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ABSTRACT: Advanced breast cancer still suffers a low survival
rate and incurable outcome, despite the fact that targeted therapy
has significantly improved the therapeutic efficacy. Clinical trials
have demonstrated that the combination of immunotherapy and
chemotherapy via inducing immunogenicity of tumor cell death
during chemotherapy could make a difference. Thus, in this study,
both bimetallic FePd nanoparticles (NPs) and 6-diazo-5-oxo-L-
norleucine (DON) coloaded reactive oxygen species (ROS)-
generating lipid nanoparticles (Lip@FePd-DON NPs) were
prepared via the classical thin-film hydration method to enhance
necroptotic chemo-immunotherapy for breast cancer treatment.
Upon internalization by tumor cells, the Fenton-like performance
of bimetallic FePd NPs catalyze intracellular H2O2 into toxic ROS.
Then, the combination of DON and ROS could effectively induce cell necroptosis via the RIPK3/MLKL pathway. The
immunogenicity of necroptotic cell death releases damage-associated molecular patterns, which act as in situ neoantigens to trigger
DC maturation and T cell activation, resulting in an efficient immune response with upregulated expression of inflammatory
cytokines (TNF-α, IFN-γ, and IL-6). In vivo antitumor evaluation based on tumor-bearing mice displayed highly efficient tumor
growth inhibition via enhancing necroptotic chemo-immunotherapy. Considering the in vivo biocompatibility, this study
demonstrated ROS-generating lipid nanoparticles as potential carriers to deliver DON for enhancing necroptotic chemo-
immunotherapy of breast cancer, which may promote the development of personalized nanoplatforms for breast cancer treatment.
KEYWORDS: chemo-immunotherapy, necroptosis, reactive oxygen species, 6-diazo-5-oxo-L-norleucine, breast cancer

1. INTRODUCTION
As one of the most common cancers among women
worldwide, breast cancer still suffers a low 5 year survival
rate of only 20% with a median overall survival of 2−3 years.1
Although the development of anticancer agents, including
cyclin-dependent kinase 4/6 inhibitors and antibody-drug
conjugates, has significantly improved the therapeutic outcome
of patients,2,3 the incurable situation requires new therapeutic
options and multidisciplinary treatments to alleviate symp-
toms, improve quality of life, and prolong patients’ survival.4,5

A recent study has demonstrated that the combination of
cancer immunotherapy with chemotherapy achieved effective
results in both advanced and early setting phase 3 clinical trials
for triple-negative breast cancer.6 These results encourage
researchers to investigate combining immunotherapies,
especially the innate immune response, to overcome the
challenge of breast cancer treatment. One of the gold standard
strategies to induce the immunogenicity of tumor cell death is
to employ dead or dying cells as an in situ tumor vaccine to
immunize the syngeneic body.7,8 However, traditional drugs
for breast cancer chemotherapy tend to induce cell apoptosis,

which is weakly immunogenic and therefore not enough to
trigger an efficient immune response.
Necroptosis, an inflammatory form of cell death, has been

demonstrated to effectively trigger the release of damage-
associated molecular patterns (DAMPs) (such as ATP, CRT,
and HMGB1) for host antitumor immune response.9 More
importantly, necroptosis is the first alternative pathway of cell
death when the apoptosis is blocked.10 Therefore, compared
with classical chemotherapeutic apoptosis, the design of
nanomedicine to induce tumor cell necroptosis may make
breakthroughs in therapeutic outcomes for breast cancer by
enhanced chemo-immunotherapy. 6-Diazo-5-oxo-L-norleucine
(DON), a broadly active glutamine antagonist that suppresses
cancer metabolism, has exhibited remarkable antitumor
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efficacy in clinical trials.11,12 However, its further application
was greatly halted by dose-limiting gastrointestinal toxicities to
normal tissues.13 To address this challenge, DON-based
prodrug strategies have been widely designed to selectively
deliver DON to tumor tissues while blocking cytotoxicity to
normal glutamine-dependent tissues.14−16 Furthermore, effec-
tive drug delivery systems were constructed for stability
protection, targeted delivery, and decreased cytotoxicity.
Lipid nanoparticles have emerged as the most successful

vehicles across the pharmaceutical industry to deliver a variety
of therapeutics.17 Thus, in this study, ROS-generating lipid
nanoparticles were constructed via loading bimetallic FePd
nanoparticles (NPs) to deliver DON (namely Lip@FePd-
DON NPs) for enhancing necroptotic chemo-immunotherapy
of breast cancer. Lipid nanoparticle encapsulation guarantees
the stability of DON and increases the accumulation of Lip@
FePd-DON NPs in tumor tissues during blood circulation
(Scheme 1). Once uptake by cells, both bimetallic FePd NPs
and DON are released from lipid nanoparticles via lysosome
dissociation. The biocatalytic performance of bimetallic FePd
NPs catalyzes intracellular H2O2 into toxic reactive oxygen
species (ROS). Meanwhile, the combination of DON and ROS
could effectively induce cell necroptosis via the RIPK3/MLKL
pathway. Then, the release of DAMPs by immunogenic
necroptotic tumor cells will act as in situ neoantigens to trigger
DCs maturation and T cell activation, resulting in an efficient
immune response with expression of inflammatory cytokines
(TNF-α, IFN-γ, and IL-6). Considering the effective in vivo
antitumor efficacy, this study demonstrated ROS-generating
lipid nanoparticles as potential carriers to deliver DON for
enhancing necroptotic chemo-immunotherapy of breast
cancer.

2. MATERIALS AND METHODS
2.1. Chemical Materials. Palladium acetylacetonate, iron

acetylacetonate, poly(vinylpyrrolidone) (PVP, Mw = 30k), cetyl-
trimethylammonium bromide (CTAB) 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine-poly(ethylene glycol) (DSPE-PEG), and cholesterol were
brought from Sigma-Aldrich LLC. Relevant cell assay kits were
purchased from Solarbio Life Sciences & Technology Co., Ltd.,
including CCK-8, DCFH-DA, calcein-AM, PI, and Hoechst33342.
ELISA assay kits (TNF-α, IFN-γ, IL-6) were brought from Beyotime
Biotechnology Co., Ltd. 6-Diazo-5-oxo-L-norleucine (DON) was
purchased from Zancheng (Tianjin) Technology LLC. Anti-RIPK3
primary antibody, anti-GAPDH primary antibody, and secondary
antibody were obtained from Cell Signaling Technology, Inc. All
chemicals were used without any purification.

2.2. Synthesis of Lip@FePd-DON NPs. First, the FePd
nanozymes were prepared and guided by our previous study.18

Lip@FePd-DON NPs were synthesized by following a standard thin-
film hydration method. Generally, cholesterol, DPPC, and DSPE-PEG
were completely dissolved in 20 mL of chloroform (67:30:3 mol
ratio). Then, the solvent was evaporated by rotary evaporation in a
round-bottom flask to form a thin film of lipids. Four mL of PBS
containing 8 mg of FePd nanozymes and 80 μg of DON was added to
dissolve the film. The mixture was hydrated by gentle vortex and
sonication (300 W, 2 min) under an ice bath. The final Lip@FePd-
DON NPs were obtained and purified via centrifugation.

2.3. Characterization. The morphology of as-synthesized nano-
particles was measured by a transmission electron microscope (TEM,
Hitachi). The size distribution and zeta potential were measured by
dynamic light scattering (DLS, Malvern). UV−vis−NIR absorption
was obtained by a microplate reader (Thermal). All confocal
fluorescence images were evaluated by a confocal laser scanning
microscope (CLSM, Zeiss).

2.4. Biocatalytic Performance and Kinetics Evaluation. The
biocatalytic ability of Lip@FePd-DON NPs to transfer H2O2 into
ROS was tested via a colorimetric method (TMB single-component

Scheme 1. Nanozyme-Enhanced Tumor Necroptosis to Trigger Immune Response by Lip@FePd-DON NPsa

aOnce endocytosed by tumor cells during blood circulation, Lip@FePd-DON NPs will degrade to release FePd nanozymes and DON. Then, the
biocatalysis property of FePd nanozymes transfers intracellular H2O2 into ROS to sensitize the cell necroptosis triggered by DON. Subsequently,
the immunogenic cell death resulting from necroptosis releases DAMPs as in situ neoantigens to mature DCs and activate CD8+ T cells, leading to
an immune response.
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substrate solution). Generally, Lip@FePd-DON NPs (100 μg/mL)
were mixed with TMB single-component substrate solution and H2O2
solution in pH 4.0 buffer under a 37 °C environment. One hour later,
UV−vis−NIR absorption spectra were measured by a microplate
reader to analyze the typical absorbance at about 652 nm. Meanwhile,
the concentration-dependent biocatalytic performance of Lip@FePd-
DON NPs (40, 80, 120, 160, and 200 μg/mL) and H2O2 substrate (1,
10, 20, 40, and 80 μM) was evaluated in a similar method. To identify
the kinetics, the Michaelis−Menten model was employed to test the
catalytic efficacy under different 2O2 substrates.

2.5. Intracellular ROS Detection. 4T1 cells were seeded into a
confocal dish with a density of 20,000 cells per dish. After adherent
growth, fresh media containing different formulations (PBS, Lip,
Lip@FePd, Lip@DON, and Lip@FePd-DON NPs) (50 μg/mL)
were replaced and coincubated for another 8 h. Cells were washed
with PBS and then stained with 2′,7′-dichlorofluorescein diacetate
(DCFH-DA) fluorescent probe. Fluorescence images were obtained
via CLSM.

2.6. Cell Cytotoxicity Measurement of DON, Lip, and Lip@
FePd-DON NPs. 4T1 cells were seeded into a 96-well plate with a
density of 5000 per well. After adherent growth, fresh media
containing different concentration formulations (DON, Lip, Lip@
FePd-DON) were used to replace the old one and coincubated for
another 24 h. Then, the relative cell viability was measured by the

CCK-8 assay. Meanwhile, calcein-AM was used to stain the live cells
for visual evaluation of the cell state. GraphPad Prism software was
used to calculate the half-maximal inhibitory concentration (IC50)
value.

2.7. Hoechst33342/PI Double Staining for Necroptosis. 4T1
cells were seeded into a confocal dish with a density of 20,000 per
dish. After adherent growth, fresh media containing different
formulations (PBS, Lip, Lip@FePd, Lip@DON, and Lip@FePd-
DON NPs) (62.5 μg/mL) were replaced and coincubated for another
12 h. Cells were washed with PBS and then stained with the
Hoechst33342/PI fluorescent probe according to the standard
protocol. Fluorescence images were obtained via CLSM.

2.8. Western Blotting Measurement. 4T1 cells were seeded
into a Petri dish with a density of 500,000 cells per dish. After
adherent growth, fresh media containing different formulations (PBS,
Lip, Lip@FePd, Lip@DON, and Lip@FePd-DON NPs) (62.5 μg/
mL) were replaced and coincubated for another 12 h. Protein was
extracted by RIPA buffer with the protection of phenylmethanesulfo-
nylfluoride. After SDS-PEGE electrophoresis and PVDF membrane
transfer, the membrane was incubated with anti-RIPK3 (1:1000) and
anti-GAPDH (1:1000) primary antibodies for 12 h under a 4 °C
environment. Then, a horseradish-peroxidase-conjugated goat anti-
rabbit IgG (1:2000) secondary antibody was used to label the target

Figure 1. Preparation and characterization of Lip@FePd-DON NPs. (a) Schematic illustration of preparing both DON and FePd codelivered Lip@
FePd-DON NPs via the thin-film hydration strategy. (b) TEM images of FePd NPs in aqueous solution. (c) TEM images of as-synthesized Lip@
FePd-DON NPs. (d) Size distribution of Lip and Lip@FePd-DON NPs measured by DLS. (e) Zeta potential of Lip and Lip@FePd-DON NPs in
aqueous solution. (f) UV−vis−NIR absorption curve of Lip, Lip@DON, and Lip@FePd-DON aqueous solutions (100 μg/mL). (g) UV−vis−NIR
absorption curve of H2O2/TMB, H2O2/Lip@FePd-DON, and H2O2/TMB/Lip@FePd-DON mixture.
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protein. Finally, the membrane was visualized by a luminescent
imager (ImageQuant LAS 4000).

2.9. Animal Model and In Vivo Antitumor Efficacy. Six-week-
old female Balb/c mice were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. and fed according to the
guidelines of the Laboratory Animal Research Center, Tsinghua

University (No. 23-LYZ). 4T1 cells were subcutaneously injected to
establish the tumor-bearing mouse model. When the tumor volume
reached about 100 mm3, mice were randomly divided into five groups
(n = 4): control group intravenously (iv) injected with PBS; Lip@
FePd group iv injected with Lip@FePd (10 mg/mL, 100 μL); Lip@
DON group iv injected with Lip@DON (10 mg/mL, 100 μL); and

Figure 2. In vitro biocatalytic performance and cytotoxicity of as-prepared Lip@FePd-DON NPs. (a) UV−vis−NIR absorption curve of H2O2/
TMB/Lip@FePd-DON mixture with various Lip@FePd-DON NPs concentrations (40, 80, 120, 160, and 200 μg/mL). Inset are the
corresponding photographs. (b) Time-dependent absorption of H2O2/TMB/Lip@FePd-DON mixture with various H2O2 concentrations (1, 10,
20, 40, and 80 μM). (c) Michaelis−Menten kinetics and Lip@FePd-DON NPs upon the various concentrations of H2O2 (1, 10, 20, 40, and 80
μM). (d, e) Confocal fluorescence images and corresponding average fluorescence intensities of 4T1 cells treated with PBS, Lip, Lip@FePd, Lip@
DON, and Lip@FePd-DON NPs (50 μg/mL) for 8 h and then stained with DCFH-DA (intracellular ROS) probe. (f) Cell viability of 4T1 cells
treated with various concentrations of DON for 24 h. (g) Cell viability of 4T1 cells treated with various concentrations of Lip and Lip@FePd-DON
NPs, respectively. (h, i) Confocal fluorescence images and corresponding average fluorescence intensities of 4T1 cells treated with PBS, Lip, Lip@
FePd, Lip@DON, and Lip@FePd-DON NPs (62.5 μg/mL) for 24 h and then stained with calcein-AM (live cells) probe.
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Lip@FePd-DON group iv injected with Lip@FePd-DON (10 mg/
mL, 100 μL). The body weight of mice and tumor volume were
recorded every 2 days. Seventeen days later, all mice were sacrificed to
extract main organs and tumor tissues for further evaluation.

2.10. Immunohistology and Immunofluorescence Analysis.
All the main organs (heart, liver, spleen, lung, and kidney) and tumor
tissues were fixed, embedded, sliced, and stained for immunohistology
analysis (H&E) and immunofluorescence analysis (Ki-67 and

Figure 3. Induced necroptosis of 4T1 cells via Lip@FePd-DON. (a, b) TEM images of 4T1 cell slices after treatment with PBS (a) and Lip@FePd-
DON NPs (b) for 12 h. (c) Cell viability of 4T1 cells treated with different formulations (Lip@FePd-DON, Nec-1, and GSK-872). (d, e) Confocal
fluorescence images and corresponding average fluorescence intensities of 4T1 cells treated with PBS, Lip, Lip@FePd, Lip@DON, and Lip@FePd-
DON NPs (62.5 μg/mL) for 12 h and then stained with Hoechst33342 and PI probe for necroptosis analysis. (f) Western blotting analysis of the
expression RIPK3 protein in various treated 4T1 cells.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.5c02985
ACS Appl. Nano Mater. 2025, 8, 14470−14480

14474

https://pubs.acs.org/doi/10.1021/acsanm.5c02985?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c02985?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c02985?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c02985?fig=fig3&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.5c02985?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


TUNEL). Meanwhile, the expression level of cytokines (TNF-α, IFN-
γ, IL-6) in tumor tissues was measured by the corresponding ELISA
kit.

2.11. Statistical Analysis. All data were presented as mean values
± SD, and the statistical difference was calculated by two-tailed
student’s t test and one-way ANOVA. *p < 0.05, **p < 0.01, ***p <
0.001, and ****p < 0.0001.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of Lip@FePd-

DON Nanoparticles. The Lip@FePd-DON NPs were
fabricated via classical thin-film hydration with loading
bimetallic FePd NPs and DON drug (Figure 1a).18 1,2-
Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene
glycol) (DSPE-PEG) were chosen as main components of lipid
nanoparticles. Meanwhile, the bimetallic FePd NPs were
prepared via a carbon monoxide-mediated reduction reaction
with palladium acetylacetonate and iron acetylacetonate as
precursors. As shown in Figure 1b, as-synthesized FePd NPs
exhibited uniform size distribution and well dispersibility in
aqueous conditions, which will benefit the encapsulation
efficiency in lipid nanoparticles. The TEM images of Lip@
FePd-DON NPs (Figure 1c) and pure Lip NPs (Figure S1)
displayed the typical double membrane structure with FePd
NPs inlaying into the lipid nanostructures. A few FePd NPs
were scattered out of the membrane of Lip@FePd-DON NPs
due to the good dispersibility in an aqueous solution. The
dynamic hydrated particle size of naked Lip NPs was about
91.58 nm with a surface zeta potential of −27.83 mV (Figure
1d&e). However, the size of Lip@FePd-DON NPs slightly
decreased to 85.06 nm, and the zeta potential significantly
increased to −4.65 mV due to the positive potential of DON
(Figure 1e). The UV−vis−NIR spectrum of DON aqueous
solution revealed that there was no typical absorption peak
between 300 to 800 nm (Figure S2). Therefore, the UV−vis−
NIR spectra of both Lip@DON and Lip@FePd-DON were
similar to those of Lip (Figure 1f). Our previous study has
reported the excellent Fenton-like catalytic performance of as-
synthesized FePd NPs which would effectively transfer H2O2
substrate into hydroxyl radical.18 Thus, the catalytic ability of
Lip@FePd-DON NPs was systematically evaluated via a
colorimetric method to explore the stability of FePd NPs. As
shown in Figure 1g, both H2O2/TMB and TMB/Lip@FePd-
DON mixtures did not present any characteristic absorption
peak because of the lack of catalyst and zymolyte, respectively.
A typical absorption peak around 652 nm was detected in the
H2O2/TMB/Lip@FePd-DON mixture, demonstrating the
successful generation of abundant ROS. The deep blue color
of H2O2/TMB/Lip@FePd-DON (Figure 1g) visually ex-
hibited the catalytic performance compared to H2O2/TMB
and TMB/Lip@FePd-DON. These results confirmed the
ROS-generating ability of Lip@FePd-DON.

3.2. Intracellular ROS-Generating Ability and In Vitro
Cytotoxicity. The catalytic kinetics of Lip@FePd-DON NPs
were first evaluated before testing the intracellular ROS-
generating ability. As shown in Figure 2a, Lip@FePd-DON
exhibited a concentration-dependent catalytic performance.
The color of the mixture clearly showed the improved reaction
rate with the increase in concentration. Meanwhile, the
catalytic efficiency of Lip@FePd-DON increased with the
concentration of H2O2 substrate increased from 1 to 80 μM
(Figure 2b and Figure S3). It is well-known that the

concentration of H2O2 in tumor cells is about 50−100 μM
while the concentration of H2O2 in normal cells is 1−100
nM.19 Therefore, as-synthesized Lip@FePd-DON NPs could
ensure the ROS-generating performance in the tumor cell.
Furthermore, Michaelis−Menten kinetics was employed to
simulate the catalytic process. As shown in Figure 2c, the
maximum reaction rate (Vmax) was about 1.3 × 10−3 per
second with a Michaelis constant (Kmax) of 76.1. Considering
the effective catalytic performance, the intracellular ROS-
generating ability of Lip@FePd-DON NPs in 4T1 cells was
measured using the DCFH-DA fluorescence probe (Figure
2d). Few green fluorescence was detected in the control, Lip,
and Lip@DON groups. In contrast, significantly strong green
fluorescence appeared in both Lip@FePd and Lip@FePd-
DON coincubation groups, indicating the abundant ROS
generation catalyzed by the FePd component in both Lip@
FePd and Lip@FePd-DON NPs (Figure 2e). These results will
guarantee further exploration of the ROS-enhanced cytotox-
icity of DON.
The in vitro cytotoxicity of free DON to 4T1 cells was tested

via the coincubation method. As shown in Figure 2f and Figure
S4, DON exhibited high cytotoxicity to 4T1 cells with a low
IC50 value of 0.18 μg/mL, which means that DON is one of
sensitive chemotherapeutic drugs for breast cancer. Naked Lip
carriers demonstrated excellent biocompatibility to 4T1 cells,
even with a high concentration of 500 μg/mL (Figure 2g). In
contrast, Lip@FePd-DON presented a dose-dependent
cytotoxicity trend with an IC50 value of about 66.23 μg/mL.
The fluorescence images stained by the calcein-AM probe
(Figure 2h) showed abundant live cells in the control and Lip
groups after 24 h of coincubation. However, Lip@FePd and
Lip@DON treatment resulted in decreased cell viability of
about 23.93% and 12.48, respectively (Figure 2h&i),
demonstrating the efficient antitumor efficacy of Lip@FePd-
mediated ROS generation and Lip@DON-mediated chemo-
therapy. More importantly, the cell viability of 4T1 after Lip@
FePd-DON treatment was only 6.23%, indicating the
combined cytotoxicity between intracellular ROS and DON.

3.3. Induced Cell Necroptosis via ROS-Enhanced
Chemotherapy. It is well-known that cells present different
morphological features when dying and necroptotic cells show
ballooning of mitochondria, outer membrane disruption,
organelle expulsion, and nuclear chromatin irregularities.20

Lip@FePd-DON NPs treated 4T1 cells were fixed, sliced,
stained, and imaged by TEM. Cells in the Control group
(Figure 3a) displayed an intact cellular membrane, nuclear,
cytoplasm, and mitochondria. In contrast, cells treated with
Lip@FePd-DON NPs (Figure 3b) exhibited irregular nuclear
chromatin damage, incomplete plasma membrane, and
ballooning mitochondria, which were well matched with the
typical characteristics of necroptotic cells. The classic core
members of the necrosome during necroptotic death are
receptor-interacting protein kinase 1 and 3 (RIPK1, RIPK3)
and mixed lineage kinase-like protein (MLKL).21,22 Therefore,
the RIPK1 kinase inhibitor (necrostatin-1, Nec-1) and RIPK3
kinase inhibitor (GSK-872) were employed to verify the
necroptotic cell death. As shown in Figure 3c, the cell viability
of 4T1 cells treated with Lip@FePd-DON decreased to
41.59% compared with the nontreated cells. The cell viability
returned to 100.00% and 88.65% when inhibited by Nec-1 and
GSK-872, respectively (Figure 3c), demonstrating that Lip@
FePd-DON-induced cell death was regulated by RIPK1 and
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RIPK3, which were typical characteristics of the necroptotic
pathway.21

Furthermore, Hoechst 33342/pyridine iodide (PI) double
could distinguish the necroptotic cells from the apoptotic ones
via membrane integrity. The PI dye could label necrotic cells

from normal and apoptotic cells, while Hoechst 33342 dye
could label all apoptotic cells from nonapoptotic cells. As
shown in Figure 3d,e, a few double Hoechst 33342+/PI+ cells
were detected in the control, Lip, and Lip@FePd groups,
indicating that alone ROS could not induce cell necroptosis.

Figure 4. In vivo antitumor efficacy of Lip@FePd-DON NPs. (a) Schematic illustration of the in vivo antitumor procedures based on 4T1 tumor-
bearing mice. Nanoformulations were intravenously (iv) injected on days 1, 4, and 7. (b) Body weight of mice in different groups during 17 days of
treatment. (c) Relative tumor volume change of each mouse in different groups (control, Lip, Lip@FePd, Lip@DON, and Lip@FePd-DON). (d)
Average tumor volume change of mice in each group (control, Lip, Lip@FePd, Lip@DON, and Lip@FePd-DON) during the treatment. (e, f)
Photographs and average weight of tumor tissues in different groups after 17 days of treatment. (g, h) Immunofluorescence images (Ki-67 for g, and
UTNEL for h) of tumor tissues with cell nucleus stained with DAPI (blue) after 17 days of treatment.
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Lip@DON and Lip@FePd-DON-treated cells displayed strong
Hoechst 33342+/PI+ signals, directly suggesting the necrop-
totic state rather than apoptotic ones. To further evaluate the
expression of necroptotic protein (RIPK3) after various
formulation treatments, western blotting analysis was em-
ployed. Compared with the cells in the Control group, Lip and
Lip@FePd treated cells exhibited no difference for RIPK3
kinase expression (Figure 3f and Figure S5). However,
increased expression of RIPK3 kinase was detected in cells
treated by Lip@DON, showing the induced cell necroptosis by
Lip@DON NPs. More importantly, Lip@FePd-DON-treated
cells presented the highest level of RIPK3 kinase, demonstrat-
ing the enhanced cell necroptosis by FePd NPs-combined
DON treatment. The above results revealed that as-synthesized
Lip@FePd-DON NPs could successfully induce necroptosis of
breast cancer via ROS-enhanced chemotherapy of DON.

3.4. In Vivo Antitumor Efficacy of Lip@FePd-DON
NPs. Based on the effective in vitro cytotoxicity, a 4T1 tumor-
bearing animal model was established in female BALB/c mice
to evaluate the in vivo antitumor efficacy of Lip@FePd-DON
NPs, while taking Lip, Lip@FePd, and Lip@DON as
reference. When the tumor volume reached about 100 mm3,
mice were randomly divided into five groups (n = 4): Control
(iv injected with PBS), Lip (iv injected with Lip), Lip@FePd
(iv injected with Lip@FePd), Lip@DON (iv injected with

Lip@DON), and Lip@FePd-DON (iv injected with Lip@
FePd-DON). The administration dose for each formulation
was 10 mg/mL and the whole experiment was implemented
according to the procedures in Figure 4a. Compared to mice in
the control group, the average body weight of mice in the other
four groups showed no significant difference (Figure 4b),
demonstrating good in vivo biocompatibility and biosafety. A
rapid growth rate (almost 15-fold) of the tumor in the control
group was recorded during the 14 days of treatment (Figure
4c). Lip treatment exhibited slight tumor growth inhibition but
no significant difference (Figure 4d). In comparison, Lip@
FePd and Lip@DON-treated mice presented an outstanding
antitumor efficacy owing to their catalysis-mediated ROS
boosting and chemotherapy-mediated necroptosis, respectively
(Figure 4c,d). More importantly, mice in the Lip@FePd-
DON-treated group displayed the highest tumor growth
inhibition, with only a 3-fold size change compared with the
original one, demonstrating the efficient antitumor efficacy of
ROS boosting enhanced necroptosis.
After 14 days of treatment, the tumor tissues in each group

were collected for further immunohistology and immuno-
fluorescence analysis. The photographs (Figure 4e) and
corresponding average weight (Figure 4f) of tumor tissues in
various groups visually confirmed the efficient growth
inhibition by Lip@FePd-DON NPs because it presented the

Figure 5. Immune response evaluation of mice after Lip@FePd-DON treatment. (a) Immunohistology images (H&E) of tumor tissues in different
groups after 14 days of treatment. (b, c) Photographs and average weight of spleen in different groups after 14 days of treatment. (d−f) ELISA
analysis of secretion level of cytokine TNF-α (d), IFN-γ (e), and IL-6 (f) in tumor tissues after 14 days of treatment.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.5c02985
ACS Appl. Nano Mater. 2025, 8, 14470−14480

14477

https://pubs.acs.org/doi/suppl/10.1021/acsanm.5c02985/suppl_file/an5c02985_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c02985?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c02985?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c02985?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c02985?fig=fig5&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.5c02985?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


smallest tumor tissue size and lowest tumor tissue weight. As
one of the markers for tumor proliferation, a higher positive
rate of Ki-67 means a higher growth rate of the tumor.23 The
fluorescence images showed an abundant positive rate of Ki-67
in both the control and Lip groups, which was in agreement
with the rapid growth rate of tumor volume (Figure 4g).
Obviously decreased Ki-67 was detected in both Lip@FePd
and Lip@DON groups compared to the Control group. The
Lip@FePd-DON-treated group displayed the lowest level of
Ki67, demonstrating that the tumor growth was significantly
inhibited. Furthermore, terminal deoxynucleotidyl transferase
(TdT)-mediated dUTP nick end labeling (TUNEL) could
directly label the apoptotic cells. The strong green fluorescence
intensity (Figure 4h) in Lip@FePd, Lip@DON, and Lip@
FePd-DON groups confirmed the effective antitumor perform-
ance. All of the above results revealed that as-synthesized Lip@
FePd-DON NPs could significantly inhibit the growth of breast
cancer via ROS-enhanced chemotherapy.

3.5. In Vivo Immune Response via Necroptosis-
Mediated ICD. Histopathology using hematoxylin and eosin
(H&E) staining is a classic and primary diagnostic strategy in
cancer treatment.24 To determine the side effects of Lip@
FePd-DON NPs on organs during therapy, histological
analyses of vital organs in different treatments were performed.
The histological morphology of vital organs, including the
heart, liver, spleen, lung, and kidney (Figure S6) presented no
obvious abnormalities or necrosis, confirming the good
biosafety under the administration dose after i.v. injection.
Meanwhile, the H&E staining images of tumor tissues (Figure
5a) clearly showed a high ratio of tumor cells in both control
and Lip groups and apparent tumor necroptosis in both Lip@
FePd and Lip@FePd-DON groups. This trend was in
agreement with the results of immunofluorescence staining
(Ki-67 and TUNEL).
As the largest secondary lymphoid organ in the body, the

spleen plays an essential role in immune response against
pathogens.25,26 The photographs of the spleen in formulation-
treated groups visually showed excess augmentation compared
with the Control group (Figure 5b). Meanwhile, the average
weight of the Lip@FePd-DON-treated spleen was nearly 2.2-
fold bigger than the spleen in the control group (Figure 5c). A
previous study has reported that the splenic excess
augmentation in tumor-bearing mice was associated with the
increased proportion of CD8+ T cells and CD4+ T cells.27

Thus, we speculated that Lip@FePd-DON-induced necropto-
sis could effectively trigger an immune response via the release
of DAMPs. The tumor tissues were homogenized, and the
relevant immune cytokines (TNF-α, IFN-γ, and IL-6) were
measured by the ELISA assay. As shown in Figure 5d−f, Lip
and Lip@FePd treatment showed no noteworthy change in
immune cytokines compared to the control group, revealing
that alone, ROS generation could not activate the immune
response. In contrast, Lip@DON and Lip@FePd-DON-
treated mice presented an obviously upregulated level of
TNF-α, IFN-γ, and IL-6 due to the induced necroptosis.
Moreover, the tumor in the Lip@FePd-DON group displayed
a significantly higher level of IFN-γ than the tumor in the Lip@
FePd or Lip@DON group, indicating that both FePd NPs and
DON coloaded ROS-generating lipid nanoparticles could
make a difference for breast cancer treatment via necroptotic
chemo-immunotherapy. In addition, further evaluation of the
infiltration and recruitment of CD8+ T cells within the tumor

lesions could be done to instigate the systemic antitumor
immune response.

4. CONCLUSIONS
In this study, bimetallic FePd NPs and DON coloaded ROS-
generating lipid nanoparticles (Lip@FePd-DON NPs) were
successfully designed and prepared via the classical thin-film
hydration method to enhance necroptotic chemo-immuno-
therapy for breast cancer. Upon internalization by tumor cells,
both bimetallic FePd NPs and DON are released from the lipid
NPs via lysosome dissociating. The biocatalytic performance of
FePd NPs catalyzes intracellular H2O2 to toxic ROS.
Meanwhile, the combination of DON and ROS effectively
induces cell necroptosis via the RIPK3/MLKL pathway. The
therapeutic mechanism was confirmed through cell morpho-
logical identification, inhibitor coincubation, immunofluores-
cence imaging, and western blotting analysis. Furthermore, the
immunogenicity of necroptotic cell death releases DAMPs,
which act as in situ neoantigens to trigger DCs maturation and
T cell activation, resulting in efficient immune response
characterized by the expression of inflammatory factors (TNF-
α, IFN-γ, and IL-6). Both in vitro and in vivo antitumor efficacy
demonstrated that the ROS-generating lipid nanoparticles
possess significant potential as potential carriers for delivering
DON to enhance necroptotic chemo-immunotherapy for
breast cancer.
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