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ABSTRACT: Despite the clinical success of photodynamic therapy (PDT), the application of this medical technique is intrinsi-
cally limited by the low oxygen concentrations found in cancer tumors which are hampering the production of the therapeu-
tically necessary singlet oxygen (102). To overcome this limitation, we report on a novel mitochondria-localized iridium(III)
endoperoxide prodrug (2-0-IrAn), which, upon two-photon irradiation in the NIR, synergistically releases a highly cytotoxic
iridium(III) complex (2-IrAn), singlet oxygen and an alkoxy radical. 2-0-IrAn was found to be highly (photo-)toxic in hypoxic
tumor cells and multicellular tumor spheroids in the nanomolar range. To provide cancer selectivity and improve the phar-
macological properties of 2-0-IrAn, it was encapsulated with a biotin functionalized polymer. The generated nanoparticles
were found to nearly fully eradicate the tumor inside a mouse model within a single treatment. This study presents, to the
best of our knowledge, the first example of an iridium(III)-based endoperoxide prodrug for synergistic photodynamic ther-
apy/photoactivated chemotherapy, opening up new avenues for the treatment of hypoxic tumors.

Introduction

Photodynamic therapy (PDT) is now used in many coun-
tries to treat different medical conditions (e.g., cancer, ac-
tinic keratosis). One of the setbacks of this technique is the
low concentration of oxygen present in some tissue (e.g..,
tumors), avoiding the photosensitizer (PS) to generate sin-
glet oxygen (102) in the event of a type Il pathway. There is
therefore a need for the development of PSs, which remain
phototoxic under hypoxic conditions.[!7! This is, for exam-
ple, the basis of photo-activated chemotherapy (PACT).[8-14
Another method to to tackle this drawback is the used of en-
doperoxides (EPOs) as reversible oxygen traps. Upon light
or heat exposure (Scheme 1A), EPOs are able to release the
covalently bridged oxygen molecule and generate the ther-
apeutically active singlet oxygen (102).[15-211 While signifi-
cantresearch interest has been focused on the development
of pyridone EPOs,[2224 the vast majority of studied

compounds for anticancer purposes are based on 9,10-sub-
stituted anthracene EPOs.[25-31] Due to the ability of EPOs to
deliver the therapeutically necessary oxygen to the target
tissue, these compounds could find application for the treat-
ment of hypoxic tumors.

Cyclometalated Ir(III) complexes have been found to be
extremely promising photosensitizers (PSs) for photody-
namic therapy (PDT) against cancer due to their high bio-
compatibility, strong luminescence, and high ROS produc-
tion.[32-37] Based on their overall positive charge and lipo-
philic nature, such compounds preferably accumulate in the
mitochondria.[3%-431 As the energetic powerhouse of a cell,
the mitochondria in cancer cells are associated with tumor-
igenesis and tumor progression.*+48 Tumor cells with low
oxygen concentrations adjust their mitochondria metabo-
lism, making these more susceptible to oxidative stress or



reactive species. For this reason, mitochondria present an
ideal subcellular location for a PDT agent.[4%-53]

The majority of transition metal complexes studied as
PDT PSs are excited using UV or visible light.[5+5¢] As the
light penetration depth into the tissue is low at these wave-
lengths, the application of such compounds is limited to su-
perficial lesions or small tumors.[57-5% To overcome these
limitations, noticeable attention has been devoted towards
the development of two-photon absorbing chromophores.

In such a process, the compounds absorb simultaneously
two photons of low energy/long wavelength, allowing for
excitation in the biological spectral window (700-1000 nm).
Besides deeper light tissue penetration depth, two-photon
excitations are also associated with a higher spatial and
temporal resolution, presenting this technique as a promis-
ing alternative.[6%-63] Previous studies by our group have re-
ported on the use of an Ir(III) anthraquinone complex which
is able to

Scheme 1. A) Previously reported EPO photosensitizers, B) Previously reported carbon radical photosensitizers,
C/D) Schematic illustration of the mechanism of action of the Ir(III) complex by photodynamic therapy/photoacti-

vated chemotherapy.
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generate carbon radicals under hypoxic conditions (Scheme
1B). Despite its activity under hypoxic conditions, the metal
complex was found to have a phototoxic effect in the mi-
cromolar range.l38 To provide a potential application in a
clinical setting, compounds with a higher potency are re-
quired. Based on drawbacks to overcome and these previ-
ous studies, in this article, we report on a novel cyclomet-
alated Ir(III) EPO complex as a light-activated prodrug.
Upon light irradiation, the metal complex synergistically re-
leases a highly cytotoxic iridium(III) complex, 10z and an
alkoxy radical (Scheme 1C).l671 Thanks to a mechanism in-
dependent of the presence of oxygen, the lead compound of
this study, namely 2-0-IrAn, was found to have a phototox-
icity upon one- or two-photon irradiation in the nanomolar
range in hypoxic adenocarcinomic human alveolar basal ep-
ithelial cells as well as multicellular tumor spheroids. In-
sights into the biological mechanism revealed that the metal
complex primarily accumulates in the mitochondria, where
it causes cellular damage through loss of the mitochondrial
membrane potential and ultimately triggers cell death by
apoptosis. To provide cancer selectivity as well as improve
the pharmacological properties of 2-0-IrAn, it was encap-
sulated into a biotin functionalized phospholipid (Scheme
1D). Upon intravenous injection, the generated nanoparti-
cles were able to drastically reduce the tumor volume in tu-
mor-bearing mice upon two-photon irradiation in the NIR.
Overall, this study reports one of the most efficient metal-
based PDT PSs working under hypoxic conditions and that
can be excited with 2P.

Results

Synthesis and Characterization. Previous studies on
EPOs have shown that the position of functionalization on
the anthracene moiety has a significant influence on the
efficlency of the peroxidation reaction, endoperoxide
stability, and cytotoxicity.[?5-31] As the privileged location for
a photorelease mechanism, the anthracene moiety was
covalently linked in 2- or 9-position to the Ir(III) complex.
The corresponding metal complexes are referred to as 2-
IrAn and 9-IrAn, respectively and the endoperoxide
versions as 2-0-IrAn and 9-O-IrAn, respectively. The
ligand scaffold was synthesized by a condensation reaction
of 1,10-phenanthroline-5,6-dione with the corresponding
anthracene functionalized aldehyde in the presence of
ammonium acetate. The generated ligand was then
coordinated to the metal center of [Ir(2-
phenylpyridine)2Cl]2 upon release of the chloride ions to
generate 2-IrAn and 9-IrAn (Scheme S1). The compounds
were characterized by 'H- and '*C-NMR spectroscopy and
mass spectrometry (Figure S1-S4) and their purity checked
by HPLC as well as elemental analysis.

Photophysical Properties. With the compounds in
hand, their ability to act a PSs under normoxic conditions
was investigated upon exposure of solutions of the metal
complexes to a LED light source (405 nm, 20 mW/cm?) and
monitoring of changes in the molecular structure by mass
spectrometry. At the start of the experiment, the
compounds 2-IrAn and 9-IrAn showed a single mass peak,
corresponding to the intact metal complex. Upon irradiation
of a solution of the compound, the mass peak of the metal

complex (m/z = 973.6) decreased while a peak at higher
molecular weights (m/z = 1005.5), corresponding to a
single oxygen molecule bound to the compound, increased
independence of the exposed irradiation time (Figure S7-
S8). Using high-resolution mass spectrometry, the identity
of the endoperoxide functionalized complexes 2-0-IrAn
and 9-0-IrAn was verified (Figure S9-S10). A tandem mass
spectrometric analysis revealed the presence of several
oxygen-containing intermediates (Figure S11-S12). For a
deeper insight into the photophysical mechanism, solutions
of 2-IrAn and 9-IrAn were irradiated under normoxic
conditions at 405 nm and changes in their molecular
structure were monitored by 'H- and !3C-NMR
spectroscopy. Following this, the solutions were degassed
and irradiated under an argon atmosphere as a model for
the hypoxic conditions found in cancerous cells. Upon light
exposure in normoxia, the 'H NMR spectrum of 2-IrAn
showed a doubled signal set of peaks corresponding to the
anthracene moiety (Figure S13). A similar effect was
observed in the 13C NMR spectrum as well as the presence
of a distinctive peak at ~182 ppm corresponding to the
carbon-oxygen bond (Figure S14). These results suggest
that the 102 is covalently attached to the anthracene fraction
of the molecule. Solutions of the generated oxygen trapped
endoperoxide complexes 2-0-IrAn and 9-0-IrAn in DMSO
were degassed with argon to generate an hypoxic
environment. Afterwards, the solutions were exposed to
light (405 nm). As expected, a decrease of the previously
reported peaks was observed (Figure S13-S14), indicating
the release of 102 and the regeneration of 2-IrAn. Using an
analogous experimental procedure, the photophysical
effects of 9-IrAn were studied. While changes in the 'H NMR
and 3C NMR spectra similar to the ones for 2-IrAn were
observed, only a small fraction of the sample was found to
be converted into the endoperoxide functionalized
compound (Figure S15-S16). These results indicate the
superior properties of 2-IrAn to act as a PS in comparison
to 9-IrAn. Capitalising on this, the endoperoxide complexes
2-0-IrAn and 9-O-IrAn were intentionally prepared by
photo-induced self-catalysis using a 405 nm light source
(Scheme S2). The obtained 'H NMR spectrum for 2-0-IrAn
(Figure S5) was found to be in agreement with a solution of
2-IrAn exposed to light under normoxic conditions. The
peroxidation and the photo-decaging reaction of the metal
complexes 2-0-IrAn and 9-0O-IrAn were further
investigated upon monitoring of the emission profile of the
respective compound. Interestingly, while 2-IrAn and 9-
IrAn were found to be poorly emissive, the corresponding
endoperoxide complexes 2-0-IrAn and 9-0O-IrAn generated
during light irradiation are much more luminescent.
Therefore, the generation of the EPOs was followed by
monitoring of the emission with differnt irradiation time
under normoxic and hypoxic conditions. Within 10 min, the
asymptotic maximum of the conversion was reached with
an 84-times stronger luminescence for 2-0-IrAn and an 18-
times stronger luminescence for 9-0-IrAn in comparison to
their respective complexes (Figure 1A, Figure S17, Video
S1). Following this, the ability of the endoperoxide
complexes 2-0-IrAn and 9-O-IrAn to release 102 under
hypoxic conditions was studied by monitoring analogously
the emission profile of the compound. While the emission
spectrum of 2-0-IrAn reached the asymptotic minimum



after 2 min of irradiation with approximately 80% of photo-
decaged compound, (Figure 1B), 9-O-IrAn reached its as-
ymptotic minimum already after 30 s of irradiation with ap-
proximately 20% of photo-decaged product (Figure S17). In
addition, measurements of the excited state lifetime under
hypoxic conditions revealed that the endoperoxide com-
plexes 2-0-IrAn (874 ns) and 9-O-IrAn (630 ns) have
longer lifetimes than 2-IrAn (365 ns) and 9-Ir-An (452 ns),
respectively (Table S1). For a quantitive assessment, the re-
action rates of the peroxidation and photo-decaging reac-
tions were determined by monitoring of characteristic
peaks in the absorption spectra of the corresponding com-
pound. In agreement with previous observations, 2-IrAn
was found to have a faster reaction rate for the peroxidation
reaction (k=0.216 min-!) as well as photo-decaging reaction
(k = 0.0245 s1) in comparison to 9-IrAn (Figure 1C-D, Fig-
ure S19-S20). In addition, the photophysical reactivity of
the metal complexes was studied by HPLC-MS analysis.
While 2-IrAn has a retention time of 15.1 min, the endoper-
oxide analogous compound 2-0-IrAn is associated with a
higher polarity. Therefore, the peak was observed at a re-
duced retention time (13.8 min). In agreement with the pre-
vious investigations, ~80% of 2-IrAn was found to be con-
verted
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Figure 1. Kinetic of the photoinduced peroxidation reaction
under normoxic conditions of 2-IrAn (2 pM) and the
photoinduced decaging reaction under hypoxic conditions of 2-
O-IrAn (2 uM) upon irradiation at 405 nm (20 mW/cm?2). (A/B)
Monitoring of the emission profile. (C/D) Monitoring of a
characteristic absorption peak for determination of the
reaction rate. (E) Monitoring of the conversion by HPLC-MS.

to 2-0-IrAn under normoxic conditions upon irradiation
for 10 min. Upon irradiation of this solution under hypoxic

to 2-0-IrAn under normoxic conditions upon irradiation
for 10 min. Upon irradiation of this solution under hypoxic
conditions, the majority of the compound is converted back
to 2-IrAn. The direct comparison between 2-IrAn and 9-
IrAn shows the higher peroxidation and photo-decaging re-
action efficiency of 2-IrAn (Figure 1E, Figure S21).

Besides the released 02 upon irradiation, the ability to
generate 102 from molecular oxygen (302) under normoxic
conditions was evaluated using the non-fluorescent dichlo-
rodihydrofluorescein diacetate probe which is converted in
the presence of ROS into the highly fluorescent dichloroflu-
orescein. 2-0-IrAn (® = 0.79) was found to have a very high
singlet oxygen quantum yield in comparison to 9-0-IrAn (®
=0.16) (Figure S22). The ability to produce ROS was further
investigated under hypoxic conditions. While no ROS gener-
ation was observed for the complexes in the dark, a signifi-
cant production was observed upon irradiation for all com-
pounds. The direct comparison showed that the endoperox-
ides complexes 2-0-IrAn and 9-0O-IrAn were able to pro-
duce ROS more efficiently than 2-IrAn and 9-IrAn. Overall,
2-0-IrAn was identified with the strongest ROS production
among these compounds under hypoxic conditions (Figure
S23). For identification of the type of ROS generated upon
irradiation under hypoxic conditions, electron spin reso-
nance (ESR) spectroscopy was employed using the oxygen
radical scavenger 5,5-dimethyl-1-pyrroline N-oxide or the
102 scavenger 2,2,6,6-tetramethylpiperidine. As expected
from our previous results presented above, all compounds
were found to produce 102, as indicated by the characteris-
tic triplet signal observed (Figure S24). Interestingly, the in-
cubation of 2-0-IrAn with 5,5-dimethyl-1-pyrroline N-ox-
ide (DMPO) in 1,4-dioxane under hypoxic conditions and
upon light exposure showed a distinctive set of signals
which are corresponding to the presence of an alkoxy radi-
cal (Figure S25) (8] which is likely generated by the peroxy
bond cleavage reaction.['] However, upon incubation in
phosphate-buffered saline, the generation of hydroxy radi-
cals by a type [ pathway was observed (Figure S25). For ver-
ification of the species generated upon incubation of 2-0-
IrAn with DMPO and exposure to light under hypoxic con-
ditions, tandem mass spectrometry was utilized. The spec-
trum (Figure S26) showed a peak corresponding to the
DMPO-adduct (m/z = 1116) as well as the formation of an
alkoxy radical species (m/z = 1004). Alkoxy radicals have
been previously reported with a cytotoxic effect.[®] Overall,
these results indicate that 2-0-IrAn is able to interact in a
hypoxic environment upon irradiation by a multitude of
mechanism of action by production of 10: as well as an
alkoxy radical. To evaluate whether these compounds could
be excited by a two-photon light source, the two-photon ab-
sorption cross sections (GM = Goppert-Mayer, 1 GM = 1 x
10-50-cm*s-1-photon!) in methanol were determined. 9-0-
IrAn (245 GM) and 2-O-IrAn (297 GM) were found with
strong two-photon absorption at 750 nm (Table S1). Due to
the superior photophysical properties (i.e., stronger lumi-
nescence, higher singlet oxygen production and faster re-
lease of oxygen upon irradiation), following research efforts
have been focused on the 2-IrAn/2-0-IrAn pair.

Table 1. (Photo)cytotoxicity of the metal complexes (uM) towards A549 cells



Oxygen condition hypoxic conditions (1% 02) normoxic conditions (21% 02)
Complexes(uM) 2-IrAn 2-0-IrAn cisplatin 2-IrAn 2-0-IrAn cisplatin
Dark 0.85+0.87 41.42+1.10 20.93+0.76 0.83+0.76 49.42 + 0.92 24.61 +0.86
Lightlal 0.72+0.68 0.06 £1.80 21.49+1.41 <0.026 £0.001 <0.052+0.001 24.74+0.80
PI[b] 1.2 690.3 1.0 >31.5 >959.1 1.0

[a] Irradiated at 405 nm by LED light (20 mW/cm?) for 10 min. [b] PI (photocytotoxicity index) is the ratio of dark-to-light toxicity

and corresponds to the efficiency of the light treatment.

The stability of a compound is a crucial parameter for its
use in a biological setting. For this purpose, 2-0-IrAn was
incubated in phosphate-buffered saline for various incuba-
tion times up to 24 h and then analyzed by HPLC. Promis-
ingly, the chromatograms and MS did not show any changes,
indicative of the stability of the compound in a biological en-
vironment (Figure S27).

(Photo)cytotoxicity Studies. Based on these promising
properties, the cellular effects of the 2-IrAn/2-0-IrAn pair
were investigated. The cytotoxic effect caused by the metal
complexes was studied in the dark or upon irradiation at
405 nm (higher wavelength not possible with one photon -
no absorption is observed above this wavelength) in a 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium romide
(MTT)-based assay towards adenocarcinomic human alve-
olar basal epithelial (A549) cells under normoxic (21% 02)
and hypoxic conditions (1% 02). While 2-0-IrAn was found
to be slightly cytotoxic in the dark (ICs0=41.42-49.4 uM), the
2-IrAn complex generated upon release of oxygen was
found to be highly cytotoxic (ICs50=0.83-0.85 uM) in a
normoxic and hypoxic environment. Upon light exposure, 2-
IrAn generated ROS and caused a phototoxic effect in the
low nanomolar range in a normoxic environment (ICso,4050m
< 26.32 nM, PI>31.5) but loses its therapeutic effect under
hypoxic conditions. In contrast, 2-0-IrAn was found to have
an excellent therapeutic efficiency with a phototoxic effect
in the low nanomolar range under normoxic conditions
(ICs0405nm < 51.53 nM, PI > 959.1) and remained highly
(photo-)toxic under hypoxic conditions (ICso4050m = 60 nM,
PI = 690.3) (Table 1). These results are promising since
most PDT agents show a highly reduced therapeutic effect
under hypoxic conditions. The difference in therapeutic ef-
ficiency towards traditional PSs is presumably attributed to
the multiaction mechanism of 2-0-IrAn through the release
of a highly cytotoxic iridium(I1I) complex and singlet oxygen
as well as the generation of an alkoxy radical upon irradia-
tion.

ROS Generation under Hypoxia and Biodistribution.
Encouraged by these preliminary results, research efforts
have been devoted towards unveiling the underlying bio-
logical mechanism of action. For verification of the ability of
2-0-IrAn to generate ROS under hypoxic conditions, A549
cells were incubated with the ROS probe dichlorodihydro-
fluorescein diacetate and exposed to light irradiation. The
production of the bright green fluorescent dichlorofluores-
cein in the presence of ROS was time-dependently
monitored by laser scanning confocal microscopy. As

expected, immediately after light irradiation, a strong
fluorescence signal was detected, indicating the ability of 2-
IrAn and 2-O-IrAn to produce ROS under hypoxic
conditions in a cellular environment (Figure S28).

Meanwhile, a rupture of the cell membrane and vesicles
formation within the cell can be also observed, which fur-
ther indicates the irreversible state of cell death. Upon
utilizing the luminescence properties of 2-0-IrAn, the
subcellular localization was studied by laser scanning
confocal microscopy by comparison of the distribution
pattern obtained from the compound with cell organelle-
specific dyes. The co-incubation of the metal complex with
Mito-Tracker Deep Red demonstrated an excellent
congruency (PCC = 0.96), indicative of the accumulation of
2-0-IrAn primarily in the mitochondria (Figure 2A). As a
complementary technique, the subcellular localization of
the compound was studied upon extraction of the several
key organelles (i.e, mitochondria, lysosome, cytoplasm,
nucleus) and determination of the Ir content inside these by
inductively coupled plasma mass spectrometry (ICP-MS).
Upon incubation of 2-O-IrAn for 4 h, approximately 42.7
fg/cell were found to be internalized. In agreement with the
assessment by laser scanning confocal microscopy, 74% of
the iridium content was found inside the mitochondria,
confirming this organelle as the primary target of the metal
complex (Figure 2B). Notably, the high accumulation inside
a single vital organelle and in particular the mitochondria,
which is highly susceptible to oxidative stress in cancerous
cells, is considered advantageous for a therapeutic agent.
Interestingly, 2-IrAn was found to have a higher cellular up-
take than 2-0-IrAn (Figure S29), which might contribute to
the higher dark cytotoxicity of 2-IrAn. As a simplified model
for cellular uptake, the partition coefficient between octanol
and water of the metal complexes was determined. In
agreement with the cellular uptake, 2-0-IrAn (logP = 0.472)
was found to be significantly more hydrophilic than 2-IrAn
(logP = 0.969) (Figure S30).

Phosphorescence Lifetime Imaging. Based on the pre-
vious observation that the endoperoxide complex 2-0-IrAn
is significantly longer-lived than 2-IrAn, their conversion
within cancerous cells under hypoxic conditions was moni-
tored using phosphorescence lifetime imaging microscopy
(PLIM). This technique provides high selectivity and spatial
resolution of the respective species.[7-¢8] Indeed, upon irra-
diation for 9 min, a shift of the phosphorescence lifetime
distribution from ~840 ns
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Figure 2. A) Confocal microscopy images of A549 cells upon incubation with 2-0-IrAn (2 uM) of 4 h, followed incubation with Mito-
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left to right: Overlay and Pearson Colocation coefficient of MTDR and 2-O-IrAn; Scale bar: 10 ym. B) Time-dependent subcellular
distribution of 2-0-IrAn in the mitochondria, lysosomes, cytoplasm, and nucleus determined by ICP-MS. C) Left from top to bottom:
PLIM images of A549 cells upon incubation with 2-0-IrAn (2 uM) and two-photon irradiation at 750 nm under hypoxic conditions.
Right: Lifetime distribution of the emission corresponding to the PLIM; Scale bar: 10 um. D) Confocal microscopy images of morpho-
logical changes of A549 cells upon incubation with 2-0-IrAn (2 uM) and two-photon irradiation at 750 nm under hypoxic conditions.
Scale bar: 5 um. E) Plot of the flow cytometry result upon incubation with JC-1 as a mitochondrial membrane potential probe upon
incubation with 2-0-IrAn and 405 nm (20 mW/cm?) light irradiation under hypoxic conditions. F) Changes in phosphorescence

intensity in correlation of the irradiation time.

to ~520 ns within a hypoxic environment was observed
(Figure 2C). Besides the decrease in lifetime, a reduced
emission signal within the cells was observed (Figure 2F).
This finding is in agreement with the previous observation
that 2-IrAn is poorly emissive. These combined results sug-
gest the release of ROS and the conversion of 2-0-IrAn to 2-
IrAn within hypoxic cancerous cells. Microscopy images
further showed significant signs for cellular damage includ-
ing mitochondria shrinkage and vesicles formation within
the cell (Figure 2D and S28).

Cell Death Mechanism. the cell membrane integrity
upon treatment with 2-0-IrAn was studied using lactic de-
hydrogenase as a reporter. Even at low concentrations of
0.5 uM, a significant increase in lactic dehydrogenase

content inside the cell media was observed, suggesting the
rupture of the cell membrane and leakage of the cellular
content (Figure S31). Followingly, the cell death mechanism
of 2-IrAn and 2-0-IrAn was studied by measuring the cell
viability upon preincubation with apoptosis (Z-VAD-FMK),
paraptosis (cycloheximide), lysosomal pathway (leupep-
tin), autophagy (3-methyladenine) or necrosis (necrostatin-
1) inhibitors. Since the incubation with Z-VAD-FMK in-
creased both cell survival while necrostatin-1 only work for
2-IrAn group, an apoptotic cell death mechanism for 2-0-
IrAn and 2-IrAn, and necrosis for 2-IrAn are indicated (Fig-
ure S32). As a complementary method, the cell death mech-
anism was studied using the Annexin-V/Propidium iodide
pair. While upon treatment of A549 cells with 2-0-IrAn no



cell death in the dark was observed, a significant amount of
early and late apoptotic cells were detected in a concentra-
tion-dependent manner (Figure S33). Based on the primary
accumulation of 2-0-IrAn in the mitochondria, the effects of
this compound on the mitochondrial membrane potential
(MMP) was investigated using the JC-1 reporter molecule.
Upon treatment of A549 cells with 2-0-IrAn in the dark, a
red fluorescence signal corresponding to JC-1 in its aggre-
gated state was observed, suggestive of the intactness of the
MMP. On the contrary, upon light exposure, a strong green
fluorescence signal was detected which corresponds to the
conversion of JC-1 into its monomeric form and therefore
the loss of the MMP. Interestingly, even at treatments at
very low concentrations of 0.25 uM, more than 80% of the
MMP was lost (Figure 2E).

3D multicellular tumor spheroids. Following the eval-
uation in a 2D monolayer model, the biological effects of 2-
O-IrAn were studied in 3D multicellular tumor spheroids
(MCTS). MCTS are a tissue model which more realistic mim-
ics proliferation gradients, cellular heterogeneity as well as
hypoxia within their center. To investigate whether the
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Figure 3. A) Z-stack confocal microscopy images of an A549
MTCS upon incubation with 2-0-IrAn (2 M) and exposure to
one- (405 nm) or two-photon (750 nm) light. B) Representative
image a A549 MCTS upon incubation with 2-0-IrAn (2 uM) and
the ROS probe dichlorodihydrofluorescein diacetate (500 nM)
and exposure to two-photon (750 nm) light. Detection of di-
chlorodihydrofluorescein: Aex/em = 488/530 + 20 nm, Scale bar:
100 pm.

compounds are able to penetrate the 3D cellular architec-
ture, Z-stack laser scanning confocal microscopy was used.

Beside an excitation with a one-photon light source, the
metal complex was also exposed to two-photon light. Two-
photon excitation is associated with a high spatial and tem-
poral resolution as well as deeper tissue penetration depth.

Importantly, the A549 MCTS showed a strong lumines-
cence signal for 2-0-IrAn at every section depth with both
light sources, indicative of the ability of the metal complexes
to fully penetrate the 3D cellular architecture (Figure 3A).
For verification of the ability of the metal complex to gener-
ate ROS, A549 MCTS were incubated with the compound,
the ROS probe dichlorodihydrofluorescein diacetate and ex-
posed to two-photon irradiation. Notably, previous studies
have shown that the outer sphere of MCTS has normal levels
of oxygen contrary to the center, in which a hypoxic envi-
ronment is established. While the treatment with 2-IrAn
showed only at the outer sphere of the MCTS the green flu-
orescence of dichlorofluorescein, every section of the MCTS
was green emissive upon treatment with 2-0-IrAn. This ob-
servation indicates the ability of 2-0-IrAn to generate the
therapeutic species within 3D cellular architecture at vari-
ous oxygen levels, including a hypoxic environment (Figure
3B). Capitalizing on these encouraging results, the (photo-
)toxic effect in A549 MCTS was quantified upon measure-
ment of their relative ATP concentration. While 2-IrAn was
found to have significant dark toxicity (ICso = 7.47uM), no
additional effect upon light exposure was observed. On the
contrary, 2-0-IrAn had only a slight cytotoxic effect in the
dark (ICso=88.1 uM) and excellent phototoxicity (ICso= 0.73
uM, PI =120.7) upon exposure to two-photon irradiation at
750 nm (Table S2). For verification of the cellular damage
caused by the compounds, MCTSs were treated in the dark
or upon irradiation with the compound (2 M) and cell via-
bility was assessed with a cell live/dead stain. In agreement
with our previous observations, a mixture of living and dead
cells was observed upon treatment with 2-IrAn in the dark
or upon lightirradiation. In contrast, no cell damage was ob-
served upon treatment in the dark with 2-0-IrAn. However,
upon two-photon irradiation, nearly all cells within the
MCTS were eradicated, confirming the efficiency of the
treatment at every section depth (Figure S34).

DSPE-PEG-Biotin Encapsulation. The metal complex 2-
O-IrAn was encapsulated with the DSPE-PEG polymer to
form the nanoformulation DSPE-PEG-Biotin@2-0-IrAn.
Previous studies have shown that phospholipids are able to
(1) improve water solubility, (2) improve blood circulation
half-life time, (3) provide tumor-targeting through the over-
expressing of the sodium multivitamin transporter, which is
primarily responsible for the uptake of biotin, and (4) re-
duce cytotoxicity and side effects.[¢9-71] Using dynamic light
scattering, the hydrodynamic diameter of the nanoparticles
was determined to be on average 116 nm, which is consid-
ered optimal for drug delivery purposes (Figure S35).

To ensure that the encapsulation did not profoundly in-
fluence the photophysical properties and, significantly, the
ability to generate therapeutically necessary ROS, DSPE-
PEG-Biotin@2-0-IrAn was incubated with dichlorodihy-
drofluorescein diacetate under hypoxic conditions and ex-
posed to light. A strong green fluorescence signal for di-
chlorofluorescein was observed, suggesting ROS's efficient
production (Figure S36). As the vast majority of nanoparti-
cles are taken up into the cells by an endocytotic



mechanism, their stability within the lysosomal acidic envi-
ronment needed to be investigated. For this purpose, DSPE-
PEG-Biotin@2-0-IrAn was incubated in an aqueous solu-
tion at physiological (pH = 7.4) or acidic (pH = 5.0) condi-
tions and the stability of the particles was monitored by
transmission electron microscopy. While no changes in size
or morphology for the nanoparticles under physiological
conditions were noticed, degradation was observed at
acidic pH. After 2 h, a significant amount of the nanoparti-
cles showed release of their load and within 6 h the whole
sample did not show any intact particles (Figure S37). After
the encapsulation, DSPE-PEG-Biotin@2-0-IrAn remains
highly phototoxicity towards hypoxic A549 cells as well as
A549 MCTSs (Figure S38). Followingly, the ability of DSPE-

PEG-Biotin@2-0-IrAn to be internalized into the cancer-
ous cells and its subcellular localization was studied by la-
ser scanning confocal microscopy time-dependently. With
the prolongation of the incubation time, the emission inten-
sity within the cells was steadily increasing, indicative of the
effective cellular uptake of the nanoparticles. Interestingly,
DSPE-PEG-Biotin@2-0-IrAn initially showed a high colo-
calization coefficient with the lysosomes of 0.73 which
gradually decreased to 0.54. In the meantime, the colocali-
zation coefficients for the mitochondria strongly increased
from 0.37 to 0.85. These results suggest that DSPE-PEG-Bi-
otin@2-0-IrAn is
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Figure 4. A). Concentration of Ir in the mice blood after intravenous injection of 2-0-IrAn (1.0 mg/mL) or DSPE-PEG-Biotine@2-
O-IrAn (1.0 mg/mL). Biodistribution of DSPE-PEG-Biotine@2-0-IrAn at various time points in the major organs (from left to right:
heart, liver, spleen, kidney, lung) determined by ICP-MS (B) and in vivo imaging system (D). C) Tumor growth inhibition curves after
the respective treatment. E) Representative pictures of the tumor after the respective treatment and Hematoxylin-Eosin (H&E) stain
(Scale bar: 200 um)and TUNEL stain (Scale bar: 100 um) of the tumor tissue after the respective treatment. I: physiological saline
(200 uL); II: cisplatin (4 mg/kg, 200 uL); 11I: DSPE-PEG-Biotine@2-0-IrAn (1.0 mg/kg, 200 uL); IV: physiological saline (200 uL) +
two-photon irradiation (750 nm, 50 mW, 300 s); V: cisplatin (4 mg/kg, 200 uL) + two-photon irradiation (750 nm, 50 mW, 300 s);
VI: DSPE-PEG-Biotine@2-0-IrAn (1.0 mg/kg, 200 uL) + two-photon irradiation (750 nm, 50 mW, 300 s). (**P<0.01, *** p<0.001)

internalized by an endocytotic mechanism and primarily lo-
calized in the lysosomes before being released of the acidic
lysosomes environment. The Ir(III) complex then accumu-
lates in the mitochondria (Figure S39).

In Vivo Biodistribution Studies. Encouraged by these
promising results, the therapeutic properties were further
investigated upon intravenous injection into A549 tumor-
bearing Nu/Nu mice. While 2-0-IrAn was found to be



directly filtered out of the bloodstream with a blood circu-
lation half-life time of approximately 4.3 min, DSPE-PEG-
Biotin@2-0-IrAn remained significantly longer in the
blood stream with a blood circulation half-life time of 6.5 h.
This clearly shows the importance of the encapsulation
(Figure 4A). For this reason, we have focused our attention
on DSPE-PEG-Biotin@2-0-IrAn. Using the non-natural
abundancy of Ir, the biodistribution of the nanoparticles
within all major organs (i.e., heart, liver, spleen, kidney,
lung) as well as in the tumor was determined by ICP-MS.
While the majority of DSPE-PEG-Biotin@2-0-IrAn was
found inside the liver, as observed for the vast majority of
nanoparticle formulations, a significant amount was also
found inside the tumor tissue. The maximal accumulation of
the nanoparticles inside the tumor was reached 6 h after in-
jection (Figure 4B). As a complementary technique, the ac-
cumulation was further studied time-dependently by an in
vivo imaging system, which confirmed the biodistribution
within the different organs as well as the tumor tissue (Fig-
ure 4D).

In Vivo Therapeutic Studies. To study the therapeutic
efficiency of DSPE-PEG-Biotin@2-0-IrAn, A549 tumor-
bearing mice were injected with saline (group I/1V), cispla-
tin (group II/V) as a reference for clinically approved
chemotherapeutic drugs and DSPE-PEG-Biotin@2-0-IrAn
(group III/VI). 6 h after the intravenous injection, the mice
were either kept in the dark or exposed to a two-photon ir-
radiation by a 750 nm femtosecond pulsed laser (50 mW,
300 s). The tumor volume and body weight of each mouse
was recorded every two days for two weeks. Promisingly,
all mice behave normally without any signs of stress or dis-
comfort and did not lose any weight, suggestive of the high
biocompatibility of DSPE-PEG-Biotin@2-0-IrAn (Figure
S$40). While a single treatment with cisplatin showed some
reduction of the tumor volume, two weeks after the treat-
ment approximately 20-50% of the tumor volume remained
and continued to grow exponentially. On the contrary, the
tumors treated with DSPE-PEG-Biotin@2-0-IrAn were
found to be nearly eradicated within a single procedure
(Representative pictures of the mice/tumors: Figure
S41/Figure 4E, Tumor growth inhibition curve: Figure 4C).
This emphasizes the superior therapeutic effect of DSPE-
PEG-Biotin@2-0-IrAn in comparison to the clinically ap-
proved PS Verteporfin. After the treatment, all major organs
(i.e. heart, liver, spleen, lung, kidney, brain, intestine) as well
as the tumor tissue were histologically examined by a he-
matoxylin-eosin stain. While no pathological alterations or
injuries were observed for all organs (Figure S42), signifi-
cant damage including chromatic agglutination and kary-
opyknosis was noticed in the tumor tissue (Figure 4E). As a
complementary technique, the tumor tissue was analyzed
by a terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) stain. While small amounts of green fluo-
rescence signals, indicative for DNA strand breaks during
apoptosis, for the treatment with cisplatin were observed, a
significantly stronger signal for the treatment with DSPE-
PEG-Biotin@2-0-IrAn was noticed, indicative of the strong
therapeutic effect (Figure 4E). Overall, this study demon-
strated the enormous potential of DSPE-PEG-Biotin@2-0-
IrAn as encapsulated iridium(III) endoperoxide prodrug
nanoparticles for synergistic photodynamic therapy/photo-
activated chemotherapy.

Conclusion

In summary, in this article, a novel mitochondria-local-
ized iridium(III) endoperoxide two-photon activated pro-
drug 2-0-IrAn for synergistic hypoxic photodynamic and
photoactivated chemotherapy is reported. While the photo-
sensitizer is able to efficiently generate singlet oxygen un-
der normoxic conditions, the compound is also able to re-
lease a highly cytotoxic Ir(III) complex, produce toxic sin-
glet oxygen from the covalently bound oxygen molecule,
and generate an alkoxy radical under hypoxic conditions.
Due to this oxygen independent mechanism, the metal com-
plex was found to be highly (photo-)toxic in hypoxic tumor
cells and multicellular tumor spheroids in the nanomolar
range. An in-depth investigation into the mechanism of ac-
tion revealed that the compound primarily accumulates in
the mitochondria, triggering loss of the mitochondrial mem-
brane potential. To improve the pharmacological properties
of the metal complex and provide a tumor selective uptake,
the metal complex was encapsulated within a biotin func-
tionalized phospholipid to form DSPE-PEG-Biotin@2-0-
IrAn nanoparticles. The generated nanoparticles were
found to nearly fully eradicate a tumor inside a mouse
model upon two-photon irradiation in the NIR within a sin-
gle treatment. This study presents, to the best of our
knowledge, the first example of an iridium(III) endoperox-
ide prodrug for synergistic photodynamic therapy/photo-
activated chemotherapy. The compound reported is one of
the most efficient metal-based PDT PSs working under hy-
poxic conditions and that can be excited with 2P. This work
opens up new avenues for the treatment of hypoxic tumors.
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