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CHEMISTRY

A nonferrous ferroptosis-like strategy for antioxidant
inhibition-synergized nanocatalytic tumor therapeutics

Chenyao Wu'2, Zhonglong Liu3, Zhixin Chen', Deliang Xu', Lisong Chen?,

Han Lin"**, Jianlin Shi'%**

Ferroptosis, an emerging type of cell death found in the past decades, features specifically lipid peroxidation during
the cell death process commonly by iron accumulation. Unfortunately, however, the direct delivery of iron species
may trigger undesired detrimental effects such as anaphylactic reactions in normal tissues. Up to date, reports on
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the cellular ferroptosis by using nonferrous metal elements can be rarely found. In this work, we propose a non-
ferrous ferroptosis-like strategy based on hybrid CoMoO,4-phosphomolybdic acid nanosheet (CPMNS)-enabled
lipid peroxide (LOOH) accumulation via accelerated Mo(V)-Mo(VI) transition, elevated GSH depletion for GPX4
enzyme deactivation, and ROS burst, for efficient ferroptosis and chemotherapy. Both in vitro and in vivo outcomes
demonstrate the notable anticancer ferroptosis efficacy, suggesting the high feasibility of this CPMNS-enabled
ferroptosis-like therapeutic concept. It is highly expected that such ferroptosis-like design in nanocatalytic medicine
would be beneficial to future advances in the field of cancer-therapeutic regimens.

INTRODUCTION
Cell death modes have been extensively investigated in the past de-
cades, which can be roughly classified as apoptosis and nonapoptosis
routes (I). Recently, ferroptosis, which mainly features iron accu-
mulation and lipid peroxidation (LPO), as a nonapoptotic cell death
pathway has aroused extensive concerns due to the intrinsic apoptotic
resistance of malignant tumors (2, 3). Unfortunately, however,
the direct delivery of iron species may trigger undesired detrimental
effects such as anaphylactic reactions in normal tissues (4-7).
Alternatively, oncogenic signaling not only can activate oxidation-
related enzymes for reactive oxygen species (ROS) generation
but also triggers the up-regulation of antioxidant metabolite of
glutathione (GSH) for ROS scavenging (8, 9). By using the over-
expressed hydrogen peroxide (H,O,) in the tumor microenvironment,
the Fe(II)-dominated Fenton reaction is able to produce cytotoxic
ROS such as hydroxyl radical (-OH) for cancer cell damage, which
has been developed as a typical nanocatalytic medicine for tumor-
specific therapy (10-12). In addition, ROS will lead to the peroxidation
of polyunsaturated fatty acid into lipid peroxides (LOOH), further
facilitating ferroptosis (13, 14). However, owing to the pH limitation,
in addition to Fe(II)-mediated Fenton reaction, other metal ion
(e.g., Cuand Mn)-catalyzed Fenton-like reactions for nanocatalytic
medicine have been rarely reported (15-17). In addition to directly
causing LPO for ferroptosis, ROS has been reported to be able to
regulate the genome to promote ferroptosis in high oxidative stress
(13), indicating that exogenous ROS could promote ferroptosis.
Redox homeostasis in the tumor microenvironment maintains the
overexpression of endogenous GSH up to 10 mM (18), which is a
key responsive event that eliminates possible reactive oxygen burst
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and subsequently mitigates oxidative stress—related diseases (19, 20).
Hence, the presence of massive reductive GSH in tumor regions will
largely counteract the efficacy of therapeutic modalities containing
chemodynamic, photodynamic, and sonodynamic therapy (21, 22).
Hence, it is of great significance to down-regulate intratumoral GSH
for facilitating ROS-induced LPO in ferroptosis treatment. In addi-
tion, the activation of defensive glutathione peroxidase 4 (GPX4), an
enzyme to directly resist LPO in biomembranes for ferroptosis in-
hibition by overexpressed GSH, will promote the transformation of
highly toxic LOOH to hypotoxic hydroxyl fatty acids (LOH) (23-25).
Hence, inhibiting the activity of GPX4 is another representative ap-
proach for accelerating LPO. Therefore, GSH depletion will be the
most effective approach to inactivate GPX4 and further augment LPO,
finally promoting the ferroptosis of cancer cells (26). Although
nanocatalytic ferroptosis is mainly concentrated on ferrous-based
nanomaterials (27, 28), there are few reports focusing on nonferrous-
based ferroptosis-inducing agents, which feature enhanced ROS
and inactivated GPX4 (29, 30). The development of a nonferrous
ferroptosis-like concept may provide an alternative but effective de-
sign strategy to achieve the maximized cell death by integrating
synergetic ROS burst and GSH depletion into one nanoplatform for
precision ferroptosis cancer therapy.

In this work, we propose a nonferrous ferroptosis-like strategy
by constructing a hybrid CoMoO4-phosphomolybdic acid nanosheet
(CPMNS) nanoplatform for intratumoral lipid peroxide (LOOH)
accumulation and subsequent ROS generation for efficient
ferroptosis-directed chemotherapy by a Mo(V)-Mo(VI) transition
approach (Fig. 1). The unique components of CPMNSs enable the
effective Mo®* reduction by GSH, which results in the concurrent
GSH depletion and consequent GPX4 enzyme deactivation; mean-
while, the hybrid CPMNS framework is able to degrade and subse-
quently release Co®" and Mo”" in response to the acidic/reductive
intracellular environment of cancer cells, for Co(II)-catalyzed
Fenton-like -OH production and Russell mechanism-enabled 'O,
emergence, respectively. The detailed biochemical mechanism of
LPO promotion by suppressing LOOH reduction has been explored
in detail as Mo®" reduction-related GSH depletion for deactivating
GPX4 enzyme. Such a redox process accelerates CPMNS degradation
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Fig. 1. Nonferrous ferroptosis-like strategy for antioxidant inhibition-synergized nanocatalytic tumor therapeutics. The unique components of CPMNSs enable
the effective Mo®* reduction by GSH, which result in the concurrent GSH depletion and consequent GPX4 enzyme deactivation; meanwhile, the hybrid CPMNS framework

is able to degrade and subsequently release Co*" and Mo®" in response to the acidic/reductive intracellular environment of cancer cells, for Co(ll)-catalyzed Fenton-like
-OH production and Russell mechanism-enabled '0, emergence, respectively. Such LPO is promoted by ROS production and GPX4 enzyme deactivation.

for Co ion releasing and further intensifying the -OH production by
Co(I)-involved Fenton-like reaction. The Mo®"-to-Mo’" reduction
by GSH renders the 'O, production by catalyzing H,O, decomposi-
tion via a polyoxometalate structure-driven Russell mechanism. Both
in vitro and in vivo outcomes demonstrate the markedly enhanced
anticancer ferroptosis efficacy, indicating high feasibility of CPMNS-
enabled ferroptosis therapeutics for future oncological applications.

RESULTS

Synthesis and characterization of CPMNSs

CPMNSs were prepared by a solvothermal method where the
nanosheets exhibit typical sheet-like morphology of ~340 nm in lateral
size and ~3.9 nm in thickness (Fig. 2, A and B). The characteristic
elemental mapping of CPMNSs shows a well-proportioned distri-
bution of Mo, O, Co, and P (Fig. 2, C and D, and fig. S1). The
crystalline structure of CPMNSs was confirmed by x-ray diffraction
(XRD) pattern (Fig. 2E), which demonstrates the coexistence of
monoclinic CoMoO, (PDF#21-0868) and cubic polyoxometalate
acid (H3PM012040'30H20 of PDF#43-0316 and H3PM012040'XH20
of PDF#43-0314) (31). Moreover, x-ray photoelectron spectroscopy
(XPS) was adopted to detect the chemical state of CPMNSs. The Co
2p exhibits two main fitting peaks at 796.8 eV (Co 2p; ;) and 781.1 eV
(Co 2p3/2), which can be assigned to Co** (Fig. 2F). In addition, the
evident peaks at 235.2 eV (Mo 3ds/2) and 232.1 eV (Mo 3ds/;) are
assigned to the Mo®" (Fig. 2G). The Pluronic F127-modified
CPMNSs demonstrate the desired stability in physiological environ-
ments, which is confirmed by negligible fluctuation for hydro-
dynamic size of CPMNSs in both RPMI 1640 medium and fetal
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bovine serum (FBS) (fig. S2). It can be found that the characteristic
peaks of as-modified CPMNSs are compatible with pure Pluronic
F127 sample by Fourier transform infrared (FTIR) spectroscopy
analysis (fig. S3A). Meanwhile, certain peaks derived from CPMNS
skeleton can be assigned to the original phosphomolybdic acid (PMA),
demonstrating the independent existence of PMA in CPMNS
sample (fig. S3B).

ROS generation and GSH depletion

The Co(II)-mediated Fenton-like reaction was evaluated using a
colorimetric method based on the decolorization of methylene blue
(MB) after selective -OH trapping (32). Negligible MB absorption
change with the CPMNSs + H,0,-treated aqueous group could be
observed, while an almost complete decay of MB absorption can be
found in the group of HCOj3 -assisted CPMNSs + H,0; treatment
(Fig. 3A). Therefore, such a physiological HCO3™/CO, abundance
favors the selective -OH generation by CPMNSs. The electron spin
resonance (ESR) spectroscopy experiments further qualitatively con-
firmed the -OH production by using 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) as the spin trap. The distinct ESR signal intensity ratio of
1:2:2:1 of the HCO3 -assisted CPMNSs + H,0, group suggests
the production of -OH radicals, which is reasoned to be from the
Co(II)-enabled Fenton-like reaction in an acidic HCO3 ™ -support
environment (Fig. 3B).

The underlying mechanism of the HCO; ™ -facilitated Co(II)
Fenton-like reaction illustrates that HCO3~ species functions as a
ligand to chelate metal ions, resulting in redox activity changes
marked by different redox potentials (33). The electrochemical oxida-
tion of Co>* was depicted in Fig. 3C, where increased HCO3~ amount
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Fig. 2. Characterization of CPMNSs. (A) Transmission electron microscopy (TEM) image of CPMNSs. (B) Typical atomic force microscopy image and thickness distribution
analysis of CPMNSs. (C) Scanning electron microscopy (SEM) image and (D) the corresponding elemental Mo, P, Co, and O mapping images of CPMNSs. (E) XRD pattern

of CPMNSs. XPS spectra of (F) Co and (G) Mo components. a.u., arbitrary units.

results in the gradual decay of the oxidation peak potential, which
sensitizes Co>" to catalyze H,O, decomposition for -OH formation.
Such a Co*"-mediated -OH burst under the assistance of HCO;™ is
expected to trigger in vivo LPO.

The GSH depletion was verified using 5,5'-dithiobis(2-nitrobenzoic
acid) (DTNB) based on its specificity to recognize sulfhydryl groups
at 412 nm of absorption peak. The 64.2% GSH was consumed by
CPMNSs (50 ug ml™}) in 3 hours of reaction, while 96.0% GSH was
depleted by H,O, (1 mM) as a positive control group (Fig. 3D and
fig. S4A). Besides, more amount of GSH will be depleted by CPMNSs
at increased concentration and/or prolonged reaction (fig. S4, B to D).
The potential-closed and multiple peak pairs of Mo oxidation/
reduction illustrate the rapid and reversible electron transfer per-
formance, i.e., smooth valence state transitions (Fig. 3E) (34). The
reductant GSH consumption is accompanied by the Mo®* reduction
to Mo”*, which has a lower binding energy of 227.3 eV (Mo 3dsy,) in
the XPS spectrum, confirming the existence of Mo®* [Fig. 3E (inset)
and fig. S5A]. After subsequent reaction with H,O,, the reduction
peak of the as-GSH-reduced CPMNSs (noted as ReCPMNSs) of
Mo®" disappeared, suggesting Mo>" oxidation into Mo®* (fig. S5B).
At last, additional GSH addition effectively reduced Mo®" into Mo®*
again, as confirmed by the emerging reduction peak in the lower
binding energy of Mo (fig. S5C). Such a redox reaction offers two
advantag%es of GSH depletion for LPO promotion and Mo”* forma-
tion for “O, production.

The ReCPMNS-mediated Fenton-like reaction was further ex-
plored. The ROS-induced MB degradation absorption notably
declines with the increment of GSH concentrations (0 to 1 mM)
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compared with that of GSH-free group, implying more -OH pro-
duction, which can be attributed to GSH-promoted Co*" release.
Unexpectedly, the MB degradation efficiency weakens when GSH is
up to 2 mM on account of the ROS scavenging potency of excessive
unreacted antioxidant GSH (Fig. 3F). The GSH-stimulated ROS
intensification was further investigated. It can be found that the
CPMNSs are rapidly degraded with the assistance of GSH in com-
parison with that of GSH-free group at the same time (fig. S6). After
reacting with GSH for 10 min, this GSH-treated CPMNS sample
shows evident dissolution and structure collapse, but the GSH-free
group presents slight changes. This degradation process also results
in the accelerated release of Co** ions (Fig. 3G). Briefly, in the ex-
perimental time interval of 6 hours, the Co** ion cumulative release
amount of ReCPMNSs is 2.3 times higher than that of CPMNSs in
phosphate-buffered saline (PBS) (pH 6.5). Thus, this redox reaction
destroys the CPMNS microstructure and releases Co”" ions similar
to as-reported redox-induced degradation (16, 35). In addition, the
Co*" ions release exhibits an evident pH-dependent behavior, which
is of high efficiency in the simulated tumor environment of pH 6.5
in comparison to the simulated normal tissues of pH 7.4, suggesting
the tumor-specific ferroptosis therapeutics of CPMNSs.

We next examined the 'O, production from H,0; catalyzed by
ReCPMNSs. Singlet oxygen sensor green (SOSG) dye, a specific
probe to recognize 'O,, shows elevated fluorescent intensity while
the individual ReCPMNSs and H,O; exhibit faint fluorescent
signals (Fig. 3H). 1,3-Diphenylisobenzofuran (DPBF) was also used
to verify the 'O, production according to the 'O,-driven DPBF deg-
radation (fig. S7). As depicted in Fig. 31, ESR spectroscopy confirms
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Fig. 3. ROS generation and GSH depletion assay. (A) MB degradation by CPM
(B) ESR spectra showing the CPMNS-induced -OH generation with or without HCO;
(D) GSH depletion by CPMNSs and H,0,. (E) Cyclic voltammetry curve for molyb
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. (C) Cyclic voltammetry curves of CPMNSs at varied HCO3 ™ electrolyte concentrations.
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phosphate-buffered saline (PBS) buffer with or without GSH. (H) Singlet oxygen sen
detection of 2,2,6,6-tetramethylpiperidine (TEMP)-captured 1Oz.

the characteristic 1:1:1-signal peak matching 'O, species by
2,2,6,6-tetramethylpiperidine (TEMP) trapping, implying a marked
enhancement of 'O, in ReCPMNSs and H,0, mixture group in
contrast to the blank group. It is depicted that the 'O, formation
can be attributed to the Russell mechanism involving a linear tetra-
oxide (ROOOOR) (36, 37). Polyoxometalate of ReCPMNSs will react
with H,O; to form such a tetraoxide followed by its decomposition
to generate 'O,, which alternatively oxidizes Mo®" back to Mo®*
(fig. S8). Hence, benefiting from the redox reaction between GSH
and CPMNSs and the reversible Mo®*-Mo>* transition, 'O, can be
produced continuously.

In vitro ferroptosis analysis

The cell internalization was evaluated by coincubating 4T1 cells
with rhodamine B-labeled CPMNSs. The fluorescence intensities
increase with the increasing time duration of coincubation, which
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sor green (SOSG) fluorescent intensity changes with different conditions. (1) ESR spectra

demonstrates the effective cell uptake of CPMNSs (fig. S9). To
demonstrate ferroptosis-induced cancer cell damage of CPMNSs,
typical ferroptosis-related inhibitors were used to validate the
ferroptosis-based therapeutic effect at a CPMNS concentration of
150 pg ml~!, which exhibits a relatively low CPMNS concentration
for effective cellular ferroptosis (Fig. 4B). Liproxstatin-1 (Lip-1; a
typical ferroptosis inhibitor), deferoxamine mesylate (DFOM; a spe-
cific iron chelating agent), and EDTA (as a Co ion chelating agent)
are able to largely alleviate cellular damage caused by CPMNSs,
indicating that the CPMNS-mediated cell death is majorly derived
from ferroptosis (Figs. 4C and 5B and fig. S10). Besides, CPMNSs
also exhibit the capacity to induce apoptosis because ROS is a key
factor to induce apoptosis (fig. S11) (38). The inevitable LPO inten-
sification by ferroptosis is mainly achieved through two pathways:
the promoted ROS production via Co(II)-mediated Fenton-like
reaction and Mo(IV)-driven Russell mechanism and the GPX4
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Fig. 4. Intracellular ferroptosis evaluation. (A) Schematic illustration of LPO for cellular membrane damage. (B) Cell viabilities of 4T1 cells coincubated with different
concentrations of CPMNSs. (C to E) 4T1 cell viabilities by CPMNS treatments in combination with the additions of (C) DFOM, (D) GSH, and (E) NAC. (F and G) GSH levels of
CPMNS-treated cells incubated with CPMNSs of varied (F) concentrations and (G) time intervals. GPX4 activity expression of CPMNS-treated cells incubated with CPMNSs
of different (H) concentrations and (1) time intervals. (J) Western blot analysis of GPX4 protein with varied conditions. (K) Flow cytometry analysis of DCFH-DA dye-stained
4T1 cells with or without CPMNS treatment. (L and M) CLSM images of (L) DCFH-DA dye-stained and (M) SOSG dye-stained cells after treatments with CPMNSs of varied

concentrations and time intervals. *P < 0.05, **P < 0.01, and ***P < 0.001 of (B)
**P<0.01 of (F) t

deactivation to prevent the LPO reduction by GSH depletion (Fig. 4A).
In general, GSH overexpression in situ tumor tissue meets its
growth-required redox homeostasis (18), which consumes ROS and
activates GPX4 expression, and is therefore regarded as a major
obstacle in tumor therapeutics. Hence, GSH marks an important
index of cell death. Expectedly, the cell viabilities are enhanced when

Wu et al., Sci. Adv. 2021; 7 : eabj8833 22 September 2021

to (E) compared with CPMNS treatment without ferroptosis inhibitors. *P < 0.05 and
o (I) compared with the group without CPMNS incubation. n.s., not significant.

GSH is supplemented, proving the effect of GSH consumption by
CPMNSs on elevating the treatment efficacy (Fig. 4D). Moreover,
N-acetyl-L-cysteine (NAC), a precursor of GSH biosynthesis (39),
exhibits the similar protection effect during the CPMNS treat-
ment (Fig. 4E). To quantitatively evidence the GSH consumption,
GSH concentration reduction upon CPMNS treatments at varied
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concentrations and durations has been verified, especially compared
with the blank group (Fig. 4, F and G). In addition, the presence of
intracellular low-valence Mo element implies the GSH depletion, as
indicated by the lower binding energy of 227.2 eV (Mo 3ds,) of Mot
(fig. S12). Furthermore, the deactivation of GSH-associated GPX4
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was further investigated, which shows much decreased activities
upon CPMNS treatments at varied concentrations and durations
(Fig. 4, H and I). Such a GPX4 deactivation is highly favorable for
blocking the LPO elimination, which suggests largely suppressed
defense and repair function of lipid antioxidant and the resultantly
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promoted ferroptosis of tumor cells by CPMNSs. In addition, Western
blot results also demonstrate a down-regulated expression of GPX4
protein in the time course (Fig. 4]).

Subsequently, oxidative stress triggered by CPMNSs to cellular
phospholipid was further assessed. A 2,7-dichlorofluorescein diacetate
(DCFH-DA) probe was used to detect the intracellular ROS gener-
ation. Flow cytometry analysis presents the enhanced cellular DCF
fluorescent signals by CPMNS treatment in 3 hours (Fig. 4K), illus-
trating the robust ROS generation, which is further supported by
the confocal laser scanning microscopy (CLSM) imaging (Fig. 4L).
Furthermore, the Russell mechanism-mediated "O, generation was
supported by CLSM imaging. An evident green fluorescence mani-
fests the 'O, existence, indicating the GSH consumption during the
redox reaction with CPMNSs, resulting in effective ROS production
for further LPO (Fig. 4M).

In vitro LPO evaluation

Encouraged by the above-proved ROS generation, GSH depletion,
and GPX4 deactivation, LPO performance was further evaluated
in vitro. In general, a typical LPO process involves three steps: First,
emerging ROS attacks unsaturated lipid to form lipid radical at the
initiation stage; then, lipid peroxyradical is produced in the presence
of oxygen at the propagation period. Last, the LOOH breaks down
into smaller molecular by-products containing malondialdehyde
(MDA) at the termination process (Fig. 5A) (13, 40). As a LPO
inhibitor (41), Lip-1 can diminish the cellular damage caused by
oxidative stress upon the treatment with CPMNSs (Fig. 5B). In
addition, vitamin E (VE) is able to mitigate the CPMNS-caused cell
injury on account of the effective LPO inhibition by eliminating the
lipid peroxyradical (Fig. 5C) (42). The LOOH can be easily cleaved
into small organic pieces, in which MDA fragment is regarded as
one of the primary LPO end-products of unsaturated lipid. As de-
picted in Fig. 5 (D and E), the MDA amounts in the CPMNS-treated
group increase notably with the increases of CPMNS concentrations
and incubation durations, and that of CPMNSs (150 pg ml™) become
3.4 times as large as that in the control group, illustrating the build-
up of LPO for activating ferroptosis.

C11-BODIPY*?! an oxidation-sensitive and LPO-specific fluo-
rescent probe, is capable of accumulating at the cell membrane. Upon
C11-BODIPY**"*! oxidizing, the maximum emission peak will shift
from 590 nm (red) to 510 nm (green) and maintain the intrinsic
lipophilicity, facilitating the membrane LPO detection (43). CLSM
images in Fig. 5 (F and G) reveal the red fluorescence decay and
green fluorescence intensification at the increased therapeutic CPMNS
dosage and time duration in the CPMNS-treated groups, demon-
strating the desired CPMNS-stimulated LPO.

Ferroptosis assay in mice model

Inspired by the desired in vitro ferroptosis therapeutic effect, the
in vivo ferroptosis assay in the mice model was conducted. The
hemocompatibility and histocompatibility of CPMNSs were initially
evaluated. The serum biochemistry and routine blood indexes exhibit
negligible inflammation both in the control and CPMNS-treated
groups in 28 days (fig. S13). The histological observations of major
organs (heart, liver, spleen, lung, and kidney) display negligible
acute pathological toxicities and adverse effects during the treatment
duration for the control or treated groups (fig. S14). These results
exhibit that CPMNSs are of high biocompatibility for further safe
in vivo tumor nanomedicine. Furthermore, the time-dependent Co
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biodistributions of CPMNSs at tumor and major organs were mea-
sured, and an effective accumulation of CPMNSs was observed at
the tumor site, in addition to those in reticuloendothelial systems
including liver, lung, and kidney, ensuring the following ferroptosis
tumor therapy (fig. S15).

The in vivo ferroptosis-augmented antitumor efficacy of CPMNSs
has been demonstrated on 4T1 xenograft tumor-bearing mice. As
depicted in Fig. 6A of the treatment protocol, mice models were
under intravenous and intratumoral administration of CPMNSs
(10 mg kg™") on 0 and 7 days. When the tumor sizes reached about
100 mm?®, these tumor-bearing mice were randomly divided into
four groups, followed by treatments with the following: (i) untreated
(control), (ii) CPMNSs with intravenous administration (CPMNSs
i.v.), (iii) CPMNSs with intratumoral administration (CPMNSs i.t.),
and (iv) CPMNSs with intratumoral administration + DFOM
(CPMNSs i.t. + DFOM). To validate the ferroptosis, iron chelating
agent of DFOM was additionally intraperitoneally administrated
every 4 days for ferroptosis inhibition following the intratumoral
administration of CPMNSs. During the therapeutic period, all the
mice feature negligible weight changes, confirming the negligible
negative impacts of these treatments on the health of mice (fig. S16).
During the 16 days of observation, a fast increase of tumor size
in untreated group was visualized, while the tumor growths in
CPMNSs i.v. and CPMNSs i.t. + DFOM groups were only slightly
inhibited (Fig. 6B). It is noted that the tumor growth was notably
suppressed in the CPMNSs i.t. group, in which the antineoplastic
effect (growth inhibition rate) is 1.9 times that of the CPMNSs i.t. +
DFOM group (Fig. 6B). The individual tumor growth behaviors of
mice in each group feature similar but notably distinguishable
tendencies, demonstrating the effective ferroptosis efficacy by CPMNSs
(Fig. 6G). Tumor tissues were harvested from the mice and stained
for hematoxylin and eosin (H&E) evaluation, which validates
the tumor tissue injury to varying degrees by CPMNS treatments
(Fig. 6F). Simultaneously, more terminal deoxynucleotidyl transferase—
mediated deoxyuridine triphosphate nick end labeling (TUNEL)-
defined apoptosis cells can be found as well after CPMNS treatment
because ferroptosis is usually closely connected with apoptosis (44).
Consistently, as a result of tumor tissue damage, the therapeutic
groups show much reduced proliferation capacity as can be found
in Ki-67 slices, indicating the effective tumor therapeutic effect
of CPMNSs.

The ROS proliferation and GPX4 deactivation performances of
CPMNS-stimulated ferroptosis were further evaluated. The ROS
presents green fluorescence in both CPMNSs i.v. and CPMNSs i.t.
groups by DCFH-DA staining, which is notably distinguishable
from the control group (Fig. 6C), evidencing ROS production in
the tumor microenvironment by CPMNS treatment. Further-
more, the GPX4 activity is also affected by CPMNS treatment, as
indicated by the immunohistochemical expression decrease to a
certain extent (Fig. 6D). On the basis of the favorable ROS genera-
tion and GPX4 deactivation performances, the sup osed LPO was
further checked. As expected, the C11-BODIPY**"**! dye-marked
and green-stained oxidation fluorescence show notably en-
hanced intensity in CPMNSs i.v. and CPMNSs i.t. groups in com-
parison to that of the control, further illustrating the effectiveness of
CPMNSs in cancer cell ferroptosis (Fig. 6C). Moreover, all untreated
tumor-bearing mice of the control group died in 16 days (Fig. 6E);
in contrast, all the mice in the CPMNSs i.t. group were kept alive
in 21 days.
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Fig. 6. In vivo ferroptosis assay. (A) Schematics of CPMNS-induced ferroptosis evaluation. (B) Tumor growth curves of tumor-bearing mice subject to diverse treatments.
(C) Tumor tissue slices costained with DCFH-DA and 4',6-diamidino-2-phenylindole (DAPI; top) and C11-BODIPY*®"**" and DAPI (bottom). (D) GPX4 immunohistochemical
analysis of tumor tissues after different treatments as noted. (E) Survival rate of experimental mice receiving different treatments. (F) H&amp;E, TUNEL, and Ki-67 slices for
the ferroptosis analysis of tumor tissues after different treatments. (G) Growth curve recorded from each mouse in all groups as noted. *P < 0.05 and ***P < 0.001 compared
with control group. ***P < 0.001 compared with CPMNSs i.t. and CPMNSs i.t. + DFOM.

DISCUSSION

In summary, a synergetic tumor ferroptosis-like strategy by using a
nonferrous agent has been developed on the basis of the GSH
consumption—-promoted ROS production and GPX4 deactivation.
The redox reaction between as-established CPMNS nanoplatform
and the overexpressed GSH within tumors results in the concurrent
GSH depletion, Mo®* reduction to Mo+ of CPMNSs, and the Co**
release from the structure-collapsed CPMNSs. Respectively, the GSH
consumption favors the GPX4 deactivation; Mo®* reduction to Mo®*
triggers the 'O, formation by reacting with H,O, via a Russell mech-
anism, and the released Co*" catalyzes the Fenton-like reaction with
endogenous H,O, for producing -OH radicals under the assistance
of physiological HCOj3™. As a result, the LPO is intensified by both
ROS production and GSH/GPX4 depletion/deactivation, leading to
notable ferroptosis of cancer cells and marked suppression of
tumor growth. Such a paradigm not only presents an effective ferro-
ptosis strategy but also provides a useful antioxidant-regulation way
to intensify the oxidative damages of tumors by ROS.

MATERIALS AND METHODS
Materials

Cobalt acetate [Co(Ac),], ammonium phosphomolybdate hy-
drate (PMA), oleylamine (OA), ethanolamine (EA), DMPO, TEMP,
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DPBF, GSH, DTNB, NAC, and EDTA were purchased from
Adamas-beta Inc. (Shanghai, China). Acetone and H,O, were ob-
tained from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). Necrostatin-1, rhodamine B, 3-methyladenine (3-MA),
Z-VAD-FMK, MB, polyethylene-polypropylene glycol (Pluronic
F127; Mn ~ 13,000), VE, Lip-1, and DFOM were obtained from
Shanghai Macklin Biochemical Co. Ltd. (Shanghai, China). SOSG
assay kit was purchased from BestBio Co. Ltd. (Shanghai, China).
C11-BODIPY**"**! was purchased from Thermo Fisher Scientific
Inc. (Waltham, USA). Reactive Oxygen Species Assay Kit, Glutathione
Peroxidase Assay Kit, Cell Counting Kit-8 (CCK-8), BCA Protein Assay
Kit, Lipid Peroxidation MDA Assay Kit, DAPI (4',6-diamidino-2-
phenylindole), and GSH and GSSG Assay Kit were purchased from
Beyotime Institute of Biotechnology (Jiangsu, China). Anti-Glutathione
Peroxidase 4 antibody (EPNCIR144; ab125066) was obtained from
Abcam Inc. (Shanghai, China).

Synthesis and characterization of CPMNSs

CPMNSs were synthesized referring to the reported method (31).
Briefly, 0.03 g of PMA and 0.12 g of Co(Ac), were dissolved in a
mixture of 3 ml each of acetone, OA, and EA, further stirring for
10 min. The mixture reacted at 180°C for 6 hours in a Teflon-lined
stainless steel autoclave. The final product was washed by ethanol
and cyclohexane.
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For modification, 10 ml of chloroform solution containing 100 mg
of Pluronic F127 and 10 mg of CPMNSs sonicated for 30 min, and
the chloroform was evaporated through a rotary evaporator at 45°C
for 2 hours under vacuum. The residual solid was washed by PBS
(pH 7.4).

The morphology of CPMNSs was observed by field-emission
transmission electron microscopy (TEM; JEM-2100F) and field-
emission scanning electron microscope (SEM; Zeiss Gemini 450),
where CPMNSs dispersed in ethanol/cyclohexane (volume ratio of
1/1) solution were dropped on TEM grid and silicon plate for TEM
and SEM morphology observation, respectively. The thickness of
CPMNSs was determined by atomic force microscopy (Multimode 8)
where the ethanol/cyclohexane solution containing CPMNSs was
placed on silicon plate for sample preparation. The chemical com-
position was evaluated by XPS (AXIS Supra) and XRD (Ultima IV).
The surface modification of CPMNSs was confirmed by FTIR spec-
trum (NEXUS670). The optical absorption assay was evaluated by
ultraviolet-visible-near-infrared spectrophotometers (UV-3600
Plus). The hydrated diameter of CPMNSs was detected by Malvern
Nano ZS90.

Fenton-like-mediated -:OH production of CPMNSs

After immersing in PBS buffer (pH 6.5, with 5% CO) for about
3 hours in CPMNSs, MB (10 ug ml™"), NaHCOj; (25 mM), H,0,
(10 mM), and CPMNSs (100 ug ml™") were mixed and reacted for
10 min. The MB degradation was detected by the characteristic
absorption change at 665 nm. Moreover, the -OH generation was
further monitored by electron paramagnetic resonance (ESR) spec-
trum (EMXplus) using DMPO-trapping agent where the immerse
time of CPMNSs was prolonged to 24 hours with 10 mM NaHCO;
and 4 mM HzOz.

GSH depletion capacity of CPMNSs

The GSH amount was detected by DTNB at the absorption of
412 nm. Briefly, GSH (1 mM) and CPMNSs (50 ug ml™}) mixture
reacted for 3 hours; then, DTNB (0.5 mM) was added to detect the
residual GSH, and H,0, (1 mM) as a GSH depletion inducer was
also evaluated. Moreover, the time (10 min and 3 hours)- and
CPMNS concentration (12.5, 25, 50, and 100 pg ml_l)—dependent
GSH depletion was also determined.

-OH generation capacity with GSH addition

GSH (0.5, 1, and 2 mM) was first interacted with CPMNSs (100 ug ml ™)
in PBS (pH 6.5, with 5% CO,) buffer for 30 min and then added
with MB (10 ug ml™), H,0, (10 mM), and NaHCOj3 (25 mM) reacting
for 10 min. The MB degradation was detected at the absorbance
of 665 nm.

GSH reduction-mediated '0, generation of CPMNSs

The mixture of GSH (10 mM) and CPMNSs (100 ug ml™) reacted
overnight. SOSG (10 ul; from SOSG assay kit), 200 ul of H,O,
(10 mM), and 400 pl of mixture were added with 1.4 ml of PBS
buffer. The change of SOSG fluorescence intensity was monitored
by the fluorescence spectrometer (FLS980) with excitation (Ex)/
emission (Em) of 488/525 nm. Besides, DPBF (20 pg/ml) was fur-
ther used to monitor the 'O, generation at the declined absorption
of 419 nm. For ESR assay, 100 pl of H,O, (10 mM), 600 pl of
mixture, and 300 pl of PBS were added with TEMP-trapping agent
for 10 min reaction.
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Coionrelease

CPMNS:s (3 mg) were fastened by dialysis bag and put into a centri-
fuge tube with 15 ml of solution, which were divided into three groups
of (i) PBS (pH 7.4), (II) PBS (pH 6.5), and (IIT) PBS + GSH (pH 6.5,
10 mM GSH). The reaction solution (1 ml) was taken out at the
predetermined time (10 min; 30 min; and 1, 2, 4, 6, 12, 24, and
36 hours) for Co*" detection. The Co amount was determined by
the inductively coupled plasma optical emission spectroscopy (5100
ICP-OES). In 10 min of reaction, the solution drops of group II and
group III were immediately added onto TEM grids for morphology
observation.

Reversible redox property of CPMNSs analysis

For electrochemical analysis, 5 mg of CPMNSs, 1 ml of H,0O, and
1 ml of ethanol were mixed and sonicated for 30 min; then, 50 pl of
Nafion was added and sequentially sonicated for 10 min. The mix-
ture (5 pl) was drooped onto glass carbon electrode. Ag/AgCl was
selected as reference electrode, and carbon rod was selected as counter
electrode. For cobalt analysis, PBS (pH 6.5) and NaHCO53/CO, were
set as electrolyte solution. For molybdenum analysis, 0.1 M H,SO4
was selected as electrolyte solution.

For the detection of valence states of Mo element, CPMNSs
(100 pg ml™) were sequentially added with GSH (20 mM), GSH
(20 mM) + H,O, (40 mM), and GSH (20 mM) + H,0; (40 mM) +
GSH (40 mM), respectively. Then, the Mo valence state change was
detected by XPS analysis.

Cellular culture

Mammary carcinoma cell (4T1) was purchased from Biochemistry
and Cell Biology Institute from Shanghai, Chinese Academy of
Sciences. The cells were incubated with RPMI 1640 medium with
streptomycin (100 ug ml™"), penicillin (100 U/ml), and 10% FBS and
surrounded with 5% CO, at 37°C.

Cellular uptake assay

The CLSM dish-adhered 4T1 cells were incubated with rhodamine
B-labeled CPMNSs. In different time intervals (1, 2, and 4 hours) of
coincubation, the cell nucleus was stained by DAPI, and the prog-
ress of cell uptake was observed by CLSM (FV1000 from Olympus
Company, Japan).

Cellular ferroptosis inhibition assay

The cell killing capacity of CPMNSs was first evaluated where the
well-cultured adherent 4T1 cells were incubated with CPMNSs (25,
50, 100, 125, 150, 175, 200, and 250 pug/ml) for 24 hours, and then,
the cell viability was evaluated by CCK-8.

For ferroptosis assay, 4T1 cells were preincubated in 96-well plate
for 24 hours and then coincubated with CPMNSs (150 ug ml™!) and
numerous types of ferroptosis inhibitors including DFOM (300, 400,
and 800 uM), GSH (0.625, 1.25, and 2.5 mM), NAC (3, 4, and 5 mM),
Lip-1 (2, 4, and 8 uM), VE (12.5, 25, and 50 uM), and EDTA
(200, 400, and 600 uM). After being cultured for another 24 hours,
the cell viability was determined by CCK-8.

Cellular necroptosis, apoptosis, and autophagy

inhibition assays

The adherent 4T1 cells were coincubated with CPMNSs (150 ug ml™)
and varied cell death pathway inhibitors for 24 hours, including
3-MA (125, 250, and 500 uM), necrostatin-1 (125, 250, and 500 uM),
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and Z-VAD-FMK (125, 250 and 500 uM). The cell viabilities of 4T1
cells were detected by CCK-8.

Intracellular GSH, GPX4, and MDA assay

Six-well plate-adhered 4T1 cells were incubated with various con-
centrations of CPMNSs (50, 100, and 150 ug ml™") for 12 hours or
different times (3, 6, and 9 hours) with the same concentration
(150 ug ml™"). The GSH amount was evaluated using GSH assay kit;
the GPX4 activity was measured using GSH peroxidase assay Kkit,
and MDA amount was monitored using LPO MDA assay kit. In
addition, the protein concentration of cellular samples was assayed
using BCA protein assay kit.

CLSM of intracellular ROS and LPO assay

4T1 cells were seeded into confocal-specific dishes for 24 hours; after
that, they were incubated with various concentrations of CPMNSs
(50, 100, and 150 ug ml™) for 12 hours or different times (3, 6, and
9 hours) with the same concentration (150 ug ml™). For ROS eval-
uation, at the predetermined time, the culture medium was replaced
by fresh DCFH-DA-containing medium (10 uM) for 30 min. The
ROS fluorescence was observed by CLSM with Ex/Em of 488/525 nm,
and the ROS generation was further evaluated by flow cytometry
(BD LSRFortessa). For 10, assay, the culture medium was replaced
by SOSG probe and incubated for 2 hours; then, the fluorescence
was detected with Ex/Em of 488/525 nm. For LPO assay, cells were
incubated with C11-BODIPY>®"*! fluorescent probe (10 uM)
for 30 min.

Animal treatment

Female Kunming (KM) mice and BALB/c nude mice were obtained
from Shanghai SLAC Laboratory Animal Center. All animal studies
conformed to the guidelines of the Animal Care Ethics Commission
of Shanghai Tenth People’s Hospital, Tongji University School
of Medicine.

In vivo biocompatible assay

KM mice were randomly divided into six groups (n = 4), where
groups I to I1I were intravenously injected with CPMNSs (15 mg kg™")
keeping feed for 1, 14, and 28 days, and groups IV to VI were intra-
venously injected with PBS keeping feed for 1, 14, and 28 days. At
the scheduled time, the corresponding blood was obtained for blood
routine and blood biochemistry evaluation. The major organs of heart,
liver, spleen, lung, and kidney were harvested for H&E slices.

In vivo biodistribution assay

4T1 tumor-bearing mice were intravenously injected with CPMNSs
(10 mg kgfl). At the planned time points (6 and 12 hours), the
major tissues and tumor were obtained and digested with aqua
regia. The Co amount was detected by ICP-OES analysis. The bio-
distribution amount of CPMNSs (injected dose per gram) was calcu-
lated as (the Co amount of tissue)/(the Co amount of injection dose)/
(tissue mass).

In vivo ferroptosis therapeutic effect assay

4T1 cells were subcutaneously administrated into BALB/c mice for
tumor mode. After reaching about 100 mm” of tumor volume, the
bearing BALB/c mice were randomly divided into four groups.
Group I underwent nontreatment (control). Group II was intrave-
nously injected with CPMNSs (10 mg kg™') at day 0 and day 7
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(CPMNSs i.v.). Group III was intratumorally administrated with
CPMNSs (10 mg kg ™") at day 0 and day 7 (CPMNSs i.t.). In addition
to the same treatment as group III, group IV also intraperitoneally
received DFOM (20 mg kg™) at days 0, 4, 8, and 12 (CPMNSs i.v. +
DFOM). The tumor volume and body weight were recorded every
2 days for 16 days. After ending the treatment, the tumors were cap-
tured for H&E slice, GPX4, antigen Ki-67, and TUNEL immuno-
histochemistry analyses. For survival rate assay, the mice were
considered dead when tumor volume arrived at 1500 mm®.

In vivo ROS and LPO assay

The tumor-bearing BALB/c mice were divided into three groups at
random: group I without any treatment (control) and group II
(CPMNSs i.v.) and group III (CPMNSs i.t.) were intravenously and
intratumorally injected with CPMNSs (10 mg kg ™), respectively.
After being administrated for 24 hours, the tumor site was in situ
injected with 100 ul of DCFH-DA probe (10 uM) or 100 ul of C11-
BODIPY /! dye (10 uM) for another 30 min. Then, the tumor was
sliced for CLSM imaging.

Statistical analysis

The significant difference of the experimental data was evaluated
through one-way analysis of variance (ANOVA) (using OriginPro
8.5 software). The calculated probability (P) was distinguished
between *P < 0.05, *¥0.001 < P < 0.01, and ***P < 0.001.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abjg8833
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