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KEY WORDS Abstract Ferroptosis has received great attention as an iron-dependent programmed cell death for

. efficient cancer therapy. However, with the accumulation of iron in tumor cells, the antioxidant system
EZZ?&E?SIS; is activated by reducing glutathione (GSH) with glutathione peroxidase 4 (GPX4), which critically limits
Iron ho;neostasis; the ferroptosis therapeutic effect. Herein, an iron and GPX4 silencing siRNA (siGPX4) co-encapsulated
siRNA: ferritin nanocage (HFn@Fe/siGPX4) was developed to enhance ferroptosis by disruption of redox
Gene silencing; homeostasis and inhibition of antioxidant enzyme synergistically. The siGPX4 were loaded into the
Glutathione peroxidase 4; nanocages by pre-incubated with iron, which could significantly improve the loading efficiency of the
Antitumor; gene drugs when compared with the reported gene drug loading strategy by ferritin nanocages. And more
Lipid peroxidation iron was overloaded into the ferritin through the diffusion method. When HFn@Fe/siGPX4 was taken up

by human breast cancer cell MCF-7 in a TfR1-mediated pathway, the excess iron ions in the drug delivery
system could for one thing induce ferroptosis by the production of reactive oxygen species (ROS), for
another promote siGPX4 escaping from the lysosome to exert gene silencing effect more effectively. Both
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the in vitro and in vivo results demonstrated that HFn @Fe/siGPX4 could significantly inhibit tumor
growth by synergistical ferroptosis. Thus, the developed HFn@Fe/siGPX4 afforded a combined ferrop-
tosis strategy for ferroptosis-based antitumor as well as a novel and efficient gene drug delivery system.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Ferroptosis is an iron-dependent cell death caused by unre-
stricted lipid peroxidation and plasma membrane rupture1'4.
Ferroptosis has been associated with a wide range of biological
processes such as inflammation, aging, and cancer”’. As fer-
roptosis plays an important role in tumorigenesis and tumor
progression, it has been implicated in the development and
therapeutic responses of various types of tumors, which provides
a new direction for efficient cancer therapy®''. Currently,
several FDA-approved agents have shown ferroptosis-promoting
activity, such as sorafenib and cisplatin'>'®. However, these
molecular agents have also shown significant limitations in
preclinical analyses, such as in vivo instability and lack of tumor
selectivity, hence, there is a need to develop effective ferroptosis-
based tumor treatment strategies'* 6.

Tumor cells have been proven to have a higher iron require-
ment than normal cells, often referred to as "iron addiction"'”'®,
The excessive iron load may lead to ferroptosis in cancer
cells'*192° Researches has shown that iron accumulation in ly-
sosomes can lead to the production of reactive oxygen species
(ROS) over time through Fenton chemistry, resulting in lipid
membrane peroxidation and lysosome membrane permeabiliza-
tion (LMP)'”"'°. Ferroptosis is mediated by multiple signaling
pathways, but a single stimulus is usually ineffective®'. When
there is an imbalance in the oxidation/reduction system within the
tumor cell, the antioxidant program spontaneously initiates to
reduce the oxidative damage triggered by ferroptosis, and this
defense mechanism weakens the anti-tumor effect of
ferroptosis®>%.

As an innate protective mechanism, tumor cells overexpress an
antioxidant system with reduced glutathione (GSH) as the core to
eliminate ROS, while glutathione peroxidase 4 (GPX4) is the key
enzyme that catalyzes the antioxidant reaction®*°. Therefore,
GPX4 is considered a promising prognostic marker and thera-
peutic target for a variety of cancers'>*"*. Adjusting the
expression of GPX4 can work synergistically with iron enrichment
to improve the therapeutic efficiency and precise controllability of
ferroptosis-mediated cancer treatment. Inhibition of GPX4 has
been demonstrated to be effective in cancer therapy, and desirable
approaches include GPX4 inhibitors, gene or protein expression,
and others®®**>°, RNA gene therapy is an important pathway for
protein expression regulation and has a great prospect in the
treatment of diseases such as tumor, cardiovascular disease and
viral infection®'. It was found that siRNA had a better GPX4
gene silencing effect compared with shRNA™. However, the
characteristics of siRNA such as large molecular weight, negative
electronegativity, and susceptibility to degradation by RNA en-
zymes limit the application of siRNA**3¥. So, finding an ideal
drug carrier for in vivo delivery of siRNA is an urgent problem.

Ferritin nanocages are currently a hotspot in the study of drug
delivery systems*®*!, which are stable, highly water-soluble,

biocompatible, and can be disassembled/assembled under certain
conditions, and their appropriate nano-size facilitates enhanced
permeability and retention effect (EPR)*'***. Ferritin heavy chains
(HFn) can specifically bind to transferrin receptor 1 (TfR1), which
is overexpressed on the surface of many tumor cells***, and have
been reported to be widely used for delivering anticancer drugs
and diagnostic reagents*®*®, Ferritin nanocages have a natural
affinity for metal ions and one ferritin can be loaded with nearly
4000 iron atoms***°. In addition, the pH method has been suc-
cessfully employed to load siRNA into HFn, it is worth noting that
the direct loading of the surface negatively charged HFn with
equally negatively charged siRNA did not show satisfactory
results®'. However, the assistance of metal ions such as Ca®" can
promote the loading of siRNA>2. It has also been shown that metal
ions compete with other drugs to enter into HFn at the same
time™, so an improved preparation method is needed to ensure
maximum siRNA encapsulation when assisted with metal ions.
Also, lysosomal escape of siRNA is an issue that limits its
application®* . Previous studies have shown that except for
inducing ferroptosis, the iron ions could promote the lysosomal
escape of the gene drugs into the cytoplasm to exert the gene-
silencing effect more efficiently’’. Combining administration
with siGPX4 and iron ions is a promising strategy to enhance the
effects of both drugs to play a tumor-inhibiting effect.

In this study, a ferritin nanocage-based co-encapsulated drug
delivery system for iron ions and antioxidant-regulated genes
(HFn@Fe/siGPX4) was prepared to solve the challenge that single
iron enrichment cannot effectively induce ferroptosis. The loading
capacity of the gene drug was greatly increased by pre-incubation
of the gene drugs with iron ions, and the overloading of iron ions
was achieved by diffusion. When this nano-delivery system was
administrated in vivo, owing to the tumor-targeting and drug-
protecting effects of ferritin nanocages, iron ions and gene drugs
could be effectively delivered to tumor tissues and cells. Not only
overloaded iron ions played a role in inducing ferroptosis, but they
also promoted the escape of gene drugs from lysosomes to
modulate antioxidant systems, enhance cellular sensitivity to iron
ions, and synergistically promote ferroptosis. Through these
works, the drug-loading capacity of gene drugs could be improved
and the application of HFn-loaded gene drugs could be expanded,
and at the same time, it also provided new insights for inducing
ferroptosis synergistically.

2. Materials and methods

2.1. Materials

Ferritin heavy chain (HFn) was purchased from MCE (HY-
P70246, Monmouth Junction, NJ, USA). siGPX4/Cy5-siGPX4
(sense strand: 5'-GGAUGAAGAUCCAACCCAATT-3'; anti-sense
strand: 5-UUGGGUUGGAUCUUCAUCCAC-3’) and GPX4
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primer were purchased from GenePharma (Shanghai, China).
Ferric chloride hexahydrate (FeCls-6H,O) was purchased from
Acmec (Shanghai, China). Ferrous sulfate (FeSO,4) was purchased
from YAANDA Biology (Beijing, China). DEPC water, 4%
paraformaldehyde, agarose, methylene blue (MB) solution and
RIPA were purchased from Solarbio (Beijing, China). RNase A
and Protease K were purchased from Sigma-Aldrich (St. Louis,
MO, USA). 3,3',5,5'-Tetramethylbenzidine (TMB) solution and
LysoTracker Green were purchased from Beyotime (Shanghai,
China). Hoechst 33342, Lipo™2000 and Trizol were purchased
from Life Technologies (Gaithersburg, MD, USA). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
were purchased from Aladdin (Shanghai, China). H,DCFDA was
purchased from MCE (Monmouth Junction, NJ, USA).

2.2.  Preparation and characterization of HFn@ Fe/siGPX4

siGPX4 was internalized into HFn following the below steps.
Briefly, siGPX4 was incubated with 20 mmol/L FeCl; for 20 min
at room temperature (RT) and then ultrafiltered using an Amicon
filter (Merck Millipore, MWCO = 10 kDa, Billerica, MA, USA)
to remove excess Fe>*. HFn was dissolved in buffer (20 mmol/L
Tris, 0.15 mol/L NaCl, pH 8.0) and the Fe-siGPX4 complex was
added, then was achieved by lowering the pH to 2.0 by adding
0.1 mol/L HCI following shaking at 0.1 x g on a shaking incubator
(IKA, KS 260 basic, Staufen, Germany) for 20 min at RT. After
that, the pH of the mixture was adjusted to 8.0 with 0.1 mol/L
NaOH which was added dropwise slowly. The mixture was
shaken at 0.1xg on a shaking incubator (IKA) for 2 h continu-
ously at RT. Then, 20 mmol/L. FeSO, was added and was shaken
for another 2 h at RT. Finally, the unencapsulated siGPX4 and
Fe’' were removed by ultrafiltration using an Amicon filter
(Merck Millipore, MWCO = 50 kDa, Billerica, MA, USA). The
particle size and zeta potential of HFn@Fe/siGPX4 were
measured using a Zetasizer (Malvern Panalytical, Nano ZS 90,
Malvern, UK). The morphology of HFn was determined by
transmission electron microscopy (JEOL, JEM-2100, Tokyo,
Japan). The morphology and energy dispersive spectroscopy
mapping of HFn@Fe/siGPX4 were determined by a high-
resolution transmission electron microscopy (HRTEM, FEI, Tec-
nai G2 F30, Hillsboro, OR, USA). 2% Agarose gel electropho-
resis (AGE) was used to demonstrate the successful loading of
siGPX4 and was imaged with ChemiDoc™ (Bio-Rad, Hercules,
CA, USA).

2.3.  Internalization efficiency

Particularly, to quantitatively evaluate the internalization effi-
ciency of siGPX4 in HFn, Cy5-siRNA was used as an indicator.
For the analysis, HFn@Fe/siGPX4 were disassembled by adjust-
ing the pH of the solution to 2.0 with 0.1 mol/L HCI, and the
fluorescence intensity of Cy5 was determined using a fluorescence
spectrophotometer (SHIMADZU, RF-6000, Kyoto, Japan). And
the loading efficiency of siGPX4 was also examined by AGE.
Additionally, the total iron content of NPs was determined by an
Iron Assay Kit (LEAGENE, TC1015, Beijing, China). The inter-
nalization efficiency of siRNA was calculated using Eq. (1):

Internalization efficiency (%) = Sample content/Total content
x 100 )]

2.4.  RNase stability, serum stability and storage stability

Protecting siRNA from RNAase degradation is essential for
siRNA delivery in vivo ®. To investigate the siRNA protection of
HFn@Fe/siGPX4, naked siGPX4 and HFn@Fe/siGPX4 were
incubated with RNase A for different times. To check the stability
of HFn@Fe/siGPX4 in the serum, HFn@Fe/siGPX4 was incu-
bated with serum-containing PBS solution (50% FBS, pH 7.4). To
check the stability of HFn@Fe/siGPX4, HFn@Fe/siGPX4 was
stored in PBS at 4 °C for 14 days. 2% AGE was used to monitor
the siGPX4 of HFn@Fe/siGPX4. The gel was run at 100 V for
30 min and subsequently imaged using ChemiDoc™ (Bio-Rad).
Meanwhile, the particle size and zeta potential of HFn@Fe/
siGPX4 were determined for 14 days. The amount of Fe?" and
Fe** in HFn after storing in PBS at 4 °C for 14 days was detected
by X-ray photoelectron spectrometry (Thermo Fisher Scientific,
K-Alpha, Waltham, MA, USA).

2.5.  Evaluation of the catalytic activity at solution level

Briefly, HFn @Fe/siGPX4 (the concentration of Fe was 1.25 pg/mL)
was added to 200 pL of TMB solution or 50 pL of MB solution, and
the pH of the solution was adjusted to 2.0 by adding 0.1 mol/L HCI,
the concentration of H,O, was 50 nmol/L, followed by reacting at
37 °C for 5 min, and then spectroscopic detection was carried out by
a UV spectrophotometer (SHIMADZU, UV-2600, Kyoto, Japan),
and the detection wavelength was from 400 to 800 nm. The effects of
different concentrations of HFn @Fe/siGPX4 and reaction times on
the absorbance of TMB at 652 nm and the effects of different re-
action times on the UV absorption of MB were also examined. In
addition, the ability of the nanoparticles (the concentration of Fe was
1.25 ug/mL) to generate -OH was examined using electron para-
magnetic resonance (JEOL, FA-300, Tokyo, Japan).

2.6.  Cell culture

MCF-7 cells, RAW264.7 cells and THP-1 cells were obtained
from the Chinese Academy of Sciences Shanghai Cell Bank.
Dulbecco’s modified Eagle’s medium (DMEM) medium and 1640
medium were purchased from Servicebio (Wuhan, China). Fetal
bovine serum (FBS) was purchased from PAN-Seratech (Aiden-
bach, Germany). Trypsin, Penicillin and streptomycin were pur-
chased from HyClone (South Logan, UT, USA). MCF-7 cells and
RAW264.7 cells were cultured in DMEM containing 10% (v/v)
FBS and 1% antibiotics (penicillin, 100 U/mL; streptomycin,
100 pg/mL). THP-1 cells were cultured in 1640 containing 10%
(v/v) FBS and 1% antibiotics (penicillin, 100 U/mL; streptomycin,
100 pg/mL). The culture condition was at 37 °C and under 5%
CO, atmosphere.

2.7.  Cellular uptake

The cellular uptake of siGPX4 and HFn@Fe/siGPX4 was quali-
tatively evaluated by confocal laser scanning microscopy (CLSM,
Leica, TCS SPS5, Wetzlar, Germany). Different types of cells were
seeded into Petri dishes (Biosharp, BS-20-GJM, Hefei, China) at a
density of 1.5 x 10° cells per dish. After incubation for 12 h, Cy5-
siGPX4 and HFn@Fe/Cy5-siGPX4 (Cy5-siRNA, 20 nmol/L)
were added into dishes for 4 h. Then the cells were treated for
10 min with Hoechst 33342 (10 pg/mL) at RT to stain the cell
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nuclei. Finally, the cells were washed with PBS and observed
using a CLSM (Leica). In addition, the cellular uptake efficiency
of Cy5-siGPX4 and HFn@Fe/Cy5-siGPX4 were examined using
flow cytometry (FCM, BD, LSRFortessa SORP, San Jose, CA,
USA). Different cells were seeded in 24-well plates at
1 x 10° cells per well. After incubation for 12 h, the cells were
treated with Cy5-siGPX4 and HFn@Fe/Cy5-siGPX4 (Cy5-
siRNA, 20 nmol/L) for 4 h and then collected for FCM. The
data were analyzed using the Flowjo software (TreeStar, v10.8.1,
Ashland, OR, USA).

An antibody-blocking assay was performed to investigate the
uptake behavior of HFn@Fe/Cy5-siGPX4 via TfR1 in MCF-
7 cells following a general protocol. Briefly, cells were incubated
for 4 h with 20 nmol/L. of HFn@Fe/Cy5-siGPX4 in the presence
or absence of 1 pL antiTfR1 mAbs (Beyotime, Beijing, China).
After that, the cells were washed three times with PBS, and the
fluorescence signal was measured by CLSM and FCM similarly as
done in the cellular uptake study.

2.8.  Lysosomal escape

To verify that HFn@Fe/Cy5-siGPX4 could escape from lyso-
somes, HFn@Cy5-siGPX4 and HFn@Fe/Cy5-siGPX4 (Cy5-
siRNA, 20 nmol/L) were incubated with MCF-7 cells for 1 and
4 h. After incubation for different times, the cells were washed
with PBS three times and stained with LysoTracker Green as the
indicator of lysosomes. And the cells were treated for 10 min with
Hoechst 33342 (10 pg/mL) to stain the nuclei. Finally, the cells
were washed with PBS and the lysosomal escape behavior was
determined and analyzed using STimulated Emission Depletion
(STED, Leica, TCS SP8, Wetzlar, Germany).

2.9.  Cytotoxicity evaluation

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay was applied to evaluate the cytotoxicity and biocom-
patibility of HFn, Fe, siGPX4, HFn@Fe, HFn@siGPX4 and
HFn@Fe/siGPX4. MCF-7 cells were seeded into a 96-well plate at a
density of 5 x 10* cells per well and incubated for 24 h. Then the cells
were incubated with different concentrations of samples for 48 h.
After incubation, 25 pLL MTT solution (5 mg/mL in sterile PBS) was
added to each well and incubated for another 4 h at 37 °C. The me-
dium was removed carefully and replaced by 150 pL. DMSO in each
well. The plate was shaken for 5 min and the absorbance was
measured using a microplate reader (Thermo Fisher Scientific,
Multiskan Spectrum 1500, Waltham, MA, USA) to calculate the cell
viability of each group. The untreated cells were taken as a negative
control. Cell viability was calculated using Eq. (2):

Cell viability (%) = (OD value of the sample—OD value of the
blank)/ (OD value of the control-OD value of the
blank) x 100 2)

2.10.  Cell apoptosis analysis

The Annexin V-FITC/PI apoptosis detection kit (Beyotime, Bei-
jing, China) was used to detect the apoptosis of MCF-7 cells.
MCF-7 cells were placed into 24-well plates at a density of
1 x 107 cells per well for 12 h. Then, the cells were treated with

the medium containing different nanoparticles at a siGPX4 con-
centration of 80 nmol/L and co-incubated for 48 h. The cells were
washed with cold PBS three times, and the following processing
and staining of the cells were performed in accordance with the
manufacturer’s protocol. Finally, the apoptosis of the cells was
detected by flow cytometry (BD LSRFortessa). The data were
analyzed using the Flowjo software (TreeStar).

The HFn@Fe/siGPX4-induced cancer cell death was observed
directly by Calcein-AM/PI staining. MCF-7 cells were seeded on
24-well plates at a density of 1 x 10° cells per well and cultured
for 24 h. Subsequently, the cells were treated with different for-
mulations (siGPX4, HFn@siGPX4 and HFn@Fe/siGPX4) at a
concentration of 80 nmol/L siGPX4 for 24 h. After being stained
with Calcein-AM (Beyotime, Beijing, China) and PI (Life Tech-
nologies, Gaithersburg, MD, USA) for 30 min, the cells were
imaged by an inverted fluorescence microscope (Nikon, Ts2RFL,
Tokyo, Japan).

2.11. ATP level assessment

The pretreatment of MCF-7 cells was basically the same as the
cell apoptosis analysis experiment. ATP levels were measured
according to the manufacturer’s protocol of the ATP Assay Kit
(Beyotime, Beijing, China). A multifunctional enzyme labeling
instrument (Molecular Devices, SpectraMax Mini, Sunnyvale,
CA, USA) was used for the detection of luminescence (RLU).

2.12.  RT-gPCR

MCEF-7 cells were placed into a 24-well plate at a density of
1 x 10° cells per well and cultured for another 12 h. Then, the
cells were treated with different formulations (siGPX4,
HFn@siGPX4, HFn@Fe/siGPX4 and lipo2000@siGPX4) at a
concentration of 80 nmol/L siGPX4 for 48 h. For gene expression
analysis, total RNA was isolated using Trizol and reverse tran-
scribed using a High-Capacity cDNA Reverse Transcription Kit
(Life Technologies, Gaithersburg, MD, USA) for RT-qPCR
(Applied Biosystems, Real-Time PCR System 7500, Carlsbad,
CA, USA). Quantitative real-time PCR was performed using the
TagMan® Gene Expression Master Mix (Life Technologies, Gai-
thersburg, MD, USA), and gene expression was normalized to
GAPDH.

2.13. ELISA assay for GPX4

To detect intracellular GPX4, MCF-7 cells were incubated with
treatments as the upper RT-qPCR experiment. For protein
expression analysis, total proteins were extracted with RIPA and
GPX4 protein assay was performed with a Human GPX4 ELISA
Kit (FANKEW, Shanghai, China). The BCA kit (Thermo Fisher
Scientific, Waltham, MA, USA) was used to quantify protein
concentration.

2.14.  Western blot analysis for GPX4

MCEF-7 cells were processed and total proteins were extracted as
per ELISA assay. Western blot (WB) was used to detect the
relative expression of GPX4. Electrophoresis was carried on with
12% gradient Tris-glycine polyacrylamide gels (Beyotime, Bei-
jing, China) for SDS-PAGE and electroblotted onto
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polyvinylidene fluoride (PVDF, Beyotime, 0.22 pm, Beijing,
China). PVDF membranes were blocked for 30 min at RT in
QuickBlock™ blocking buffer (Beyotime, Beijing, China). Then,
the membranes were incubated overnight at 4 °C with GPX4
rabbit polyclonal antibody (1:1000, Beyotime, Beijing, China). On
the next day, the membranes were washed three times with TBST
and incubated at RT for 2 h with HRP-labeled goat anti-rabbit
IgG(H + L) (1:1000, Beyotime, Beijing, China) as the secondary
antibody. The HRP-conjugated recombinant anti-beta actin anti-
body (1:1000, Servicebio, Wuhan, China) was used for the §-actin
detection. The ECL signal was recorded with the BeyoECL Star
(Beyotime, Beijing, China). The quantification of the signal in-
tensity was carried out with the ChemiDoc™ (Bio-Rad) and the
grayscale analysis was carried out with Image J software (National
Institutes of Health, v1.8.0, Bethesda, MD, USA).

2.15.  ROS evaluation

ROS probe H,DCFDA was utilized to evaluate intracellular ROS
levels. MCF-7 cells were processed as per ELISA assay. Next,
drugs were abandoned and cells were washed by PBS. After that,
H,DCFDA (1 x 10~° mol/L) was added and incubated for 30 min.
The free fluorescence probe was removed by triple washing with
PBS. Fluorescence images were obtained from an inverted fluo-
rescence microscope (Nikon, Ts2RFL, Tokyo, Japan) and quan-
tified using ImagelJ software (National Institutes of Health).

2.16.  Evaluation of intracellular iron ion

To measure the intracellular content of Fe in different treatments,
MCF-7 cells were seeded in 24-well plates with a density of
1 x 10° cells per well. After attachment, cells were incubated with
different formulations Fe, HFn@Fe and HFn@Fe/siGPX4) at a
concentration of 0.5 pg/mL Fe for 48 h. After that, cells were
harvested to measure the iron ion content with the Iron Assay Kit
(LEAGENE, Beijing, China). The BCA kit was used to quantify
protein concentration.

2.17.  Evaluation of intracellular GSH

To assess the intracellular concentration of GSH in various groups,
MCF-7 cells were processed as per ELISA assay. Next, cells were
harvested to detect the concentration of GSH using the GSH
Content Assay Kit (LEAGENE, Beijing, China). The BCA kit was
used to quantify protein concentration.

2.18.  Lipid oxidation assay

For analyzing the intracellular concentrations of malondialdehyde
(MDA) in various groups, MCF-7 cells were incubated with
treatments as the upper GSH evaluation experiment. Next, cells
were harvested and the MDA concentration was measured with a
micro-MDA assay kit (Beyotime, Beijing, China). The BCA kit
was utilized to measure protein concentration.

2.19.  Ethics approval statement

All animal care and experiments were conducted in line with the
Guide for the Care and Use of Laboratory Animals proposed by
the National Institutes of Health (AEEI-2019-132). All experi-
mental procedures were executed according to the protocols

approved by the Institutional Animal Ethics Committee of Capital
Medical University.

2.20.  Animals

BALB/c nude mice (female, about 4-6 weeks old) were used for
animal studies. The animal research center was raised under a
standard condition at 25 = 2 °C and 60 £ 10% humidity envi-
ronment with a 12 h light/dark cycle. For all the animal studies,
mice were randomly allocated to each group. The investigator was
aware of the group allocation during the animal studies as
demanded by the experimental designs. For the establishment of
MCF-7 tumor-bearing mice models, Female BALB/c nude mice
were injected intraperitoneally with estradiol benzoate (10 mg/kg,
dissolved in DMSO:corn o0il = 1:9) every three days for two
weeks. And then were subcutaneously injected with MCF-7 cells
(5 x 10%mice) at the right forelimb. The mice were also injected
intraperitoneally with estradiol benzoate (10 mg/kg) every three
days starting on the alternate day>’.

2.21.  Invivo tumor targeting assay

For the analysis of the in vivo tumor targeting efficiency of
HFn@Fe/siGPX4, MCF-7 tumor-bearing mice were randomly
divided into different groups and injected intravenously with free
Cy5-siGPX4 or HFn@Fe/Cy5-siGPX4, (Cy5-siGPX4 = 2 mg/kg).
Then, an in vivo fluorescence imaging system (PerkinElmer, IVIS
Spectrum, Waltham, MA, USA) was used to detect the Cy5 fluo-
rescent signal at 1.5, 3, 6 and 7.5 h post-injection. In addition, the
Cy5 fluorescent signals in major tissues of MCF-7 tumor-bearing
mice were detected at 24 h post-injection.

2.22.  In vivo antitumor efficacy

The MCF-7 tumor-bearing mice models were established. When
the tumor volume reached 200 mm3, mice were randomly divided
into four groups (n = 6). The mice were intravenously injected
with 200 pL of different formulations (siGPX4, HFn@siGPX4
and HFn@Fe/siGPX4, siGPX4 = 1 mg/kg) or saline every
three days for seven times. The tumor growth and body weight
were monitored every two days, and the tumor volume was
calculated as Eq. (3):

Tumor volume (mm3) = (Tumor length) x (Tumor width)2/2 3)

For tumor survival, the mice were monitored daily and
considered dead when the tumor volume reached 1000 mm? for 50
days after the first treatment. At the end of observation, all of the
tumors were collected, imaged and preserved for subsequent
research. Tumor tissues were excised to perform H&E and
TUNEL stain.

2.23.  Invivo ferroptosis induction

Tumor tissues were used for GPX4 immunofluorescence analysis
and ROS staining and quantified using ImagelJ software (National
Institutes of Health). Tumor tissues were additionally milled and
assayed for GPX4 levels, iron content, MDA levels and GSH
levels using the previously mentioned methods.
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2.24.  In vivo biosafety evaluation

The body weight of mice of each group was measured every other
day to evaluate the general toxicity after the treatment. After 14
days treatment, mice were sacrificed. Their blood samples and
major organs (heart, liver, spleen, lung and kidney) were collected.
Part of their organs was sectioned into slices and stained with
H&E staining. Pathology was examined by using a fluorescence
microscope (Nikon, Eclipse Ti-SR, Tokyo, Japan). Five important
hepatic indicators (i.e., ALT, AST, ALP, ALB and TP), and three
renal indicators (i.e., UREA, UA and CREA) were measured by
using a blood biochemical auto analyzer (Mindray, BS-430,
Shenzhen, China).

2.25.  Statistical analysis

All the results in this study are presented as the mean =+ standard
deviation (SD). Statistical analyses were performed with
GraphPad Prism (GraphPad Inc., v9.5, La Jolla, CA, USA) using
one-way ANOVA. P values < 0.05 were considered to indicate
significance.

3. Results and discussion

3.1.  Characterization of HFn@ Fe/siGPX4

HFn@Fe/siGPX4 were constructed using pre-complexation of
siGPX4 with Fe*™ to neutralize the negative charge of siGPX4,
and after removal of uncompensated free Fe", Fe-siGPX4
loading was carried out using the pH method, followed by diffu-
sion method for overloading Fe®". HFn@Fe/siGPX4 were
dispersed in Tris-NaCl buffer (pH 7.4) with a clear Tyndall effect
(Fig. 1A). Dynamic light scattering (DLS) indicated that the
diameter of HFn@Fe/siGPX4 was 107.6 4+ 7.2 nm (Fig. 1A), and
the zeta potential was —11.85 £ 0.49 mV (Fig. 1B). As shown in
Fig. 1B, obvious charge inversion could be observed when
HFn@Fe/siGPX4 were dispersed in different pH (the pH values
changed from 7.4 to 2.0). When the pH values were set at 7.4, the
zeta potentials were negative but changed to positive at 5.0 and
2.0. The results showed that HFn@Fe/siGPX4 could dissolve into
individual subunits in acidic environmentsﬁo, which may exhibit a
positive charge due to the absorption of iron ions. Moreover, the
dissolution of HFn@Fe/siGPX4 and charge inversion in low pH
will favor the release and lysosomal escape of siGPX4, enhancing
the silencing effect of gene drugs. The TEM image showed that
HFn had a hollow cage structure with a particle size of 10-20 nm
(Fig. 1C), while HFn@Fe/siGPX4 encapsulating iron ions had a
rounded nanoparticle morphology with a particle size of 100-
200 nm and were homogeneously distributed in size (Fig. 1D).
The results of EDS mapping (Fig. 1E) showed that HFn@Fe/
siGPX4 contained iron and the elements were uniformly distrib-
uted, indicating the successful preparation of HFn@Fe/siGPX4.
To investigate the gene encapsulating ability of HFn with or
without the assistance of Fe**, Cy5 labeled siGPX4 was applied
to load into HFn nanocages. The addition of Fe*™ could promote
the loading of siGPX4 into HFn (Fig. 1F), and the encapsulation
rate of siGPX4 of HFn-Fe@Cy5-siGPX4 (74.43 + 0.38%) was
1.34-fold higher than that of HFn@Cy5-siGPX4 without Fe*"
(55.41 £ 2.97%). It suggested that pre-incubating siGPX4 with
iron ions could promote the encapsulation of gene drugs by HFn
nanocages. Meanwhile, the results (Fig. 1G and H) showed that

the maximum encapsulation was achieved when the molar ratio of
Cy5-siGPX4 to HFn was 1:6 with Fe’" assistance. It was note-
worthy that by continuing to increase the amount of HFn, the
encapsulation efficiency of siGPX4 did not increase, was even
decreased. The possible reason for this was the increased chance
of interaction with HFn subunits at high concentrations and the
decreased interaction with Fe-siGPX4. The results were in keep-
ing with the findings of Huang et al.’>, who used calcium ions to
promote the loading of siRNA to HFn, and Pang et al.*!, who used
iron ions to promote the loading of ATP. In addition, the iron
loading capacity of HFn@Fe/siGPX4 was tested by a total iron
assay kit, and the iron content was calculated to be
0.824 £ 0.003 pg/mL, indicating the successful load of iron ions
in nanocages.

3.2.  Stability of HFn@ Fe/siGPX4 in vitro

The stability of HFn@Fe/siGPX4 against RNase A was tested by
AGE. The results (Fig. 1I) showed that the band of siGPX4
remained bright for HFn@Fe/siGPX4 after 8 h of co-incubation
with RNase A, whereas the band for naked siGPX4 almost dis-
appeared. It suggested that HFn could protect siGPX4 from
degradation by RNase A. Besides, the stability of HFn@Fe/
siGPX4 against serum was also evaluated. As seen in
Supporting Information Fig. S1, when incubated with 50% serum
for 2 h, the band of naked siGPX4 was significantly weakened.
While for HFn@Fe/siGPX4 the band remained clear even when
incubated with 50% serum for 24 h. All these results ensured that
the HFn@Fe/siGPX4 could protect the gene drugs from degra-
dation by RNase A or serum when administrated in vivo, making it
a promising system for gene drug delivery.

And the long-term stability of HFn@Fe/siGPX4 was also
evaluated. The bright bands of siGPX4 were basically unchanged
when HFn @Fe/siGPX4 were stored in PBS (pH 7.4) at 4 °C for 14
days as tested by AGE (Supporting Information Fig. S2), which
indicated that the HFn@Fe/siGPX4 had good stability under this
storage condition, and no obvious drug leakage was found. The
particle size and zeta potential of HFn@Fe/siGPX4 were
measured continuously, and the results (Supporting Information
Fig. S3) showed that the particle size and zeta potential of
HFn@Fe/siGPX4 remained unchanged under long-term storage
conditions. The long-term stability experiments suggested that
HFn@Fe/siGPX4 had good storage stability, which was of great
significance to its application in the clinic.

It is well known that Fe*" is easily oxidized. HFn@Fe/siGPX4
was stored in PBS (pH 7.4) at 4 °C for 14 days and the Fe*"
content was detected using XPS. As shown in Fig. 1J, Fe*"
content was 19.50% of total Fe, indicating that Fe>" in HFn@Fe/
siGPX4 was not fully oxidized, which was conducive to inducing
ferroptosis in vitro and in vivo.

3.3.  Invitro catalytic activities

High levels of H,O, are one of the most prominent symbols and
the major etiological factors of tumors®®, meanwhile, most anti-
cancer drugs exert the anti-tumor effect by increasing intracellular
ROS®. Fe?" has the ability to catalyze H,O, to produce ROS by
Fenton reaction®®. The Fe ions encapsulated in HFn@Fe/siGPX4
could serve as Fenton catalysts to transform H,O, into -OH. The
results of EPR (Fig. 1K) demonstrated that Fe?" contained in
HFn@Fe/siGPX4 could react with H,O, to produce -OH. And the
colorimetric method based on H,0O, oxidation of TMB was used
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Figure 1  Characterization of HFn @Fe/siGPX4. (A) Particle diameter distribution of HFn@Fe/siGPX4. (B) Zeta potential of HFn@Fe/siGPX4
at different pH. Data are presented as mean = SD (n = 3). (C) TEM image of HFn in pH 7.4 buffer with negative staining using 2 % phos-
photungstic acid. Scale bar = 20 nm. (D) HRTEM image of HFn@Fe/siGPX4 without negative staining. Scale bar = 200 nm. (E) EDS mapping
of HFn@Fe/siGPX4. Scale bar = 100 nm. (F) Internalization efficiency of HFn@Fe/siGPX4 with different Fe** to siGPX4 ratios. Data are
presented as mean £+ SD (n = 3). (G) Internalization efficiency of HFn@Fe/siGPX4 with different siGPX4 to HFn ratios. Data are presented as
mean + SD (n = 3). (H) Gene encapsulation efficiency of different siGPX4 to HFn ratios detected by AGE. (I) RNase stability of naked siGPX4
and HFn @Fe/siGPX4, co-incubated with RNase A at 37 °C for 0, 2, 4, 6 and 8 h, detected by AGE. (J) Fe 2p XPS spectrum of HFn@Fe/siGPX4
after storing in PBS at 4 °C for 14 days. (K) EPR spectra showing the production of -OH by Fe>*+H,0, and HFn@Fe/siGPX4+H,0,.

**P < 0.01,%**P < 0.001, ****P < 0.0001. ns, not significant.

to evaluate the catalytic activity of HFn@Fe/siGPX4%. The result
was shown in Supporting Information Fig. S4A. The addition of
H,O, or HFn@Fe/siGPX4 alone failed to oxidize TMB into
oxTMB (blue color). And when both H,O, and HFn @Fe/siGPX4
were added, a clear blue color was observed, which indicated that
HFn@Fe/siGPX4 had the activity to catalyze the reaction of H,O,
to generate ROS. Notably, the catalytic efficiency of this
HFn@Fe/siGPX4 was concentration- and time-dependent, and
more H,0, was catalyzed into ROS as the concentration of
HFn@Fe/siGPX4 or the incubating time increased (Fig. S4B).
Besides, the catalytic activity of HFn@Fe/siGPX4 was also
evaluated by the MB degradation test®. The results (Fig. S4C)
showed that the characteristic absorption peak of MB was
significantly decreased when incubated with HFn@Fe/siGPX4

and H,O, simultaneously. And the oxidation of MB was attrib-
uted to ROS produced by HFn@Fe/siGPX4 and H,O, incubation.
Moreover, the MB degradation test also confirmed that the cata-
Iytic effect of HFn@Fe/siGPX4 was time-dependent (Fig. S4D).
All the above results demonstrated that HFn@Fe/siGPX4 had an
excellent ability to catalyze the Fenton reaction, which provided a
strong support for the ferroptosis effect of HFn@Fe/siGPX4 both
in vitro and in vivo.

3.4.  Cellular uptake
Cellular uptake was performed using CLSM and FCM. HFn had

been shown to be taken up into cells via TfR1 on the surface of
MCF-7 cells®. In order to investigate the uptake mechanism of
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HFn@Fe/siGPX4, the TfR1 receptors on MCF-7 cells were
blocked by a TfR1 antibody. As seen in Fig. 2A, a small amount of
the free siGPX4 was taken up by MCEF-7 cells, and the efficiency
of HFn@Fe/siGPX4 uptake by MCF-7 was high when TfR1 was
not blocked, and decreased when TfR1 was blocked by the anti-
body of TfR1, suggesting that the uptake of HFn@Fe/siGPX4 in
MCF-7 cells was TfR1 mediated. To further prove the active
targeting of HFn@Fe/siGPX4, cellular uptake was performed
using three types of cells (RAW264.7, THP-1, and MCF-7) with
different levels of TfR1 expression. MCF-7 expressed TfR1 at a
high level on its surface and was significantly different from the
other two types of cells (Supporting Information Fig. S5). As
shown in Fig. 2B, HFn@Fe/siGPX4 had the highest uptake effi-
ciency in MCF-7 cells, again demonstrating that cellular uptake of
HFn@Fe/siGPX4 was TfR1 mediated. The results of FCM
(Fig. 2C and D) similarly demonstrated that HFn@Fe/siGPX4
enters the cell via TfR1.

3.5.  Lysosomal escape

The lysosomal escape behavior of HFn@Fe/siGPX4 was observed
by STED. As presented in the results (Fig. 2E), HFn@siGPX4 co-
localized with the lysosome at both 1 and 4 h, indicating failure to
escape. In contrast, HFn@Fe/siGPX4 partially co-localized with
the lysosome at 1 h and hardly co-localized with the lysosome at

Figure 2

4 h, indicating that HFn@Fe/siGPX4 successfully escaped
from the lysosome. These results demonstrated that HFn@Fe/
Cy5-siGPX4 were transported into lysosome when incubated with
cells, but could be effectively transported to the cytoplasm by
lysosomal escape. It has been reported that increasing intracellular
iron leads to endo-lysosomal defects, which may benefit the
escape of contents from lysosomes®’. We speculated that the iron
ions in HFn@Fe/siGPX4 were attributed to the lysosomal escape
behavior of the nanoparticles, which was essential for siRNA to
exert an RNA interference effect.

3.6. Invitro cellular ferroptosis mechanism of HFn@ Fe/siGPX4

Ferroptosis is an iron-dependent, non-apoptotic form of pro-
grammed cell death characterized by abnormally elevated iron-
mediated oxidative stress and GSH depletion. GPX4 is a key
enzyme in the regulation of ferroptosis, and increased concen-
trations of iron ions promote oxidative stress, which in turn trig-
gers ferroptosis®”. In this work, the ferroptosis mechanism of
HFn@Fe/siGPX4 was studied systemically. Firstly, the gene
silencing effect of HFn@Fe/siGPX4 was evaluated. As shown by
the results of RT-qPCR (Fig. 3A), free siGPX4 could not effec-
tively exert RNAI effect on GPX4 expression in MCF-7 cells. In
contrast, HFn@siGPX4 treated cells had a significant gene
silencing effect by down-regulating the mRNA of GPX4 (the gene

In vitro cellular uptake and lysosomal escape. (A) Cell uptake of siGPX4, HFn@Fe/siGPX4 and Antibody + HFn@Fe/siGPX4 in

MCEF-7 cells for 4 h by CLSM. (B) Uptake of HFn@Fe/siGPX4 in RAW?264.7 cells, THP-1 cells and MCF-7 cells for 4 h by CLSM. (C) Cell
uptake of siGPX4, HFn@Fe/siGPX4 and Antibody + HFn@Fe/siGPX4 in MCF-7 cells for 4 h by FCM and MFI of Cy5. (D) Uptake of HFn@Fe/
siGPX4 in RAW264.7 cells, THP-1 cells and MCF-7 cells for 4 h by FCM and MFI of Cy5. (E) Lysosomal escape of HFn@siGPX4 and HFn@Fe/
siGPX4 after incubation with MCF-7 cells for 1 and 4 h by STED. Scale bar = 25 um. Data are presented as mean &+ SD (n = 3). ***P < 0.001,

kP < 0.0001.
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silencing efficiency of siGPX4 was 58.0 + 2.5% for
HFn@siGPX4), which may be due to the targeting effect of HFn
towards MCF-7 cells. More impressively, the mRNA level of
GPX4 was further down-regulated when treated with HFn@Fe/
siGPX4 (the gene silencing efficiency was 78.3 + 1.5% for
HFn@Fe/siGPX4). It was speculated that the improved gene
silencing effect was attributed to the lysosomal escape behavior of
HFn@Fe/siGPX4 with the assistance of iron ions. And the gene
silencing effect of HFn@Fe/siGPX4 was even stronger than that
of lipo2000@siGPX4 (the gene silencing efficiency was
73.2 £ 2.0% for lipo2000 @siGPX4), suggesting that the iron ions
coated HFn nanoparticles were an efficient gene drug delivery
system.

And the gene silencing effect of HFn@Fe/siGPX4 was further
confirmed at the protein level by ELISA and Western blot (WB).
As seen in Fig. 3B, the expression of GPX4 protein was down-

Figure 3

regulated to 27.85 £ 2.74% and 30.88 £ 12.85% for HFn@Fe/
siGPX4 and lipo2000@siGPX4 treated groups, which was
significantly lower than the siGPX4 or HFn@siGPX4 treated
ones. As expected, the results of WB (Fig. 3C) were consistent
with those of ELISA. The relative expression of GPX4 in the
HFn@Fe/siGPX4 group was substantially reduced compared to
the control group and comparable to the lipo2000@siGPX4 group,
indicating that HFn@Fe/siGPX4 significantly reduced the GPX4
protein level in MCF-7 cells.

Since GPX4 is a crucial protein for regulating cell ferroptosis,
and the silencing of GPX4 expression is expected to induce fer-
roptosis to play an anti-tumor effect?®. Moreover, ferroptosis is
regulated by a variety of molecules. Expect elevating levels of
lipid oxidation by silencing GPX4, the increase of concentration
of iron ions in cells is another important way to induce ferroptosis.
Therefore, it was expected that HFn@Fe/siGPX4 would be a

In vitro gene silencing effects and cellular ferroptosis induction. (A) The expression level of GPX4 mRNA in MCF-7 cells by RT-

qPCR. (B) The expression level of the GPX4 protein in MCF-7 cells by ELISA. (C) The expression level of the GPX4 protein in MCF-7 cells by
WB. (D) Intracellular ROS concentration of MCF-7 cells detected by ROS probe DCFH-DA. Scale bar = 100 pm. (E) Quantification of
fluorescence intensity based on (D) by Imagel. (F) Intracellular Fe level of MCF-7 cells. (G) MDA level of MCF-7 cells. (H) Intracellular GSH
level of MCF-7 cells. Data are presented as mean = SD (n = 3). *P < 0.05, **P < 0.01,***P < 0.001, ****P < 0.0001. ns, not significant.



Fe-siRNA ferritin nanosystem: synergistically inducing ferroptosis for cancer therapy 535

promising system for tumor treatment by cellular ferroptosis
mechanism.

Increased cellular ROS is a prominent marker of ferroptosis
and a prerequisite for its induction®, so the intracellular levels of
ROS were detected by DCFH-DA probe. The results (Fig. 3D)
showed that the fluorescence intensity of the negative control
group and the free siGPX4 group were extremely weak indicating
that the intracellular ROS level was low, while the HFn@siGPX4
treated group exhibited a relatively strong fluorescence intensity
suggesting that encapsulated into HFn was helpful for siGPX4 to
exert treatment effect. Moreover, the fluorescence intensity of
HFn@Fe/siGPX4 treated group was remarkably increased when
compared with HFn@siGPX4. The quantification of DCFH-DA
fluorescence suggested that the fluorescence intensity of DCFH-
DA for HFn@siGPX4 treated group was 5-fold higher than for
control group, but for HFn@Fe/siGPX4 treated one was 27-fold
higher (Fig. 3E). All these results suggested that HFn@Fe/
siGPX4 could increase the intracellular ROS level to induce fer-
roptosis, which for one thing was due to the enhanced gene
silencing effect of siGPX4 when loaded into HFn@Fe/siGPX4,
for another was because of the synergistic effect of iron ions for
ferroptosis induction.

And the increase of intracellular iron ion levels when treated
with HFn@Fe/siGPX4 was also confirmed. HFn@Fe/siGPX4
drastically increased the intracellular Fe ion level after entering
the cells (Fig. 3F), which was 4-fold compared with the blank
control group and 1.5-fold compared with the free iron ion
treated group, proving that HFn@Fe/siGPX4 had a high iron ion
loading and delivery efficiency to induce ferroptosis. MDA is
also an important test indicator for ferroptosis®®, and was tested
to further verify the ferroptosis inducing effect of HFn@Fe/
siGPX4. The results of the MDA content assay (Fig. 3G)
showed that the lipid oxidation level of HFn@Fe/siGPX4 treated
group was 2.5-fold compared with that of the blank control
group, which was also significantly higher than that of the
HFn@siGPX4 treated group, suggesting that the HFn@Fe/
siGPX4 could successfully induce lipid oxidation so as to
induce ferroptosis. In addition, by the gene silencing effect of
siGPX4, HFn@Fe/siGPX4 could inhibit the activity of GPX4,
which was correlated with the content of GSH’’. And the results
of the intracellular GSH content assay showed that the level of
GSH for the HFn@Fe/siGPX4 treated group was significantly
lower than for the blank control group (Fig. 3H), indicating that
lower intracellular antioxidant level and reduced resistance of
cells to ferroptosis.

3.7.  Invitro inhibition effect of HFn@ Fe/siGPX4 on MCF-
7 cells

The production of high levels of membrane lipid peroxides is a
defining feature of ferroptosis associated with other forms of cell
death. When these membrane lipid peroxides accumulate at high
levels, they cause the plasma membrane to rupture, which is lethal
to the cell*>. These facts highlight the potential value of ferrop-
tosis in tumor therapy®. Considering the impressive ferroptosis
inducing effect of HFn@Fe/siGPX4, they were hypothesized with
an outstanding anti-tumor effect. The inhibition effect of
HFn@Fe/siGPX4 on MCF-7 cells was evaluated. Firstly, the
toxicity of the vector was evaluated by MTT assay, and the sur-
vival rate of MCF-7 cells was above 80% after treatment with
different concentrations of HFn, indicating that HFn had no killing
effect on tumor cells (Supporting Information Fig. S6). However,

HFn@Fe/siGPX4 exhibited anti-proliferation effect for MCF-
7 cells in vitro in a dose-dependent manner, with significantly
stronger compared with siGPX4 or HFn@siGPX4 (Fig. 4A). The
ICsy value of HFn@Fe/siGPX4 was 88.06 nmol/L (Supporting
Information Fig. S7), indicating that tumor cells could be effec-
tively killed at low concentrations of HFn@Fe/siGPX4. It was
noteworthy that iron ion alone and HFn@Fe did not produce a
killing effect on MCF-7 cells, which reflected the importance of
the drug vectors and the synergistic effect of the gene drugs
(Fig. 4B).

Mitochondria, as the powerhouse of cells, play an important
role in generating energy in the form of adenosine triphosphate
(ATP), maintaining metabolic homeostasis and regulating cell
death’’. High levels of ATP in the tumor cells satisfy the energy
requirements for tumor cell growth. A decrease in ATP level can
lead to mitochondrial dysfunction, thus promoting cellular
death”. Therefore, the ATP level is an important indicator of cell
viability and was tested in this work. The results of the ATP assay
(Fig. 4C) showed that the intracellular ATP level was reduced to
5224 4+ 2.32% after HFn@Fe/siGPX4 treatment, which was
distinctly lower than that treated with siGPX (98.66 + 0.01%) or
HFn@siGPX4 (82.03 £ 1.48%). These results implied that
HFn@Fe/siGPX4 could effectively reduce ATP in tumor cells and
thus promote cellular death. Furthermore, the results of apoptosis
analysis investigated by FCM (Fig. 4D) showed that the apoptosis
rate in the HFn@Fe/siGPX4 group could reach 39.13 + 4.57%,
which was obviously higher than that in the control
(8.00 £ 2.85%), free siGPX4 (10.68 + 1.21%) and HFn@siGPX4
(15.28 £ 3.43%) groups, and proved the effective cell-apoptosis
promoting effect of HFn@Fe/siGPX4.

Besides, the tumor cell killing effect of HFn@Fe/siGPX4 was
further studied by Calcein-AM/propidium iodide (PI) live/dead
staining with Calcein-AM staining the live cells in green and PI
staining the dead cells in red. When treated with HFn@Fe/
siGPX4, the red fluorescence indicating the dead cells was
significantly increased, demonstrating that HFn @Fe/siGPX4 had a
strong cell-killing ability (Fig. 4E). All the above results suggested
that HFn @Fe/siGPX4 had an excellent inhibiting ability for tumor
cells, which established the foundation for their anti-tumor effect
in vivo.

3.8.  Invivo tumor targeting effect of HFn@ Fe/siGPX4

The mice were injected with free Cy5-siGPX4 and HFn@Fe/Cy5-
siGPX4 by i.v, and NIR fluorescence imaging was recorded at
different time points. As shown in Fig. 5A and B, at 1.5 h,
HFn@Fe/Cy5-siGPX4 was predominantly distributed in the tumor
site and was significantly different from free Cy5-siGPX4, sug-
gesting that HFn@Fe/Cy5-siGPX4 had targeting properties, and
with the change of time, free Cy5-siGPX4 was partially distrib-
uted in the tumor site at 3 h, but free Cy5-siGPX4 was not
distributed in the tumor site at 6 and 7.5 h, suggesting that Cy5-
siGPX4 was cleared from tumor tissues. HFn@Fe/Cy5-siGPX4
consistently showed higher tumor accumulation. These results
suggested that HFn@Fe/Cy5-siGPX4 had desirable tumor-
targeting properties and tumor accumulation ability. Moreover,
the tumor-bearing mice were intravenously injected with free
Cy5-siGPX4 and HFn@Fe/Cy5-siGPX4, and after 24 h of
administration, the fluorescent distribution of Cy5-siGPX4 in
different organs was observed. As seen in Fig. 5C, compared with
free Cy5-siGPX4, the fluorescence intensity of Cy5-siGPX4 in
tumor tissues of HFn@Fe/Cy5-siGPX4 treated mice was
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Figure 4

In vitro anti-tumor activity of HFn@Fe/siGPX4. (A) In vitro cell viability of MCF-7 cells after 48 h of exposure to siGPX4,

HFn@siGPX4 and HFn@Fe/siGPX4 at different concentrations of siGPX4. (B) In vitro cell viability of MCF-7 cells after 48 h of exposure to Fe,
HFn@Fe and HFn@Fe/siGPX4 at different concentrations of Fe. (C) The ATP level in MCF-7 cells of different groups. (D) Flow cytometry
analysis of MCF-7 cell apoptosis induced by siGPX4, HFn@siGPX4, and HFn@Fe/siGPX4 NPs for 48 h using Annexin VFITC/PI staining. (E)
Fluorescence images of Calcein-AM/PI. Scale bar = 100 pm. Data are presented as mean £ SD (n = 3). ****P < 0.0001.

impressively enhanced, and was increased by 11-fold as calculated
by the quantitative result (Fig. 5D). These results confirmed that
HFn@Fe/siGPX4 could be targeted to the tumor site so as to exert
anti-tumor effect more effectively.

3.9.  Invivo anti-tumor effect of HFn@ Fe/siGPX4

The anti-tumor efficacy of HFn@Fe/siGPX4 was also assessed
with an MCF-7 xenograft model. The model mice were randomly
divided into 4 groups and respectively injected with saline, free
siGPX4, HFn@siGPX4 or HFn@Fe/siGPX4 by i.v. every three
days for seven doses. The tumor volume was monitored for two
weeks after the first treatment. As depicted in Fig. SE and F,
following the initiation of treatment, the tumor volumes in mice
administered with saline and free siGPX4 continued to enlarge
progressively. After treatment, the tumor volumes in these
groups had escalated to a range of 500-600 mm®. In the group
treated with HFn@siGPX4, there was a modest deceleration in
the rate of tumor volume increase, yet the volume continued to

expand, reaching a size of 402.2 + 31.4 mm”>. In contrast, mice
treated with HFn@Fe/siGPX4 exhibited a significant reduction
in tumor volume. By the end of the two-week period, the tumor
volume had dramatically decreased to 99.4 + 19.0 mm’. This
reduction suggested that HFn@Fe/siGPX4 not only retarded
tumor growth but even eliminated already existing tumors,
highlighting the promising in vivo antitumor effect of HFn@Fe/
siGPX4.

The survival outcomes post-treatment were meticulously
monitored and documented in our study. The Kaplan-Meier sur-
vival curves (Fig. 5G) graphically represent the survival rates of
the experimental groups over the study period. Notably, there was
a significant disparity in the survival profiles between the
HFn@Fe/siGPX4 treatment group and other groups. Mice in the
saline group, which received no intervention, exhibited a median
survival time of approximately 27 days. And the medium survival
time in the siGPX4 group was 30 days. The HFn@siGPX4
treatment could prolong the median survival time of tumor-
bearing mice to 36 days. In stark contrast, the median survival
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Figure 5

In vivo targeting and anti-tumor ability of HFn@Fe/siGPX4. (A) Near-infrared fluorescence in vivo imaging images at different time

points post-injection. (B) Radiation efficiency of tumor sites at different time points post-injection. Data are presented as mean + SD (n = 3). (C)
Near-infrared fluorescence images of major organs and tumors at 24 h post-injection. (D) Radiation efficiency of different tissues at 24 h post-
injection. Data are presented as mean £ SD (n = 3). (E) Tumor growth curves of each MCF-7 tumor over time following different treatments. (F)
Tumor growth curves of different groups of MCF-7 tumor-bearing mice after various treatments indicated. Data are presented as mean + SD
(n = 6). (G) Kaplan—Meier survival curve of MCF-7-bearing mice following different treatments. (n = 6). (H) The isolated MCF-7 tumors from
the sacrificed mice following treatments. (I) Representative H&E and TUNEL stained tumor slice images after the treatment. Scale bar = 100 pm

wEEEpP < 0.0001.

time was markedly extended in the HFn@Fe/siGPX4 treatment
group, surpassing 50 days, indicative of a pronounced therapeutic
effect. Moreover, the tumor tissues were removed at the end of the
observation, which showed that the tumor volume of the
HFn@Fe/siGPX4 group was significantly reduced when
compared with other groups (Fig. SH).

In addition, the tumor-inhibiting effect was further confirmed
by histopathological analysis using H&E staining as well as
immunofluorescence analysis using TUNEL staining (Fig. 5I).
H&E staining results revealed that the tumor tissues in the
HFn@Fe/siGPX4 group were loose in structure and the cells were
not tightly arranged, and TUNEL staining results showed that
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there were a large number of dead cells in the tumor tissues in the
HFn@Fe/siGPX4 group, which indicated that HFn@Fe/siGPX4
achieved a potent tumor-inhibiting effect in vivo.

3.10.  In vivo tumor ferroptosis-inducing ability of HFn@ Fe/
siGPX4

In order to investigate the mechanism of the tumor-inhibiting ef-
fect of HFn@Fe/siGPX4, we examined its ferroptosis-inducing
ability in vivo. Firstly, ROS level in tumor tissues of different drug
administration groups was evaluated by immunofluorescent
staining (Fig. 6A and B). Compared with the control group, both
the groups treated with HFn@siGPX4 and HFn@Fe/siGPX4 had
an obvious improvement in ROS level. More impressively, the
ROS level of HFn@Fe/siGPX4 was significantly higher than that
of HFn@siGPX4, which proved the synergistic effect of iron ion
and siGPX4 for catalyzing the Fenton reaction.

The expression of GPX4 proteins in tumor tissues was also
evaluated by immunofluorescent staining (Fig. 6A and C) and
ELISA (Fig. 6D), which indicated that the GPX4 expression level
for HFn @Fe/siGPX4 treated group was obviously decreased when
compared with the control group. What’s more, the in vivo gene
silencing effect of HFn@Fe/siGPX4 was remarkably stronger than
that of HFn@siGPX4, which was due to the lysosomal escape
promotion of iron ions so as to improve the gene silencing

Figure 6

efficiency in vivo. GPX4 inactivation leads to uncontrolled lipid
peroxidation, causing damage to cell membranes, which in turn
triggers ferroptosis>®. Studies have shown that excessive iron ions
in cells was another leading cause of ferroptosis, so the iron ion
content in tumor tissues was analyzed. As expected, for HFn@Fe/
siGPX4 treated group, there was an extreme accumulation of iron
ions when compared with other groups, which may also contribute
to the excellent ferroptosis-inducing ability of HFn@Fe/siGPX4
in vivo (Fig. 6E).

Moreover, the ferroptosis-inducing effect of HFn@Fe/siGPX4
was further proved by MDA and GSH assay. It is reported that
MDA is an end product of lipid oxidation that accumulates to
promote ferroptosis and GSH can inhibit ferroptosis by decreasing
the production of lipid peroxides’. So, these two molecules are
considered as two important indicators of ferroptosis. As expected,
HFn@Fe/siGPX4 had the strongest moderating effect on the
expression of MDA and GSH levels for tumor tissues (Fig. 6F and
G), which was also consistent with the results of MDA and GSH
tests in vitro. To sum up, all these results suggested that HFn@Fe/
siGPX4 was a promising nano-drug delivery system for tumor
treatment by inducing ferroptosis efficiently. The impressive effect
of HFn@Fe/siGPX4 was for one thing because of the synergisti-
cally ferroptosis inducing effect of iron ions and siGPX4, and for
another contributed to the enhanced gene silencing effect of
siGPX4 which may be due to the targeting effect of ferritin

In vivo ferroptosis induction. (A) ROS staining and immunofluorescence staining of GPX4 in tumor sections. Scale bar = 100 pum.

(B) Quantification of positive area based on ROS staining by ImagelJ. (C) Quantification of positive area based on GPX4 staining by Imagel. (D)
Tumor tissue GPX4 content measured by ELISA. (E) Tumor tissue Fe content. (F) Tumor tissue MDA content. (G) Tumor tissue GSH content.
Data are presented as mean £ SD (n = 3). ¥*P < 0.05, **P < 0.01,***P < 0.001, ****P < 0.0001.
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nanocages for tumor tissues and the lysosomal escape behavior
with the exist of iron ions in the nanosystems.

3.11.  Invivo safety evaluation

Finally, the in vivo safety of HFn@Fe/siGPX4 was evaluated.
During the treatment process, there was no significant change in
the body weight of the mice in all the treated groups, which
verified the biosafety of the nano-drug vector primarily (Fig. S8).
And in order to further investigate the biocompatibility and sys-
temic response of the different formulations, histopathology and
hematologic tests were carried out. As shown in Supporting
Information Figs. S9 and S10, there were no differences be-
tween the saline-treated group and the HFn@Fe/siGPX4-treated
group either in the H&E staining of the major organs or the
blood biochemical data. Thus, these results confirmed that it was
safe to apply HFn@Fe/siGPX4 in vivo.

4. Conclusions

In summary, we successfully prepared a ferritin-based nano vehicle
HFn@Fe/siGPX4 encapsulated with iron ions and siGPX4 for
inducing ferroptosis synergistically. In order to encapsulate more
siGPX4 into ferritin nanocages, the gene drugs were pre-incubated
with iron ions to form Fe-siGPX4 complexes which could be loaded
into the nanocages more easily. Then excess iron ions were over-
loaded by the diffusion method to prepare siGPX4 and iron ions co-
loaded ferritin nanocages. The overloaded iron ions in the nanoc-
ages could not only induce ferroptosis together with siGPX4 for
synergistic tumor treatment but also assist with the lysosomal
escape of siGPX4 so as to enhance the gene silencing effect. With
the tumor-targeting effect of ferritin, HFn@Fe/siGPX4 could be
effectively delivered into tumor cells with a TfR1-mediated
pathway to inhibit tumor growth by promoting the ferroptosis of
tumor cells as proved both in vitro and in vivo. Altogether, this
study not only offered a proof-of-concept for facilitating the loading
of siRNA into ferritin nanocages through adding iron ions but also
provided a new strategy of synergistic ferroptosis induction for
cancer treatment as well as a new insight for the development of
anti-tumor nanomedicines based on the ferroptosis mechanism.
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