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hypoxia-induced inhibition of ferroptosis for non-
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Ferroptosis therapy is gradually becoming a new strategy for the treatment of non-small cell lung
cancer (NSCLC) because of its active iron metabolism. Because the hypoxic microenvironment in
NSCLC inhibits ferroptosis heavily, the therapeutic effect of some ferroptosis inducers is severely
limited. To address this issue, this work describes a promising photosensitizer ENBS-ML210 and its
application against hypoxia of NSCLC treatment based on type | photodynamic therapy and
glutathione peroxidase 4 (GPX4)-targeted ferroptosis. ENBS-ML210 can promote lipid peroxidation
and reduce GPX4 expression by generating superoxide anion radicals under 660 nm light
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tumor cells. Finally, the excellent synergistic antitumor effects are confirmed both in vitro and in

DO 10.1035/d35¢01597a vivo. We firmly believe that this method will provide a new direction for the clinical treatment of
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Introduction

Non-small cell lung cancer (NSCLC) accounts for more than
80% of lung cancers," and the majority of NSLCC patients are
found to be in advanced inoperable stages.> Up to now, the
clinical treatment of NSCLC has mainly depended on chemo-
therapeutic agents,® which suffers from drug resistance and
side effects.*® Recently, high levels of iron metabolism have
been found in NSCLC, which is positive for inducing iron-
dependent lipid peroxidation and finally ferroptosis, which is
becoming a new strategy for NSCLC therapy.*” Glutathione
peroxidase 4 (GPX4), which is overexpressed in NSCLC and
specifically converts lipid peroxides (LPO) into lipoid alcohols,
plays important roles in the regulation of ferroptosis.®™*
Though GPX4 inhibitors have been used to trigger ferropto-
sis,"* the hypoxia microenvironment, existing in most solid
tumors, restricts ferroptosis heavily because hypoxia inducible
factors inhibit ferritinophagy and thus reduce the free iron pool
and reactive oxygen species, preventing cells from undergoing
ferroptosis.”**® Therefore, addressing the hypoxia-induced
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inhibition to ferroptosis in NSCLC therapy deserves much
attention.

Photodynamic therapy (PDT) is a charming method in tumor
treatment because of its minimal invasiveness, non-drug
resistance, controllable therapeutic area and so forth. In prin-
ciple, reactive oxygen species (ROS), produced in PDT, can
promote intracellular lipid peroxidation.'”'* However, among
the ROS, '0,, produced by typical type II photosensitizers (e.g.
Ce6 and porphyrin),*>* contributes little to LPO formation.
Conversely, the radicals (e.g. superoxide anion radicals (O, )
and hydroxyl radicals (-OH))*>** formed in type I PDT did well
in oxidizing lipids even under hypoxic conditions.***” However,
successful examples of type I PDT-synergistic ferroptosis have
been rare in NSCLC therapy.

In our former work, a GPX4-targeting probe ENBO-ML210
was reported for the selective imaging of NSCLC, wherein the
introduction of fluorophore ENBO did not affect the interaction
of inhibitor ML210 with GPX4.?® Additionally, previous research
about the type I photosensitizer ENBS is generally considered to
indicate hypoxia tolerance.*® Inspired by ENBO-ML210, herein,
ENBS-ML210 was developed, using type I photosensitizer ENBS
instead of ENBO, as a GPX4-targeting photosensitizer for
NSCLC therapy (Scheme 1). Under 660 nm light irradiation,
ENBS-ML210 produced -O," to induce lipid peroxidation and
reduce GPX4 expression with more than 70% cell death rate
under both normoxic and hypoxic conditions. This ingenious
strategy provides a paradigm for the development of ferroptosis-
based NSCLC therapy with hypoxia.
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Scheme1l Schematic illustration of the molecular design of ENBS-ML210 and mechanism of reversing hypoxia-induced inhibition of ferroptosis

in H1299 cells.

Results and discussion
Synthesis and characterization of ENBS-ML210

ENBS-ML210 was synthesized and confirmed by 'H and **C
nuclear magnetic resonance (NMR) and high-resolution mass
spectrometry (HRMS) (Fig. S1-S77). As shown in Fig. 1A, ENBS-
ML210 exhibited similar UV-vis absorption and fluorescence
emission (600-700 nm) to ENBS. Density functional theory
(DFT) calculations were performed at the B3LYP/6-31g(d) level
with Gaussian 09 (Fig. S8t), and the AE, between the HOMO
and LUMO of ENBS-ML210 (2.38 eV) is similar to that of ENBS
(AE; = 2.39 eV). In addition, the UV-vis absorption and fluo-
rescence spectra of ENBS-ML210 were still in the NIR window in
different solvents (Fig. S9 and S10t). The generation of ROS by
ENBS-ML210 was evaluated by using 1,3-diphenylisobenzofuran
(DPBF). As shown in Fig. 1B, the absorbance of DPBF at 415 nm
decreased dramatically under both 21% and 2% oxygen condi-
tions under 660 nm light irradiation (Fig. S117), indicating little
O, dependence. Furthermore, a dihydrorhodamine 123
(DHR123) fluorescence probe was used as a specific O, probe.
The green fluorescence intensity at 526 nm (DHR123) distinctly
increased under 660 nm light irradiation (Fig. 1C), indicating
that ENBS-ML210 has a good ability to produce <O, as a type I
photosensitizer. To further detect and differentiate between
0,7, '0, and -OH, electron paramagnetic resonance (EPR)
spectroscopy was performed in which -O,” and -OH were
trapped by 5,5-dimethyl-1-propylamine-n-oxide (DMPO) (-O,"
was in MeOH and -OH was in H,0), and 'O, was trapped by
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2,2,6,6-tetramethylpiperidine (TEMP). As shown in Fig. 1D,
compared with those of the control and ENBS-ML210 groups,
the ENBS-ML210 + light group displayed strong -O,  and weak
-OH signals, and hardly generated 'O,.
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Fig. 1 Spectral properties and ROS generation of ENBS-ML210. (A)
UV-vis absorption and fluorescence spectra of ENBS and ENBS-
ML210. (B) The absorbance at 415 nm of DPBF degradation with ENBS-
ML210 under 21% O, and 2% O, conditions. (C) Fluorescence spectra
of DHR123 for -O,~ detection. (D)EPR spectra of -O,~, -OH, and 'O, in
the control, ENBS-ML210, and ENBS-ML210 + light groups.
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Cell uptake and ROS generation

The uptake level of small molecule drugs and their localization
in tumor cells are the key factors to determine the antitumor
effect. As shown in Fig. 24, real-time uptake imaging of ENBS-
ML210 was performed in H1299 cells. With the prolongation of
incubation time, the red fluorescence intensity gradually
increased and reached the maximum after 90 min. Further-
more, a long retention time of ENBS-ML210 of at least 360 min
was observed in H1299 cells (Fig. 2B). Subsequently, subcellular
localization imaging showed that the fluorescence of ENBS-
ML210 was well overlapped with that of the lysosomal staining
agent LysoTracker (Pearson's coefficient: 0.922), which is much
better than MitoTracker in mitochondria (0.695) and Hoechst
33342 in the nucleus (0.098) (Fig. 2C). Moreover, an
immunocyto-fluorescence assay was introduced to analyze the
cellular colocalization of ENBS-ML210 with GPX4 using an
Alexaflour 488-labeled fluorescent secondary antibody. As
shown in Fig. S12, GPX4 staining with its fluorescent
secondary antibody showed green fluorescence, which was well
colocalized with the red fluorescence of ENBS-ML210 (Pearson's
coefficients: 0.832). The above results demonstrated that ENBS-
ML210 mainly targeted GPX4 in lysosomal membranes of
H1299 cells.

The ROS generation of ENBS-ML210 was explored in vitro. As
shown in Fig. 2D, using 2,7-dichlorodihydrofluorescein diac-
etate (DCFH-DA) as a universal indicator of ROS, the intracel-
lular signal intensity of green fluorescence increased obviously
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Fig. 2 In vitro cell imaging of ENBS-ML210. (A) Cell uptake imaging
and (B) quantitative analysis of ENBS-ML210 in H1299 cells. (C)
Subcellular localization imaging of ENBS-ML210 in H1299 cells (ENBS-
ML210: Ao, = 640 nm and Aemn = 650-750 nm; Hoechst 33342: Aoy =
405 nm and A¢m = 440-480 nm; MitoTracker Green: Aex = 488 nm
and A¢m, = 500-550 nm; LysoTracker Green: Aex = 488 nm and Aem =
500-550 nm; scale bar = 20 pum). (D) Intracellular ROS detection of
total intracellular ROS, -O,~, 'O,, and -OH, using DCFH-DA, DHE,
SOSG and HPF as fluorescence indicators.
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under light irradiation (660 nm and 20 mW c¢m ™ ?), suggesting
efficient ROS generation of ENBS-ML210. Furthermore, dihy-
droethidium (DHE), singlet oxygen sensor green reagent
(SOSG), and hydroxyphenyl fluorescein (HPF) were used to
detect intracellular -0, ", 'O, and -OH, respectively. The results
showed that ENBS-ML210 exhibited an excellent capability in
generating -O, in vitro, and it also produced a small amount of
-OH.

Study about the effect of hypoxia on ferroptosis

Determining the effect of hypoxia on ferroptosis is crucial for
the treatment of NSCLC. ML210 was introduced as a ferroptosis
inducer in MCF-7 (human breast cancer cells), 4T1 (mouse
breast cancer cells), and H1299 cells (human non-small cell
lung cancer cells) under normoxia (21% O,) and hypoxia (2%
0,), respectively. As shown in Fig. 3A and B, when ML210 was 10
uM, the cell survival rates of MCF-7 cells were 73% (normoxia)
and 83% (hypoxia), and the cell survival rates of 4T1 cells
changed little whether under normoxia or hypoxia conditions.
Interestingly, we found the cell survival rate of H1299 cells
exhibited obvious change between normoxia conditions (40%)
and hypoxia conditions (79%), suggesting that hypoxia could
significantly inhibit ferroptosis (Fig. 3C and S137}). Next, we
evaluated the expression of GPX4 protein in MCF-7, 4T1, and
H1299 cells by western blotting. As shown in Fig. 3D, GPX4
protein was expressed in three kinds of cells, and was most
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Fig. 3 The relationship between ferroptosis and oxygen conditions.

The cytotoxicity of the GPX4 inhibitor ML210yne in (A) MCF-7, (B) 4T1,
and (C) H1299 cells under 21% and 2% O, conditions. (D) Western blot
analysis of the expression of GPX4 with 10 pM ML210 in MCF-7, 4T1,
and H1299 cells under 21% O, and 2% O, conditions. (E) Schematic
diagram of the effect of ML210 on ferroptosis for tumor cells under
normoxia and hypoxia. **P < 0.01 determined by Student's-test.
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expressed in H1299 cells. The three kinds of cells were treated
with 10 uM ML210 under normoxic (21% O,) and hypoxic (2%
0,) conditions, respectively. The expression of GPX4 in H1299
cells was significantly reduced under normoxia, while the
expression of GPX4 was hardly reduced under hypoxia. The
above results showed that ferroptosis was inhibited under
hypoxia. The process of the effect of hypoxia on ferroptosis in
tumor cells is shown in Fig. 3E. ML210, a ferroptosis inducer,
inhibited the overexpression of GPX4 in tumor cells, and fer-
roptosis was inhibited under hypoxia because the reduction of
ROS was not conducive to ferritinophagy.'* In contrast, ferrop-
tosis could occur normally under normoxia. Therefore, to
overcome this shortcoming of ML210, ENBS-ML210 was devel-
oped to reverse hypoxia-induced inhibition of ferroptosis in
NSCLC.

Mechanism of reversing ferroptosis resistance in vitro

The inactivation of GPX4 could lead to the accumulation of lipid
peroxides, which is an important sign of ferroptosis. To explore
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Fig. 4 The mechanism of PDT-promoted ferroptosis in H1299 cells.
(A) Lipid peroxidation measurement of H1299 cells under different
treatments by CLSM. Representation of the fluorescence intensity of
C11 BODIPY obtained from the microscopy images under (B) 21% O,
and (C) 2% conditions. (D) Western blot analysis of the expression of
GPX4 in different treatment groups. MTT assay to assess the cell
viability of H1299 cells with different treatments under (E) 21% O, and
(F) 2% O, conditions. (G) Summarized mechanisms of reversing fer-
roptosis resistance by type | PDT. ***P < 0.001 determined by
Student's-test.
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the generation of LPO, the fluorescence of C11-BODIPY was
introduced as a LPO probe by CLSM. As shown in Fig. 4A, under
21% O, conditions, stronger green fluorescence was observed in
the ML210 and ENBS-ML210 groups, while very weak green
fluorescence was observed in the control groups. In addition,
the green fluorescence almost disappeared in the ML210 group
under 2% O, conditions, while green fluorescence was dis-
played by the ENBS-ML210 + light group, indicating that ENBS-
ML210 could reverse hypoxia-induced inhibition of ferroptosis.
ENBS-ML210 could lead to lipid peroxidation by reducing the
expression of GPX4 and the generation of ROS under light
irradiation. Furthermore, as shown in Fig. 4B and C, the ENBS-
ML210 + light group displayed 15-fold and 7.7-fold stronger
fluorescence intensity than the control group under 21% O, and
2% O, conditions, respectively, while the ENBS + light group
showed 5-fold stronger fluorescence intensity compared with
the control group, showing that ENBS-ML210 could promote
ferroptosis through PDT-induced ROS. The cell death was
verified using a cell live/dead stain test. As expected, ENBS-
ML210 induced complete destruction of H1299 cells after
660 nm light irradiation compared with control and ENBS
groups (Fig. S14}). Moreover, FITC-Annexin V/PI double-
staining revealed that both ENBS and ENBS-ML210 were able
to induce apoptosis and necrosis upon irradiation (Fig. S157).

Western blotting with ENBS-ML210 revealed that the intra-
cellular GPX4 protein expression was reduced under light irra-
diation under 21% O, and 2% O, conditions (Fig. 4D). In
addition, the expression of GPX4 protein with the ENBS-ML210
+ light group was less under normoxia than that under hypoxia,
indicating that hypoxia may inhibit ferroptosis. The cytotoxicity
of ENBS-ML210 at different oxygen levels was investigated using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) assay to explore the therapeutic effect. As shown in
Fig. S16,7 ENBS-ML210 exhibited weak cytotoxicity to COS-7
cells, while the killing effects on MCF and 4T1 cells were
obvious (ICs5, = 0.51 uM and ICs, = 0.62 uM, respectively).
Importantly, as shown in Fig. 4E, under normoxic conditions
(21% 0,), the ICs, value of ENBS-ML210 reached 0.19 uM under
light irradiation, which was better than that of ENBS (ICs, =
0.28 uM). Furthermore, the cell survival rate was as low as 30%
for ENBS-ML210 (1 pM) under hypoxic conditions (2% O,),
indicating its good therapeutic effect under hypoxia (Fig. 4F).
The above results showed that ENBS-ML210 has good killing
selectivity toward H1299 cells. In general, a simple schematic
diagram of the synergistic mechanism of reversing ferroptosis
resistance by type I PDT is shown in Fig. 4G. Obviously, fer-
roptosis is inhibited under hypoxia conditions. ENBS-ML210
could lead to the reduction of GPX4, and promoted lipid per-
oxidation through the generation of -O,™ by type I PDT under
light irradiation, thus promoting the ferroptosis of tumor cells.

Antitumor study in vivo

The excellent tumoricidal efficiency of ENBS-ML210 at the cell
level encouraged us to further evaluate the therapeutic effect in
vivo. H1299 xenograft Balb/c nude mice were used as experi-
mental models. Before evaluating the antitumor effect of ENBS-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ML210, the enrichment capacity in tumors was tested. As shown
in Fig. S17A and B, the enrichment of ENBS-ML210 in tumors
was better than that in any other organs (Fig. S17C and D),
indicating that ENBS-ML210 efficiently targeted H1299 tumors.

Capitalizing on this, further antitumor experiments were
performed (Fig. 5A). H1299 tumor-bearing nude mice were
randomly divided into five groups (n = 5) and had their tail vein
injected with different reagents: (1) control, (2) ENBS, (3) ENBS +
light (660 nm, 100 mW cm 2, and 15 min), (4) ENBS-ML210,
and (5) ENBS-ML210 + light. The tumor volume and weight of
mice were recorded every other day. After 14 days of treatment,
the in vivo antitumor effects of different treatments are shown
in Fig. 5B and S18.f An obvious tumor growth was observed in
the group (1) and group (2) (=10-fold), while the group (5)
showed a more remarkable tumor-inhibition rate of 95.2% than
that in group (3) (72.6%). The body weight of mice did not
change abnormally during treatment (Fig. 5C and S197). The
average tumor weight and representative tumor images also
confirmed the excellent antitumor performance (Fig. 5D-F). As
shown in the H&E staining (Fig. 5G), large quantities of tumor
cells lost their cellular integrity only in group (5). Moreover,
group (5) also exhibited the strongest immunofluorescence
green signal in TUNEL staining, which illustrated the maximum
cell apoptosis. The histological examination of all major organs
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Fig. 5 In vivo antitumor efficacy in H1299 tumor-bearing nude mice.
(A) Tumor treatment program by intravenous injection. (B) Relative
tumor volume of mice after different treatments. (C) Tumor weight of
mice after different treatments. (D) Average weight of tumors for mice
at 14 days post-treatment. (E) Representative photos of mice on the
14th day of treatment. (F) Tumor photos at the end of the treatment
period in different groups. (G) H&E staining and TUNEL staining of
tumor slides from mice after different treatments. Scale bars =100 um.
*#**P < 0.001 determined by Student's-test.
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by H&E staining showed no pathological alterations or other
abnormalities (Fig. S207t), suggesting the biocompatibility and
biosafety of ENBS-ML210. These results collectively demon-
strated the high biocompatibility and strong antitumor effect of
ENBS-ML210 in NSCLC.

Conclusions

In summary, ENBS-ML210 was rationally designed and devel-
oped by covalently linking a photosensitizer ENBS with a GPX4
inhibitor ML210. ENBS-ML210 could directly target GPX4
overexpressed in H1299 cells and generate -O,  under 660 nm
light irradiation. In vitro results displayed that H1299 cells were
killed effectively under both 21% and 2% O, conditions. In vivo
experimental results showed that ENBS-ML210 could signifi-
cantly inhibit tumor growth and achieve an excellent thera-
peutic effect. Overall, the ENBS-ML210 reported here
demonstrates that type I PDT could reverse hypoxia-induced
inhibition of ferroptosis, providing a new strategy for non-
small cell lung cancer therapy.
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