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Metal complexes hold significant promise in tumor diagnosis and treatment. However, their potential
applications in photodynamic therapy (PDT) are hindered by issues such as poor photostability, low yield
of reactive oxygen species (ROS), and aggregation-induced ROS quenching. To address these challenges,
we present a molecular self-assembly strategy utilizing aggregation-induced emission (AIE) conjugates for
metal complexes. As a proof of concept, we synthesized a mitochondrial-targeting cyclometalated Ir(III)
photosensitizer Ir-TPE. This approach significantly enhances the photodynamic effect while mitigating the
dark toxicity associated with AIE groups. Ir-TPE readily self-assembles into nanoaggregates in aqueous
solution, leading to a significant production of ROS upon light irradiation. Photoirradiated Ir-TPE triggers
multiple modes of death by excessively accumulating ROS in the mitochondria, resulting in mitochondrial
DNA damage. This damage can lead to ferroptosis and autophagy, two forms of cell death that are highly
cytotoxic to cancer cells. The aggregation-enhanced photodynamic effect of Ir-TPE significantly enhances
the production of ROS, leading to a more pronounced cytotoxic effect. In vitro and in vivo experiments
demonstrate this aggregation-enhanced PDT approach achieves effective in situ tumor eradication. This
study not only addresses the limitations of metal complexes in terms of low ROS production due to

aggregation but also highlights the potential of this strategy for enhancing ROS production in PDT.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Compared with other therapeutic methods, photodynamic ther-
apy (PDT) is an important therapeutic method with minimal inva-
siveness, high spatiotemporal selectivity, and low toxicity to bio-
logical systems, which has shown great potential in clinical can-
cer treatment [1,2]. The efficiency of PDT depends on the high
singlet oxygen (10,) quantum yield of the photosensitizer (PS) to
produce cytotoxic 10, [3,4]. Under light irradiation, the used PSs
can be activated to produce high reactive oxygen species (ROS),
leading to apoptosis/necrosis or immune response [5,6]. Traditional
PSs such as methylene blue, Rose Bengal, and porphyrin derivatives
have been widely used in PDT [7]. Unfortunately, existing PSs usu-
ally suffer from poor photostability, low 0, generation capacity,
and 10, quenching caused by aggregation, which limits their clin-
ical application [8,9]. Despite significant endeavors to enhance the
photophysical and photochemical characteristics of traditional PSs,
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no single photosensitizer capable of addressing all these issues has
been identified to date. Hence, there is a pressing requirement to
develop innovative photosensitizers with improved photodynamic
attributes to elevate the efficacy of PDT.

Organometallic complexes, such as iridium (Ir), ruthenium (Ru),
platinum (Pt), and gold (Au) complexes, show excellent 10, gen-
eration capacity due to their long lifetime of triplet metal-ligand
charge transition (3MLCT) excited states [10-12]. However, ligands
in Pt(Il) and Au(Ill) complexes are unstable and may cause side
effects at unexpected sites, whereas Ru(Il) complexes have poor
cell membrane penetration, resulting in long cellular uptake time
and relatively high concentration requirements [13,14]. In contrast,
Ir(IlT) complexes have attracted much attention as PSs due to their
long triplet excited state lifetime, high 10, quantum yield, tunable
phosphorescence, and excellent cell permeability [15-17]. These
features confer their potential for bioimaging and PDT applications.
However, most Ir(Ill) complexes are hydrophobic, leading to a sig-
nificant decrease in their photodynamic therapy efficacy in the hy-
drophilic environment of cellular systems [18-20]. Yang and his
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Scheme 1. The design of the mitochondria targeting aggregation-enhanced photosensitizer.

colleagues reported that Ir(Ill)-cyanine complex nanoparticles ex-
hibited excellent photoacoustic imaging-guided PDT performance
based on their hydrophobicity, but their efficiency in generating re-
active oxygen species under aggregation was limited [21]. It is still
desirable to develop a novel strategy to elevate the PDT efficacy of
Ir(1ll)-based PS in aqueous solution.

It is well established in the literature that the enhanced in-
tersystem crossing (ISC) efficiency of PSs is beneficial to improve
10, production [22,23]. An effective approach to promote the ISC
process involves augmenting the spin-orbit coupling (SOC) of the
PS through the incorporation of heavy atoms or specific organic
groups [24]. However, this approach still inevitably has some draw-
backs and limitations, such as dark toxicity. Recently, self-assembly
driven by aggregation-induced emission (AIE) has emerged as
a promising technique for crafting functional materials at the
molecular scale [25], offering several benefits in phototherapy:
(1) This aggregation-induced self-assembly (AISA) shields internal
monomer molecules from oxidation and degradation, thereby sig-
nificantly enhancing the photostability of PSs [26]. (2) Leveraging
the confinement mechanism of intramolecular motion (RIM), AISA
can mitigate non-radiation relaxation, thereby facilitating the ISC
process [27,28]. By harnessing the benefits of AIE and integrating
them with Ir(Ill) complexes known for their high ISC efficiency, in-
novative PSs can be developed to optimize the generation of ROS
and improve the therapeutic efficacy of PDT.

To maximize the efficiency of PDT, we proposed an organelle-
targeted aggregation-induced enhanced photodynamic therapy
(AIE-PDT) strategy. As a proof of concept, we synthesized a
mitochondrial-targeting metal-based PS Ir-TPE (Scheme 1) with
superior photodynamic properties by incorporating mitochondria-
targeting AlEgens into an Ir(Ill) complex with high ROS produc-
tion. AIE prevents PS aggregation-caused quenching and boosts
ROS generation, while mitochondrial targeting enhances ROS pro-
duction within mitochondria, leading to enhanced therapeutic ef-
fects. Compared to single-functional Ir-NH, and AIEgen (TPE-PPhs),
Ir-TPE displayed high ROS production and cancer cell selectivity
in an aqueous solution. Cell imaging and ICP-MS experiments re-
vealed that Ir-TPE localized in mitochondria exhibited significant
phototoxicity to human breast cancer MCF-7 cells under visible
light. Mechanistic studies explored ROS generation, mitochondrial
damage, autophagy induction, and ferroptosis by Ir-TPE in PDT. Fi-
nally, efficacy was confirmed in a mouse tumor model, validating
the reliability of the organelle-targeted AIE-PDT strategy.

Our previous investigation [29] revealed that the Ir(Ill) com-
plex Ir-NH,, a cyclometalated compound, possesses the remarkable
capacity to inflict mitochondrial harm and trigger autophagy un-
der dark conditions, effectively eliminating cancer cells. Neverthe-
less, this complex exhibits an identical lethality towards normal
cells, and its light-induced ROS production is inadequate, render-

ing its phototoxicity unsatisfactory. Alternatively, the tetraphenyl
ethylene (TPE) derivative modified with triphenylphosphine (TPE-
PPh3) boasts exceptional AIE performance and mitochondrial tar-
geting proficiency [30,31]. However, it also exhibits notable dark
toxicity and lacks selectivity in discriminating between normal and
cancer cells. To address these challenges, we attempted to combine
these two compounds and designed a photosensitizer with mito-
chondrial targeting ability, aiming to enhance the photodynamic
efficiency of the cyclometalated Ir(Ill) complex through AIE-PDT
strategy. By doing so, we hope to mitigate the dark toxicity to-
wards cells by reducing the required drug dosage.

Ir-NH, and TPE-PPh; were prepared according to the re-
ported procedures [29,30], Ir-TPE were synthesized as shown in
Scheme S1 (Supporting information), and the structures were fully
characterized using 'H NMR, 3C NMR, ESI-MS, and HR-MS, as
shown in Figs. S1-S8 (Supporting information).

The photophysical properties of Ir-TPE, Ir-NH, and TPE-PPh;
were studied. The UV-vis and photoluminescence (PL) spectra of
Ir-TPE, Ir-NH, and TPE-PPh; in DMSO/PBS (v/v, 1/99) were shown
in Fig. 1a and Fig. S9 (Supporting information). Ir-TPE exhibited
main absorption peaks attributed to the metal-ligand charge tran-
sition (MLCT) at the range from 250 nm to 500 nm, while Ir-NH,
at the range from 250nm to 380nm, which showed that Ir-TPE
can be excited by visible light to generate ROS. The PL emission
peaks of TPE-PPhs, Ir-NH,, and Ir-TPE are located around 475, 610,
and 580 nm, respectively (Fig. S9 in Supporting information). These
results indicated that the complex Ir-TPE has good photophysical
properties and can be used for further biological applications.

The AIE properties of I-TPE were further examined. Ir-TPE
showed weak fluorescence in DMSO, while the fluorescence inten-
sity was significantly enhanced upon the addition of water, indi-
cating that Ir-TPE owned obvious AIE properties (Fig. 1b). With the
increase of the content of the bad solvent, e.g., H,O, the fluores-
cence intensity increased significantly, which was attributed to the
restriction of RIM due to the aggregation. We also tested the AIE
properties of two precursor compounds, Ir-NH, and TPE-PPhs, and
showed that TPE-PPhs; has excellent AIE properties, while Ir-NH,
exhibits aggregation-caused quenching (ACQ) (Fig. S10 in Support-
ing information). Due to the hydrophobicity of the Ir-NH, moiety
and the hydrophilicity of the PPhs group, the resulting amphiphilic
complex Ir-TPE can spontaneously form aggregates in aqueous so-
lution by self-assembly [32,33]. As shown in Fig. 1c, transmis-
sion electron microscopy (TEM) and dynamic light scattering (DLS)
were subsequently examined to investigate the aggregated Ir-TPE
in aqueous solution. The Ir-TPE nanoaggregates were observed with
the size range of 32.7-91.3nm in agreement with the DLS obser-
vation with the solvent of DMSO/H,0 (v/v, 1/9). In addition, we
used the fluorescence spectrometry to determine the critical mi-
celle concentration (CMC) of the solution by measuring the fluo-
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Fig. 1. (a) Absorption spectra of the compounds (20 pumol/L) in DMSO/PBS (v/v, 1/99). (b) Fluorescence spectra of Ir-TPE in DMSO/H,0 mixtures with various ratios (Left
inset: the image of Ir-TPE in DMSO/H,0 mixtures upon 365 nm light irradiation. DMSO:H,0 =100:0, 10:90 from left to right. Right inset: the intensity of I-TPE with the
different water fraction). (c) DLS characterization of Ir-TPE (100 pmol/L) nanoparticles in DMSO/H,0 (v/v, 1/9) (Inset: TEM image of Ir-TPE). Time-course plots of DCFH (d),
HPF (e) and DPBF (f) in the presence of different compounds under light irradiation (420 nm, 20 mW/cm?).

rescence spectra of pyrene in I-TPE solution at different concen-
trations (Fig. S11 in Supporting information). This confirmed that
Ir-TPE has excellent AIE properties and can form nanoaggregates in
aqueous solution.

As shown in Fig. 1d and Fig. S12 (Supporting information), the
ROS generation capacity of Ir-TPE, Ir-NH, and TPE-PPh; with or
without light irradiation (420nm, 20mW/cm?) in the DMSO/PBS
(1/99, v/v) was subsequently evaluated using commercial 2’,7’-
dichlorodihydrofluorescein diacetate (DCFH-DA) as a total ROS
indicator. As the light exposure time increases, only the emission
peak at 525 nm (attributed to the oxidation product DCF of DCFH-
DA) was significantly enhanced in the solution containing Ir-TPE,
which increased 13-fold after 16 min of irradiation. When Ir-NH,
and TPE-PPh; were employed, however, the fluorescence of the
DCFH-DA solution subtlety changed, suggesting the ROS generation
efficacy of I-TPE aggregates is distinctly higher than Ir-NH, and
TPE-PPh; in the aqueous solution. To clarify the specific type
of ROS, various fluorescent probes including 2-hydroxyethidium
(DHE, for O,"~ detection), hydroxyphenyl fluorescein (HPF, for *OH
detection), and 3-Diphenylisobenzofuran (DPBF, for 10, detection)
were introduced. As shown in Fig. 1e and Fig. S13 (Supporting
information), the fluorescence intensity of HPF at 515nm sharply
rose in the presence of Ir-TPE under light, which indicated that
Ir-TPE possessed the type I ROS generation ability. Compared with
Ir-NH, and TPE-PPhs, in the presence of Ir-TPE, the absorbance
of DPBF at 413nm decreased most significantly when Ir-TPE is
irradiated at 420nm, indicating more '0, is produced (Fig. 1f
and Fig. S14 in Supporting information). We also calculated the
10, quantum yield of I-TPE to be 0.83, which is higher than the
standard material Pgy(ppy)3ci2 = 0.74. However, the fluorescence
of DHE at 610nm was almost constant in the presence of Ir-TPE,
indicating that it does not produce O,*~ (Figs. S15 and S16 in Sup-
porting information). As shown in Figs. S17 and S18 (Supporting
information), to demonstrates aggregation-enhanced ROS produc-
tion, we further supplemented ROS testing in DMSO solvent. In the
aggregated state, the emission peak increased by 13 times after
16 min of irradiation. However, in the pure DMSO, the increase

was only about 2-fold. It demonstrated that aggregation could
enhance the PDT efficacy of Ir-TPE by enhancing ROS production.
Based on this, we further verified that the ROS type was measured
using electron spin resonance (ESR), as shown in Fig. S19 (Sup-
porting information). 2,2,6,6-Tetramethylpiperidine (TEMP) and
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) were used as spin cap-
ture agents for 10, and "OH, respectively. As mentioned previously,
the characteristic ESR signals of '0, and *OH were observed for Ir-
TPE upon illumination, which enhanced with longer exposure time.
To analyze the stability of the formed nanoparticles, we tested the
UV-vis absorption spectra of the complex in the DMSO/PBS (v/v,
1:99) (Fig. S20 in Supporting information). Even incubation for
up to 72h, there was no obvious change in absorption intensity
and shift in absorption position, indicating that the Ir-TPE nano
aggregates were relatively stable under certain conditions. These
results above revealed that I-TPE nano aggregates can signifi-
cantly elevate type I and type Il ROS generation at the same time
compared to Ir-NH,, which preliminarily validated the potential of
aggregation-enhanced ROS production for PDT. Moreover, the Ir-
TPE nano aggregates will remain stable during long-term storage in
PBS.

Next, we investigated the properties of I-TPE in cells. The entry
of Ir-TPE into MCF-7 cells was studied by a confocal laser scan-
ning microscope (CLSM). With the prolongation of time, the fluo-
rescence intensity of Ir-TPE gradually increased, and it is clear in
the cell after 4h (Fig. 2a), the time-dependence imaging indicated
the complex entered MCF-7 cells easily. As shown in Fig. S21 (Sup-
porting information), the cellular uptake assay indicated that Ir-
TPE entered MCF-7 cells through an energy-dependent endocytosis
pathway. The intracellular distribution of complexes is of impor-
tant guiding value for studying the mechanism of action. To study
the intracellular distribution of Ir-TPE, the localization and content
of complexes in each organelle were tested by inductively coupled
plasma-mass spectrometry (ICP-MS) and CLSM. The ICP-MS results
showed that both Ir-TPE with light irradiation mainly distribute
in mitochondria (Fig. 2b and Fig. S22 in Supporting information),
which was consistent with the localization imaging.
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Fig. 2. (a) CLSM images of MCF-7 cells stained with 10 pmol/L Ir-TPE at different times. Aex =488 nm. (b) Cellular uptake by different organelles of 10 pmol/L Ir-TPE and 10
pmol/L Ir-NH; under irradiation measured by ICP-MS. (c) The ICso values of these compounds on MCF-7 cells under light and dark conditions. (d) ROS production determined
by flow cytometry after treating MCF-7 cells with Ir-TPE under light. (e) Flow cytometry quantification of JC-1-labeled MCF-7 cells under light treated by Ir-TPE (8, 16 pmol/L)
for 20 h. (f) TEM images of mitochondrial morphology under different conditions in MCF-7 cells. (i) DMSO + light (420 nm, 20 mW/cm?2) as control group, (ii) and (iii) Ir-TPE

treatment with the light group. Data are shown as mean + SD (n=3).

Next, we studied the anti-proliferation activity of the complex.
MTT assay was used to determine the cytotoxicity of Ir-NH, and
Ir-TPE as well as cisplatin (CDDP) as the positive control against
different cell lines, including cancer cells such as MCF-7 (human
breast adenocarcinoma cell), MDA-MB-231 (triple negative breast
cancer cell), A549 (human non-small cell lung cancer cell) and nor-
mal cells such as MCF-10A (human normal mammary epithelial
cell), HLF (human lymphatic fibroblast).

The half-maximal inhibitory concentration (ICsq) values after
48h of treatment are listed in Tables S1 and S2 (Supporting infor-
mation). The comparison between the dark and light toxicity val-
ues, namely the photo-cytotoxicity index (PI), against different cell
lines shows that Ir-TPE is highly toxic to MCF-7 cells. Among them,
Ir-TPE exhibited the best inhibitory performance with an ICsy value
of 8 pmol/L to MCF-7 cells under light (Table S1) with PI value as
3.1, suggesting Ir-TPE shows a better PDT effect than Ir-NH, and
TPE-PPh; in MCF-7 cells. Therefore, we selected MCF-7 cells for
subsequent experiments. Briefly, we found that Ir-TPE showed no-
tably improved photodynamic performance after light exposure as
shown in Fig. 2c and Table S2. At the same time, in normal cells,
we were pleased to find that Ir-TPE was less toxic to MCF-10A cells
compared to other control compounds (Table S2 and Fig. S23 in
Supporting information), this is also the advantage of Ir-TPE.

To further explore the source of cellular phototoxicity, we tested
ROS production using both fluorescence imaging and flow cytome-
try under light in cells, and the results showed that there was sig-
nificant ROS production under light irradiation. Compared with the
control group, the results of flow cytometry showed that indicated
that Ir-TPE can produce 5-fold higher ROS in MCF-7 cells after light
treatment (Fig. 2d). We also tested the ROS types in cells, which
were consistent with those measured in solution, mainly 10, and
*OH (Figs. S24 and S25 in Supporting information). As the dynamic

center of cells, mitochondria play an important role in cell fate
[34]. Due to the excellent mitochondrial targeting ability of the
complex, we further tested the effects of the complex on mito-
chondrial function. Firstly, we investigated mitochondrial mem-
brane potential (MMP), which is the basic characteristic that re-
flects mitochondrial integrity, with a mitochondrial membrane po-
tential detection kit using CLSM and flow cytometry. As shown in
Fig. S26 (Supporting information), the red fluorescence in the light
group was decreased, and the green fluorescence enhancement
indicated the depolarization of mitochondria. We further analyzed
the changes in MMP using flow cytometry as depicted in Fig. 2e,
the monomer fraction in the light-treated group increased signif-
icantly with concentration dependence from 7.5% to 45.7%. The
large production of ROS and the significant decrease of MMP indi-
cate that the function of mitochondria is significantly destroyed, so
the morphology of mitochondria is bound to be severely affected.

High ROS levels led to oxidative damage to DNA [35,36]. The
effect of Ir-TPE on the expression of y-H2AX in MCF-7 cells was
examined, Ir-TPE could significantly increase the expression of y-
H2AX in MCF-7 cells, and it was also found that when ROS in-
hibitor n-acetyl-cysteine NAC was added, y-H2AX expression levels
in MCF-7 cells were suppressed after Ir-TPE treatment (Fig. S27 in
Supporting information), suggesting that Ir-TPE induced DNA dam-
age was caused by excessive oxidative stress. Cell cycle arrest was
also induced by DNA damage. The results showed that Ir-TPE in-
hibited MCF-7 cells proliferation mainly by blocking the cell cycle
in the G2/M phase (Figs. S28 and S29 in Supporting information).

We further used TEM to observe whether the mitochondrial
morphology changed in MCF-7 cells. As shown in Fig. 2f, mitochon-
dria from MCF-7 cells showed clear mitochondrial bilayers and
crista structures in the control group (orange arrow) groups. As we
expected, in the Ir-TPE treatment with the light group, the mito-
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chondria swelled (red arrow) companying with the disappeared in-
ternal crista, at the meantime, autolysosome (black arrow), which
is the characteristic of mitophagy. In addition to this, we also found
that some mitochondria wrinkled (yellow arrow), bilayer mem-
brane density increased (green arrow), and broken mitochondria
(blue arrow), indicating ferroptosis. These results all indicated that
under light, Ir-TPE produced sufficient ROS by AIE-PDT effect, thus
destroying mitochondrial integrity and resulting in mitochondrial
damage.

The above studies suggest that Ir-TPE can be used as an ef-
fective PDT drug. To clarify the cell death pathways involved in
this PDT process, we then determined the cell viability of MCF-
7 cells co-incubated with different cell death inhibitors and Ir-
TPE under short periods of light exposure (Fig. 3a). MTT assay re-
vealed that only the ferroptosis inhibitor (ferrostatin-1, Fer-1) and
autophagy inhibitor (chloroquine, CQ) rather than the inhibitors of
apoptosis (z-VAD-fmk) and necrosis (necrostatin-1, Nec-1) resulted
in a notable viability enhancement, suggesting ferroptosis and au-
tophagy might be the main cell death pathway induced by Ir-TPE
via light irradiation, which consistent with the mitochondrial be-
havior shown by TEM (Fig. 2f). Above all, photoirradiated Ir-TPE
can trigger multiple cell death modes by inducing mitophagy and
ferroptosis.

Previous results indicated that Ir-TPE can induce mitophagy.
Therefore, we further confirmed the phenomenon of autophagy in
cells. Initially, the results of protein immunoblotting experiments
showed an increase in LC3-II levels and LC3-II/LC3-I ratio in the
control group. The upregulation of PINK1 and Parkin protein ex-
pression also indicated mitochondrial damage-induced mitophagy
as depicted in Figs. 3b and c. To visually validate this result, au-
tophagy was observed in cells treated with Ir-TPE by confocal mi-
croscopy [37]. As shown in the confocal images of Fig. S30 (Sup-
porting information), the green fluorescence of LC3B was observed
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under the irradiation conditions of the Ir-TPE group, implying the
occurrence of autophagy in the cells. All these results illustrated
that Ir-TPE leads to mitophagy in cancer cells via autophagosomes
and lysosome fusion, as shown in Fig. 3d.

Ferroptosis is the other major mode of cell death accompa-
nied by the accumulation of lipid peroxidation, which was then
monitored using C11-BODIPY as a lipid peroxidation probe [38,39].
Confocal imaging showed that Ir-TPE significantly enhanced the
probe’s fluorescence under light irradiation conditions (Fig. 3e), in-
dicating a marked accumulation of lipid peroxidation. Meanwhile,
ferroptosis inhibits cystine/glutamate antiporter (system Xc~) ac-
tivity [40,41], depletes GSH and ultimately inhibits glutathione per-
oxidase 4 (GPX4) [42], as shown in Fig. 3f, the GSH content af-
ter light exposure was lower than that control group, in verse, the
GSSG (oxidized GSH) content was increased, resulting in the ele-
vated GSSH/GSH (Fig. S31 in Supporting information) [43]. Subse-
quently, Western blot analysis showed that Ir-TPE inhibited the ex-
pression of the lipid peroxidase scavenger GPX4, which may also
lead to lipid ROS accumulation and ultimately ferroptosis (Figs. 3g
and h). Furthermore, photo-irradiating Ir-TPE downregulated the
expression of SLC7A11 protein (part of the system Xc~ transporter)
[44]. According to literature reports [45,46], the ROS level is closely
related to the expression of SLC7A11 protein, and it was also found
that the expression level of SLC7A11 protein was significantly up-
regulated after the addition of ROS scavenger NAC, indicating that
the inhibition of SLC7A11 protein was caused by oxidative stress
(Fig. S32 in Supporting information). And, we confirmed that Ir-
TPE induced the ferroptosis involving the system Xc~-GSH-GPX4
pathway (Fig. 3i).

Since Ir-TPE showed excellent anti-proliferative properties of
2D monolayer MCF-7 cells, 3D multicellular tumor spheroids (3D
MCTSs) were used to simulate solid tumors, and then the perfor-
mance of Ir-TPE treatment was evaluated, As shown in Fig. S33a
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Fig. 3. (a) The cell viability with different death inhibitor treatments under light exposure. (b) The immunoblotting of autophagy associated proteins in MCF-7 cells treated

with Ir-TPE (8, 16 pmol/L) under light. (c) Quantitative analysis of autophagy-related

proteins from (b). (d) The mechanism illustration of autophagy induction by autophago-

some and lysosome fusion. (e) Confocal imaging of MCF-7 cells stained with C11-BODIPY after Ir-TPE treatment under light. (f) The GSH levels in MCF-7 cells after differ-
ent treatments. (g) The immunoblotting of ferroptosis related proteins in MCF-7 cells treated with Ir-TPE (8, 16 umol/L) for 44 h under light. (h) Quantitative analysis of

ferroptosis-related proteins from (g). (i) The ferroptosis pathway induced by photo-i

rradiated Ir-TPE. Data are shown as mean + SD (n=3).
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Fig. 4. (a) Schematic illustration of in vivo phototherapeutic protocol mediated by
Ir-TPE. (b) Tumor photos at the end of the treatment period in different groups. (c)
Time-dependent tumor growth curves after treatment. (d) Tumor weight of mice
after the last determination, ****P < 0.0001. (e) Body weight variations during the
treatment. (f) The H&E analysis of tumor tissues after treatment with different
drugs. Scale bar=100um. Data are shown as mean + SD (n=5).

(Supporting information). After MCF-7 cells were cultured for 6
days, the diameter of spheroids in the Ir-TPE-treated light-treated
group was significantly reduced, while the spheroid growth in
the control group showed no significant inhibitory effect, indicat-
ing that light-treated Ir-TPE has potent anti-proliferative activity
against 3D MCF-7 MCTSs. In addition, we also use calcein AM
(green fluorescence for living cells detection) and PI (propidium
iodide) (red fluorescence for dead cell detection) double staining
methods to assess the cell of MCTs survival after Ir-TPE treat-
ment. As shown in Fig. S33b (Supporting information), compared
with the strong green fluorescence of MCTSs in the control group,
the green fluorescence in Ir-TPE-treated MCTSs after light expo-
sure was significantly reduced and the red fluorescence was signif-
icantly enhanced, indicating that the viability of MCF-7 cells was
significantly reduced. These results indicated that photoactivated
Ir-TPE can effectively inhibit the proliferation of 3D MCTSs and is a
promising PS for PDT.

Encouraged by the promising outcomes of the in vitro stud-
ies, we proceeded to assess the in vivo anti-tumor effects of Ir-
TPE on MCF-7 tumor-bearing mouse models. All of the animal ex-
periments were approved by the University Animal Care and Use
Committee of Nanjing Normal University (the accreditation num-
ber, SYXK-(Su) 2020-0047). As shown in Fig. 4a, the tumor-bearing
BALB/c mouse model was established by subcutaneously inoculat-
ing MCF-7 cells. The tumor-bearing mice were randomly divided
into four groups and orthotopic injection with Ir-TPE (5 mg/kg mice
weight) and PBS buffer solution once every two days. After 16
days’ treatment, as shown in Figs. 4b-d the growth of the tumors
was significantly inhibited after the mice were treated with Ir-
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TPE under light exposure. Additionally, like the PBS buffer solu-
tion groups, the mice treated with Ir-TPE did not show significant
changes in body weight during cancer treatment (Fig. 4e).

Previous studies have validated the effectiveness of Ir-TPE com-
bined with light irradiation in suppressing tumor growth. To eluci-
date the mechanism in vivo, we employed Hematoxylin and Eosin
(H&E) staining, terminal deoxynucleotidyl transferase dUTP nick-
end labeling (TUNEL) staining, and Ki67 (a nuclear protein related
to cell proliferation) immunohistochemical staining to analyze the
histological alterations. As evident in Fig. 4f, H&E staining revealed
marked nuclear shrinkage and a considerable reduction in area in
tumor tissue of mice treated with Ir-TPE under light exposure, in-
dicating a high degree of cell death induced by Ir-TPE. Conversely,
the control group displayed no notable tumor necrosis. Subse-
quently, TUNEL staining assays demonstrated a substantial level of
cell death in the tumor tissue of mice treated with Ir-TPE + light,
indicating damage to a majority of tumor cells (Fig. S34a in Sup-
porting information). In contrast, the control group showed no sig-
nificant tumor necrosis. To assess cell proliferation, Ki67 immuno-
histochemical staining was performed, revealing a significant inhi-
bition of cell proliferation, thus slowing down tumor growth. Ad-
ditionally, we conducted in vivo immunofluorescence experiments
to investigate the expression of specific pathway proteins. As illus-
trated in Fig. S34b (Supporting information), an enhanced purple
fluorescence of LC3 protein and a diminished red fluorescence of
GPX4 and green fluorescence of SLC7A11 protein were observed in
the Ir-TPE + light group, indicating that Ir-TPE exhibits anti-tumor
properties in vivo by inducing ferroptosis and autophagy. Finally,
the safety of different organs and using the therapeutic method
was evaluated by H&E staining. It is worth noting that in mice
treated with Ir-TPE, there were no obvious organ injuries or patho-
logical changes in the five major organs, which was consistent with
the control group (Fig. S35 in Supporting information). I-TPE has
minimal systematic toxicity small side effects and good biocompat-
ibility. These findings suggested the success of the Ir(Ill)-based PDT
for in vivo treatment.

In summary, we present a strategy for organelle-targeted and
AIE-PDT. To demonstrate its feasibility, we have designed and syn-
thesized a mitochondria-targeting cyclometalated Ir(Ill) complex,
Ir-TPE, which exhibits an aggregation-enhanced photodynamic ef-
fect, triggers ferroptosis and autophagy for cancer therapy. This
complex self-assembles into nanoaggregates in aqueous solution,
generating a significant amount of ROS upon light irradiation. Cy-
totoxicity experiments demonstrate the high photo-cytotoxicity of
Ir-TPE towards irradiated cells. Confocal imaging and ICP-MS analy-
sis reveal that the complex preferentially accumulates in mitochon-
dria. In vitro studies demonstrate that light-irradiated Ir-TPE trig-
gers mitophagy by generating ROS to damage mitochondria. Ad-
ditionally, Ir-TPE inhibits GSH production and promotes ferroptosis
upon light exposure, ultimately engaging multiple cell death mech-
anisms. Furthermore, we demonstrate the effective inhibition of 3D
MCTS proliferation and in situ tumor ablation in vivo using this
complex. This study validates our proposed strategy and highlights
the potential of AIE-based complexes in expanding their applica-
tions in diagnosis and treatment.
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