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The complex genomics, immunosuppressive tumor microenvironment (TME), and chemotherapeutic resistance
of osteosarcoma (OS) have resulted in limited therapeutic effects in the clinic. Ferroptosis is involved in tumor
progression and is regulated mainly by glutathione peroxidase 4 (GPX4). Small interfering RNA (siRNA)-based

zz;rsgtz:;ic thera RNA interference (RNAi) can precisely target any gene. However, achieving effective siRNA delivery is highly
Osteos};rcoma Py challenging. Here, we fabricated a TME-responsive metal-organic framework (MOF)-based biomimetic nano-

system (mFeP@si) with siGPX4 delivery and sonodynamic therapy (SDT) to treat OS by targeting ferroptosis.
Under ultrasound (US) irradiation, mFeP@si achieves lysosomal escape via singlet oxygen (10)-mediated
lysosomal membrane disruption and then accelerates ROS generation and glutathione (GSH) depletion. Mean-
while, siGPX4 silences GPX4 expression by binding to GPX4 mRNA and leads to the accumulation of toxic
phospholipid hydroperoxides (PL-OOH), further magnifying the ROS storm and triggering ferroptosis. Notably,
synergistic therapy remarkably enhances antitumor effects, improves the immunosuppressive TME by inducing
potent immunogenic cell death (ICD), and increases the sensitivity of chemotherapy-resistant OS cells to
cisplatin. Overall, this novel nanosystem, which targets ferroptosis by integrating RNAi and SDT, exhibits strong
antitumor effects both in vitro and in vivo, providing new insights for treating OS.

1. Introduction treatments are urgently needed to obtain better outcomes.

Ferroptosis is a new type of regulated cell death characterized by iron

Osteosarcoma (OS) is the most common primary bone malignancy in
children and adolescents and originates from malignant mesenchymal
cells [1]. The current treatments for osteosarcoma mainly rely on pre-
operative plus postoperative polychemotherapy and surgical recon-
struction techniques, and chemotherapy regimens still depend on drugs
similar to those used in the early 1980s [2]; moreover, survival rates
have not improved during the past three decades [3]. Therefore, novel

accumulation, lethal lipid peroxidation, and GSH deprivation [4]. Fer-
roptosis has generated tremendous interest in tumor treatments,
particularly in therapy-refractory tumors such as OS. A subset of tumors
is sensitive to ferroptosis, and inducing ferroptosis in these tumors
provides opportunities for tumor treatment [5]. Mechanistically, tumor
cells, which are in a mesenchymal state and susceptible to metastasis,
are sensitive to ferroptosis due to their unique metabolic characteristics,
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such as high levels of lipid peroxide and elevated unstable iron pools [6].

GSH/GPX4 is an important antioxidant system for regulating fer-
roptosis. GPX4 can eliminate ROS by degrading reduced GSH to oxidized
glutathione (GSSG) [7]; more importantly, GPX4 is the only known
enzyme that disrupts the lipid peroxidation chain reaction by using GSH
as an electron donor to reduce toxic phospholipid hydroperoxides
(PL-OOH) into their matching nontoxic phospholipid alcohols (PL-OH)
and leaving GSSG [8]. Therefore, targeting GPX4 in OS cells to induce
ferroptosis seems to be a promising therapeutic approach. For example,
Xu et al. reported that microRNA-1287-5p inhibited the expression of
GPX4 via RNAI and further promoted ferroptosis in OS [9].

RNA interference (RNAi) can precisely target any genetic locus
involved in tumor progression and regulate the expression of relevant
proteins. In particular, genes, which are thought to be undruggable
using traditional approaches, have become druggable via RNAi therapy
[10]. The approval of two siRNA drugs by the FDA indicates that RNAi
therapy has entered a new era and holds great potential for the treat-
ment of tumors [11,12]. However, despite these successful cases,
achieving effective delivery of siRNA to the tissue of interest in vivo is
still a challenge, especially for extrahepatic delivery.

As a noninvasive treatment, sonodynamic therapy (SDT) has more
profound tissue permeability than photodynamic therapy (PDT) and is
more suitable for deep tumors such as OS. By combining the synergetic
effects of an acoustic sensitizer, US, and oxygen (O3), SDT selectively
kills tumor cells by producing a lethal dose of ROS [13]. Recent evidence
indicates that synergistic therapy with SDT and RNAi has promising
therapeutic effects on tumors [14]. Nevertheless, certain conditions,
such as hypoxia and high GSH in the solid tumor TME, can limit the
therapeutic efficacy of SDT [15]. Therefore, there is an urgent need to
develop an acoustic sensitizer with self-produced O, and siRNA delivery
to treat OS.

Metal-organic frameworks (MOFs) are burgeoning porous materials
composed of metal ions and organic ligands with several intrinsic
properties, such as good biocompatibility, high cargo loading capacity,
and tailorable composition and structure. More interestingly, the coor-
dination bonds between metal ions and organic ligands are sensitive to
external pH, such as the acidic TME, making MOFs particularly suitable
for regulated delivery of loaded drugs and tumor therapy [16].
Zirconium-based MOFs have been favored by researchers for their good
thermodynamic stability, favorable biocompatibility, and low toxicity.
Interestingly, Zr** has a high valence positive charge and a small radius,
thus forming a strong coordination bond with the carboxyl group, which
makes it easy to form chemically stable MOFs materials [17,18]. MOFs
with porphyrins and porphyrin analogs (such as H,TCPP) as organic
ligands have gained increasing attention in the field of SDT [19].In
addition, H,TCPP also has fluorescent properties and can be used for
tracing and imaging. Recent studies have indicated that MOFs exhibit a
strong combining capacity for siRNA through electrostatic attraction
and multiple coordination bonds, and display great potential in siRNA
delivery. For example, Zhuang et al. developed a ZIF-8 MOF and suc-
cessfully delivered siRNA to breast cancer cells [20]. Guo et al. designed
a MOF loaded with anti-TNF-o siRNA to achieve targeted siRNA delivery
for treating rheumatoid arthritis [21]. Despite their great potential,
nanoscale iron porphyrinic-based MOFs with siRNA delivery, SDT, and
fluorescence properties have rarely been reported. Moreover, these
studies on how siRNAs achieve lysosomal escape are superficial. Tumor
cells exhibit a remarkable ability to bind homologous membrane pro-
teins, making tumor-targeted drug delivery possible using
membrane-coated nanodrugs [22]. Thus, tumor cell membranes are
extracted to create biomimetic nanosystems [23].

In this work, a TME-responsive MOF-based biomimetic nanosystem
(designated as mFeP@si) with siGPX4 delivery and SDT was conceptu-
alized and fabricated to treat OS. Our synthesized iron porphyrin-based
MOF (FePCN) can highly efficiently load siRNA for lysosomal escape and
intracellular release, with an in vitro knockdown efficiency of more than
85 % in 143B and K7M2 cells. Under US irradiation, FePCN decomposes
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H50, to produce O, which overcomes hypoxia and enhances SDT. As
large amounts of ROS are produced, GSH is compensatorily depleted,
and GSH depletion in turn inactivates GPX4 to some extent [24,25].
Furthermore, successful FePCN-mediated delivery of siGPX4 inactivates
GPX4 and amplifies ROS storm, resulting in the accumulation of cyto-
toxic PL-OOH and ultimately killing OS cells by initiating ferroptosis.
The synergistic therapy of SDT and RNAI also effectively promotes ICD
to improve the immunosuppressive TME and increase the sensitivity of
chemotherapy-resistant OS cells to cisplatin. Overall, our work con-
structed a TME-responsive nanosystem with siRNA delivery, SDT, and
tumor targeting that can effectively overcome the challenges of RNAi
delivery and the limitations of SDT, and provides new ideas for
MOF-based RNAi and SDT synergistic therapy for treating OS.

2. Materials and methods
2.1. Materials

Zirconium oxychloride octahydrate (ZrOCl,e8H>0), methyl p-formyl
benzoate (HCOCgH4CO2CH3), and pyrrole (C4HsN) were purchased
from Merck (Germany). Hydrochloric acid (HCI), methanol (CH30H),
propionic acid (CH3CHCOOH), ferrous chloride (FeCly), THF, and
dimethylformamide (DMF) were purchased from Sinopharm Chemical
Reagent Co. (Shanghai, China). The Calcein/PI Cell Viability/Cytotox-
icity Assay Kit, LysoTracker Green, Reactive Oxygen Species Assay Kit,
Mitochondrial Membrane Potential Assay Kit with JC-1, and Membrane
and Cytosolic Protein Extraction Kit were purchased from Beyotime
(Shanghai, China). A reduced GSH assay kit was purchased from Jian-
cheng Bioengineering Institute (Nanjing, China). An Intracellular Iron
Colorimetric Assay Kit and MDA Assay Kit were obtained from Applygen
(Beijing, China). The CCK-8 assay was purchased from Meilunbio
(Dalian, China). Cisplatin was purchased from MedChemExpress
(Shanghai, China). siGPX4 of human and mouse wewe purchased from
Tsingke Biotech (Beijing, China). Lipomaster3000 was obtained from
Vazyme (Beijign, China). The 143B, K7M2, 293T, and L1929 cell lines
were obtained from the Institute of Biochemistry and Cell Biology of the
Chinese Academy of Sciences (Shanghai, China). Dulbecco’s modified
Eagle’s medium (DMEM) and Roswell Park Memorial Institute (RPMI)
were purchased from Hyclone (USA). Fetal bovine serum (FBS) was
purchased from Gibco (USA) Penicillin-Streptomycin solution and
Tryspin-EDTA solution were purchased from Biosharp (Beijing, China).
A Milli-Q cycle purification system (Millipore, USA) was used to purify
the water used in all experiments.

2.2. Synthesis of FePCN and FeP@si

Synthesis of FePCN: Iron porphyrin [5,10,15,20-tetrakis (4-car-
boxyphenyl) porphyrin]-iron (III) chloride (TCPP(Fe)) monomer, tetra-
kis (4-carboxyphenyl) porphyrin (HoTCPP) monomer, and FePCN were
prepared according to previous methods, with some modifications to the
dosage and materials [26]. Briefly, for the FePCN NPs, ZrOCl,e8H,0
(108.6 mg), TCPP(Fe) (7 mg), HoTCPP (24 mg) and CF3COOH (0.45 mL)
were dissolved in 10 mL of DMF under US in a 20 ml Pyrex vial. The
mixture was further heated at 120 °C for 18 h in an oven. After cooling to
room temperature, the dark brown product at the bottom of the
centrifuge tube was collected by centrifugation and washed with DMF
three times and acetone twice. Finally, FePCN was dispersed in DMF (1
mg/mL) and stored at 4 °C.

Synthesis of FeP@si: The siRNA sequences used to knock down
GPX4 in the human OS cell line 143B and mouse OS cell line K7M2 were
5'-GGA AGU GGA UGA AGA UCC AdTdT-3' and 3'dTdTU GGA UCU UCA
UCC ACU UCC-5' and 5- CTA TCT CTA GCT AGC CCT AdTdT-3'/5- TAG
GGC TAG CTA GAG ATA GdTdT-3’ [27], respectively. The amount of
siGPX4 used was in accordance with the optimized and recommended
transfection concentration (at least 200 pmol per well in six-well plates,
8 pL of 25 pM siRNA added to 2 mL of medium) for cell experiments and
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the recommended dosage (1.3 pg per mouse, 4 pL of 25 pM) for animal
experiments [28]. According to the manufacturer’s instructions, 1 OD of
double-stranded RNA, with a mass of approximately 33 pg (2.5 nmol),
was present at a concentration of 0.33 pg/pL (25 pM) after adding 100
pL of DEPC-treated water. Thus, when calculating the dose of mFeP@si
administered in vivo, the siRNA mass was consistent with the recom-
mended dose of 1.3 pg. For the most efficient loading of siRNA, the
volume ratio of FePCN (1 mg/mL) to siRNA (25 pM) was maintained at
4:1. The mass of FePCN in other groups, were consistent with the mass of
FePCN in mFeP@si. The DMF solvent was removed by centrifugation at
11 000 rpm for 10 min, the FePCN was then washed three times with
DEPC-treated water to completely remove DMF, and finally a solution of
1 mg/mL was prepared with DEPC-treated water. Subsequently, 5 pL,
10 pL, 15 pL, 20 pL, 40 pL, and 80 pL of 1 mg/mL FePCN were mixed
with 20 pL of 25 pM siRNA solution, respectively, and dispersed under
sonication for 30 min to obtain different volume ratios of FeP@si.
NanodropOne was used to determine the free siRNA concentration in the
supernatant after centrifugation at 5000 rpm for 5 min. Binding effi-
ciency = (primary siRNA concentration - free siRNA concentration in the
supernatant)/primary siRNA concentration x 100 %.

2.3. Preparation of cell membranes and mFeP@si

Preparation of cell membranes: OS cell membranes were extracted
using the Membrane and Cytosol Protein Extraction Kit (Beyotime,
China) according to the manufacturer’s instructions. In brief, 143B and
K7M2 cells were selected for cell membrane extraction. Two OS cell
lines were cultured in 15-cm dishes, and after they had grown to 85 %
~95 % confluence, the culture medium was discarded, and the cells
were washed with PBS. A cell scraper was used to scrape the OS cells,
and the cells were collected by centrifugation. The cell precipitates were
washed with ice-cold PBS and subsequently centrifuged, after which the
supernatant was discarded as much as possible. Then, the cells were
resuspended in 1 ml of Solution A supplemented with phenyl methyl
sulfonyl fluoride (PMSF) and incubated in an ice bath for 10-15 min.
Afterward, the cells were freeze-thawed with liquid nitrogen several
times until they were lysed. The mixture was centrifuged at 700xg for
10 min at 4 °C, the supernatant was carefully transferred to another
centrifuge tube and centrifuged at 14 000xg for 30 min at 4 °C, and the
precipitate contained the cell membrane fragments.

Preparation of mFeP@si: 143B and K7M2 cell membrane solids (10
mg) were dispersed in 10 mL of DEPC-treated water by US. Sequentially,
the two prepared cell membranes and FeP@si (1 mg/mL) were mixed
and dispersed, respectively. Finally, the two mixtures were extruded
through a liposome extruder (Changsha Nanoapparatus Co., Limited)
with a polycarbonate porous membrane (20 pm) to obtain 143B-
mFeP@si and K7M2-mFeP@si, respectively. Cell membrane-coated
FePCN (mFePCN) was prepared via the same methods as those
described above. Unless otherwise stated, the concentration of mFeP@si
and FeP@si was based on the amount of FePCN.

2.4. Characterization of FePCN and mPePsi

Transmission electron microscopy (JEM-F200, Japan) and an
accompanying energy spectrometer were used to observe the micro-
structure and elemental distribution of FePCN.. XPert Pro instrument
(The Netherlands) was used to analyze all powder X-ray diffraction
(XRD) data. Fourier transform infrared spectrum analyzer (FT-IR5700,
USA) was utilized for FT-IR spectroscopy. A UV spectrophotometer (UV-
2600, Shimadzu, Japan) was used to obtain UV-visible absorption
spectra. A Leica STELLARIS 5 SR (Leica, Germany) was used to acquire
confocal laser fluorescence microscopy (CLSM) images. A flow cytom-
eter (FCM, cytoFlex S, Beckman) was used to analyze the FCM data. Cell
viability was assessed by a CCK-8 assay with a microplate reader
(VICTOR Nivo, PerkinElmer) at 450 nm. In vivo, an animal imaging
system (IVIS Lumina XRMS, PerkinElmer, USA) was utilized for
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fluorescence imaging.

2.5. Enzyme-like activities of FePCN

Detection of O2: To investigate the CAT-like activity of FePCN,
equal volumes of FePCN (40 pg/mL) and H20, (10 mM) were mixed at
room temperature. The dissolved O5 concentration in the water was
measured with time by a JPBJ-609L portable dissolved oxygen meter
(REX Instruments, Shanghai).

Detection of !0,: To investigate the peroxidase-like activity of
FePCN, equal volumes of FePCN (40 pg/mL) and the DPBF Assay Probe
(20 pg/mL) were mixed in the dark. DPBF aqueous solution (10 pg/mL)
was added as a control. Every 1 min, the solution was irradiated with or
without US irradiation (1 W/cmz), and the absorption peak at 415 nm
was detected by UV-visible spectroscopy for 15 min.

2.6. Cell transfection and RT-qPCR

When the density of 143B and K7M2 cells reached 70 %, siRNA
transfection was performed according to the manufacturer’s in-
structions. Briefly, 8 pL of 25 pM siRNA and 5 pL of Lipomaster3000
were added to 125 pL of Opti-MEM, respectively, and then mixed. After
15 min, the mixed solution was added dropwise to a 6-well plate. At 48
h, TRIzol reagent was used to extract total RNA, which was then reverse
transcribed to cDNA with a PrimeScript RT kit. Finally, gene expression
was assessed with SYBR green PCR mix. The sequences of primers used
were as follows: human GPX4: forward, 5-GAG GCA AGA CCG AAG TAA
ACT AC-3’; human GPX4: reverse, 5-CCG AAC TGG TTA CAC GGG AA-
3; human GAPDH: forward, 5-TGG TAT CGT GGA AGG ACT C-3;
human GAPDH: reverse, 5-AGT AGA GGC AGG GAT GAT G-3’; mouse
GPX4: forward, 5-GCC TGG ATA AGT ACA GGG GTT-3'; mouse GPX4:
reverse, 5-CAT GCA GAT CGA CTA GCT GAG-3’; mouse GAPDH: for-
ward, 5-ATC ATC CCT GCA TCC ACT-3’; and mouse GAPDH: reverse, 5-
ATC CAC GAC GGA CAC ATT-3.

2.7. Cell uptake of NPs

For fluorescence observations, two OS cell lines were inoculated in
confocal dishes at a density of 5 x 10* cells/dish, and 40 pL of FePCN (1
mg/mL) or mFePCN (1 mg/mL) was added to bring the final concen-
tration of NPs to 20 pg/mL after the cell density reached 70%-80 %. At
0, 1, 2, 4, and 6 h after incubation with FePCN or mFePCN, the nuclei
were stained with DAPI after fixation with 4 % paraformaldehyde and
observed by CLSM. In parallel experiments, FCM was used to assess the
uptake of mFePCN by 143B cells. To investigate whether FePCN can
effectively carry siRNA, we used FAM-labeled siRNA to evaluate the
intracellular distribution of FePCN (red fluorescence) and siRNA (green
fluorescence). After incubation for 6 h, the nuclei were stained with
DAPI after fixation with 4 % paraformaldehyde, and the cells were
observed by CLSM.

2.8. Study of the colocalization of NPs and lysosomal escape

143B and K7M2 cells were seeded in confocal dishes at a density of 5
x 10* cells per dish. mFeP@si (final concentration: 20 pg/ml) was added
after the cells reached 70%-80 % confluence. After incubating for 6 h,
one group was ultrasonicated (1 w/cmz, 1 min), and the other group not
subjected to irradiation served as a control. After another 4 h, all the
cells were washed with PBS, the culture medium was replaced with fresh
medium containing LysoTracker Green (50 nM), and the samples were
incubated at 37 °C. After 30 min, the culture medium was removed, and
the cells were washed with PBS. Hoechst 33342 (Biosharp, China) was
used to stain the nucleus. Images were observed by confocal microscopy
(LysoTracker Green: Ex/Em = 535/617 nm).
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2.9. Cell viability assays

In brief, 293T and L929 cells were seeded in 96-well plates (3 x 10°
cells/well) with different concentrations of mFeP@si and incubated at
37 °Cin a humidified incubator containing 5 % CO.. After 24 h, 100 pl of
culture medium containing 10 pL of CCK-8 solution was added to each
well and incubated for another hour. The optical absorbance of each
well was read at 450 nm using a microplate reader.

2.10. Antitumor effect of mFeP@si in vitro

Live and dead cell staining: Briefly, 143B and K7M2 cells were
divided into 6 groups (G1: control; G2: naked-si (8 pL, 25 pM); G3:
mFePCN (40 pL, 1 mg/mL); G4: mFeP@si (40 pL, 1 mg/mL); G5: US +
mFePCN (40 pL, 1 mg/mL); and G6: US + mFeP@si (40 pL, 1 mg/mL))
and inoculated in 6-well plates (2 x 10° cells/well) for 24 h. Then, the
cells were washed with PBS, and the supernatants were replaced with
fresh complete DMEM/1640 with or without different NPs (final con-
centration: 20 pg/mL) and incubated for another 6 h, followed by son-
ication. For the groups (G5 and G6) exposed to US irradiation, a
sonicator device purchased from Shenzhen WELLD Medical Electronics
Company (Shenzhen, China) was utilized. The intensity of the US irra-
diation was 1.0 W/cm? (frequency: 1 MHz; duty cycle: 50 %) for 1 min.
Twelve hours after US irradiation, the number of live and dead cells was
measured by the Calcein/PI Cell Viability/Cytotoxicity Assay Kit
(Beyotime, China) according to the manufacturer’s protocol. Images of
live and dead cells were captured using a fluorescence microscope
(calcein AM: Ex/Em = 494/517 nm; PI: Ex/Em = 535/617 nm).

Colony formation assay: Briefly, 143B and K7M2 cells were inoc-
ulated in 6-well plates (1000 cells/well) and treated every two days as
described above. On day 7, the cells were fixed with 4 % para-
formaldehyde and stained with crystal violet. Images were captured
with a digital camera.

2.11. ROS generation

Briefly, 143B and K7M2 cells were divided into 6 groups, inoculated
into 6-well plates (2 x 10° cells/well) for 24 h, incubated with NPs for 6
h, and then subjected to US irradiation as described above. Six hours
after US irradiation, Opti-MEM was used to dilute DCFH-DA to 10 pM.
The medium was replaced with Opti-MEM staining solution, and the
cells were incubated for another 20 min at 37 °C. The fluorescence
images were captured under a fluorescence microscope. In parallel ex-
periments, 6 h after US irradiation, the cells were incubated with 10 pM
DCFH-DA in Opti-MEM for 20 min. The cells were subsequently digested
and resuspended in PBS, after which the ROS levels were quantified via
FCM (Beckman, USA). The green fluorescence of DCFH-DA was deter-
mined at Ex 488 nm and Em 525 nm.

2.12. Mitochondrial membrane potential determination

A mitochondrial membrane potential assay kit with JC-1 (Beyotime,
China) was used to assess MMP loss according to the manufacturer’s
protocol. In brief, OS cells were divided into the 6 groups mentioned
above. 143B and K7M2 cells were seeded in confocal dishes (5 x 10*
cells/dish), cultured for 24 h and treated as described above. JC-1
working solutions were prepared according to the manufacturer’s pro-
tocol, and the cells were incubated at 37 °C for 20 min. Then, the cells
were washed twice with precooled staining buffer, and 2 mL of fresh
medium was added. Confocal images were obtained by CLSM. In parallel
experiments, the cells were digested and suspended after incubation
with JC-1 working solution for analysis via FCM (J-aggregates: Ex/Em
= 585/590 nm; J-monomer: Ex/Em = 514/529 nm).
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2.13. Intracellular GPX4 expression

In brief, OS cells were divided into the 6 groups mentioned above.
143B and K7M2 cells were seeded in confocal dishes (5 x 10* cells/
dish), cultured for 24 h and treated as described above. Twelve hours
after US irradiation, 143B and K7M2 cells were fixed with 4 % para-
formaldehyde, blocked with goat serum, and lysed with Triton X-100.
After incubation with a GPX4 primary antibody (1:200) overnight and a
Cy3-labeled secondary antibody (1:200) for 1 h in the dark, the cells
were observed via CLSM (Cy3: Ex/Em = 550/570 nm).

2.14. Evaluating ferroptosis in OS cells

Intracellular total iron: The iron ion concentration was analyzed
using an Intracellular Iron Colorimetric Assay Kit according to the
manufacturer’s instructions. Briefly, the treated cells were lysed and
centrifuged at 12 000 x rpm for 5 min to obtain the supernatant. 100 pL
of the supernatant was incubated with 100 pL of solution A for 1 h at
60 °C. Then, 30 pL of test working solution was added, and the mixture
was incubated for 30 min at RT. After centrifugation at 12 000 x rpm for
5 min, 100 pL of the supernatant was added to a 96-well plate, and the
optical absorbance of each well was read at 550 nm using a microplate
reader. The relative iron content is expressed as the ratio of the absor-
bance values of the treated and control cells.

Lipid peroxidation assessment: A Lipid Peroxidation MDA Assay
Kit was used to detect lipid peroxidation (LPO) levels. According to the
manufacturer’s protocol, after washing with PBS, lysis buffer was added
to the cells, the cells were homogenized on ice, the mixtures were
centrifuged at 10 000xg for 10 min at 4 °C, and the supernatant was
subsequently collected. 100 pL of each supernatant was incubated with
100 pL of the test work solution for 15 min at 100 °C and then cooled to
RT. The mixtures were centrifuged at 10 000 x g for 10 min to obtain
supernatants, and the absorbance was read at 535 nm using a microplate
reader. The relative MDA content is expressed as the ratio of the
absorbance values of the treated and control cells.

Intracellular GSH concentration: A reduced glutathione (GSH)
assay kit was used to measure the GSH concentration in the cells. Briefly,
after being washed and lysed, 0.1 mL of cell suspension and 0.1 mL of
Reagent I were mixed adequately and centrifuged at 3500 x rpm for 10
min to obtain the supernatant. Then, 100 pL of Reagent II and 25 pL of
Reagent III were added to 100 pL of supernatant and mixed with slight
shaking. The absorbance of each well was measured at 405 nm using a
microplate reader. The relative GSH concentration is expressed as the
ratio of the absorbance values of treated and control cells.

2.15. Immunogenic cell death (ICD) of OS cells

Detection of the secreted ATP concentration: An ATP Assay Kit
was used to detect the secreted ATP concentration in the medium.
Briefly, the cell culture media of 143B and K7M2 cells subjected to
different treatments were collected and centrifuged at 5000 rpm for 10
min to obtain the supernatants. Then, 100 pL of test working solution
was added to the 96-well plate, and after 5 min, 20 pL of the supernatant
was added and quickly mixed. The RLU value was determined by a
luminometer.

Evaluation of CRT and HMGBI1 expression: 143B and K7M2 cells
were inoculated in confocal dishes (5 x 10* cells/dish) and incubated for
24 h. After the treatments mentioned above, 4 % paraformaldehyde,
TRITON (0.3 %), and goat serum (Boster, China) were added in order.
After removing the goat serum, calreticulin (CRT) and high mobility
group bl protein (HMGB1) primary antibodies were added at a dilution
of 1:400 in PBS and incubated overnight at 4 °C. After washing three
times with PBS, goat anti-rabbit IgG was added at a dilution of 1:200 in
PBS, and the samples were incubated at 37 °C for 1 h in the dark. Nuclei
were stained with DAPI for 5 min, after which the cells were observed
via CLSM (Cy3: Ex/Em = 550/570 nm).
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2.16. Effects on cisplatin-resistant OS in vitro

In parallel experiments, we replaced 143B cells with cisplatin-
resistant 143B cells (143B-R). In vitro live/dead cell staining and col-
ony formation assays, as described above, were used to investigate
whether synergistic treatment with SDT and RNAi is effective for
treating cisplatin-resistant osteosarcoma cells.

2.17. In vivo distribution

All animal experimental procedures were authorized by the Animal
Care and Use Committee of Zhongnan Hospital, Wuhan University (NO.
ZN2023172) and were conducted following the Guidelines for the Care
and Use of Laboratory Animals. Briefly, 4-week-old BALB/c male mice
were subcutaneously injected with 5 x 10° K7M2 cells into the right
flank to establish a subcutaneous OS model. Mice with a tumor volume
of 100 mm® were selected and then randomized into different groups (3
mice in each group). Saline, FeP@si (siRNA: 1.3 pg per mouse) and
mFeP@si (siRNA: 1.3 pg per mouse) were intravenously injected
through the tail vein. Fluorescence images were obtained using a live
imaging system (Ex = 561 nm, Em = 660 nm) at pre-treated time point
(Oh,2h,4h,6h,12h and 24 h). Then, all animals were subjected to
euthanasia at 48 h, and the major organs (including the heart, lung,
liver, spleen, and kidney) and tumor tissues were separated and imaged
in the same imaging system.

2.18. In vivo antitumor effects

To establish a subcutaneous OS model, we subcutaneously injected 5
x 108 143B cells into the right flank of the mice and measured the tumor
size every 3 days. After 7 days, mice with a tumor volume of 100 mm?>
were selected and then randomized into the following six treatment
groups (4 mice in each group): G1, saline; G2, naked-si (1.3 pg siRNA per
mouse); G3, mFePCN (16 pg per mouse); G4, mFeP@si (16 pg per
mouse); G5, US + mFePCN (16 pg per mouse); and G6, US + mFeP@si
(16 pg per mouse). The mass of 4 pL of 25 uM siRNA was approximately
1.32 pg, which is in accordance with the recommended dosage for
experimental animals (1.3 pg per mouse). Notably, to be consistent with
the recommended siRNA usage in mouse and for sufficient SDT effects,
for G4 and G6, 16 pL of 1 mg/mL FePCN and 4 pL of 25 pM siRNA
(volume ratio 4:1) were used to construct the mFeP@si used in animal
experiments and 20 pL of mFeP@si (800 pg/mL) contained 100 pmol
siRNA.

To maintain a consistent siRNA quality, 16 pL of 1 mg/mL FePCN
was used to load the siRNAs. The different drugs were injected into the
tail vein every three days, and for the G5 and G6 groups, US (2.5 W/cm?,
3 min) was applied 24 h after injection. The nude mice were anes-
thetized with isoflurane. Then, the ultrasonic coupling agent was added
to a 2 cm deep tube, and the tumor was placed into the ultrasonic
coupling agent for exact ultrasonic radiation. All groups were continu-
ously treated for three weeks and sacrificed at 21 days. Whole blood was
obtained from nude mice for serum biochemical analysis, and tumors
and major organs were isolated and analyzed histologically (H&E,
immunohistochemistry of GPX4 and Ki67, immunofluorescence of CRT,
HMGB1, and TUNEL staining). The tumor volumes were calculated ac-
cording to the following widely used formula: tumor volume (mm?®) =
axial length (mm) x (lateral axial length)2 (mmz)/2. We also recorded
the weights of the nude mice throughout the experiment.

2.19. Biosafety assessment in vivo

On the last day of the treatment procedure, major organs (heart,
liver, spleen, lung, and kidney) and fresh blood samples were collected
from three mice in each group to evaluate the biosafety of the prepared
NPs. H&E staining was used to assess the toxicity of NPs to organs, and
blood samples were used to analyze serum biochemical indicators (ALT,
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AST, and BUN) and blood parameters (WBC, RBC, and HB).
2.20. Statistical analysis

All the data are presented as the mean =+ standard deviation. Stu-
dent’s t-test was used to compare the mean values of unpaired data.
Analysis of variance (ANOVA) was used to analyze the differences be-
tween multiple groups. GraphPad Prism version 8.30 software was used
for the statistical analyses (GraphPad; La Jolla, CA). All the experiments
were repeated three times. A P value < 0.05 was considered to indicate
statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001).

3. Results and discussion
3.1. Synthesis and characterization of FePCN, FeP@si and mFeP@si

RNA interference (RNAi) is attracting more and more attention
because of its potential to precisely target any gene involved in tumor
progression and regulate the expression of relevant proteins and genes
that are considered undruggable using traditional methods have become
druggable via RNAi [29]. However, in vivo delivery of siRNA remains an
enormous challenge. It has been reported that there is strong electro-
static attraction between the metal nodes of MOFs and the backbone
phosphates of the siRNA, and the porous structure can protect the siRNA
and allow for efficient RNA loading. Thus, MOFs seem to be potential
delivery vessels for siRNA. Here, we report a FePCN-based biomimetic
nanosystem (designated as mFeP@si) with siGPX4 delivery, catalase
(CAT)-like activity, peroxidase-like activity, fluorescent properties and
enhanced SDT. The design and synthetic routes of mFeP@si are briefly
outlined in Fig. 1A. To synthesize FePCN with CAT-like activity,
peroxidase-like activity and fluorescent properties, tetrakis (4-carbox-
yphenyl) porphyrin iron (III) chloride (TCPP(Fe) monomer and tetrakis
(4-carboxyphenyl) porphyrin (H,TCPP) monomer were synthesized ac-
cording to methods reported in the literature. FT-IR confirmed the
successful synthesis of Hy;TCPP and TCPP(Fe) (Figs. S1 and S2). Then,
TCPP(Fe), HoTCPP and 7Zr*t were mixed in DMF and centrifuged to
obtain FePCN via a one-pot method. Subsequently, in DEPC-treated
water, siRNA was loaded into FePCN to obtain FeP@si. The final prod-
uct, mFeP@si, was obtained by coating FeP@si with OS cell membranes.

Adequate characterizations of NPs are essential for therapeutic im-
plications. TEM was used to characterize the micromorphology of
FePCN (Fig. 1B), FeP@si (Fig. 1C), and mFeP@si (Fig. 1D). As shown in
the TEM images, all the nanoparticles (NPs) exhibited a hollow nanorod-
like structure with a uniform particle size, and neither the siRNA loading
nor the membrane coating changed the micromorphology of the MOF.
The linear streaks are visible on the surface of FePCN. Notably, the
blurring of the linear streaks on the surface of the mFeP@si, as shown in
Fig. 1D, demonstrated successful encapsulation of the cell membrane. To
further characterize the encapsulating of OS cell membranes, we also
extracted the cell membranes of OS cells and mFeP@si, and observed the
distribution of specific membrane proteins by SDS-PAGE (sodium
dodecyl sulfate-polyacrylamide gel electrophoresis). As shown in
Fig. S3, the encapsulated cell membranes still have complete structures
and retain almost all specific membrane proteins, which indicates that
mFeP@si has excellent homologous targeting potential. HAADF (High-
angle annular dark-field imaging) and elemental mapping were used to
analyze the elemental composition of FePCN. As shown in Fig. 1E, C, N,
O, Zr, and Fe were uniformly distributed in the aggregations and these
images confirmed the successful synthesis of FePCN. EDS was adopted to
further analyze the content of C, Zr, and Fe (Fig. 1F), and the result was
consistent with the elemental mapping. XPS analysis was applied to
further characterize the elemental composition of FePCN. To obtain a
deeper understanding of the surface chemistry of FePCN, an XPS eval-
uation was also performed. The wide-scan XPS spectrum (Fig. S4A)
clearly shows that FePCN is mainly composed of C, O, N, Zr and Fe. The
high-resolution XPS spectra of Fe 2p after Gaussian curve fitting was
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Fig. 1. A) Schematic of mFeP@si fabrication. B-D) TEM images of FePCN, FeP@si, and mFeP@si (Scale bar: 100 nm). E) HAADF and EDS mapping images of FePCN
(Scale bar: 100 nm). F) C, Fe and Zr content in FePCN by EDS analysis. G) XRD and H) FT-IR characteristics of FePCN. I) UV-Vis spectra of different concentrations

of FePCN.

adopted to examine the Fe component in detail. Fe 2p core level spectra
of FePCN consists of six characteristic peaks (Fig. S4B). By calculating
the area under each characteristic peak, the Fe>* and Fe?* accounted for
92 % and 8 %, respectively. XRD, FT-IR, and UV-visible absorption
spectroscopy are commonly used to analyze the characteristic peaks of
materials to further confirm successful synthesis. Notably, in the XRD
pattern, the characteristic peaks of FePCN were consistent with those of
the previously reported MOF-545, which proves the successful synthesis
of the classical MOF (Fig. 1G). The successful doping of Fe in FePCN was
confirmed by the Fe-N stretching vibration peak at 998.95 cm ™! in the
FT-IR spectrum (Fig. 1H). UV-Vis absorption spectroscopy of FePCN
proved that FePCN remained stable at different concentrations (Fig. 11).
Moreover, the successful synthesis of FeP@si was confirmed by UV-Vis
absorption spectroscopy, as shown in Fig. 2A. As simple and reproduc-
ible tools for investigating the size and surface charge of particles, dy-
namic light scattering (DLS) and zeta potential (ZP) methods are widely
utilized. The ZP of FePCN, FeP@si, and mFeP@si were 35.80 + 0.66

mV, —8.56 + 1.22 mV, and —33.60 + 0.70 mV, respectively (Fig. 2B).
siRNA binding changed the ZP of FePCN from positive to negative,
which might be attributed to the phosphate backbone of the siRNA.
These findings demonstrated that FePCN has a good loading capacity for
siRNAs. The wrapping of the cell membrane further decreased the zeta
potential of mFeP@si. As shown in Fig. 2B, DLS results suggest that
FePCN, FeP@si, and mFeP@si have homogeneous hydrodynamic di-
ameters and the average particle size of FePCN, FeP@si, and mFeP@si
are 482.6 + 3.8 nm, 462.5 + 7.0 nm, and 491.8 + 7.5 nm, respectively,
which is consistent with the TEM results. To simulate the stability of the
NPs during circulation in vivo, we tested the stability of mFeP@si in
DMEM and DMEM+10 % FBS. As shown in Fig. S5, the hydrodynamic
size of mFeP@si did not change significantly over 3 days. Notably, the
hydrodynamic diameter of mFeP@si increased slightly in the two media
compared to the hydrodynamic size in water, which may be related to
the complex composition of the medium. Notably, this increase in par-
ticle size may be due to the adsorption of amino acids and proteins in the
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FBS, rather than the mFeP@si itself becoming larger.

3.2. Enhanced SDT potential and siRNA binding efficiency

SDT has received increased attention since it is non-invasive and has
deeper tissue penetration, making it more suitable for treating profound
tumors. However, the microenvironment of solid tumors (such as hyp-
oxia and high GSH levels) often limits the efficacy of SDT. High H,04
levels in the TME can serve as a source of oxygen to alleviate hypoxia. To
assess the CAT-like activity of FePCN, we tested the ability of FePCN to
utilize HpO; to produce Oy under different conditions by a dissolved
oxygen analyzer (JPB-609 L). As shown in Fig. 2C, FePCN can decom-
pose Hy05 to produce O, which indicates that FePCN has excellent CAT-
like activity and is expected to improve hypoxia and enhance SDT.
Achieving lysosomal escape of siRNA payloads is one of the major bar-
riers for siRNA delivery in vivo and is the basis for targeting and
degrading specific mRNAs in the cytoplasm [30]. Cytotoxic singlet ox-
ygen (10y) can disrupt the membrane of lysosomes and enable the de-
livery of loaded drugs into the cytoplasm, thus achieving lysosomal
escape of the NPs [31]. Therefore, we next assessed the effect of SDT on
the peroxidase-like activity of FePCN by detecting the 'O concentration
with the probe 1,3-diphenylisobenzofuran (DPBF). As shown in Fig. 2D,
under the synergistic effect of US and FePCN, the absorption curve of
DPBF decreased significantly with time. This suggests that under US
irradiation, FePCN produces a large amount of 102, which ensures

lysosomal escape and the effects of SDT. Electron spin resonance (ESR)
was used to further examine the capacity of FePCN to produce 10, under
ultrasonic irradiation. As shown in Fig. S6, there are three peaks from
left to right with the last peak being slightly lower than the first two. This
result is consistent with the characterization of the 10, ESR spectrogram
and proves the production of 0, by SDT. In brief, Under US irradiation,
FePCN achieved tandem catalysis from Hy02 to O and from O3 to 102,
suggesting its potential to improve tumor hypoxia, achieve lysosomal
escape and enhance SDT. In addition, to further evaluate the Fenton
reaction and chemo-dynamic therapy (CDT) effects, we also detected
hydroxyl radicals (-OH) by ESR. There are four peaks in the ESR spec-
trogram and the ratio of the peaks from left to right is approximately
1:2:2:1 (Fig. S7). This is consistent with the hydroxyl radical charac-
terization and suggests the occurrence of a Fenton reaction and CDT
effects. Due to their fluorescent properties, NPs are often used for tracing
and imaging. Therefore, we examined the fluorescence properties of
FePCN. As shown in Fig. 2E, the fluorescence properties of FePCN were
similar to those of HoTCPP.

The regulation of ferroptosis is strongly related to GSH biosynthesis
and the normal function of GPX4, and GPX4 is paramount to this
metabolic axis [32]. Therefore, inhibiting GPX4 expression to induce
ferroptosis is a feasible strategy for OS therapy. Next, we synthesized
human and mouse siGPX4s and negative control siRNA (si-NC) accord-
ing to previous methods [27]. The siRNAs were transfected into 143B
and K7M2 cells for 48 h, respectively. RT-qPCR was performed to detect
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the knockdown efficiency of GPX4 and to determine the siRNA se-
quences to be used for subsequent experiments. As shown in Figs. S8 and
S9, the second siGPX4 of human origin and the second siGPX4 of mouse
origin had knockdown efficiencies greater than 90 % and 80 % in 143B
and K7M2 cells, respectively, and were therefore selected for subsequent
experiments. To investigate the loading ability of FePCN on siRNA, we
explored the influence of the volume ratio (FePCN/siGPX4) on the
binding efficiency at a specific concentration (FePCN: 1 mg/mL, siGPX4:
25 pM). As shown in Fig. 2F, when the volume ratio reached 2 or higher,
almost all siRNAs were bound to FePCN, which indicated that FePCN
had a good loading capacity for siRNAs. When the volume ratio reached
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2 or higher, no siRNA bands were shown in the agarose gel electro-
phoresis experiments, indicating that almost no free siRNA was present
in the solution (Fig. 2G). This result also confirms the binding efficiency
in another way. In addition, US irradiation hardly caused the degrada-
tion of siRNAs. The electrostatic attraction and multiple coordination
bonds between the siRNA phosphate backbone and the FePCN metal
ions account for the strong binding ability of FePCN to siRNA [33].
Finally, mFeP@si with volume ratios of 1, 2 and 4 were used to assess
the knockdown efficiency of GPX4 in 143B and K7M2 cells by RT-qPCR
and the knockdown efficiency was maximized in both 143B and K7M2
cells when the volume ratio was 4 (Fig. 2H and I). To further evaluate
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Fig. 3. A-B) Uptake of mFePCN by 143B and K7M2 at preset time points (0 h, 1 h, 2 h, 4 h, and 6 h) detected by CLSM and FCM (Scale bar: 50 pm). C-D) Positional
distribution of siRNA (green fluorescence) and FePCN (red fluorescence) in 143B and K7M2 cells assessed by CLSM (Scale bar: 50 pm). E-F) Analysis of mFeP@si
lysosomal escape and fluorescence co-localization with or without US irradiation in 143B and K7M2 cells (Scale bar: 50 pm). G) Schematic illustration of 10,-

mediated lysosomal escape.
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the knockdown efficiency of GPX4 on protein level, we extracted pro-
teins from two OS cells after different treatments, and the Western Blot
results showed that mFeP@si with a volume ratio of 4 most efficiently
silenced the expression of GPX4 on protein level, and this result was
consistent with RT-qPCR (Fig. S10). These results indicate that mFeP@si
with a volume ratio of 4 efficiently silences GPX4 at both the mRNA and
protein levels, with great potential to indulge ferroptosis. Notably, to be
consistent with the recommended siRNA usage of commercial trans-
fection reagents and for sufficient SDT effects, for one well of a 6-well
plate, 40 pL of 1 mg/mL FePCN and 10 pL of 25 pM siRNA (volume
ratio 4:1) were used to construct the mFeP@si used in the following cell
experiments and 50 pL of mFeP@si (800 pg/mL) contained 250 pmol
siRNA.

3.3. Cellular uptake and lysosomal escape

Nanodrugs are favored by researchers because of their specific
physicochemical, biological, and catalytic activities, which can over-
come many of the limitations of conventional agents [34]. Remarkably,
various factors, such as size, zeta potential, and surface modifications,
influence the cellular uptake and intracellular transport of NPs and
determine whether NPs are internalized through phagocytosis (such as
bacteria and cargos of large sizes) or endocytosis (such as membrane
fusion) [35]. Therefore, it is crucial to assess the cellular uptake of
mFePCN prior to further experiments. We incubated mFePCN and
FePCN with 143B and K7M2 cells, respectively, and evaluated the up-
take efficiency of the two nanoparticles at predetermined time points (0
h,1h,2h,4h, and 6 h) by CLSM. The uptake of mFePCN by both 143B
and K7M2 cells gradually increased with time and reached a maximum
at 6 h, as evidenced by intracellular red fluorescence (Fig. 3A). For
further confirmation, we assessed the efficiency of mFePCN uptake by
OS cells at the same time points by FCM, and the results were consistent
with those of CLSM (Fig. 3B). Tumor cell membranes can provide ho-
mologous targeting ability for NPs, which facilitates the aggregation and
internalization of NPs at the tumor site [36]. Therefore, we analyzed the
effect of OS cell membranes on FePCN internalization. As shown in
Fig. S11, 143B cells showed significantly greater uptake of mFePCN than
of FePCN. K7M2 cells demonstrated the same results (Fig. S12). These
differences in cellular uptake may be related to the zeta potential and
surface modifications of these two NPs. In addition, the wrapping of cell
membranes also contributes to the difference in uptake between the two,
as the presence of the cell membrane makes it easier for tumor cells to
take up mFePCN by membrane fusion. Next, we synthesized NPs with
dual fluorescence (FAM-FeP@si and FAM-mFeP@si) using FAM-labeled
siRNA and further assessed the uptake of the NPs by 143B and K7M2
cells by CLSM 6 h after coincubation. Moreover, the commercial trans-
fection reagent Lipomaster3000 (Vazyme, China) was used as a control
to assess the ability of mFeP@si to deliver siRNA. There was no signif-
icant difference between mFeP@si and Lipomaster3000 in delivering
siRNA to 143B cells, as evidenced by the distribution of green fluores-
cence inside the cells (Fig. 3C). K7M2 cells exhibited similar results
(Fig. 3D). Moreover, from the CLSM image of FAM-mFeP@si, we
confirmed that the green and red fluorescence strongly overlapped,
which means that the spatial positions of FePCN and siRNA were highly
overlapped, proving the successful synthesis of mFeP@si.

After being taken up by cells, most nanodrugs undergo intracellular
transport via the endosomal-lysosomal pathway. Failed lysosomal
escape usually causes degradation of NPs [37]. Therefore, overcoming
the endosomal/lysosomal barrier is crucial for successful delivery of
mFeP@si and OS treatment. The commercial reagent LysoTracker Green
(Beyotime, China) was used to label intracellular lysosomes. We evalu-
ated whether the NPs could achieve lysosomal escape in 143B and K7M2
cells by CLSM and colocalization analysis (ImageJ, USA). For 143B cells,
in the absence of US irradiation, intracellular red and green fluorescence
strongly overlapped, indicating that the NPs were localized in lyso-
somes, as evidenced by fluorescence colocalization analysis.
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Interestingly, there was no significant overlap of intracellular red and
green fluorescence under US irradiation, and in addition, the Pearson’s
correlation coefficients decreased from 0.88 to 0.41. Combined with
CLSM images and colocalization analysis, mFeP@si successfully ach-
ieved lysosomal escape under US irradiation (Fig. 3E). K7M2 cells
exhibited the same results under US irradiation, as demonstrated by
CLSM images and colocalization analysis (Fig. 3F). Subsequently, we
also examined the expression level of GPX4 at the protein level by
Western Blot to show consistency. The results showed that the GPX4
gene silencing efficiency was obviously enhanced under US irradiation
(Fig. S13). These results indicate that our synthesized NPs, which can be
effectively taken up by OS cells and overcome the endosomal/lysosomal
barrier, are promising for further applications. The mechanism of lyso-
somal escape is outlined in Fig. 3G. Briefly, 10, produced by the syn-
ergistic effect of US, FePCN, and O, disrupts endosomal/lysosomal
membranes to achieve lysosomal escape of mFeP@si.

3.4. Effects and mechanisms of synergistic therapy against OS

When used for biomedical applications, the toxicity and biocom-
patibility of NPs are characteristics that must be considered [38].
Therefore, we treated 293T (human) and L929 (mouse) cells with
different concentrations of mFeP@si to assess biosafety in vitro. As
shown in Fig. S14, cell viability remained above 90 % when the con-
centration of mFeP@si was less than 100 pg/mL. This trend, which
remained consistent among the two cell lines, demonstrated the good
biocompatibility of mFeP@si. For NPs administered via systemic routes
for gene delivery, imaging and therapeutic purposes, blood compati-
bility is another safety issue that needs to be emphasized [39]. In vitro
hemolysis experiments demonstrated that mFeP@si has good blood
compatibility, and concentrations up to 400 pg/mL did not cause sig-
nificant hemolysis (Fig. S15). This finding undoubtedly indicates that
mFeP@si has excellent biosafety and can be injected intravenously for
therapeutic use. In theory, our synthesized mFeP@si can meet the needs
of siGPX4-targeted delivery and SDT sensitization. When mFeP@si is
taken up by OS cells, under US irradiation, the whole nanosystem am-
plifies the intracellular ROS storm, depletes GSH in various ways, and
ultimately induces ferroptosis of tumor cells by inhibiting the function of
GPX4. Therefore, we performed a series of in vitro experiments to
evaluate the therapeutic effect on OS. A Calcein/PI cell viability/cyto-
toxicity Assay Kit (Beyotime, China) was used to assess the effect of
different treatments on OS cell viability according to the manufacturer’s
guidelines (green fluorescence: live cells, red fluorescence: dead cells).
As shown in Fig. 4A, compared to the control, naked siRNA and mFePCN
had little effect on 143B and K7M2 cell viability, and only a few cells
were stained red. This finding also proves the biosafety of mFePCN from
another aspect. Under US irradiation, mFePCN killed some of the cells.
Surprisingly, with the successful delivery of siGPX4 by mFeP@si, syn-
ergistic therapy with SDT and RNAi killed the vast majority of OS cells,
as evidenced by the dense red fluorescence in the inverted fluorescence
microscopy images. A colony formation assay was used to further
confirm the tumor-suppressive effects of synergistic therapy in vitro
(Fig. 4B). Compared with those in the other groups, only a small number
of cell colonies were formed in the G5 (US + mFePCN) and G6 (US +
mFeP@si) groups, and even fewer were formed in the G6 group. To
further evaluate the tumor therapy efficacy, we also assessed 143B and
K7M2 cell viability after different treatments by CCK-8 assay. Cell
viability was markedly decreased in the G4, G5 and G6 groups, and the
synergistic therapy with RNAi and SDT most significantly inhibited the
viability of 143B and K7M2 cells (Fig. S16). Combined with the results
above, we confirmed that the synergistic therapy of SDT and RNAI has a
strong inhibitory effect on OS in vitro.

However, the pathway by which synergistic therapy inhibits OS
progression remains unclear. Next, we explored the intrinsic mecha-
nisms of synergistic therapy against OS in a variety of ways. Given the
clear SDT and siGPX4 delivery abilities of mFeP@si, we first evaluated
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Fig. 4. A-B) Live and dead cell staining and colony formation of 143B and K7M2 cells after different treatments (scale bar: 200 pm). C) Fluorescence images of ROS
levels in 143B and K7M2 cells after different treatments (scale bar: 100 pm). D) FCM results of ROS levels in 143B cells after different treatments. E) CLSM images of
MMP loss in 143B and K7M2 cells after different treatments (scale bar: 50 um). F) FCM results of MMP loss in 143B cells after different treatments. H) Relative
intracellular iron ion levels, I) MDA levels, and J) GSH levels in 143B cells after different treatments. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. G1: control; G2:

naked-si; G3: mFePCN; G4: mFeP@si; G5: US + mFePCN; G6: US + mFeP@si.

the effects of different treatments on intracellular ROS levels in 143B
and K7M2 cells via the use of a DCFH-DA probe. In the absence of
additional stimulation, intracellular ROS were maintained at low levels,
such as in the G1 (control) and G2 (naked-si) groups, and only a small
amount of green fluorescence was observed in the cells. This is well
explained because naked siRNA is negatively charged and can hardly be
taken up by cells [40]. In the G3 (mFePCN) and G4 (mFeP@si) groups,
the intracellular ROS levels increased, which may be related to the
Fenton reaction induced by iron ions. Under US irradiation, cellular ROS
levels were significantly elevated in the G5 (US + mFePCN) group,
which could be explained by a significant effect of SDT. With the inhi-
bition of GPX4 function, the intracellular antioxidant system further
collapsed, and the synergistic therapy of SDT and RNAi maximized the
increase in intracellular ROS levels in the G6 (US + mFeP@si) group
(Fig. 4C). To further confirm these results, we also assessed intracellular
ROS levels in different groups of 143B cells by FCM (Fig. 4D). Recent
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studies have shown that loss of the mitochondrial membrane potential
(MMP) is associated with cell death induced by SDT [41]. Therefore, we
next evaluated MMP loss in different groups of cells by using a mito-
chondrial membrane potential assay kit (JC-1) (Beyotime, China). There
was no significant loss of MMP in the G1 and G2 groups, as shown in the
CLSM images, as evidenced by the bright red intracellular fluorescence.
The MMP of cells in the G3 and G4 groups was partially lost, but overall,
red fluorescence was still predominant. Under US irradiation, syner-
gistic therapy with SDT and RNAI resulted in an almost complete loss of
MMP in the G6 group, as evidenced by bright green intracellular fluo-
rescence (Fig. 4E). Moreover, we evaluated the effect of different
treatments on the mitochondrial membrane potential of 143B cells by
FCM, and the results were consistent with those of CLSM (Fig. 4F).
Moreover, we found reduced expression of GPX4 in the G4 and G5
groups by CLSM, which may be caused by siGPX4 and SDT-mediated
GSH depletion, respectively. The most significant decrease in
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intracellular GPX4 expression in the G6 group was attributed to the
combination of siGPX4 and SDT (Fig. 4G).

ROS generation, MMP loss, and GPX4 inactivation are strongly
associated with ferroptosis [42,43]. Ferroptosis, which is driven by lipid
peroxidation, is an iron-dependent form of regulated cell death [44]. To
clarify whether synergistic treatment inhibits OS progression by
inducing ferroptosis, we first examined the levels of intracellular iron
ions in 143B cells after different treatments (Fig. 4H). After US

Fenton Reaction
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irradiation, mFeP@si most significantly increased the intracellular iron
ion concentration. However, the intracellular iron ion concentration in
the G1-G4 groups remained almost unchanged. This apparent difference
may be related to the elevated unstable iron pools in tumor cells. High
levels of intracellular lipid peroxidation are thought to be a determinant
of the onset of ferroptosis [45]. The detection of intracellular lipid
peroxidation helps us to clarify whether ferroptosis occurs. Next, we
detected the intracellular lipid peroxidation level in 143B cells with an
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Fig. 5. A) Schematic illustration of robust ferroptosis triggered by RNAi and SDT. B-C) ATP concentration in the media of 143B and K7M2 cells (n = 3, ***p <
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MDA assay kit (Beyotime, China). As shown in Fig. 41, compared with
the other groups, the G6 group had the most pronounced accumulation
of toxic lipid peroxidation, which was twice as high as that of the G1
group. Ferroptosis often occurs with GSH depletion, and GSH depletion
in turn inactivates GPX4, leading to the accumulation of toxic lipid
peroxidation products and further amplifying ferroptosis [46]. There-
fore, the detection of intracellular GSH levels is important for assessing
ferroptosis. For this purpose, a reduced GSH assay kit (Nanjing, China)
was used to measure the level of GSH in 143B cells. Synergistic treat-
ment with SDT and RNAi most significantly depleted intracellular GSH
(Fig. 47). In addition, we detected the same indicators of ferroptosis in
K7M2 cells and obtained similar results (Fig. S17). These results
demonstrated that the synergistic therapy with RNAi and SDT precisely
triggered ferroptosis in OS cells of different species origin. Taken
together, these results confirm our hypothesis presented in Fig. 5A. In
brief, synergistic therapy with SDT and RNAI precisely boosts ferroptosis
and ultimately inhibits OS progression by amplifying ROS storms, GSH
depletion, GPX4 inactivation, and toxic lipid peroxidation
accumulation.

3.5. ICD and chemotherapy sensitization

The immunosuppressive TME of OS is a challenge that has plagued
researchers for years, as it has led to poor OS immunotherapy [47].
Therefore, developing therapeutic modalities that improve the immu-
nosuppressive TME is essential for treating OS. Immunogenic cell death
(ICD) is effectively triggered by the release of damage-associated mo-
lecular patterns (DAMPs), such as secreted adenosine triphosphate
(ATP), surface-exposed calreticulin (CRT), and released high mobility
group protein 1 (HMGB1), and stimulates the immune system to respond
and elicit cytotoxic effects via antitumor immunity [48]. To assess
whether synergistic treatment could trigger ICD, we examined the
release of DAMPs from OS cells after different treatments. Extracellular
ATP is an important “find me” signal for dendritic cells (DCs) and
macrophages by binding to the purinergic receptor P2Y2 (P2RY2).
Through NLRP3 inflammasome activation and interleukin 1 beta (IL-1p)
secretion, extracellular ATP mediates pro-inflammatory effects and ul-
timately leads to the activation of CD8™ T cells and v T cells [49,50].
Therefore, an Enhanced ATP Assay Kit (Beyotime, China) was used to
assess ATP release from 143B and K7M2 cells. Different treatments
stimulated ATP secretion to some extent. Satisfactorily, the synergistic
treatment of US + mFeP@si could maximally stimulate the secretion of
ATP from the two OS cell lines, and the ATP concentration in the me-
dium supernatant was three times greater than that in the control group
(Fig. 5B and C). This significant difference in ATP secretion may be due
to pre-mortem autophagy, resulting from mFeP@si and US-mediated
RNAi/SDT/ferroptosis [51]. CRT, which is exposed to the surface of
tumor cell membranes, acts as an “eat me” signal. By binding to LDL
receptor-related protein 1 (LRP1, best known as CD91), CRT promotes
phagocytosis of dying cells and corpses by DCs, further initiating
T-cell-mediated antitumor immunity [52]. Therefore, we assessed
surface-exposed CRT on the membranes of 143B and K7M2 cells after
different treatments by using CLSM (Fig. 5D). After treatments, both
cells showed different levels of surface-exposed CRT, as evidenced by
the increasing red fluorescence in the CLSM images. The
surface-exposed CRT was most pronounced in the 143B cells in G6, as
illustrated by the white arrows in Fig. 5D. HMGBI1 is an abundant nu-
clear protein that regulates the transcriptional activity of multiple pro-
teins [53]. Before being released into the extracellular space by tumor
cells undergoing ICD, HMGB1 needs to translocate from the nucleus to
the cytoplasm first [54]. By binding to receptors such as Toll-like re-
ceptor 4 (TLR4), extracellularly released HMGB1 stimulates intrinsic
immune cells and produces pro-inflammatory factors, further inducing
intense inflammation [55]. Therefore, we assessed the intracellular
localization of HMGBI1 in 143B and K7M2 cells after different treatments
by CLSM (Fig. 5E). In G1 to G3 groups, the red and green fluorescence in
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the CLSM images were highly overlapped, suggesting that HMGB1 was
located inside the nucleus and had not yet been released to the extra-
cellular space. The localization of HMGB1 in the nucleus was reduced in
some cells of the G4 group. Surprisingly, under US irradiation, the
expression of HMGB1 in the G5 and G6 groups was significantly
decreased, especially in G6 group, only a small amount of HMGB1 was
distributed around the nucleus in the cells (as shown by the yellow ar-
rows in Fig. 5E). These results suggested that HMGB1 was released into
the extracellular space under the synergistic treatment with SDT and
RNAI. The above results demonstrate that by amplifying the ROS storm
and targeting ferroptosis, synergistic treatment with SDT and RNAi
successfully triggered DAMP release and ICD to improve the TME of OS,
which provides a new strategy for OS immunotherapy.

Chemotherapy resistance is a major adverse factor affecting the
therapeutic efficacy of OS and the prognosis of patients and has plagued
clinicians for many years [56]. Therefore, it is necessary to explore
whether synergistic therapy can improve chemotherapy resistance in OS
patients. Cisplatin-resistant 143B cells were induced by gradually
increasing the concentration of cisplatin (CDDP) in the culture medium
until 2 pg/mL and named 143B-R. Similar to previous experiments, we
evaluated the inhibition of 143B-R by CDDP, US + mFeP@si, and CDDP
+ US + mFeP@si by using live and dead cell staining and colony for-
mation assays. As shown in Fig. 5F, CDDP alone was ineffective against
143B-R cells. Due to its ability to induce ferroptosis and immunogenic
cell death in tumor cells, mFeP@si + US killed most of the 143B-R cells,
but a portion of the 143B-R cells still survived. Notably, the combina-
tion of CDDP and mFeP@si + US killed almost all 143B-R cells. These
results demonstrate that synergistic treatment with SDT and RNAi can
enhance the sensitivity of cisplatin-resistant 143B-R cells to CDDP and
has promising synergistic therapeutic potential. This is also supported
by the results of colony formation experiments. Improving chemo-
therapy resistance is likely related to the large amount of ROS induced
intracellularly by synergistic treatment [14]. In addition, inactivation of
GPX4 may also lead to enhanced sensitivity of 143B-R cells to CDDP
[57,58]. Fig. 5G briefly illustrates the application of synergistic therapy
with SDT and RNAi for DAMP release and ICD induction.

3.6. Distribution in vivo

All the above in vitro experiments proved that mFeP@si can effec-
tively deliver siGPX4, induce ferroptosis to kill OS cells and trigger ICD
to improve the immunosuppressive TME. Next, we explored the anti-
tumor effects of mFeP@si in vivo. For nanoparticles administered via the
systemic route, possessing high cell-targeting specificity to avoid off-
target effects and improve therapeutic efficacy is essential for success-
ful treatment. Therefore, we utilized the fluorescence properties of
FePCN to assess the in vivo distribution of the NPs in a subcutaneous OS
model (established with K7M2 cells) at predesigned timepoints (0 h, 2 h,
4 h, 8h, 12 h, and 24 h) after administration via tail vein injection with
an animal imaging system (IVIS Lumina XRMS, PerkinElmer, USA).
BALB/c mice with subcutaneous tumor volumes up to 100 mm® were
randomly divided into three groups and treated with saline, FeP@si or
mFeP@si, respectively. At 48 h, the mice were euthanized and autopsied
to assess the accumulation of NPs in the heart, liver, spleen, lungs,
kidneys and tumor. As shown in Fig. 6B, mice treated with saline did not
show significant fluorescence throughout the preset time points. With
time, FeP@si gradually accumulated at the tumor site, which could be
explained by the enhanced permeability and retention (EPR) effect.
Notably, although FeP@si also accumulated in the tumor, the fluores-
cence intensity and accumulation rate of mFeP@si were significantly
greater than those of FeP@si. At each predetermined timepoint, the
accumulation of mFeP@si, which was greater than that at the previous
timepoint, reached a maximum at 24 h. In comparison, the accumula-
tion of FeP@si at 24 h was approximately equivalent to the accumula-
tion of mFeP@si at 6-12 h. The superior tumor targeting ability of
mFeP@si is strongly associated with the homologous targeting ability



N. Sun et al.

Materials Today Bio 26 (2024) 101053

A - —- EW TR T Vi mdeatay R -C
1 2 4 A I
. I \
A us Every thr\e}e‘days |
:Inoculation ﬁ} Euthanasia:
gl -Day-7 _ __ _ I Day 0&1_ _Day3&4_ _ _ _ Day18&19 __Day?2l ,
Oh 2h 4h 6h _12h 24h 48h I
- x10°
‘@ |
9 3 5' D",;\ 8 9 @ 11
o P1 EQTal
| e 8lGs
(el B
= |30 5=]-Gs
N E sg| Gs
- Tﬁ)rHem\ g I 2 21-G6 H
s A\ I S : %
% ' ; LiverL{mgf g W25 g o T’ffi-w""']*
= \ @ = 1 Foo 9 18 27
gen  Kidphy --é_ 1 E Time (days)
- :}{ =3 2.01 @ 2 *ok ok
- 1 =
e
k= Ling 151 2 17
LA S&leen Kidngy Rad'lant - —
X / efficiencyl & 0 i |
F ' TTTT"H,_ G1G2G3G4G5G6
Gl G2 G3 G4 G5 G6 X B .
. o
> 2l ~a
% = sk
X o]
! g T
& <o l
© o G1G2G3G4G5G6
SRy
m — shekok
—_ @] * %k
2 2gf r
= 3
= Sol
— "
=
| =
= & JEO G1 G2 G3 G4 G5 G6
i : % 5 *kk
E T | —
G
28- *k
! E ]
[\ [l
3 : 1
& S NS — G1 G2 G3 G4 G5 G6
Gl:control ~ G2:naked-si  G3:mFePCN  G4: mFeP@si  G5: US+tmFePCN  G6: US+mFeP@si
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tumor weights at day 21 in all groups (n = 3, **p < 0.01, ***p < 0.001). F) Assessment ferroptosis induction (represented by IHC images of GPX4) and ICD induction
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provided by the tumor cell membrane. Based on the existence of variable
adhesion molecules on the surface (such as galactoglucan-3, E-calmod-
ulin, and mucin), tumor cell membranes provide superior self-
recognition and self-adhesion capabilities for efficient tumor targeting
[59]. These results indicate that the cell membrane coating has a
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profound impact on the tumor targeting ability of the NPs and confirm
the outstanding tumor targeting ability of mFeP@si.
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3.7. Anti-OS effects of mFeP@si in vivo

Inspired by the outstanding antitumor effects, we next investigated
the anti-OS effects of different treatments in vivo through a subcutane-
ous tumor model in BALB/c nude mice established with 143B cells.
Fig. 6A briefly illustrates the tumor xenograft model establishment and
treatment procedure in vivo. Briefly, 24 h after intravenous injection,
the nude mice were exposed to US irradiation, which was repeated every
three days, and euthanized on day 21. Tumor specimens were used for
histological analyses to assess tumor necrosis, ferroptosis induced by
GPX4 inactivation, and DAMPs release; blood and major organs were
used to assess the biosafety and organ toxicity of the NPs. Body weights
and tumor volumes were monitored every three days throughout the
treatment procedures. BALB/c nude mice with tumor volume up to 100
mm? were randomized into six groups (G1: control; G2: naked-si; G3:
mFePCN; G4: mFeP@si; G5: US + mFePCN; G6: US + mFeP@si) and
subjected to different treatments. Fig. 6C shows digital camera photos of
all tumor specimens. mFePCN alone retarded tumor growth, probably
because FePCN released iron ions and induced the Fenton reaction in a
slightly acidic environment. Compared with mFePCN, mFeP@si had a
more pronounced therapeutic effect, and in addition to the Fenton re-
action, the inactivation of GPX4 mediated by siGPX4 and thus inducing
ferroptosis played a role in inhibiting OS progression. Surprisingly,
under US irradiation, tumor progression was significantly inhibited in
the G5 and G6 groups, and the tumor volumes in the G6 group were
reduced by approximately 50 % compared with those in the pretreat-
ment group. These results are consistent with the changes in tumor
volume and weight (Fig. 6D and E). The body weights of the nude mice
remained stable throughout the treatment period (Fig. S18), indicating
that all these therapeutic regimens had negligible detrimental effects on
the animals.

As shown in Fig. 6F, tumor sections were used to confirm the
occurrence of ferroptosis (by immunohistochemical staining of GPX4)
and ICD (by immunofluorescence staining of CRT and HMGBI1).
Compared with the G1 group, there was little difference in the expres-
sion of GPX4 in G2 and G3 groups. GPX4 expression was decreased in the
G4 group, and this decrease was caused by siGPX4 delivery in vivo.
Unexpectedly, GPX4 expression was also reduced in the G5 group. This
might be ascribed to the depletion of GSH by the large amount of ROS
induced by FePCN-mediated enhanced SDT, which in turn suppressed
the expression of GPX4. Consistent with our findings, GPX4 expression
was most significantly suppressed in the G6 group, which was attributed
to siGPX4 delivery and enhanced SDT-mediated GSH depletion. GPX4
IHC analysis also corroborated these results (Fig. 6H). Consistent with
the results of the cell experiments, both the G5 and G6 groups, effec-
tively induced surface exposure of CRT and release of HMGB1, which
was particularly apparent in the G6 group and was indicated by
increased red fluorescence on the cell surface and decreased red fluo-
rescence in the cells, respectively. Mean fluorescence intensity (MFI)
analysis of CRT and HMGB1 supported these results (Fig. 61 and J).
Taken together, these results revealed that synergistic treatment with
SDT and RNAI inhibited OS growth and progression and improved the
immunosuppressive TME in vivo by inducing ferroptosis and ICD. The
most severe cell necrosis was found in G6, as evidenced by pyknosis,
karyorrhexis, and karyolysis in hematoxylin and eosin (H&E) staining.
Tumor tissues in the G6 group underwent the most obvious apoptosis, as
confirmed by terminal deoxynucleotidyl transferase dUTP nick end la-
beling (TUNEL) immunofluorescence staining (green fluorescence).
Ki67 immunohistochemical staining is widely used to estimate tumor
proliferation. US + mFeP@si led to the greatest reduction in the quantity
of Ki67-positive cells, demonstrating its excellent ability to inhibit OS
invasion (Fig. 6G). In addition, mice blood and major organs (heart,
lung, liver, spleen, and kidneys) were used to evaluate the biosafety and
toxicity of in vivo treatments, respectively. Blood analysis and H&E
staining of major organs further confirmed the biosafety of the NPs
(Figs. S19 and S20).
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4. Conclusion

Current therapies for OS have hit a bottleneck, survival for patients
has remained almost the same over the past 30 years, and there is an
urgent need for new therapies to increase therapeutic efficacy. Here, we
conceived and manufactured a TME-responsive FePCN-based bio-
mimetic nanosystem (named mFeP@si) with RNAi and SDT to inhibit
OS growth and invasion in vitro and in vivo. Under US irradiation,
FePCN achieved tandem catalysis from Hy05 to O, and O to 10,, which
ameliorated tumor hypoxia, enhanced SDT, and achieved lysosomal
escape. Enhanced SDT aggravated intracellular oxidative stress and led
to an intracellular ROS storm, GSH was thus compensatorily depleted
and in turn, inactivated GPX4 to some extent. Moreover, siGPX4 was
precisely bound to mRNA and mediated its degradation. With the
inactivation of GPX4, lipid hydroperoxides could not be reduced to the
corresponding alcohols and accumulated in cells. Ultimately, irrevers-
ible ferroptosis mediated robust anti-OS effects. Synergistic therapy with
RNAIi and SDT also maximized the triggering of ICD and alleviated the
immunosuppressive TME. In addition, this synergistic treatment pro-
duced unexpected results in cisplatin-resistant OS cells and increased OS
sensitivity to cisplatin. In general, our rigorous work provides new
perspectives for treating OS and is promising for improving patient
prognosis.
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