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Side effects and drug resistance are among the major problems of platinum-based anticancer
chemotherapies. Photodynamic therapy could show improved tumor targeting ability and better
anticancer effect by region-selective light irradiation. Here, we report an aggregation-induced emission
(AlE)-based monofunctional Pt(1) complex (TTC-Pt), which shows enhanced singlet oxygen production
by introduction of a Pt atom to elevate the intersystem crossing (ISC) rate. Moreover, TTC-Pt exhibits
decent capacity of inhibition on tumor cell growth upon light irradiation, with negligible dark toxicity
compared to the commonly used chemodrug cisplatin. Mechanistic study suggests that TTC-Pt enters
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Hela cells via the endocytosis pathway and locates mainly in lysosomes, causing FSP1 down-regulation
and intracellular lipid peroxidation accumulation under irradiation, finally leading to ferroptosis and
necroptosis. The synergistic dual cell death pathways could help to kill apoptosis-resistant tumor cells.
Therefore, TTC-Pt could serve as a potent antitumor photosensitizer, which overcomes the drug
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Introduction

Cancer is one of the biggest threats to human health." Tradi-
tional cancer treatments such as surgery, chemotherapy and
radiotherapy have to face problems including toxic side effects
and drug resistance. Photodynamic therapy (PDT) exhibits the
advantages of non-invasiveness, accuracy and effectiveness with
minimal side effects and has attracted much attention.>™ The
photosensitizers (PSs) after illumination will be excited from the
ground state to the singlet excited state, transition to the triple
excited state via an intersystem crossing (ISC) process, and
generate reactive oxygen species (ROS).>” Singlet oxygen (*0O,)
is one of the commonly generated ROS through the type II PDT
process. It could easily react with biological molecules including
unsaturated lipids and a-amino acids, disrupting intracellular
balance and thus killing cancer cells.*** Therefore, increasing
0, yield is one of the effective ways to improve the efficacy
of PDT.
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resistance with minimum side effects.

To achieve a high yield of '0,, a common method is
improving the rate constant of ISC (kisc).">** There are usually
two ways, one is to enhance intramolecular charge-transfer
(ICT) states, and as a result, reduce the energy level difference
between singlet and triplet states (AEgp)."”™"” The other one is
to improve the spin-orbit coupling (SOC) effect by introducing
heavy atoms such as Pt, Ir, Ru and I, etc.'®>° However, this way
can potentially lead to increased dark toxicity, causing damage
to normal cells.>"** Therefore, it is highly demanded to intro-
duce appropriate heavy atoms into PSs to increase the 0, yield
while minimizing its toxic side effects. On the other hand,
traditional PSs usually suffer from aggregation cause quenching
of ROS generation due to the enhanced nonradiative decay
rate.”>** In this regard, PSs with aggregation-induced emission
(AIE) characteristics are beneficial to increase the 'O, generation
yield by effective suppression of nonradiative decay and elevated
population on the excited triplet state through the numerous ISC
channels in the aggregation state.>>’

Some tumor cells show an altered signaling pathway to
avoid apoptosis. Therefore, developing PSs that could kill
tumor cells through other cell death pathways other than
apoptosis is favorable to overcome the apoptosis-resistant
tumor cells. Ferroptosis, a new iron-dependent form of non-
apoptotic cell death pathway, has attracted a lot of attention
because of its potential for effective cancer treatment.”®
In particular, cancer cells are resistant to apoptosis and
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Scheme 1 An AlE-based monofunctional Pt(1) complex for photo-
dynamic therapy through synergism of necroptosis—ferroptosis.

chemotherapeutics, and the characteristics of high prolifera-
tion of cancer cells lead to very active lipid metabolism and iron
metabolism, laying the foundation for effective tumor elimina-
tion by ferroptosis.® At least three pathways have been identi-
fied to mediate ferroptosis: Xc™/GSH/GPX4,*® ACSL4/LPCAT3/
ALOXs*"*? and FSP1-CoQ10-NAD(P)H.**?* Most of the cur-
rently available ferroptosis inducers are based on the GPX4
pathway, while there are only a few reports on ferroptosis
inducing PSs through other pathways.

In this contribution, we present a new AIE-based Pt(u)
complex (TTC-Pt), which demonstrates efficient 'O, generation
capacity, with a decomposition rate of ABDA (9,10-anthra-
cenediyl-bis(methylene)dimalonic acid, a singlet oxygen indica-
tor) up to 133.5 nmol per minute (Scheme 1). The AIE-active
ligand TTC shows a donor-n-acceptor (D-n-A) structure, and a
much lower 'O, generation rate.>*” The introduction of a Pt
atom increases both the SOC effect and intramolecular charge
transfer process, resulting in significantly elevated ROS genera-
tion capacity and the potential of image-guided PDT.*® Interest-
ingly, the introduction of heavy atom Pt did not increase the
cellular dark toxicity of TTC-Pt. TTC-Pt enters HeLa cells via the
endocytosis pathway and is located mainly in lysosomes, leading
to down-regulation of FSP1 (ferroptosis suppressor protein 1)
and accumulation of intracellular lipid peroxidation after irra-
diation, inducing ferroptosis and necroptosis. This study pro-
vides a powerful strategy for the development of high-
performance PSs, which could help overcome both drug resis-
tance and side effects.

Results and discussion
Molecular design and synthesis

AlE-based PSs with D-n-A structure can help to separate the
distributions of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO),
which will further promote the kjgc and thus favor the 'O,
generation ability. TTC-Pt (Fig. 1a) was designed with a tetra-
phenyl (TPE) derivative as the electron-donating group (EDG),
thiophene groups as m bridges and a cyano-pyridine moiety as
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Fig.1 (a) Chemical structures of TTC and TTC-Pt. (b) Absorption and

(c) emission spectra of TTC and TTC-Pt (10 pM) were measured in water
(containing 1% DMSO, v/v). Emission spectra of the AlEgens (10 pM)
including (d) TTC and (e) TTC-Pt in the mixed solvents of DMSO and
water with different water fractions (f,,). (f) Emission intensity plot of TTC-
Pt and TTC in different f,, of the solvent mixture. (g) The decomposition
rates of ABDA in the presence of TTC-Pt under illumination in different
solvents (Ag and A represent the absorption of ABDA before and after
irradiation, respectively).

an electron-withdrawing group (EWG)?® to achieve better separa-
tion of HOMO-LUMO and reduce AEst to promote the ISC
process.”® In addition, the introduction of cisplatin through
coordination reaction, due to the heavy atom effect, would
enlarge the spin-orbit coupling constant (£) between singlet
and triplet states,'® thereby improving ROS generation com-
pared to the original AIE donor. The synthetic methods of PSs
are shown in Scheme S1 (ESIf). All the compounds were fully
characterized (Fig. S1-S5, ESIT).

Photophysical characterization

The UV-vis and photoluminescence (PL) spectra of the AIE
luminogens (AIEgens) in water were recorded in Fig. 1b and
c. For the ligand TTC, it shows a maximum absorption peak at
434 nm and an emission at 603 nm, with a Stokes shift of
169 nm in aqueous solution. For TTC-Pt, it exhibits a red-
shifted maximum absorption compared to TTC at 451 nm and a
near-infrared (NIR) emission at 650 nm. Due to the Stokes shift

© 2024 The Author(s). Published by the Royal Society of Chemistry
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being nearly 200 nm, it is favorable for bioimaging because of
the minimized interference between excitation and emission,**
and thus it helps to improve the image-guided therapy. Using
tris(2,2/-bipyridyl)dichlororuthenium(n) as a reference, the
fluorescence quantum yields (QYs) of TTC and TTC-Pt were
determined to be 11.45% and 2.9% in water (with 1% DMSO, v/v),
and to be 0.46% and 0.6% in acetonitrile, respectively (Table S1,
ESIT).

Fig. 1d and f show the PL spectra of TTC in the mixed
solution with varied water fractions. In pure DMSO, TTC had
almost no emission, but when the water fraction increases to
60%, the fluorescence intensity reaches the maximum with a
nearly 50 nm blueshift. Even if the water fraction increases to
99%, it still has bright emission, revealing the AIE feature. In
agreement with TTC, as the water fraction rises, the emission
intensity of TTC-Pt was increased, and it reached the maximum
when the water fraction was 80%, with the blue-shift of the
emission maxima from around 664 to 651 nm (Fig. 1e and f).
In addition, the transmission electron microscopy (TEM) and
dynamic laser scattering (DLS) data also confirmed the irregu-
lar aggregation of AIEgens in aqueous solution (Fig. S6, ESIT).
And they have decent stability in water (Fig. S7-S9, ESIY).

To measure the performance of TTC and TTC-Pt as PSs
invitro, their ability to produce 10, was determined. With ABDA
as the 'O, indicator, under irradiation at 450 nm, the absor-
bance of ABDA showed almost no change within 2 min in the
presence of TTC or TTC-Pt in acetonitrile (Fig. S10, ESIY),
suggesting poor 'O, generation capability in the molecular
state even though acetonitrile can dissolve more 0,.*> However,
in water (contains 1% DMSO), it decreased sharply for 60 s
under the same irradiation conditions (Fig. 1g and Fig. S11,
ESIt), indicating that TTC and TTC-Pt possessed good 'O,
production ability in the aggregation state. It is found that
the indicator decomposition rate of TTC-Pt is 1.9 and 5.4-fold
higher than that of TTC and Rose Bengal (RB), respectively,
suggesting that the combination of cisplatin and the AIE
moiety successfully improved the 'O, generation rate, in good
agreement with expectations. In addition, respectively using
dihydrorhodamine 123 (DHR123) and hydroxyphenyl fluores-
cein (HPF) as probes for O,*” and *OH, both TTC and TTC-Pt
could increase the fluorescence intensity of the related probes
with time (Fig. S12 and S13, ESIt), indicating that the two
AlEgens should produce type I ROS and have the potential to
overcome tumor hypoxia.

Cell uptake and subcellular accumulation

Cellular uptake is the basis of drug imaging and drug efficacy.
HeLa cells were selected to monitor TTC-Pt and TTC drug
uptake and intracellular location via confocal laser scanning
microscopy (CLSM) in real time. As shown in Fig. S14 (ESIY),
HelLa cells incubated with TTC-Pt can be clearly visualized after
1 h of incubation, while TTC only has weak fluorescence that is
not visible to the naked eye under the same conditions. The
fluorescence intensity of TTC-Pt did not change significantly
after about 4 h, indicating that the uptake may have reached
equilibrium, as TTC was about 6 h. This may be due to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 ) CLSM images of Hela cells incubated with TTC-Pt (1 uM) in
different condltlons. The cells were pre-incubated with different inhibitors
for 1 h or at different temperatures. Excitation: 488 nm; scanning channel:
600-700 nm; scale bar: 10 pm. MI: metabolic inhibitors, 2-deoxy-p-
glucose (50 mM) and oligomycin (5 pM); NH4CL (50 mM); TEA: triethylamine
(1 mM). (b) Fluorescence intensity change of cells in (a). (c) Fluorescence
intensity change of cells with TTC and different endocytosis inhibitors
including MI, NH4Cl and TEA. (d) CLSM of Hela cells stained with various
commercial probes (Mito-Blue: 410—-480 nm, /ey, 405 nm; Lyso-Deep Red:
650-680 NM, Aex, 633 nm; ER-Blue: 455-520 nm, ey, 405 nm; LD-Green:
495-535 Nnm, Jex, 488 nm) and TTC-Pt (1 uM, 600-700 NmM, ey, 488 nm).
Scale bar: 10 pm.

LD-Green

introduction of positive charge, and TTC-Pt is more easily taken
up by cells.?’ In addition, we also determined the Pt levels in
HeLa cells incubated with TTC-Pt and CDDP, respectively, by
ICP-MS. It was found that the former contained seven times
more platinum than the latter (Fig. S14d, ESI{), which may be
due to the introduction of fat-soluble groups that increased the
uptake of drugs by cells. To further explore the way AIEgens
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enter cells, the AlEgens were co-incubated with various cell
uptake inhibitors. As shown in Fig. 2a and b, at low tempera-
ture (4 °C, which can inhibit transmembrane protein), MI
(metabolic inhibitor) or NH,CI (endocytosis inhibitor), respec-
tively, the intracellular fluorescence intensity of TTC-Pt
decreased, suggesting that TTC-Pt entered cells mainly in the
form of the energy-dependent transmembrane endocytosis
pathway.*®

Through the images of CLSM taken during cell uptake, both
TTC-Pt and TTC successfully crossed the cell membrane and
reached the cytoplasm. To further confirm the specific location
of AlEgens within the cells, the subcellular distribution of TTC-
Pt and TTC was achieved by co-incubation with various sub-
cellular commercial dyes by CLSM (Fig. 2d and Fig. S16, ESIT).
The Pearson’s correlation coefficient (PCC) of the overlay
fluorescence images between TTC-Pt and various dyes were
0.45 for Mito-Blue, 0.75 for Lyso-Deep Red, 0.31 for ER-Blue and
0.40 for LD-Green, respectively, indicating that TTC-Pt was
mainly localized in lysosomes after entering cells. In addition,
it has been reported that drugs entering cells through the
endocytosis pathway are easy to accumulate in the lysosome,
because the lysosome is the end point of endocytosis.** This
also supports the lysosomal targeting ability of TTC-Pt. TTC
shows no obvious organelle targeting (Fig. 2c and Fig. S15,
S16, ESTt).

ROS generation and cytotoxicity of PSs against HeLa cells

The excellent 'O, generation capability and nice lysosomal
targeting ability of TTC-Pt indicates that it could be considered
as a good PS for cancer therapy. The ROS generation ability
in situ was assessed by examining the fluorescence intensity
of 2/,7'-dichlorofluorescin diacetate (DCFH-DA). As shown in
Fig. 3a and b, HeLa cells incubated with TTC-Pt or TTC showed
strong green fluorescence under light irradiation, while almost
no fluorescence was observed in the dark or co-incubated with
CDDP. Subsequently, the PDT effects of AlEgens were assessed
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay. The half-maximal inhibitory concentrations
(ICs0) to HeLa cells were measured to be 0.34 + 0.05 uM for
TTC-Pt, while that of TTC is over 64 uM. This indicated that the
introduction of a Pt atom had indeed improved the phototoxicity
of the drug, thus enhancing the effect of PDT. TTC-Pt and TTC
showed no obvious cytotoxicity under dark conditions, and the
cell viability was more than 80% when the drug concentration
reached 64 uM (Fig. 3c and d and Table 1). Unlike the commonly
enhanced dark toxicity by heavy atom introduction,*® co-
incubation of ligand TTC and CDDP led to significantly reduced
dark toxicity (>64 pM) compared to that treated with CDDP
alone (17.4 pM), and increased light toxicity (13.68 uM) com-
pared to TTC alone (> 64 uM). In addition, it was found that the
Pt levels in the HeLa cells were reduced in the presence of TTC,
indicating that TTC may inhibit the uptake of cisplatin and thus
reduce the toxicity of cisplatin in the dark (Fig. S17, ESIt). The
conversion from difunctional CDDP to monofunctional Pt(u)
complex TTC-Pt could explain the reduced dark toxicity and
increased light toxicity.
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Fig. 3 Cytotoxicity of AlEgens against Hela cells. (a) Confocal image of
Hela cells incubated with TTC (0.5 puM), TTC-Pt (0.5 uM), CDDP (0.5 pM)
and DCFH-DA under irradiation (450 nm, 100 mW cm™2, 1 min). Excitation:
488 nm. Scanning channel: 500-550 nm. Scale bar: 10 um. (b) Fluores-
cence intensity change of DCFH stained cells in (a). Cell viabilities of cells
after being incubated with different concentrations of TTC-Pt, TTC, CDDP
and TTC + CDDP (c) with 450 nm laser irradiation at 100 mW cm™2 for
2 min and (d) in the dark (n = 3 biologically independent experiments).

Tablel ICspvaluesof TTC-Pt, TTC, CDDP and TTC + CDDP against Hela
cells

Compounds Trradiation” [uM] Dark” [uM]
TTC-Pt 0.34 + 0.05 >64.00

TTC >64.00 >64.00

CDDP 25.28 + 1.32 17.40 + 3.42
TTC + CDDP 13.68 + 1.99 >64.00

“ 450 nm laser irradiation at 100 mW cm 2 for 2 min. ? In the dark (n =
3 biologically independent experiments).

Cell death mode investigation

Cell death mechanisms initiated by the PSs usually show three
main pathways including apoptosis, necroptosis and autophagy.*®
To elucidate the cell death pathways by this PDT process, we
measured the viability of cells incubated with various cell death
blockers and TTC-Pt. As shown in Fig. 4a, compared to the control
co-incubated without any cell death inhibitor, there was no
significant change of HeLa cell viability in the apoptosis inhibitor
(z-VAD-fmk) group and the autophagy (3-methyladenine, 3-MA)
group, while the cell viability was greatly improved after the
addition of ferroptosis inhibitor (ferrostatin-1, Fer-1) or necropto-
sis inhibitor (necrostatin-1, Nec-1), indicating that necroptosis
and ferroptosis were the main cell death modes induced by TTC-
Pt after illumination. The dual cell death pathway caused by TTC-
Pt is favorable to overcome apoptosis resistance tumor cells.

Ferroptosis induced by TTC-Pt

Lipid peroxide accumulation is the key characteristic of ferrop-
tosis, which is caused by the free radical chain reaction that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Cell death mode investigation by PDT. (a) Cell viabilities of Hela
cells determined with TTC-Pt (0.8 uM) and different blockers. Before co-
incubation with TTC-Pt, z-VAD-fmk (50 pM), 3-methyladenine (100 pM),
necrostatin-1 (50 uM) and ferrostatin-1 (50 uM) were added for 1 h. For all
tests, photoirradiation (450 nm, 100 mW cm™2, 2 min) was imposed after
5 h of TTC-Pt addition. (b) The quantification of the blots for comparison in
(c). (c) Expression of FSP1 and GPX4 in Hela cells incubated with TTC-Pt,
TTC or CDDP (1 pM) under or without light irradiation (100 mW cm™2,
5 min). (d) CLSM images of Hela cells incubated with TTC-Pt (1 pM) via
C11-BODIPY staining, and photoirradiation (450 nm, 100 mW cm™2, 2 min)
was given after the staining. Scanning channels: 500-530 nm, ey, 488 Nm
(green channel); 580-600 M, Aex, 543 Nm (red channel). Scale bar: 10 pm.
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starts the autocatalytic autoxidation by abstracting a hydrogen
atom from the bis-allylic position of polyunsaturated fatty
acid (PUFA)."” Fer-1 is a radical-trapping antioxidant that resists
ferroptosis by scavenging ferrous oxide produced by lipid hydro-
gen peroxide and alkoxy radicals produced by other rearrange-
ment products.*® Therefore, in order to verify that ferroptosis was
indeed induced by TTC-Pt via photoirradiation, we monitored the
lipid peroxidation taking C11-BODIPY as a lipid peroxide probe.*’
Confocal imaging showed enhanced fluorescence of the green
channels in HeLa cells incubated with TTC-Pt after irradiation,
implying the lipid peroxide accumulation (Fig. 4d).

The system Xc-glutathione (GSH)-glutathione peroxidase 4
(GPX4) pathway is the most commonly reported ferroptosis
prevention system, compared to other antioxidant systems,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Microscope images of HeLa MCSs. MCSs were incubated with
5 uM TTC and TTC-Pt (a) with or (b) without photoirradiation (450 nm,
127 mW cm™2, 2 min). The day 1 images were taken before illumination,
and then illumination was performed and images were taken every two
days. Scale bar: 500 pm.

such as the ferroptosis inhibitory protein 1 (FSP1)-coenzyme
Q10 (CoQ10) pathway.’® To study the exact pathway that leads
to ferroptosis, the expressions of key proteins GPX4 and FSP1
were investigated by western blot. As shown in Fig. 4b and c, the
expression of FSP1 in HeLa cells incubated with TTC-Pt after
irradiation was significantly down-regulated, while the expres-
sion of GPX4 all did not change obviously. What’s more, it is
reported that ubiquinol generated by FSP1 acts as an endogen-
ous functional equivalent of the described small-molecule
lipophilic radical scavengers Fer-1 inhibiting ferroptosis.>" It
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is inferred that ROS produced by TTC-Pt vig irradiation could lead
to the expression of FSP1 downregulation, triggering a series of
REDOX imbalances that lead to ferroptosis in HeLa cells.

PDT effects in 3D multicellular spheroids (MCSs)

3D MCSs are microscale and spherical cell clusters formed by
self-assembly. They are excellent models for tumors with cen-
tral hypoxia due to the restriction on oxygen transmission.**>?
The MCSs of HeLa cells were cultured with TTC-Pt or TTC, the
medium was changed a half every two days, and photoirradia-
tion (127 mW cm ™2, 2 min) was performed 24 h after medium
change. MCSs cultured without AlIEgens increased significantly
in volume after 7 days whether with photoirradiation or not
(Fig. 5a and b). Contrarily, the growth of MCSs cultured with
AlEgens was obviously inhibited after light irradiation, espe-
cially with TTC-Pt, while in the dark, the volume was consistent
with the control. The ability of AlEgens to inhibit the MCS
growth after illumination suggested that they have the potential
of anti-solid tumor. In particular, TTC-Pt has stronger inhibi-
tion ability than TTC, indicating that the synergistic necropto-
sis-ferroptosis is more favorable to anti-tumor activity for PDT.

Conclusions

In summary, we designed and synthesized a monofunctional
Pt(u1) complex based PS (TTC-Pt), which demonstrated attractive
features such as aggregation enhanced ROS generation, high
phototoxicity and low dark toxicity. TTC-Pt mainly localized in
the lysosomes of HeLa cells, and could cause necroptosis and
ferroptosis after illumination, and this synergistic effect could
help eliminate apoptosis-resistant tumor cells. Moreover, the
drug was able to cause ferroptosis through down-regulating the
expression of FSP1, which is different from the conventional
GPX4 pathway. This work provides new tools for effective and
precise tumor treatment to overcome challenges faced by
chemotherapy.
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