACN.

Compound 1 4
'MLCT, nm 470 450

@y 0.0070 0.0074
€520 M em™! 1960 1510
€520Psp0, M 'em ! 14 11

Dy 0.0076 0.012
€65 M 'em™ 144 18.1

€625 Pers, M 'em ™! 1.1 0.22

@, 0.00020 0.000030
®,('0,) 0.007 0.006

(1960 M~'em™), compared with red light (144 M~'.em™),
resulted in a higher photoreactivity (e®) value, hence a
> 10 times faster photosubstitution reaction with green light,
compared with red light (e5®Ps=14 Vs. &gsPgs=
11M'em™). On the other hand, 1 absorbed red light
8 times better compared with the unsubstituted compound 4
(g6s=18.1 M~'cm™), which resulted in a red light photo-
reactivity that was enhanced by a factor 5 for 1, compared
with 4 (esPs=022M'em™,  Figure Ic).  Such
enhancement is specific for red light, as for green light the
similar quantum yields, and molar absorption coefficient
resulted in similar photoreactivity for 1 and 4 (14 vs.
11 M 'em™). Finally, phosphorescence (Table S1, Fig-
ure S44) and singlet oxygen generation quantum yields

Angew. Chem. Int. Ed. 2023, 202316425 (3 of 9)

(Table S2, Figures S45-47) were very low both for 1 and its
photosubstitution products, which is typical for PACT
compounds. All photochemical data for 1 and 4 are
summarised in Table 1.

To understand the effects of the amide group on the
excited states of 1, DFT and TDDFT studies were realized
for 1 and 4 using the ADF softwareP” at the PBEO/TZP/
COSMO level of theory in water.”'¥ Dispersion effects
were corrected for by Grimme’s D3 correction with BJ
damping®™ and relativistic effects were scalarly corrected by
ZORAP® (Table S3). In the minimized structure of the
ground state of 1 ('GS, Figure 3), the dihedral angle between
the average plane of the amide group and the average plane
of the central pyridine ring of the terpyridine ligand was
25.1°. A similar non-zero dihedral angle (24.2°) was
observed in the *MC state, which was characterized by
elongated Ru—S and Ru—N,,,; bond lengths. Strickingly, the
*MLCT state, which was obtained by geometry optimization
on the triplet hypersurface starting from the singlet 'GS
geometry, was characterized by an almost co-planar amide
and terpyridine planes (dihedral angle=-0.4°). In the
*MLCT excited state the electron originating from the metal
t,, orbitals, is known to localize in the m* orbital of the
terpyridine chelate; in presence of the amide group, this
terpyridine-based n* orbital was stabilized by conjugation
with the carbonyl group, which stabilized the *MLCT state.
As a result, the energy gap between the *"MLCT and *MC
states, which was +12kJ.mol™' for 4, was increased to

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

95U8917 SUOLWLLIOD SAITEa1D) 3ed ! jdde ay) Ag peuienob ale seolie O ‘SN Jo S3|nJ oy Aleld 1 8uluo AS|1M UO (SUOTIPUOI-PUR-SWLBI/LI0D" A8 | 1M AleJq 1 BUI|UO//:SANL) SUONIPUOD pue Sle | 841 89S " [202/T0/S0] U0 Arelqiaulluo A1 ‘Uepi JO A1sieAlun AQ SZy9TEZ0Z 91Ue/Z00T 0T/I0p/Wod AS|ImAlelq 1jpul uo//:SAny Wou) pepeo|umod ‘0 ‘SLLETZST



_a
d(Ru-8) = d(Ru-S) d(Ru-8) = ‘P E
2380 A SNl 2.379A - 3176 A
’ 25.1 0.4 ) o
BN > = G . i @8 5

:VEJ-.

Gs 3SMLCT MC

Figure 3. DFT-minimized geometry of 1 in the ground state ('GS),
*MLCT, and *MC excited states (PBEO/TZP/COSMO in water). The
Ru—S bond lengths and dihedral angles between the amide and central
pyridine planes of the terpyridine ligand are also shown.

24 kJ.mol " in 1. Such higher energy gap was consistent with
the (slightly) higher phosphorescence in 1, compared with 4
—though both molecules are overall poorly emissive. The
*MLCT stabilization had no consequence on the green light
photosubstitution quantum yield ®s,,, but slightly decreased
®,5.’! More importantly, the lowest-energy '"MLCT tran-
sitions, calculated by TDDFT on the ground state geometry,
was red-shifted for 1 (471.1 nm) compared to 4 (449.1 nm),
which explained the 8 times higher molar extinction coef-
ficient of 1 observed experimentally at 625 nm, compared to
4 (Table 1). Overall, 4-methylamide substitution of the
terpyridine in 1 led to exquisite fine-tuning of the excited
states of the ruthenium cage complex, which was particularly
advantageous for PACT as it increased the rate of red light
activation, compared with 4, to achieve values that were
compatible with in vitro and in vivo experiments.

To investigate the ability of 1 to interact with its
biological microtubule target, a fluorescence-based tubulin
polymerization assay was used to compare the effects of 1
(25 uM) on tubulin polymerization properties in the dark or
after activation with red light (Figure 4a). In this assay,
tubulin polymerization leads to a marked increase in the
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fluorescence intensity of the probe, as observed in presence
of paclitaxel, a known tubulin polymerization enhancer. In
the presence of 1 left in the dark, tubulin polymerization
took place at a rate similar to the vehicle control, suggesting
that non-activated 1 did not inhibit microtubule polymer-
ization. However, upon red light activation 1 completely
blocked tubulin polymerization, in a similar manner to
colchicine. Therefore, photoactivation of 1 with red light
clearly recovered the inhibiting properties of ligand 3. In
order to validate the inhibition properties of 1 on tubulin
polymerization in vitro, immunofluorescent staining was
performed in A431 non-melanoma skin cancer cells. The
cells were treated with 1 (10 uM) and either irradiated with
red light (630 nm, 32 J/cm?) or left in the dark, then fixed,
stained with o-tubulin 4 h after light activation, and finally
imaged with a confocal microscope. As shown in Figure 4b,
cells treated with 1 but kept in the dark showed a very well-
established tubulin network (green filaments). In contrast,
cells treated with 1 and irradiated with red light showed a
complete disruption of the tubulin network and crystalliza-
tion of tubulin (green dots). Altogether, both assays
demonstrated that the ruthenium-caged inhibitor 1 is not
functional when kept in the dark, but becomes functional
upon red light irradiation, which releases free inhibitor 3.

To further investigate the consequences on cell survival
of tubulin polymerization inhibition, the phototoxic proper-
ties of 1 were studied in human skin melanoma (A375) and
non-melanoma (A431) cancer cell lines. A comparison
between green light irradiation, which is typically used for
the activation of 4 and red light activation,”® which is
strongly accelerated for 1, was realized, in order to evaluate
the potential benefit of amide functionalization. 3 is a
reported cytotoxic agent in these cell lines, but the caging
aqua compound [Ru(Rtpy)(bpy)(OH,)](PF;), (R=CON-
HMe, 2) was also included in this study to check whether
phototoxicity would originate only from ligand 3 or also
from the ruthenium-containing photoproduct 2. The 50 %
effective concentration (ECs) for cell growth inhibition was
determined using 24 h drug-to-light interval, green (520 nm)

red light

Figure 4. Red light activation of 1 shows destabilization of the microtubule network. a) Tubulin polymerization assay of 1 (25 M) kept in the dark
vs. after red light activation. Raw fluorescence was normalized by initial fluorescence for each sample. Paclitaxel (3 yM) was used as a tubulin
polymerization enhancer and colchicine (6 pM) as a tubulin polymerization inhibitor. b) Confocal microscope images of A431 skin cancer cells
treated with 1 (10 uM) and kept in the dark or irradiated with red light (630 nm, 32 J/cm?), followed (4 h after light activation) by a-tubulin staining.
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or red (630 nm) light, the same 32 J/cm? light dose, 48 h dark
incubation after light activation, and a standard sulforhod-
amine B (SRB) assay for end-point quantification of cell
viability (Table 2, Table S5).)

Under normoxic conditions (21 % O,, Table 2), 1 showed
similar ECs, in A431 and A375 cells after red light (0.8 and
1.5 uM, respectively) and green light (1.0 and 1.3 uM,
respectively) activation. The deeper tissue penetration of
red light does not apply in vitro using two-dimensional
monolayer cell culture, where there should be no difference
of light penetration between red and green light. These data
suggest that the light dose of 32 J/em? is high enough, even
considering the difference in photochemical reactivity (e®)
between both wavelenths, to fully activate the compound. In
addition, they clearly demonstrate that 1 is highly photo-
active under red light irradiation, as the photoindex
(PI=ECs,n/ECs) is significant (71 for A431 cells and 28 for
A375 cells). More interestingly, in hypoxic conditions (1 %
O,, Table 2), 1 showed similar phototoxicity after red or
green light irradiation, compared to normoxic conditions,
characterized by ECs ji, values between 1.0 and 2.3 uM for
both cell lines. The higher dark ECs,, values under hypoxia,
compared to normoxia, are probably the result of the known
resistance of hypoxic cancer cells to chemotherapy.[***!
They led to even higher PI values under green light
activation for both cell lines, compared with normoxia, while
under red light irradiation PI values were comparable in
hypoxia and normoxia. Altogether, these in vitro results
highlight the O,-independence of the photosubstitution
reaction occurring in 1, which was observed before.
Importantly, 2 was found non-toxic to both cell lines either
in the dark or upon red light irradiation and in both oxygen
conditions (ECs,>50 uM, Table S5), proving that the photo-
toxicity observed for 1 was due mostly to the intracellular
release of the cytotoxic inhibitor 3. The morphology of
treated A375 cells 24 h post-irradiation showed cell shrink-
age, loss of cell-cell adherence, and blebbing of the cell
membrane (Figure S51), suggesting apoptotic cell death. In
addition, 1 was also evaluated in A375 3D tumor spheroids
to better mimic the conditions found in 3D tumor tissues. 1
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after red light irradiation showed similar phototoxicity
behavior in both normoxic and hypoxic conditions with ECs,
values of 9.5 and 15 puM, respectively (Figure S52, Table S6).
Representative images demonstrated that the 3D tumor
spheroids were smaller and less dense after red light
irradiation, suggesting tumor cell death by 1. Also in 3D,
these in vitro data support the fact that photosubstitution of
1 is non-oxygen dependent as the phototoxicity is similar in
both normoxic and hypoxic conditions.

To better understand the difference between 1 and 4in a
biological context, the photocytotoxicity of both compounds
was analyzed after red and green light activation in A431
cells. As described above, 1 showed similar ECs, after red
and green light activation. In contrast, at the same light dose
4 showed a 5-fold lower photocytotoxicity after red light
activation (ECs, 2.5 uM) compared to green light activation
(ECs, 0.5 uM, Figure 5a and b). This result suggested that in
absence of methylamide substituent on the terpyridine the
red light reaction was too slow to reach completion. This
hypothesis was confirmed by a flow cytometry cell death
experiment using an apoptosis/necrosis assay. A431 nor-
moxic cells were dark treated with vehicle control, 1 (2 uM),
4 (1 uM), or cisplatin (5 pM) for 24 h, then either kept in the
dark or irradiated with green (A, =520 nm, 32 J/cm?) or red
light (A,,=630nm, 32 J/cm?) and further incubated in the
dark for 24 h, and finally double-stained with a necrosis
probe (Nuclear Green DCS1) and an apoptosis probe
(Apopxin Deep Red) and analyzed by FACS (Figure Sc and
S53). In this analysis, cells in the upper left quadrant “R1”
represents the percentage of necrotic cells (Apop-/DCS1+),
the upper right quadrant ”R2” that of late apoptotic cells
(Apop+/DCS1+), the lower right quadrant “R3” that of
early apoptotic cells (Apop+/DCS1—) and the lower left
quadrant “R4” that of alive cells (Apop-/DCS1—). For 1 the
percentage of apoptotic cells was similar after green and red
light activation, 41 % and 39 %, respectively (Figure 5d). For
4, however, only 12 % of apoptotic cells were found after
red light activation, vs. 10 % for vehicle control and 27 % for
green light. According to this assay, 1 clearly triggered
apoptotic cell death upon red light activation, while 4 could

Table 2: ECs, data for 1 on A431 and A375 skin cancer cell lines in the dark (D), after red- or green light irradiation, under normoxia (21% O,) or

hypoxia (1% O,).

1

Cellline %0,  ECpo® (uM)  CI®95% (uM) ECsom.  Cl95% (uM) Pl ECsoot  C195% (uM) PI
(HM) (M)

A431 21 57 +17 0.8 +0.3 71 1.0 +0.4 56
—11 —0.2 —0.3

1 77 +6.7 2.0 +0.4 38 1.0 +0.3 30
—65 —04 -0.2

A375 21 42 +8.2 1.5 +0.6 28 13 +0.5 31
—6.4 —04 —0.4

1 >200 / 23 +0.9 >88 1.0 +0.4 >205

—0.6 -0.3

[ RL: &, =630 nm; GL: &, =520 nm; Light dose =32 J/cm? Drug-to-light interval (DLI) =24 h. 1 95 % confidence intervals. | Photoindex (PI)

irr

calculated as PI=ECsy,p/ECsp,p. or oL Data are shown based on three biologically independent experiments.
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Figure 5. Phototoxicity comparison between 1 and 4 after red or green light irradiation at identical light doses. Cell viability curves and EC;, data for
1 (a) and 4 (b) in A431 cells kept in the dark (D), activated by red or green light. c) Cell death analysis by flow cytometry for A431 cells treated with
vehicle control, 1 (2 yM), 4 (1 uM), or cisplatin (5 pM) for 24 h, then kept in the dark or activated by green or red light, further incubated for 24 h,
then doubly stained with Apopxin Deep Red (apoptosis, X-axis) and Nuclear Green DCS1 (necrosis, Y-axis). R1 represents Apop-/DCS1+, R2
Apop + /DCS1+, R3 Apop + /DCS1-, and R4 Apop-/DCS1-. d) Flow cytometry quantification of the percentage of apoptotic cells for each condition
(R2+R3 quadrants). Conditions: normoxia (21% O,), red light=630 nm, 32 J/cm’; green light=520 nm, 32 J/cm’. Data are expressed as the

mean + standard error of the mean (SEM).

not. Altogether these data highlight the fact that 1 is a better
candidate for preclinical analysis in mice models as it can
also be activated by red light, which is used in the clinic.
Next to preventing interaction of hydrophobic organic
inhibitors such as 3 (log P> +4)® with the protein target,
ruthenium-based photocaging groups often improve their
water solubility. Indeed, the octanol/water partition coef-
ficient value (log P) of 1 and 2 were much lower (40.116
and +0.095, respectively, Table S7), demonstrating that 1
was much more water-soluble than 3 due to the water
solubility of the caging group 2. The cellular ruthenium
uptake of 1 was quantified by inductively coupled plasma
mass spectrometry (ICP-MS). A431 and A375 cells were
treated with 1 (20 uM) for 2 h in both normoxic and hypoxic
conditions, before nitric acid digestion and ruthenium
concentration ICP-MS measurements (Table S8). Overall, 1
was taken up by both cell lines, with a higher cellular uptake
in normoxia (34.6+1.3 and 28.2+3.1 ug Ru/million cells for
A431 and A375 cells, respectively) than in hypoxia (25.2+
3.3 and 19.5+3.7 uyg Ru/million cells for A431 and A375
cells, respectively). On the other hand, when comparing the
phototoxicity of 1 in A431 cells that had been washed with
drug-free medium before red light activation, to that in

Angew. Chem. Int. Ed. 2023, 202316425 (6 of 9)

A431 cells that had not been washed with drug-free medium
before activation, we obtained much higher ECyyy; values in
the former case (Figure S55 and Table S9). This was differ-
ent from cisplatin, for which the same comparison led to
essentially identical ECs, values for both protocols. Accord-
ing to this experiment, cellular uptake is slower for 1 than
for cisplatin, and in our standard in vitro cytotoxicity
protocol, where cells are not washed before light activation,
a majority of the ruthenium molecules are photoactivated
outside the cell at 24 h, before the photoreleased inhibitor 3
is taken up intracellularly to block microtubule polymer-
ization in the follow-up 48 h dark incubation. Finally, when
A375 cells were co-treated with 1 and classical endocytosis
inhibitors (NaN;, NH,Cl and Dynasore), the cellular uptake
of 1 was clearly inhibited by a factor ~3, suggesting that 1
entered A375 cells via energy-dependent and dynamin-
dependent endocytosis pathways (Figure S54).1 These
results highlighted the ability of ruthenium-based photo-
caging groups to solubilize in water hydrophobic organic
inhibitors, while the resulting conjugate 1, which ended up
to be amphiphilic, may aggregate into nanostructures taken
up at least partly by endocytosis.

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Considering the good performance of 1 in vitro and its
sensitivity to red light it was a perfect candidate for in vivo
evaluation. For such evaluation, we decided to use human
epidermoid carcinoma cells (A431) subcutaneous tumor
xenografts in BALB/c nude mice, as the PI values in vitro
were higher in this cell line. The experiment was designed
not only to test the antitumor efficacy and biosafety of 1, but
also to investigate the difference in light activation between
red light and green light, which has been often discussed but
not often experimentally tested. Each mouse bore two
tumors, one on each flank: the left one served as dark
control, and the right one was illuminated with either green
(520 nm) or red (630 nm) light at the same light dose (75 J/
cm?), to activate 1. As a note, the chosen light dose was ca.
twice as high as that used in our first in vivo experiments on
compound 4 using green light (38 J/cm?),® as we hope to
increase tumor response. It was also ca.twice as high asthe
light dose used in vitro (Table 2), since light penetration is
not an issue in 2D cell monolayers while it is a known
challenge for light activation in vivo. After the tumors had
reached an average volume of ca.100 mm’, mice were
separated into 4 groups (7 mice per group) receiving vehicle
+green light, 1+ green light, vehicle +red light and 1+red
light. Vehicle (PBS/1% DMSO) and 1 (4 mg/kg) were
administered intraperitoneally and allowed to distribute
during a DLI of 30 min. Afterward, the right back flank
tumor was illuminated at a wavelength-independent fluence,
keeping the other tumor non-irradiated. The volume of both
tumors and the body weight of each mouse were recorded
3 times a week (Figure 6a). Over a period of 30 days after
compound injection, the 14red light group displayed a
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600 +IFTI
T ;“ﬂ#’] -0 1dark
P i
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statistically significant antitumor efficacy, compared to the 3
other groups either treated with 1 but kept in the dark
(—45 %, p=0.0011), or treated with vehicle and kept in the
dark (—46 %, p=0.0002) or irradiated with red light (p=
0.0007). Representative images illustrating tumor growth
between groups at the end of the study are shown in
Figure 6b. Interestingly, the group treated with 1 and
activated with green light showed also a significant decrease
in tumor growth compared to the group treated with 1 but
kept in the dark (—41 %, p=0.0122) or to the vehicle groups
(vehicle dark —39%, p=0.0003 and vehicle +green light
—37 %, p=0.0015, Figure 6¢). However, despite the general
idea of the deeper penetration of red light in biological
tissues, the group 1+red light did not show significant
difference with the group 1+green light (p=0.8258, Fig-
ure S56). We interpret this effect as caused by the higher
molar absorption coefficient of 1 at 520 nm compared with
630 nm: green light penetrates less well in tissue but is better
absorbed by the compound, while red light penetrates better
but is less well absorbed, which overall leads to similar
antitumor effects.

Importantly, the mice showed constant body weight over
30 days, suggesting a low systemic toxicity of 1 at 4 mg/kg
compound dose, also after light activation (Figure 6d).
Relative to the known compound 4, which showed signifi-
cant toxicity issues at 2 mg/kg and a lower antitumor effect
(—30%) at 1 mg/kg using a DLI of 24 h and a light dose of
38 J/cm?! 1 seems to be better tolerated, while demonstrat-
ing a stronger antitumor efficacy.

b) Vehicle 1
dark red light dark red light

‘ -e- Vehicle (green group)
3 - 1 (green group)

£ 20 3 4~ Vehicle (red group)
(=]

.g -+ 1 (red group)

3 154

o

[i7]

T
L] 10 20 30 40
Time (day)

Figure 6. In vivo evaluation of ruthenium-based PACT compound 1 activated by green or red light in a subcutaneous A431 non-melanoma skin
tumor mice model. a)-c) Relative tumor growth curves of A431 tumor-bearing mice treated with vehicle control (PBS/1% DMSO) or 1 (4 mg/kg,
i.p.) with or without red light activation (630 nm, a) or green light activation (520 nm, c) at a common light dose of 75 | /cm” and with a drug-to-
light interval (DLI) of 30 min. b) Representative images illustrating tumor growth for red light-treated mouse between groups at the end of the
study (30 days). d) Time evolution of the body weight of mice in the different groups. The black arrow shows compound injection. Data are
expressed as the mean +standard error of the mean (SEM). Statistical significance was evaluated by a one-way ANOVA and the Tukey’s Honest
Significant Difference post-hoc test and expressed as: * p<0.05 and ** p <0.01.
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Conclusion

In summary, we have demonstrated that functionalization of
4 with a methylamide group in the 4 position of the
terpyridine ligand, resulted in a compound (1) with
exquisitely fine-tuned excited states, characterized by im-
proved (8x) red light absorption. This effect accelerated by a
factor of 5 the red-light activation of 1 to a regime where in
vitro and in vivo activation became possible, while 4 was
limited to green light activation. Such modification is
essential for phototherapy as red light (630 nm) is used
clinically for activating FDA-approved PDT compounds
(Photofrin) and can be obtained with clinical-grade red
lasers. In spite of the much lower molar absorption
coefficient of 1 at 630 nm, compared with 520 nm, in A431
tumor-bearing mice the tumor volume reduction was
significant (45 %) upon red light irradiation of 1 at 4 mg/kg
i.p. compared with vehicle control, and statistically identical
with that obtained upon green light activation at the same
light dose (75 J/cm®). Importantly, the 4'-methylamide sub-
stituent also improved the biosafety of 1 compared with 4,
leading to lower toxicity of the prodrug in the dark, both in
vitro and in vivo. Overall, these data demonstrate for the
first time the in vivo potential of red-light activated,
ruthenium-based PACT molecular compounds for the treat-
ment of cancer.
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