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A long-wavelength triggered cationic iridium(in) complex, Ir5, and
its corresponding nanoparticles with the ability to generate type |
and type Il reactive oxygen species have been synthesised. The
complex targets mitochondria and achieves an excellent photo-
dynamic therapy effect in hypoxic cancer cells.

The significant cytotoxicity of reactive oxygen species (ROS) and
the precision of light-irradiation make photodynamic therapy
(PDT) advantageous for broad-spectrum anticancer activity."™
However, clinical applications of conventional high-O,-dependent
PDT processes are hindered by the hypoxic tumor microenviron-
ment (TME) with insufficient oxygen supply.*” Many efforts have
been made to enhance the concentration of O, in tumors, such as
exogenous O, delivery and catalysis of H,O, to generate O,, etc.,
but they face complex materials designs.®” Currently, type I
photosensitizers (PSs) have great potential to alleviate the adverse
effect of hypoxia on PDT.

Cyclometalated Ir(m) complexes with high intersystem crossing
(ISC) ability induced by the heavy atom effect, high photo- and
thermal-stability, and tunable optical and excited state behaviour
are promising PSs that enhance ROS production for PDT.*™
Meanwhile, the rich photo-physicochemical properties of Ir(m)
complexes derived from various electronic excited-states obtained
upon irradiation facilitate electron-transfer processes that allow
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type I ROS generation photoreaction pathways."* ™ However, the
irradiation source of traditional Ir complex PSs is mainly in the
blue and UV regions, which seriously limits the light penetration
depth and thus obstructs the efficacy of the PSs to generate ROS in
many affected areas.”*® Therefore, the development of long-
wavelength irradiated Ir complexes as PSs is an urgent problem.

High ROS generation efficiency of PSs with absorption in
long-wavelength regions can be achieved via a self-assembly-
induced vibronic decoupling strategy.'” A rigid molecular
structure can reduce the equilibrium displacement between
ground and excited states and reduce structural distortion;
however, such structures often suffer from poor solubility and
difficulty in synthesis.'” At present, there are only a few reports
on long-wavelength excited Ir complexes as PSs, especially for
type I ROS production, which still remain to be developed.'”"*®

Herein, we designed a long-wavelength activated Ir complex, Ir5,
by introducing extended m-conjugated C*N ligands combined with
a functionalised Schiff base as auxiliary N*N ligand to produce type
I and type I ROS (Scheme 1). Ir5 NPs were constructed, and they
demonstrate much higher phototoxicity than conventional PSs
[rhodamine-B (RB), chlorin e6 (Ce6), zinc phthalocyanine (ZnPc)
and hematoporphyrin (HpD)] upon 655 nm irradiation in hypoxic
cells due to the Ir5 NPs’ outstanding ability to produce type I ROS,
implying their potential for hypoxic PDT applications. Moreover,
Ir5 NPs localize in mitochondria after 6 h in 4T1 cells and induce
cell apoptosis. Our work establishes a new platform for the design,
synthesis and application of long-wavelength triggered metal
complex PSs in hypoxic PDT (Scheme 1).

Five Ir complexes of general structure [Ir(C*N),(N"N)]" PFs~
were synthesized by using a functionalised Schiff base NN
ligand and C~N ligands with different degrees of n-conjugation,
sequentially named Ir1-Ir5, as the conjugation increased. Their
structures are shown in Scheme S5 (ESIf) and the synthetic
routes are shown in Schemes S1-S5 (ESIt). The molecular
structures were validated by nuclear magnetic resonance
(*H NMR and ™C NMR) spectroscopy, mass spectrometry
(Fig. S1-S18, ESIt) and elemental analysis.
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Scheme 1 Schematic diagram of Ir5 structure and long-wavelength
triggered PDT using Ir5 NPs.

The photophysical properties of Ir1-Ir5 are shown in Fig. 1a, b,
Fig. $19, S20 and Table S1 (ESIt). Ir1-Ir5 exhibit strong absorption
at 250-350 nm mainly due to n—r* transitions at the ligand center.
The absorption of Ir1, Ir2, and Ir3 is mainly in the blue region;
with increasing conjugation of the C*N ligands the absorption of
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Fig.1 (a) The UV-vis absorption spectra of Irl=Ir5 in CHzCN:H,O
(1:90 v/v). (b) The enlarged spectra (500-750 nm) of (a). The change of
PL intensity of DCFH (c), DHR 123 (d) and HPF (e) with the change of time
in different solutions. (f) The decay rates of ABDA in different solutions.
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Ir4 and Ir5 gradually red-shifts, and the relative intensity in the
green and red regions increases. Notably, Ir5 still absorbs at
around 655 nm (¢ = 1000 L M~ cm ") with the tail extending
to 700 nm (Fig. 1b and Fig. S21, ESIt), which allows its application
for red-light triggered PSs in PDT. Meanwhile, the emission peaks
of Ir1-Ir5 gradually red-shift with increasing m-conjugation
(Fig. S20, ESIT) as designed."*® As shown in Fig. S22 (ESI{), no
significant change in the absorption spectra of Ir1-Ir5 within
30 min of irradiation imply their excellent photostability, which is
a prerequisite for the application of PSs in PDT.”*?*?

To further investigate the PDT potential of Irl-Ir5, 2,7-
dichlorodihydrofluorescein (DCFH) was used as a luminescent
indicator to detect their ROS generation ability. As shown in
Fig. 1c and Fig. S23 (ESIY), there is almost no difference in the
ROS production from Ir1-Ir3 under 90 s of irradiation, whereas
Ir4 and Ir5 have stronger ROS production capacity. In particu-
lar, the DCFH in Ir5 solution emits brighter at 525 nm within
90 s of light exposure (about 60 times of I,)), indicating that Ir5
has the highest ROS generation ability in the series. Subse-
quently, the type of ROS produced by Ir1-Ir5 was established.
Dihydrorhodamine 123 (DHR 123) was used as a type I ROS
indicator to detect the O,*~ generation from Ir1-Ir5. Similar to the
above trend of the total ROS production, Ir1-Ir3 produce only
minor O,°, while Ir5 exhibits excellent O,*~ generation ability
~3 times of Ir1-Ir3 (Fig. 1d and Fig. S24, ESIt). These results are
supported by electron paramagnetic resonance (EPR) spectro-
scopy using 2,2-dimethyl-1-oxido-3,4-dihydropyrrol-1-ium (DMPO)
as a scavenger of O,* (Fig. S27a, ESI{), in which Ir5 shows the
strongest spin signal in the series. Furthermore, the outstanding
*OH generation ability of Ir5 was detected by hydroxyphenyl
fluorescein (HPF) (Fig. 1le and Fig. S25, ESIt), suggesting the
potential of Ir5 for PDT against hypoxic cancer. Moreover, 2-10-
(2,2-dicarboxyethyl)anthracen-9-ylmethylpropanedioic acid (ABDA)
was used as an indicator of 'O, to assess type II ROS production
upon irradiation. The ability of Ir1-Ir3 to produce 'O, gradually
increases, Irl < 1r2 < 1r3, but the absorption of ABDA remains
>70% of A, after 90 seconds of light exposure, while Ir4 and Ir5
produce 'O, more efficiently with A/A, < 50% after 90 s (Fig. 1f and
Fig. S26, ESIT). These results are consistent with the EPR results
using 2,2,6,6-tetramethyl-4-piperidone hydrochloride (TEMP) to
scavenge 'O, (Fig. S27b, ESIt). An enhanced spin signal was
observed for Ir4 and Ir5, indicating increased 'O, production.
The above results demonstrate that the Ir complexes generate both
type I and type II ROS, with potential applications as PSs for PDT.
Therefore, Ir5 with the highest ROS production ability was used to
construct nanoparticles (NPs) for subsequent in vitro cell studies.

Ir5 NPs were constructed by linking the -NH, on the N*N
ligand of Ir5 with PEG containing an activated succinimidyl
ester unit (PEG-Sc) (Scheme 1).>* The FT-IR spectra showed that
the peak at 3384 cm™ " for -NH, in Ir5 disappeared in Ir5 NPs
and the peak of active ester in PEG-Sc at 1800-1730 cm *
disappeared in Ir5 NPs indicating the successful conjugation
of Ir5 and PEG in Ir5 NPs (Fig. S28, ESIt). Compared with Ir5,
there is a red-shift in the absorption spectrum of Ir5 NPs
(Fig. 2a). Ir5 NPs emit at 875 nm, which corresponds to the
emission of Ir5 (Fig. S29, ESIt). Meanwhile, the fluid dynamic
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size of Ir5 NPs measured by dynamic light scattering (DLS) was
154.4 nm, and the polydispersity index (PDI) was 0.155
(Fig. S31, ESIT). Within 5 days, there was no significant change
in the particle size and PDI of Ir5 NPs (Fig. 2b), indicating their
good stability in phosphate-buffered saline (PBS) for subse-
quent PDT research.

The ROS production ability of Ir5 NPs was tested under
655 nm laser irradiation (Fig. 2c-f and Fig. S32-S35, ESIT).
Compared with the blank control group, with the increase of
illumination time, the fluorescence intensity of DCFH, DHR-
123 and HPF is significantly enhanced, and the absorbance of
ABDA degraded to below 40% within 5 minutes. These results
indicate that Ir5 NPs can produce type I and type II synergistic
ROS under 655 nm laser irradiation, which suggests their
suitability for PDT of hypoxic cancer cells in vitro.

The in vitro cell experiments of Ir5 NPs were conducted
using mouse breast cancer cells (4T1 cells) as a readily available
model cell line. The uptake of Ir5 NPs in 4T1 cells was
investigated through confocal laser scanning microscopy
(CLSM) and the subcellular distributions of Ir5 NPs were
studied by co-staining experiments with MitoTracker Green
(Fig. 3a and Fig. S36, ESIt). After incubation time of 1 h, the
luminescence of Ir5 NPs was almost invisible; at 3 h the Ir5 NPs
gradually accumulated in the cells and when the incubation
time reached 6 h, the luminescence in 4T1 cells was brighter,
indicating a significant increase of the Ir5 NPs content. The
excellent overlap between the luminescence of Mito-Tracker
Green and the Ir5 NPs gave a high Pearson’s correlation
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Fig. 3 (a) CLSM images of 4T1 cells after incubation with Ir5 NPs and
colocalization assay of Ir5 NPs with MitoTracker Green. (b) Relative viability
of 4T1 cells after co-incubation with Ir5 NPs under different conditions.
Confocal fluorescence images for the detection of ROS generation (c), the
detection of MMP via JC-1 dye assay (d) and cell death detection by dual
fluorescence of Annexin V-FITC/PI staining (e) in 4T1 cells treated with Ir5
NPs under different conditions. Scale bar = 10 um.
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coefficient (PCC) of above 0.90, revealing selective accumula-
tion of Ir5 NPs in mitochondria. Mitochondria are ideal orga-
nelles for PDT as the accumulation of ROS decreases the
mitochondrial membrane potential (MMP), ultimately leading
to cell death.>*?®

MTT assay was conducted to verify the PDT effect of Ir5 NPs
(Fig. 3b) (MTT = [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide]). The viability of 4T1 cells was evaluated under
various conditions in vitro. Under darkness, Ir5 NPs showed no
significant toxicity to 4T1 cells, while under laser irradiation at
655 nm (150 mW cm™ 2), Ir5 NPs exhibited high phototoxicity
with an ICs, value of 6.43 pg mL ™. Moreover, Ir5 NPs still exhibit
good phototoxicity to 4T1 cells under hypoxic conditions, with
an ICs, value of 11.71 pg mL™ ", Further MTT assays were carried
out to compare the cytotoxic effects of conventional PSs (RB, Ce6,
ZnPc and HpD) and Ir5 NPs (Fig. S37 and Table S2, ESI}).
Although Ce6, ZnPc and HpD show outstanding phototoxicity
similar to Ir5 NPs at normoxic conditions, there are almost no
change of 4T1 cells‘ viability at hypoxic conditions upon irradia-
tion (Table S2, ESIT). The obvious contrast is mainly because
these conventional type II PSs have high oxygen dependency
during PDT, while Ir5 NPs can still produce cytotoxic type I ROS
to induce cell death under hypoxic conditions. The live-dead cell
staining experiments further tested the cytotoxicity of Ir5 NPs
(Fig. S38, ESIt). The hypoxic cells incubated with Ir5 NPs still
have red fluorescence after irradiation, suggesting the cell
phototoxicity of Ir5 NPs, consistent with the MTT assay results.
The above results indicate that Ir5 NPs exhibit excellent photo-
toxicity to cancer cells under irradiation. Compared with con-
ventional PSs, Ir5 NPs exhibit better phototoxicity in hypoxic
cells. This demonstrates the potential of Ir5 NPs for long-
wavelength-triggered PDT for hypoxic cancer cells.

This journal is © The Royal Society of Chemistry 2024
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The intracellular photoinduced ROS generation ability of Ir5
NPs was investigated in 4T1 cells (Fig. 3c and Fig. S39, ESIt).
The total ROS level of cells treated with Ir5 NPs was monitored
with DCFH-DA as a probe. Confocal imaging revealed negligible
green fluorescence in the control and dark groups (L—), while
obvious green fluorescence was observed after 655 nm irradia-
tion (L+), proving the excellent ROS generation ability of Ir5
NPs. To better understand the mechanism of ROS generation,
the ability of Ir5 NPs to produce type II and type I ROS was
tested separately by singlet oxygen sensor green (SOSG) and
DHR-123. Compared with the control group and the dark
groups, the irradiated group shows green fluorescence of
DHR-123 under both normoxic and hypoxic conditions, indi-
cating Ir5 NPs undergo effective type I photochemical process
under irradiation. In contrast, there is almost no SOSG signal in
the groups under hypoxic conditions because the low-O,
concentration limits the type II process to produce 'O,. It is
therefore clear that Ir5 NPs have excellent capacity to produce
both type I and type II ROS, and mainly undergo type I PDT
processes under hypoxic conditions.

To further investigate the mechanism of PDT-induced 4T1
cell death using Ir5 NPs, changes in MMP were detected by JC-1
dye (a cationic carbocyanine derivative) (Fig. 3d and Fig. S40,
ESIT). The red fluorescence of aggregated JC-1 was observed in
the control and dark groups. However, after irradiation, there
was green fluorescence of monomer JC-1 in the cytoplasm,
indicating a decrease of MMP. MMP is important for maintain-
ing cell operation, as well as a key factor affecting cell
apoptosis.”* Furthermore, dual fluorescence staining with
Annexin V-FITC/PI (propidium iodide) characterized the cell
apoptosis induced by PDT. As shown in Fig. 3e and Fig. S41
(ESIT), after irradiation, the 4T1 cells treated with Ir5 NPs
exhibited significant green fluorescence, and their nuclei were
stained with PI, indicating the occurrence of early apoptosis.
The above results verify that apoptosis is the cell death mecha-
nism during PDT using Ir5 NPs PDT.

In summary, a long-wavelength triggered Ir(m) complex was
successfully designed and synthesized by extending the n-
conjugation of the C*N ligands and using a modifiable and
functional Schiff base N”N ligand. Ir5 NPs with excellent
stability were constructed through condensation with PEG-Sc;
the NPs induce outstanding type I and II ROS generation upon
655 nm laser irradiation. In vitro experiments demonstrate that
Ir5 NPs are taken up by 4T1 cells and target mitochondria.
Comparing with the classic PSs (RB, Ce6, ZnPc and HpD), Ir5
NPs exhibit better phototoxicity under hypoxic conditions due
to the excellent ability to produce type I and II ROS in hypoxic
cells. The irradiated-Ir5 NPs decrease the MMP and induce cell
apoptosis. This work will provide a valuable benchmark for the
future design of metal complex PSs with long-wavelength
absorption and type 1 PDT applications.
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