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ABSTRACT: Marine alkaloid rigidins are cytotoxic compounds
known to kill cancer cells at nanomolar concentrations by
targeting the microtubule network. Here, a rigidin analogue
containing a thioether group was “caged” by coordination of its
thioether group to a photosensitive ruthenium complex. In the
dark, the coordinated ruthenium fragment prevented the rigidin
analogue from inhibiting tubulin polymerization and reduced its
toxicity in 2D cancer cell line monolayers, 3D lung cancer tumor
spheroids (A549), and a lung cancer tumor xenograft (A549) in
nude mice. Photochemical activation of the prodrug upon green
light irradiation led to the photosubstitution of the thioether ligand by water, thereby releasing the free rigidin analogue capable
of inhibiting the polymerization of tubulin. In cancer cells, such photorelease was accompanied by a drastic reduction of cell
growth, not only when the cells were grown in normoxia (21% O2) but also remarkably in hypoxic conditions (1% O2). In vivo,
low toxicity was observed at a dose of 1 mg·kg−1 when the compound was injected intraperitoneally, and light activation of the
compound in the tumor led to 30% tumor volume reduction, which represents the first demonstration of the safety and efficacy
of ruthenium-based photoactivated chemotherapy compounds in a tumor xenograft.

■ INTRODUCTION

Microtubules play an essential role in mitosis, specifically in the
separation of duplicated chromosomes before the cell divides.1

This feature makes them a useful target for novel chemo-
therapeutic agents, where selective killing of highly dividing
cells is essential. One of the most successful microtubule-
targeting agents used in the clinic is paclitaxel, which is
employed to treat various forms of breast, ovarian, and non-
small cell lung cancer. Paclitaxel interferes with microtubule
dynamics leading to apoptosis and cell death.2 However,
paclitaxel-based therapy is plagued with side-effects which
include neutropenia, neurotoxicity, and disturbances in cardiac
rhythm, among others.3,4 Additionally, cancer cell resistance to
paclitaxel therapy limits its clinical efficacy, making the
development of alternative microtubule-targeting agents or
strategies an important area of cancer research. Some of us
have been investigating analogues derived from marine alkaloid
rigidins, isolated from the tunicate Eudistoma cf. rigida, as novel
microtubule-targeting agents.5,6 Extensive structure−activity
relationship studies revealed analogues that kill cancer cells at
low-nanomolar concentrations and induce significant tumor

growth reduction in vivo. However, as with any microtubule-
targeting agents, it could be anticipated that the uptake by the
healthy tissues would result in side-effects limiting the
progression of a potential drug candidate through preclinical
or clinical development.
To address these obstacles early on, we investigated the

potential of a rigidin analogue containing a thioether group (1,
Figure 1) to serve as a ligand for light-cleavable ruthenium
complex [2]2+ (Figure 1). This strategy is often referred to as
photoactivated chemotherapy (PACT).7−16 In PACT, the
inactive prodrug is activated locally by light irradiation via a
bond photocleavage reaction.13 In the dark, the positively
charged metal complex poorly interacts with its target, while
upon light irradiation, a photosubstitution reaction leads to the
release of the free and active cytotoxic drug. PACT derives
from a clinically approved phototherapy technique called
photodynamic therapy (PDT).13,17,18 In both cases, toxicity is
generated by the light irradiation of a photoactive compound.
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Since light is delivered directly to the tumor, PDT was shown
to generate less systemic toxicity for cancer patients, compared
to traditional chemotherapy.19,20 However, there is an essential
difference between PDT and PACT. In PDT, a light-irradiated
photosensitizer generates cytotoxicity via energy or electron
transfer of the excited prodrug molecule to the O2 present in
the irradiated tumor tissues. PDT is hence highly efficient in
well-oxygenated tumors, but it often fails in hypoxic tumors,
where low O2 concentrations limit the photogeneration of
oxidative stress.21 On the contrary, in PACT the light
activation mechanism is based on O2-independent bond
cleavage photoreaction, so PACT should, in principle, allow
for the development of anticancer phototherapies that are
independent of the intratumoral O2 concentration and thus

suitable for the treatment of hypoxic tumors.22,23 Considering
that oxygen-deficient tumors are very difficult to treat by either
PDT, radiation therapy,24 chemotherapy,25,26 or immunother-
apy,27 developing new treatment modalities that are nontoxic
in the dark, that upon light irradiation focus on a well-
established cancer target, and that remain efficacious under
hypoxic conditions, represents an important goal in oncology.
The present work investigates the use of [2](PF6)2 as a new
PACT complex releasing microtubule-targeting rigidin com-
pound 1 under green light irradiation (Figure 1). We provide
quantitative phototoxicity studies in vitro under normoxia
(21% O2) and hypoxia (1% O2) demonstrating efficient light
activation in low O2 concentrations. In addition, we established
the first demonstration of the light-activation of a ruthenium-

Figure 1. Photochemical release of rigidin-thioether 15 from ruthenium-based PACT compound [2]2+.

Figure 2. Synthesis of [2](PF6)2. * indicates the A6 proton of the 2,2′-bipyridine (bpy) ligand.

Figure 3. Evolution of the electronic absorption spectra of a solution of [2](PF6)2 in acetonitrile upon green light irradiation under nitrogen (λ =
530 nm, Δλ1/2 = 17 nm, 6.0 mW, photon flux 4.1× 10−8 mol·s−1). Time: 0 min (red curve) to 30 min (black curve). Conditions: [Ru]0 = 50 μM,
irradiated volume 3.0 mL, temperature 293 K.
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based PACT compound in 3D tumor spheroids and in human
lung cancer (A549) xenografts in nude mice.

■ RESULTS
Synthesis of the Caged Microtubule Inhibitor.

Complex [Ru(tpy)(bpy)(1)](PF6)2 ([2](PF6)2) was synthe-
sized by reacting thioether-containing microtubule inhibitor 1
with 2 equiv of [Ru(tpy)(bpy)(OH2)](PF6)2 ([3](PF6)2,
Figures 1 and 2). 1H NMR spectroscopy in CD3OD showed
the characteristic upfield shift at 1.47 ppm of the coordinated
SMe group (methylthioether moieties typically appear at >2.0
ppm in protic solvents).28 Additional NMR spectroscopy,
high-resolution mass spectrometry, and elemental analysis,
unequivocally demonstrated the analytical purity of [2](PF6)2.
Unlike 1, which is essentially hydrophobic (log P > 4.0),
[2](PF6)2 was dramatically more water-soluble (log P = −0.21;
see the Supporting Information). This result highlights one of
the recognized advantages of ruthenium-based photocaging
groups: Their ability to solubilize in water hydrophobic organic
inhibitors.23

Photochemistry. Green (λirr = 530 nm) light irradiation of
a solution of [2](PF6)2 in acetonitrile under an inert
atmosphere of dinitrogen resulted in a significant increase of
the absorbance at 452 nm and a slight shift of the maximum of
the singlet metal-to-ligand charged transfer (1MLCT) band
from 452 to 454 nm (Figure 3). Under these conditions, a
steady state was obtained after 30 min (inset in Figure 3).
Mass spectrometry (MS) of the solution after light irradiation
showed peaks at m/z = 266.4 corresponding to [Ru(tpy)-
(bpy)(CH3CN)]

2+ (calcd m/z = 266.1, Figure S1), whereas
MS of the dark control showed a major signal at m/z = 447.0
corresponding to [2]2+ (calcd m/z = 447.1, Figure S1). Thus,
under green light irradiation, ligand 1 was photosubstituted by
a solvent molecule, with a quantum yield Φ530 of 0.0038.
Similar evolutions were observed using blue light irradiation
(450 nm, Figure S2) and in such conditions a modestly higher
photosubstitution quantum yield Φ450 of 0.0055 was obtained.
When monitored by 1H NMR in CD3CN under white light
irradiation, the photoreaction led after 5 min to a shift of the
characteristic A6 proton (Figure S3) at 9.66 ppm on the
bipyridine ligand to 9.59 ppm, characteristic for [Ru(tpy)-
(bpy)(CH3CN)]

2+. Meanwhile, the initial singlet peak at 1.32
ppm characteristic for the coordinated SMe was fully replaced
by a singlet peak at 2.54 ppm for noncoordinated 1.
Additionally, the spin−lattice relaxation times (T1) measured
on pre- and postphotoreaction of [2]2+ were consistent with
the photorelease of free inhibitor 1. For example, the T1 times
measured for the SMe and the adjacent methylene unit before
the photoreaction were markedly shorter at 1.025 and 0.680 s,
respectively, when compared to the postphotoreaction
measurements (1.820 and 1.724 s, respectively, Figure S4).
This difference is consistent with the Ru2+ center aiding in
relaxation of the thiomethyl and methylene protons when the
inhibitor is coordinated.29−31 Similarly, we observed an
increase in the T1 of the A6 proton from 2.150 to 3.205 s
after photolysis, consistent with molecular weight; therefore,
the size of the Ru2+ complex decreases when inhibitor 1 is
replaced by the solvent CH3CN.

32 Collectively, all data
showed the full and selective conversion of [2]2+ into free
inhibitor 1 plus [Ru(tpy)(bpy)(CH3CN)]

2+, i.e., a solvent-
coordinated ruthenium adduct (Figure S3).33 When the same
light irradiation reaction was performed in demineralized water
and followed by UV−vis spectroscopy, Rayleigh scattering

occurred quickly due to precipitation of free ligand 1, which is
poorly soluble in water (maximum solubility is 10 μM in
demineralized water, see Figure S5). Overall, it can be
concluded that the Ru−S bond of [2]2+ is photoactivatable
in CH3CN and aqueous solution using either blue, green, or
white light.

Tubulin Polymerization Assay. In order to investigate
how caging and photoactivation influences the ability of
compound [2](PF6)2 to interact with its biological micro-
tubule target, a fluorescence-based tubulin polymerization
assay was utilized to compare the tubulin polymerization
properties of [2](PF6)2 in the dark and under light irradiation.
In this assay, tubulin polymerization leads to a marked increase
of the fluorescence intensity. As expected, paclitaxel induced
rapid polymerization of tubulin, whereas colchicine suppressed
it (Figure 4).5 It was further found that tubulin polymerization

was completely inhibited with the caged drug [2](PF6)2 that
had been irradiated with either blue or green light (38 J·cm−2).
This observation suggests that exposure to light liberates the
active agent, thereby enabling its inhibitory effect. The caged
control (not exposed to light) showed a behavior that is
typically associated with a substance that neither inhibits nor
promotes tubulin polymerization as expected, suggesting that
the caged drug [2](PF6)2 is not active. In other words,
photochemical uncaging of the inhibitor in [2](PF6)2
efficiently recovers the inhibiting properties of ligand 1.

Light Activation of [2](PF6)2 Inhibits Tubulin Poly-
merization in Normoxic A549 Cells. Since the chemical
tubulin polymerization assay demonstrated that caged drug
[2](PF6)2 completely inhibited the polymerization of tubulin
after light irradiation, an immunofluorescent staining assay was
performed in A549 cells to validate whether such light-
controlled tubulin polymerization inhibitory effect would also
occur in living cells and at which concentration such inhibition
would occur. A549 cells were grown under normoxia, treated
with a range of concentrations of [2](PF6)2 (1, 5, 10, 20, 50,
and 100 μM) and either irradiated with green light or left in
the dark. After 4 or 16 h of light irradiation, both dark and
irradiated plates were imaged after immunostaining the nuclei
(blue), α-tubulin (green), and F-actin (red). As shown in
Figure 5, irradiation of [2](PF6)2 caused a dose-dependent

Figure 4. Results of tubulin polymerization assay. Raw fluorescence
was normalized by initial fluorescence for each sample. Samples
consist of the caged inhibitor [2](PF6)2 (25 μM) left in the dark or
irradiated with green or blue light. Paclitaxel (3 μM) and colchicine
(6 μM) were utilized as tubulin polymerization enhancer and
suppressor controls, respectively. Irradiation time: 30 min.
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depolymerization of the microtubules, while the dark regime
showed no effect on microtubule polymerization even at high
concentrations (see Figures S7−S9). Interestingly, the actin
cytoskeleton did not show any major modification by light
activation or in the dark, which shows the specificity of tubulin
polymerization inhibition by photoreleased ligand 1. Photo-
activation of 20 μM of [2](PF6)2 was sufficient to completely
and specifically break down the microtubule cytoskeleton 4 h
after irradiation (Figure 5A). Even after 16 h, the polymer-
ization was still strongly impaired in the light-activated cells
(Figure 5B). Those data indicate that in living A549 cancer
cells the caged compound [2](PF6)2 is after light activation
highly specific and efficient inhibitor of tubulin polymerization,
which is consistent with the release of ligand 1 inside the cells.
(Photo)toxicity Studies under Normoxia. An in vitro

photocytotoxicity assay was performed to demonstrate whether
the activity of [2](PF6)2 could be controlled with light
activation in living cells (in cellulo) and how it would translate
in terms of cytotoxicity. The cytotoxicities of 1, [2](PF6)2,
caging group [3](PF6)2, and cisplatin were investigated first
under normal dioxygen concentration (21% O2) against skin
(A375 and A431) and lung (A549) cancer cell lines, as well as
against MRC-5 noncancer cell line (Table 1). [3](PF6)2 was
included in the assay to ensure that cytotoxicity of [2](PF6)2
after light activation does not originate from the metal cage;
cisplatin was tested as positive control. Cell growth inhibition
effective concentrations (EC50), defined as the compound
concentration that reduces cell viability by 50% compared to
untreated cells, were measured in the dark and after light
activation following a protocol adapted from Hopkins et al.34

All results are shown in Table 1. In the dark, EC50 values
between 0.16 and 0.23 μM were found for 1 in A375, A431,
and MRC-5 cells, and a higher value of 6.5 μM was found for
A549 cells. Compound [3](PF6)2 showed no activity across all
tested cell lines, which is in agreement with previous findings,35

while treatment with cisplatin resulted in EC50 values in the
expected micromolar range, i.e., between 0.87 and 3.1 μM. For

caged compound [2](PF6)2 in the dark, EC50 values of 7−14
μM in A375, A431, and MRC-5 cells were observed, while for
A549 cells an EC50 value of 35 μM was measured. Thus, caging
of 1 with the [Ru(tpy)(bpy)]2+ moiety strongly inhibited, up
to 83 times for MRC-5 cells, the cytotoxicity of ligand 1 in the
dark.
Green light (520 nm) was chosen for photochemical

activation since it is much less toxic in vitro and in vivo to
living cells than blue light, despite the slightly lower activation
quantum yield of [2](PF6)2 with green light versus blue
light.34,36,37 Preliminary studies in a 96-well plate (Figure S6)
demonstrated that in the conditions of our cell-irradiation
setup (21 mW·cm−2), a 30 min irradiation time, corresponding
to a dose of 38 J·cm−2, was necessary to completely activate the
highest concentration of [2](PF6)2 used in the assay (60 μM).
While a 38 J·cm−2 dose of green light did not induce
photocytotoxicity or change the cytotoxicity of uncaged
inhibitor 1, caging complex [3](PF6), or cisplatin, the effect
observed when caged inhibitor [2](PF6)2 was irradiated under
21% O2 was remarkable for all cell lines tested. EC50 values for
A375, A431, A549, and MRC-5 cells were 0.33, 0.49, 9.2, and
0.67 μM, leading to phototoxic indices of 21, 29, 4, and 12,
respectively. Figure 6 shows, as an example, the dose−response
curves for A431 cells treated with 1 (brown curve), [2](PF6)2
in the dark (black curve), [2](PF6)2 irradiated with green light
(green curve), and [3](PF6)2 in the dark (gray curve). For
most cell lines, the toxicity of [2](PF6)2 after light activation
was slightly lower than that of 1, which may be due to the
lower drug uptake in the dark for the caged, positively charged
compound, while 1 is very lipophilic and may easily penetrate
the cell. Overall, the data suggests that [Ru(tpy)(bpy)]2+ is an
excellent photocaging agent for 1 as coordination to ruthenium
strongly reduces the cytotoxicity of 1 in the dark, while
photocleavage, when performed in living cells, restores the high
toxicity typical for ligand 1.

Effect of Hypoxia. Although significant photoindices of
[2](PF6)2 were measured in normoxic cancer cells, the true
added value of PACT compounds is for treating hypoxic
tumors, where other cancer treatment modalities such as PDT
or radiation therapy often fail.24,26,27,38,39 Thus, the cytotoxicity
of [2](PF6)2, [3](PF6)2, 1, and cisplatin were tested under
hypoxia (1% O2) in the same cancer cell lines. The cells were
cultivated for 2 weeks under a 1% O2 concentration before
starting the cytotoxicity assay, which was fully performed under
hypoxia, including light irradiation, using a setup reported
recently.23 The results are reported in Table 1. All three
compounds, 1, [2](PF6)2, and cisplatin, were less active under
hypoxia than under normoxia, which is indicative of the known
resistance of hypoxic cancer cells against chemotherapeutic
drugs.26,39 Most importantly, however, in A549 the EC50 of
[2](PF6)2 in the dark and under green light irradiation
increased by the same ratio when going from normoxia to
hypoxia, resulting in almost identical photoindices under
hypoxia compared to normoxia (4.1 vs 4.0). In A375 and
A431, the photoindices of [2](PF6)2 remained high under
hypoxia, also showing that the photoactivation of this
compound was independent from the oxygen concentration
in the cell. This result is one of the rare demonstrations that
PACT agents are equally activated under hypoxia and
normoxia,22,23 and hence show promise for the photo-
therapeutic treatment of hypoxic tumors.
Curiously, MRC-5 cells were very sensitive to both drugs 1

and light-activated [2](PF6)2, even more than the A549 cells.

Figure 5. Immunofluorescent staining of A549 cancer cells treated
with [2](PF6)2 or vehicle control, irradiated with green light (530
nm) or left in the dark, and imaged at 4 h (A) or 16 h (B) after light
activation. Light activation of the caged drug [2](PF6)2 induces
microtubules breakdown in a dose-dependent fashion, while under
the dark regime, the microtubule cytoskeleton is unaffected. Staining:
α-tubulin (green), DNA (blue), and F-actin (red). Scale bars: 20 μm.
See Figures S7−S9 for the whole concentration range and for
individual channels.
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This sensitivity was particularly high under normoxia, where it
resulted in a thrice higher photoindex (12) compared to
hypoxia, where the photoindex (4.8) was similar to that found
in A549 cells. To investigate whether these differences may be
due to different cell growth rates between MRC-5 and A549,
the growth rate of both cell lines was determined under
normoxia and hypoxia, over a 4 week period (Figures 7 and
S11). After 1 week of culture under normoxia, the cells were
split in to two parts and further cultured either under normoxia

(21% O2) or hypoxia (1% O2). At the beginning of weeks 2, 3,
and 5, one portion of each cell stock was seeded in 96-well
plates, cultured for 1 week, and fixed at 24, 72, 120, and 196 h
after seeding. At the end of each week, the cell population at
fixation time, relative to the 24 h time point of the same week,
was assayed using the sulforhodamine B (SRB) assay.40 A549
cells showed a faster growth rate in normoxia compared to that
in hypoxia during weeks 2 and 3. On the contrary, MRC-5 cells
showed faster growth in hypoxic compared to normoxic
conditions during weeks 2 and 3, and evened out by week 5.
Hypoxia is a traumatic event, which triggers a variety of
physiological actions, such as energy metabolism, autophagy,
cell motility, angiogenesis, and erythropoiesis. An important
cellular effect of hypoxia is as a modulator of cell
proliferation.41 For many cell types, including A549, hypoxia
was reported to induce decreased cell proliferation,42,43 since
an increase in the number of cells would result in increased
oxygen demand and accompanying hypoxic stress.41 MRC-5
fibroblasts are mostly responsible for extracellular matrix
production in lungs.44 The increased growth rate in hypoxia
of lung fibroblasts, including MRC-5 cells, has been
documented, but its mechanism is not well understood.45 It
has been hypothesized that increased proliferation of
pulmonary fibroblasts is mediated through the hypoxia-
induced nuclear factor activated T-cell (NFAT) pathway and
is dependent on HIF-2α rather than HIF-1α.46 The MRC-5
growth pattern in hypoxia could be due to a hypoxia-induced

Figure 6. Dose−response curves for A431 cells incubated with 1 in
the dark (light brown), [2](PF6)2 in the dark (black), [2](PF6)2 with
green light irradiation (green), and [3](PF6)2 in the dark (grey).
Phototoxicity assay: cells seeded at 8 × 103 cells/well at t = 0 h,
treated at t = 24 h, irradiated at t = 30 h, and SRB assay performed at t
= 96 h. Conditions: T = 37 °C, v/v % CO2 = 7%, λirr = 520 nm, light
dose = 38 J·cm−2.

Figure 7. Growth curves for week 2 (top), week 3 (middle), and week 5 (bottom) for A549 (left, circles) and MRC-5 (right, triangles) cell lines
under normoxia (21% O2, N, filled symbols) and hypoxia (1% O2, H, empty symbols). Time line of the experiment shown in Figure S11. Seeding
density for all cell lines was 5 × 103 cells/well. Data averaged over 2 or 3 independent experiments.
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transformation into cancer associated fibroblasts (CAF).47

Clearly, the phototoxicity of [2](PF6)2 in A549 cancer cells is
not directly dependent on cell growth rate, as the lower growth
rate under hypoxia led to identical photoindices (PI), while in
MRC-5 “non-cancer” cells a higher growth rate was
accompanied by a lower PI.
(Photo)toxicity in 3D Tumor Spheroids. In view of the

excellent phototoxicity of [2](PF6)2 in 2D monolayers of
hypoxic and normoxic cells, 3D tumor spheroids were chosen
as an additional in vitro model to test the (photo)toxicity of
[2](PF6)2. 3D models have become important for in vitro
testing as they are a better model for clinical tumors in terms of
light, nutrient, and drug penetration and as they can give
valuable insight for in vivo experiments. 3D spheroids were
hence formed from A549 and A431 cancer cells in suspension
using ultralow attachment 96-well plates. The spheroids were
first seeded at 200 cells/well, treated at day 4 with 1 or
[2](PF6)2, irradiated with green light after 24 h of incubation
(or kept in the dark for the dark plate), and further incubated
in the dark until day 7. The spheroids were imaged (Figure 8a)
and their viability was assessed using the Cell Titer Glo 3D
ATP quantification (Figure 8b,c and Table 2). Compared to
2D experiments, the EC50 values were higher for all tested
conditions. Without green light irradiation, the EC50 of
[2](PF6)2 was 330 μM in A431 and 150 μM in A549, which
are almost 24 and 4 times higher, respectively, than the values
found in 2D for the same cell lines. The particularly high EC50
found in A431 spheroids correlates well with the compact

morphology of spheroids of this cell line, which may prevent
charged compound [2](PF6)2 from penetrating to the core of
the spheroid. In contrast, the less compact A549 spheroids
seem to let [2](PF6)2 better penetrate inside the spheroid, as
shown by the lower increase of the EC50 in 3D, compared to
2D. After green light irradiation (37.2 J·cm−2), the EC50 of
[2](PF6)2 was 54 and 92 μM in A431 and A549 spheroids, i.e.,
100 and 10 times higher than in 2D but 6.1 and 1.6 times

Figure 8. (a) Bright-field microscopy photographs of A549 and A431 spheroids grown in normoxic conditions, treated with vehicle control, 200
μM of [2](PF6)2, or 50 μM of 1, and irradiated with green light (GL, 530 nm, 90 min, light dose 37 J·cm−2). Dose−response curve for A431 (b)
and A549 (c) spheroids incubated with [2](PF6)2 and kept in the dark (black) or activated by green light (GL). Phototoxicity assay: cells seeded at
2 × 102 cells/well at t = 0 days, treated at t = 4 days, and irradiated at t = 5 days. Cell Titer Glo 3D viability assay performed at t = 7 days.
Conditions: T = 37 °C, v/v % CO2 = 7%. Scale bar 500 μM.

Table 2. Cell Growth Inhibition Effective Concentrationsa

cell
line

seeding density
(cells/well)

light dose
(J·cm−2)

[2](PF6)2
EC50 (μM) CI95 PI

A431 200

0 330 −114
6.1

+350
37 54 −14

+23

A549 200

0 150 −38
1.6

+76
37 92 −21

+27

A549 500

0 205 −222
3.2

+57
83 63.7 −21

+14
aEC50 values in μM, with 95% confidence interval (CI95 in μM), for
[2](PF6)2 and cisplatin in 3D tumor spheroids of lung (A549) and
skin (A431) cancer cells. The photoindex (PI), defined as EC50,dark/
EC50,light, is also indicated.
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lower, respectively, than in 3D and in the dark. As one could
observe from the microscopy photographs in Figure 8a, the
morphology of the treated spheroids was different in presence
of both compounds; A549 spheroids treated with [2](PF6)2
and irradiated with light were darker and had scattered dead
cells around them, compared to those treated with 1, for which
an EC50 of 140 μM was found that did not depend on the
presence of light. In A431 spheroids, the spheroids treated with
[2](PF6)2 remained compact but showed scattered cells, while
those treated with 1 (EC50 = 15 μM) had a low-density corona
surrounding a more compact core, confirming the higher 2D
toxicity of 1 in this cell line (EC50 = 0.24 μM), and its probable
penetration properties due to its neutral charge. Overall, in
A431 spheroids [2](PF6)2 was activated by light (PI = 6.1),
but the compound was rather strongly inhibited compared to
2D cell monolayers, probably due to its hydrophilicity that may
preclude optimal diffusion to the core of the spheroid. For
A549 spheroid, the decrease in cytotoxicity compared to 2D
was significantly lower, but the photoindex was suboptimal.
As light penetration may be a stronger issue in 3D than in

2D, a second tumor spheroid experiment was repeated with
A549 cells using higher light doses (83 J·cm−2), and a clinically
used drug (cisplatin) as control. In this second experiment the
spheroid diameter was followed as well by bright field imaging,
which also revealed a clear effect of green light irradiation for
spheroids treated with [2](PF6)2 (Figure S12b,c). The
spheroids diameter before treatment was on average 302 ±
29 μm, while 72 h later the average spheroid diameter in
nontreated group (negative control) was 477 ± 3 μm
indicating spheroid growth. In contrast, treatment with
[2](PF6)2 or cisplatin induced a concentration-dependent
decrease in spheroid size compared to that of vehicle control.
In the dark, the EC50 at day 7 for [2](PF6)2 (Table 2) was 205
μM, which is only 6 times higher than that for the same cell
line in 2D. The EC50 of [2](PF6)2 after green light irradiation

was 64 μM, i.e., 7 times higher than that in 2D but 3.2 times
lower than that in 3D and in the dark, confirming a higher
photoindex of [2](PF6)2 in 3D at higher light doses. Under
these conditions, the EC50 values for cisplatin were 15 times
higher (30 μM), compared to the value found in 2D,
irrespective of whether the cells were irradiated or not. Thus,
even though the efficacy of [2](PF6)2 seemed to decrease in
3D compared to that in classical 2D tests, the higher EC50
seems here to be the result of 3D spheroid testing, while the
photochemical release of 1 by light irradiation of [2](PF6)2 still
leads, in 3D tumor spheroids, to a significantly increased
cytotoxicity.

In Vivo (Photo)toxicity Studies. The light activation
observed in 2D cell monolayers and 3D tumor spheroids
opened the door to testing the ability of photocaged drug
[2](PF6)2 to limit tumor cell proliferation in vivo using a
xenograft model in nude mice, as previously described for
PDT.48 Considering the strong deactivation of [2](PF6)2 in
A431 tumor spheroids, compared to cell monolayers, the A549
cell line was preferred for testing in mice, as xenografts of this
cell line may be less compact than those for A431, and thus
offer better drug penetration in vivo. The tumors were
produced by subcutaneous injection of A549 lung cancer
cells. Each mouse carried two tumors as injections were made
on each side of the mouse. In the group of irradiated mice,
only one of the two tumors was irradiated with a green laser
(520 nm, 40 mW, 38 J·cm−2, 2 × 10 min irradiation) 24 h after
compound injection. After treatment, tumor growth was
followed daily. Before these experiments, very little information
was available about which doses of PACT compounds may be
used safely in mice. It was also unclear whether the compound
should be injected intravenously, intraperitoneally, or directly
into the tumor. In their original publication,5 Kornienko et al.
injected 1 intravenously at a dose of 3 mg·kg−1 and 5 times per
week intravenously, which would correspond, considering the

Figure 9. Evolution of tumor volumes of A549 cells xenografts in nude mice left untreated in the dark (gray histogram) or only irradiated with
green light (gray and striated histogram); treated with 1 (1 mg·kg−1) and either left in the dark (blue histogram) or irradiated with green light (blue
and striated histogram); and treated with [2](PF6)2 (1 mg·kg−1) and either left in the dark (green histogram) or irradiated with green light (green
and striated histogram). There were 5 mice per group; values are expressed as mean ± SEM (p value relative to control group; *, p < 0.05).
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difference in molar weight between 1 and [2](PF6)2, to a dose
of caged inhibitor [2](PF6)2 of 5 times at 9 mg·kg−1 per week,
which seemed very high. In a first experiment, [2](PF6)2 was
hence used at a low dose of 2 mg·kg−1 injected intravenously.
This treatment led to significant toxicity issues, with a quick
death of the treated mice. In a second experiment, the doses of
1 and [2](PF6)2 were hence reduced to 1 mg·kg−1, and
injections were made intraperitoneally.
With this new modality, we did not notice any significant

toxicity of 1 or [2](PF6)2: no mice appeared to lose weight or
change behavior regardless of the treatment received (data not
shown). The daily evolutions of the tumor size are shown in
Figure 9. In the control group (mice treated with the vehicle),
no significant difference was detected in tumor volume
between the irradiated and nonirradiated tumors, indicating
that green light irradiation alone had no effect on tumor
growth (p > 0.05). In the group of mice treated with 1, there
was no significant difference on tumor volumes compared to
that of control group (p > 0.05), while a clear antitumor
activity had been observed at significantly higher doses (3 mg·
kg−1 per intravenous injection, 5 injections per week).5

Therefore, at such low doses and using intraperitoneal
injection, 1 did not alter tumor growth in either nonirradiated
tumors or irradiated tumors. In the group of mice treated with
[2](PF6)2, nonirradiated tumors showed no significant
decrease in tumor growth, while tumors photoactivated with
green light showed significant slowing in tumor growth after 15
days, compared to untreated group (*, p < 0.05). At the end of
the treatment, tumor volumes of mice treated with [2](PF6)2
with subsequent green light irradiation were reduced by about
30%. Though significant, the effects observed after light
irradiation are modest compared to results found in the
literature with traditional ruthenium chemotherapy agents, i.e.,
compounds that are not activated by light.49−51 However, it
should be noted that since the effect obtained in vitro was
significant, we chose to use in vivo doses that were also lower
(1 mg/kg) than those in most other studies with anticancer
ruthenium complexes (10−20 mg/kg in general),49−51

regardless of the associated drugs. In addition, the dose-to-
light interval of 24 h is rather long, and in such an interval,
some of the compound might be eliminated before light
activation occurs. Still, this in vivo study represents the proof-
of-concept that ruthenium PACT compounds such as
[2](PF6)2 can be nontoxic in nude mice when injected
intraperitoneally and lead to significant reduction of tumor
growth upon irradiation with light. Obviously, these initial
promising results will need to be completed by maximum
tolerated dose and biodistribution studies, while the treatment
protocol (injection mode, compound dose, dose-to-light delay,
and light dose) should be optimized to increase antitumor
efficacy.

■ CONCLUSION
Our work demonstrates that microtubule-targeted thioether 1
can be caged by [Ru(tpy)(bpy)]2+. In vitro green light
photosubstitution of ruthenium-caged rigidin 1 in [2](PF6)2
induces an up to a 29-fold increase in cytotoxicity under
normoxia, with potencies that are similar to that of uncaged
ligand 1. The effect of light activation is still maintained in
hypoxic lung or skin cancer cells and lung fibroblasts, where it
is not linked to cell growth rates. We also demonstrated that
[2](PF6)2 can slow the growth of 3D tumor spheroids in vitro
and A549 tumors in vivo, only after green light irradiation. As

many microtubule-targeting agents are used in the clinic to
treat cancer,1,52,53 the strategy presented herein of ruthenium
caging and green light photorelease provides a basis for a new
cancer-targeted photoactivated chemotherapy for hypoxic
tumors. This strategy is clearly distinct from the approach of
organic chemists in photopharmacology, where azobenzene-
functionalized protein inhibitors are switched “on” and “off”
via cis−trans photoisomerization.54−57 Coordination of an
inhibitor to a light-sensitive metal complex, as proposed in this
work, offers a promising alternative compared to the
azobenzene isomerization approach developed by Feringa or
Trauner among others. First, in photopharmacology the light
activation wavelength is crucial. Low-energy green or red light
can penetrate into tissues much deeper and is less harmful than
high-energy UV or blue light. Although recently some
azobenzenes have been developed that can be activated by
visible or even red light,58−60 ruthenium polypyridyl chemistry
provides a well-understood, tunable, and predictive foundation
for developing agents that can be activated by green or red
light.13,61−64 Second, as azobenzenes have a small or no dipole
moment, especially in their trans form, they are highly
lipophilic and often poorly water-soluble (typical log P values
are ∼4).65−67 Ruthenium complexes on the other hand are
positively charged molecules, which provides enhanced water
solubility of the caged compound [2](PF6)2. Finally, light
activation of metal-based PACT compounds usually entails an
irreversible process, whereas cis−trans photoisomerization of
azobenzenes is reversible. In the development of anticancer
drugs both organic and inorganic chemists cope with similar
problems, i.e., drug resistance, dose-limiting side effects, and
poor water solubility. Here, activation in hypoxic conditions is
clearly occurring, but under such conditions photoindices
remain low in vitro. The combination of organic chemistry,
which offers stable compounds and well-defined targets, with
nontoxic inorganic photocaging compounds such as [3](PF6)2,
which lowers dark toxicity, increases water solubility, and
allows for irreversible uncaging using visible light, demon-
strates the complementarity between both disciplines. By
crossing research borders, novel solutions will be found that
can contribute to ground-breaking developments in the
photopharmacology of hypoxic tumors.
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