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A B S T R A C T

The combination of chemotherapy and photodynamic therapy (PDT) for enhancing cancer therapeutic efficiency 
has attracted tremendous attention recently. However, limitations, such as low local concentration and uncon
trollable release of therapeutic agents, reduce combined treatment efficacy. In the present study, we engineered a 
biomimetic nanodrug employing hollow Prussian blue nanoparticles (HPB NPs) to co-load the chemical agent 
bufotalin (CS-5) and the photosensitizer chlorin e6 (Ce6) for combined chemo/PDT therapy against cancer. HPB 
NPs with catalase (CAT)-mimetic activity significantly improved the efficacy of PDT by catalyzing the decom
position of H2O2 into O2, thus alleviating hypoxia, which conversely amplified the efficiency of combination 
therapy. In vivo assay demonstrated that the encapsulation of a hybrid membrane on the HPB NPs prolonged 
blood circulation life 3.4-fold compared to free drug. Additionally, this strategy of combinational chemo/PDT 
therapy exhibits a remarkable cytotoxic effect against gastric cancer (BGC-823) and breast cancer (4T1) through 
the induction of ferroptosis and pyroptosis while simultaneously activating the immune response, with minimal 
adverse effects on normal organs. Thus, the co-delivery system based on biomimetic nanocarriers appears to be a 
promising platform for combined chemo/PDT therapy in tumor treatment.

1. Introduction

Cancer is among the most formidable diseases individuals encounter 
today [1]. Conventional cancer treatment modalities, including 
chemotherapy, surgery, and various other therapeutic approaches, each 
has inherent limitations that remain unaddressed [2]. For instance, in 
many cancer cases, tumors and normal tissues are often intertwined, 
rendering complete surgical removal of tumor cells exceedingly chal
lenging [3]. Conversely, chemotherapy usually results in drug resistance 
and diminished efficacy due to repeated dosing [4]. Currently, 
comprehensive therapeutic approaches are employed in clinical settings 
to achieve satisfactory treatment outcomes by combining multiple 
modalities.

Bufotalin (CS-5) is a principal active component of the traditional 
Chinese medicine Chansu, a dried secretion from the skin and parotid 
venom glands of toads [5]. Previous studies have shown that CS-5 ex
hibits outstanding antitumor activities across in various cancer cells by 
promoting apoptosis and inhibiting proliferation [6]. In addition, CS-5 
triggers apoptosis mediated by p53 in esophageal squamous cell carci
noma cells and induces ferroptosis by promoting the degradation of 
glutathione peroxidase 4 (GPX4) in A549 non-small cell lung cancer 
cells [6]. However, its poor water solubility leads to low bioavailability, 
limiting the clinical application of CS-5. In our previous study, nano
materials have been adopted to improve its solubility, bioavailability, 
drug permeability, and regulate the drug release rate by changing the 
administration pathway to enhance the antitumor activity of CS-5 [7].
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Photodynamic therapy (PDT) represents a non-invasive, spatiotem
porally controllable modality that offers the advantages of high selec
tivity and tumor enrichment, minimal damage to normal tissue, and the 
potential for repeatable treatment. Consequently, this promising form of 
therapy has emerged as a research hotspot in the realm of combination 
therapy for malignant tumors [8]. Nevertheless, the hypoxic tumor 
microenvironment (TME) significantly undermines the efficacy of PDT. 
Strategies employing perfluorocarbons (PFCs) for O2 delivery to the 
TME have been implemented to enhance PDT treatment outcomes; 
however, challenges such as limited loading capacity and premature 
leakage considerably restrict their clinical applicability. Recent in
vestigations have demonstrated that enzyme-mimicking nanomaterials 
can harness the elevated concentrations of H2O2 (50–100 μM) in tumors 
to catalyze in situ O2 generation via catalase (CAT)-mimetic activity [9,
10]. Among them, Prussian blue nanoparticles (PB NPs) have received 
approval from the FDA for treating radioactive exposure and the 
sequestration of harmful metal ions from the body. Its good biosafety has 
been demonstrated in clinical practice [11]. Recently, hollow PB NPs 
(HPB NPs) have attracted increasing attention due to their remarkable 
physiological stability, excellent drug-loading capacity, and exceptional 

CAT-mimetic activity [11]. Thus, HPB NPs present significant potential 
as nanocarriers for the co-delivery of CS-5 and chlorin e6 (Ce6), 
providing enhanced therapeutic effects through their dual roles.

Here, we engineered a biomimetic nanodrug employing HPB NPs to 
co-load the chemical agent CS-5 and photosensitizer Ce6 for combined 
chemo/PDT therapy against cancer (gastric cancer and breast cancer) 
(Scheme 1). HPB NPs with CAT-mimetic activity were used as both 
nanocarrier to load CS-5 and nanocatalyst to induce O2 generation in 
hypoxic solid tumors. In the O2-boosted TME, laser irradiation promoted 
PDT effect and the CS-5 release efficacy. Furthermore, this strategy 
could simultaneously induce ferroptosis and pyroptosis in BGC-823 and 
4T1 cells. Compared with previous therapeutic approaches based on 
PDT [12–14], this biomimetic nanodrug presents several advantages: (1) 
The superior biocompatibility and prolonged circulation half-life of the 
nanodrug enhance tumor-targeted accumulation, while the 
CAT-mimetic activity of HPB NPs effectively alleviates tumor hypoxia, 
thereby amplifying photodynamic generation of singlet oxygen; (2) The 
oxygen-enhanced PDT synergistically augments CS-5-mediated chemo
therapy through ROS production; (3) The concerted induction of fer
roptosis and pyroptosis pathways is achieved by these combined 

Scheme 1. Schematic illustration for nanodrug synthesis and the underlying mechanism of ferroptosis and pyroptosis-involved cancer cell death via chemo/PDT 
strategy. (A) Synthetic procedure of HM@Ce6@HPB@CS-5 NPs. (B) Therapeutic mechanisms of HM@Ce6@HPB@CS-5 NPs against cancer through combinational 
chemo/PDT therapy.
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oxidative amplification; (4) This multimodal strategy successfully trig
gers immunogenic cell death (ICD) while activating antitumor immu
nity, offering a promising avenue for advancing immunotherapy.

2. Materials and methods

2.1. Materials and reagents

Bufotalin was purchased from Herbest (Xi’an, China). The primary 
antibodies and secondary antibodies were purchased from Proteintech 
(IL, USA). K3 [Fe(CN)6]•3H2O was purchased from Shanghai Aladdin 
Biochemical Technology Co., Ltd (China). MTT were obtained from 
Sigma-Aldrich (MO, USA). C11-BODIPY, SOSG, and Chlorin e6 (Ce6) 
were acquired from Shanghai Maokangbio (Shanghai, China). DCFH- 
DA, calcein-AM, PI (Propidium Iodide), JC-1 assay kit and BCA pro
tein assay kit were purchased from Yeasen Biotech Co., Ltd (Shanghai, 
China). Membrane protein extraction kit, DiI (DiIC18(3)), DiO (DiOC18 
(3)), ATP assay kit, and LDH assay kit were purchased from Beyotime 
(Shanghai, China). TMB (3, 3′, 5, 5′-Tetramethylbenzidine), GSH/GSSG 
assay kit, and MDA assay kit were obtained from Solarbio Science & 
Technology Co., Ltd (Beijing, China). ELISA assay kits were obtained 
from NeoBioscience Technology Co., Ltd (Shenzhen, China). The gastric 
cancer (GC) tissue and paracancerous tissues were obtained from the 
University of South China.

2.2. Cells and animals

BGC-823, HGC-27, 4T1, SMC, NIH 3T3, HUVEC, and RAW264.7 cells 
were obtained from Cell Library of Xiangya Central Laboratory. Cells 
were incubated in a humidified atmosphere at 37 ◦C with 5 % CO2. Mice 
(female, nude BALB/c, 4–5 weeks; female, BABL/c, 4–5 weeks) were 
purchased from Silaike Experimental Animals Co. Ltd (Hunan). All an
imal experiments complied with the principles of the “Declaration of 
Helsinki of the Ministry of Health”, and all procedures were executed in 
accordance with the protocols by the Medical Ethics Committee of 
Hunan University (SYXK-2023-0010). Clinical GC and paracancerous 
tissues collection was approved by the University of South China Ethics 
Committee (NO 2024-114).

2.3. Preparation and characterization of hybrid membrane

Fresh red blood cells (RBCs) from healthy female BALB/c mice were 
collected with heparin and centrifuged at 4 ◦C. After washing with PBS, 
the collected RBCs were placed in cold PBS solution for 2–3 h. The 
mixture was centrifuged to prepare RBC membrane (RBCM). Finally, the 
RBCM was harvested according to previous method [15]. Membranes 
from BGC-823 cells (823M) and 4T1 cells (4T1M) were obtained using a 
kit for extracting membrane proteins. The hybrid membrane (HM) 
containing RBCM and 823M (1 mg:1 mg) were obtained under soni
cation as previously described [16]. The acquisition of 4T1 cell mem
branes (4T1M) were similar to that of 823M. In subsequent in vitro and in 
vivo experiments of breast cancer models, HM represents a hybrid 
membrane formed by 4T1M and RBCM. In addition, RBCM and 
BGC-823M solution were stirred with DiI and DiO dyes, respectively, to 
perform hybrid membrane characterization. The mixture of RBCMDiI 

and 823MDiO were stirred for 30 min. After extruding, the obtained 
samples were imaged under CLSM (Confocal laser scanning microscopy, 
Olympus, Japan).

The protein constituents in membranes were determined by SDS- 
PAGE. After quantifying the protein concentrations of RBCM, BGC- 
823M, 823M/RBCM (HM), and the membrane of 
HM@Ce6@HPB@CS-5 NPs, the denatured samples (40 μg/sample) 
were separated on the 10 % SDS-PAGE. Then, the gel was stained with 
Coomassie blue for 2 h, washing with distilled water overnight followed 
by imaging. Meanwhile, the proteins in gel were transferred to PVDF 
membranes and sequentially incubated with primary antibodies (CD44 

and CD47) and secondary antibodies, and then for detected.

2.4. Synthesis and characterization of HPB NPs and 
HM@Ce6@HPB@CS-5 NPs

PB NPs were synthesized according to the reported method [15]. The 
prepared PB NPs powder (20 mg) and PVP (100 mg) were mixed in a 
solution of HCl solution (1 M, 20 mL) and stirred for 2 h. Transfer the 
mixture to the reaction kettle at 140 ◦C for 4 h. The collected precipitate 
was washed repeatedly to obtain HPB NPs. The mixture containing 1 mL 
HPB (1 mg/mL) and 20 μL CS-5 (5 mg/mL) was stirred overnight and 
centrifuged to prepare HPB@CS-5 NPs. Next, the mixture containing 1 
mg HPB@CS-5 NPs ([HPB] = 1 mg/mL) and 1 mg PEI (4 mg/mL) was 
stirred for 4 h, followed by centrifuging to obtain the 1 mg 
HPB@CS-5@PEI NPs ([HPB] = 1 mg/mL). EDC and NHS were adopted 
to activate the carboxylic group of Ce6 according to the reported method 
[17,18]. Then, activated-Ce6 (0.02 mg/mL) was added into the 
HPB@CS-5@PEI NPs ([HPB] = 1 mg/mL) solution to perform a 
cross-linking reaction for 6 h. After centrifugation, Ce6@HPB@CS-5 NPs 
were redispersed in PBS. Finally, HM coating on the Ce6@HPB@CS-5 
NPs were performed according to the previous method [15] (weight 
ratio of HM and HPB NPs were 1 mg:1 mg). The morphological char
acterization, size measurement, and FT-IR spectra assay of NPs were 
characterized by JEM-2100 microscope (JEOL), dynamic light scattering 
particle size analyzer (DLS), and Bruker TENSOR27.

HM@Ce6@HPB@CS-5 NPs were stored in PBS or DMEM containing 
10 % FBS for 7 days. The sizes of HM@Ce6@HPB@CS-5 NPs were 
measured at different time points to investigate long-term storage 
stability.

2.5. The CAT-mimetic and photodynamic properties of 
M@Ce6@HPB@CS-5 NPs

The CAT-mimetic activity of HM@Ce6@HPB@CS-5 NPs was 
assessed via the TMB method [19]. In brief, the H2O2 was rapidly added 
to the solution of HM@Ce6@HPB@CS-5 ([HPB] = 15 μg/mL). The 
absorbance values of the solution at OD652nm were recorded immedi
ately for 4 min. The resulting curves of V0 against H2O2 concentration 
were fitted using nonlinear regression of the Michaelis–Menten equa
tion. Km and Vmax of CAT-mimetic activity of HM@Ce6@HPB@CS-5 
NPs were calculated through the Lineweaver-Burk plot.

0.5 mg HM@Ce6@HPB@CS-5 NPs were mixed with 10 mL H2O2 
solution (100 mM, pH7.4), and the dissolved O2 concentration was 
measured for 4 min with dissolved oxygen meter (JPB-70A). Also, the 
intracellular O2 generation capacity of HM@Ce6@HPB@CS-5 NPs was 
investigated by observing the fluorescence Hypoxia/Oxidative Stress 
Detection regent as O2 can strongly quench the fluorescence of this agent 
[19]. BGC-823 cells in a 96-well plate (1 × 104 cells/well) were cultured 
under hypoxia (1 % O2, 5 % CO2, Anaero-Pack) for 24 h. Then, the cells 
were incubated with HM@Ce6@HPB@CS-5 NPs ([HPB] = 50 μg/mL, 
[Ce6] = 1 μg/mL, [CS-5] = 50 nM) for 4 h followed with 660 nm laser 
irradiation (0.1 W/cm2) and the addition of H2O2 (100 μM). The cells 
were captured under CLSM.

The 1O2 levels were measured to investigate the capacity of PDT- 
enhanced 1O2 generation, H2O2 (100 μM), the solution of Ce6 or 
M@Ce6@HPB@CS-5 NPs (100 μL, [Ce6] = 5 μg/mL) were added into 
the 2, 2, 6, 6-tetramethylpiperidine (TEMP) solution (100 μL, 100 mM). 
and the mixture was treated with laser (0.1 W/cm2, 5 min), followed by 
monitoring with Electron Spin Resonance (ESR) spectrometer (JES-FA 
200, Japan).

2.6. Drug loading and controlled release behavior

The same method as described above was used to prepare HPB NPs 
loaded with CS-5 and PEI@HPB NPs loaded with Ce6. The loaded CS-5 
and Ce6 amount were calculated by measuring the absorbance values at 
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294 nm and 660 nm, respectively. The encapsulation capacity (EC) and 
loading capacity (LC) were calculated with the following formulas: 

LC(%)=
(Mt − Mu)

Mp
× 100% 

EC(%)=
(Mt − Mu)

Mt
× 100% 

where Mt indicates the total mass of the drug for loading. Mu represents 
the mass of not encapsulated drug, and Mp represents the mass of the 
HPB or HPB@PEI NPs. The NPs (10 mg HPB NPs) were uniformly 
dispersed into PBS (pH7.4 or pH5.4) and stirred overnight at 37 ◦C. At 
predefined time points, the supernatants were collected for UV–vis 
analysis. After adding an equal amount of PBS (pH7.4 or pH5.4), the 
mixture was continued to conduct the CS-5 release process. To access the 
capacity of controlled release of CS-5 under laser irradiation, 
HM@Ce6@HPB@CS-5 NPs (10 mg) were dispersed in PBS (pH5.4). The 
solution was treated with 660 nm laser (0.1 W/cm2) for 5 min, and the 
release behavior of CS-5 was evaluated according to the above method. 
The materials dispersed in PBS was performed 4 on/off cycles of laser 
irradiation.

2.7. Biocompatibility analysis of HPB NPs and HM@Ce6@HPB@CS-5 
NPs

NIH 3T3, HUVEC, and SMC were cultured overnight in 96-well plates 
(5 × 103 cells/well). Then, the medium was substituted with a medium 
that included HPB NPs or HM@Ce6@HPB@CS-5 NPs. After culturing for 
another 24 h, the MTT method assessed cell viability. RBCs were mixed 
with PBS (negative control), deionized water (positive control), HPB, 
HPB@CS-5, Ce6@HPB@CS-5, and HM@Ce6@HPB@CS-5 NPs (Corre
sponded to 20, 50, 100 and 200 μg/mL HPB NPs). Following a 4 h in
cubation at 37 ◦C, the supernatants at OD562nm was measured. In 
parallel, RBC morphology was observed under microscope. For platelet 
aggregation assay, fresh plasma containing platelets was incubated with 
NPs (100 μg/mL) at 37 ◦C for 2 h before monitoring the OD650nm.

2.8. Cell uptake, immune escape and penetration of 
HM@Ce6@HPB@CS-5 NPs

BGC-823 cells in 12-well plates were incubated with 
HM@Ce6@HPB@CS-5 for 0, 2, 4, 6 or 8 h. After sequentially fixing and 
staining with DAPI. The cells were performed for CLSM imaging. 
Meanwhile, quantitative analysis of cell uptake was assessed by flow 
cytometry (FCM). Then, we determined the immune escape properties of 
samples by examining the red fluorescence signal after co-incubation of 
Ce6-loaded materials (Ce6@HPB@CS-5 NPs or HM@Ce6@HPB@CS-5 
NPs) with macrophages for 4 h.

The 3D tumor multicellular spheroids (3D MCSs) were cultured by 
adding each well of SPL Cell Floater Plates (Ultra Low Attachment) with 
50 μL of 5 × 103 BGC-823 cells. After 7 days of cultivation, MCSs were 
incubated with PBS, Ce6, or HM@Ce6@HPB@CS-5 NPs ([HPB] = 50 
μg/mL, [CS-5] = 50 nM, [Ce6] = 5 μg/mL) for 6 h. MCSs were imaged 
under CLSM.

2.9. Cytotoxicity study

Cell viabilities under normoxic and hypoxic conditions were inves
tigated, respectively. Briefly, BGC-823 cells (8 × 103 cells/well) were 
treated with different materials in normoxic or hypoxic conditions. The 
cells were cultured for another 4 h followed by laser irradiation (660 
nm, 0.1 W/cm2, 3 min). MTT assay was performed 20 h later to assess 
the cell viability. For live/dead stain assay, BGC-823 cells were treated 
with different NPs and irradiated, whereas others were not. After a 
further 20 h, calcein-AM (10 μg/mL) and PI (5 μg/mL) were added for 30 

min, and the cells were imaged under CLSM. MCSs were incubated with 
PBS, Ce6, CS-5 and HM@Ce6@HPB@CS-5 NPs ([HPB NPs] = 50 μg/mL, 
[Ce6] = 1 μg/mL, [CS-5] = 50 nM) for twice. MCSs were imaged by an 
inverted microscope over 8-days. Following a 1 h incubation with 
calcein-AM (10 μg/mL) and PI (5 μg/mL), the MCSs were washed with 
PBS and transferred to confocol dishes for imaging with CLSM.

2.10. Intracellular ROS and LPO accumulation assay

The BGC-823 cells in 6-well plates incubated overnight were treated 
with HM@Ce6@HPB@CS-5 NPs ([HPB NPs] = 50 μg/mL, [CS-5] = 50 
nM, [Ce6] = 1 μg/mL) for 6 h. DCFH-DA (10 μM) was added and 
incubated for 30 min, followed by laser irradiation (660 nm, 0.1 W/cm2, 
3 min). Intracellular ROS levels were imaged under CLSM.

BODIPY581/591-C11 (Invitrogen, USA) was used as the probe to 
detect the LPO accumulation in cells [20]. Briefly, BGC-823 cells were 
treated using the above method. Then, the cells were stained with 
BODIPY-C11 according to the protocol for imaging with CLSM.

2.11. Measurement of mitochondrial membrane potential

BGC-823 cells treated for 4 h with HM@Ce6@HPB@CS-5 NPs and 
irradiated with laser irradiation (660 nm, 0.1 W/cm2, 3 min). The cells 
were stained with JC-1 according to the protocol for imaging with 
CLSM.

2.12. Intracellular GSH and MDA assay

BGC-823 cells were treated with PBS, Ce6, CS-5, 
HM@Ce6@HPB@CS-5 ([HPB NPs] = 50 μg/mL, [CS-5] = 50 nM, 
[Ce6] = 1 μg/mL) and treated with 660 nm laser (0.1 W/cm2, 3 min). 
After culturing for 24 h, the cells were collected, and the GSH and MDA 
level in the supernatants were evaluated using GSH/GSSG assay kit and 
MDA assay kit according to the instruction’s manual.

2.13. Cell membrane integrity assay

BGC-823 cells were incubated with PBS, Ce6, CS-5, 
HM@Ce6@HPB@CS-5 ([HPB NPs] = 50 μg/mL, [CS-5] = 50 nM, 
[Ce6] = 1 μg/mL) with or without 660 nm laser (0.1 W/cm2, 3 min). 
After incubating for 6 h, the cells were stained with T11 and DAPI; the 
cells were observed by CLSM.

2.14. Detection of intracellular hypoxia level

The hypoxia levels in cells were detected using a hypoxia/oxidative 
stress detection kit (Enzo Life Sciences), according to previous methods 
[14]. Briefly, BGC-823 cells were treated with different formulations 
([HPB NPs] = 50 μg/mL, [CS-5] = 50 nM, [Ce6] = 1 μg/mL, [H2O2] =
100 μM) and then put in an Anaero-Pack (1 % O2) for 4 h with or without 
laser irradiation (660 nm, 0.1 W/cm2, 3 min). The cells were washed 
with PBS; the detection mix was added according to the procedure; the 
cells were captured by CLSM.

2.15. Western blot assay

BGC-823 or 4T1 cells were incubated with PBS, Ce6, CS-5 and 
HM@Ce6@HPB@CS-5 NPs ([HPB NPs] = 50 μg/mL, [CS-5] = 50 nM, 
[Ce6] = 1 μg/mL) before 660 nm laser irradiation (0.1 W/cm2, 3 min). 
The cells were lysed in the cold RIPA buffer. The concentration of su
pernatants was quantified by BCA assay. Samples were separated on the 
10 % SDS-PAGE gel, and the proteins were transferred to PVDF mem
branes and sequentially incubated with primary antibodies (GAPDH, 
GPX4, Caspase-3, GSDME) and secondary antibodies. The levels of 
proteins were detected using an ECL chromogenic solution. The gastric 
cancer tissues and corresponding paraneoplastic tissues from the 
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University of South China were lysed with RIPA, and the level of GPX4 
was detected following the methodology mentioned above.

2.16. In vivo biodistribution images and pharmacokinetics

BGC-823-bearing nude mice were intravenously injected with 
different NPs ([HPB] = 5 mg/kg, [Ce6] = 2.5 mg/kg, [CS-5] = 0.5 mg/ 
kg). The fluorescence image was captured at predetermined time points 
to observe the biodistribution profiles of Ce6@HPB@CS-5 and 
HM@Ce6@HPB@CS-5 NPs. Major organs were isolated from the 
euthanized mice for imaging at 48 h post-injection.

After administration with Ce6, Ce6@HPB@CS-5 NPs, and 
HM@Ce6@HPB@CS-5 NPs ([HPB NPs] = 5 mg/kg, [Ce6] = 2.5 mg/kg; 
[CS-5] = 0.5 mg/kg) into healthy BABL/c mice, the blood was taken 
from the mice at different times. Then, the serum obtained from whole 
blood was further imaged by the Kodak multimode imaging system to 
conduct a pharmacokinetics assay.

2.17. The bone marrow-derived dendritic cells (BMDCs) maturation in 
vitro

To study the maturation of BMDCs, BMDCs were isolated from the 
bone marrow of female BABL/c mice (4–6 weeks old) and cultivated in a 
medium containing GM-CSF and IL-4 for 7 days in vitro. The BGC-823 
cells were treated for 24 h to acquire specific media, followed by an 
additional 24 h incubation with BMDCs. The BMDCs were labeled with 
anti-PE-CD80 and anti-FITC-CD86 antibodies and examined using FCM. 
The cell supernatant samples were collected to identify cytokines (TNF- 
α, IL-6) using ELISA kits.

2.18. Anti-tumor efficacy and immunity study in vivo

The BGC-823 cells (1 × 107 cells per mouse) were subcutaneously 
injected into the back of female nude BALB/c mice to construct gastric 
cancer models. The BGC-823 model mice with tumor volume of 100 
mm3 were randomly divided into 4 groups (n = 5), including PBS, 
Ce6+L, CS-5, HM@Ce6@HPB@CS-5+L ([HPB NPs] = 5 mg/kg, [Ce6] =
2.5 mg/kg, [CS-5] = 0.5 mg/kg). The mice were intravenously injected 
with different samples every two days. Local laser irradiation (L) (660 
nm, 0.1 W/cm2, 5 min) was applied 12 h after injection. The body 
weight and tumor size were monitored every two days. After adminis
tration, the mice were sacrificed for collecting tumors and other organs.

Meanwhile, 4T1 cells were orthotopically implanted into the fourth 
abdominal mammary fat pads of BABL/c mice. And the breast cancer 
model mice with tumor volume of 100 mm3 were randomly divided into 
3 groups (n = 5), including PBS, CS-5, HM@Ce6@HPB@CS-5+L ([HPB 
NPs] = 5 mg/kg, [Ce6] = 2.5 mg/kg, [CS-5] = 1 mg/kg). The mice were 
intravenously injected with different samples every two days. Local laser 
irradiation (L) (660 nm, 0.1 W/cm2, 5 min) was applied 12 h after in
jection. The body weight and tumor size were monitored every two days. 
After administration, the mice were sacrificed, and excised tumor tissues 
were weighed and imaged. The tumors were analyzed by metastasis 
markers (MMP-9), hypoxia markers (HIF-1α), and ferroptosis biomarker 
(GPX4) analysis. The blood samples were collected for routine 
biochemistry analysis.

Tumors were excised from mice and embedded in paraffin for 
immunofluorescence staining. Subsequently, partial tumors without 
fixed were processed into single cell suspensions. Finally, single-cell 
suspensions were stained with anti-CD16/32, zombie aqua, APC/ 
Cyanine7-CD45, APC-CD11b, FITC-CD3, Percp/Cy-5.5-CD4, BV785- 
CD8a, PE-Foxp3, and PE/Cy7-CD25 antibodies (Biolegend) and 
analyzed by FCM.

2.19. Transcriptomics analysis

For assessing the mRNA levels in BGC-823 cells, transcriptomics 

analysis was performed after treatment with PBS, CS-5 (50 nM), and 
HM@Ce6@HPB@CS-5 NPs with laser ([HPB NPs] = 50 μg/mL, [CS-5] =
50 nM, [Ce6] = 1 μg/mL) for 24 h. Total RNA extraction was performed 
with the TRIZOL, followed by sequencing of transcriptome libraries 
using Oebiotech. Differential expression was assessed using DESeq. A 
fold change of 2:1 or greater and a false discovery rate-corrected P value 
of 0.05 or less were used as thresholds for differential genes.

2.20. Statistical analysis

Statistical analyses were performed using GraphPad Prism 9.0.0 
software (USA). Differences between groups were estimated by the one- 
way ANOVA, representing at least three independent experiments. The 
statistical significance was set at *P < 0.05, **P < 0.01, and ***P <
0.001.

3. Results and discussion

3.1. CS-5 can inhibit GPX4 expression in GC cells

Bufotalin (CS-5) is a steroid lactone that contains four carbon skel
eton rings and one lactone ring [21], the structure of which is shown in 
Fig. 1A. MTT assay demonstrated the strong cell-killing effect on gastric 
cancer (GC) cell lines including BGC-823 and HGC-27 cells with IC50 
value of 45.9 nM and 130.4 nM, respectively (Fig. 1B). Bufotalin has 
been reported to efficiently kill tumor cells by inhibiting the expression 
of GPX4 [22]. The pronounced elevation of GPX4, a pivotal marker of 
ferroptosis within tumor tissue, is intricately linked to an unfavorable 
prognosis in cancer patients [23].Thus, we further investigated the 
clinical significance of GPX4 expression in GC using the GEPIA 2 web
site. The results showed a significant increase of GPX4 in GC tissues 
compared to normal tissues (Fig. 1C). Furthermore, GC patients with 
high GPX4 expression generally exhibited significantly lower overall 
survival rates compared to those with low GPX4 levels (Fig. 1D). By 
performing Western blot analysis on clinical tissue samples, it was also 
found that seven GC tissues exhibited higher GPX4 levels than the par
acancerous tissues (Fig. 1E). Afterward, utilizing the BGC-823 cell line 
as a model, we observed a CS-5 concentration-dependent inhibition on 
GPX4 expression (Fig. 1F). By combining with RNA-seq assay and 
analyzing the data using gene set enrichment analysis (GSEA), a note
worthy enrichment of differentially expressed genes in the ferroptosis 
and a significant decrease in GPX4 mRNA level was found in BGC-823 
cells with CS-5 treatment (Fig. 1G and H). These results indicate that 
CS-5 can efficiently kill GC cells via inducing ferroptosis.

3.2. Synthesis and characterization of HM@Ce6@HPB@CS-5 NPs

To enhance the efficacy of CS-5 while reducing the potential car
diotoxicity, we constructed a biomimetic nanoparticle loaded with CS-5 
and Ce6 to perform combinational chemo/PDT against tumor. The 
detailed synthesis process for HM@HPB@CS-5@Ce6 NPs is illustrated in 
Scheme 1. A variety of characterization methods were utilized to 
elucidate the properties of HM@Ce6@HPB@CS-5 NPs. Transmission 
electron microscopy (TEM) images showed the cubic-like HPB NPs with 
an approximate diameter of 100 nm (Fig. 2A). The HM@Ce6@HPB@CS- 
5 NPs clearly revealed similar core-shell nanostructure, with a diameter 
of approximately 110 nm, showcasing a membrane layer thickness 
about 5.5 nm (Fig. 2B). Consistent with TEM images, DLS assay indi
cated the average sizes of 106 nm for HPB NPs and 120 nm for 
HM@Ce6@HPB@CS-5 NPs due to the membrane coating (Fig. 2C). This 
result demonstrated that camouflaged of hybrid membrane can slightly 
affect the size of NPs [24]. The UV–vis spectra revealed distinct peaks at 
710 nm, 294 nm, and 410 nm, characteristic of HPB NPs, CS-5, and the 
hybrid membrane, respectively (Fig. 2D). Notably, new peaks at 660 nm 
and 400 nm appeared in the HM@Ce6@HPB@CS-5 NPs, indicative of 
the modification by Ce6 [12] and hybrid membrane [24] (Fig. 2D). Zeta 
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potentials of HPB NPs and Ce6@HPB@CS-5 NPs were measured to be 
− 4.5 mV and 0.5 mV, respectively. Following camouflaging with the 
hybrid membrane, the zeta potential changed from positive to negative 
(− 6.2 mV) (Fig. 2E). FT-IR spectra demonstrated the characteristic peak 
of Fe2+C≡N-Fe3+ at 2086 cm− 1 in HPB NPs [16], while Ce6@HPB@CS-5 
NPs showed new characteristic peaks at 1561 cm− 1 and 1718 cm− 1, 
corresponding to the amide (CO=N-) stretching vibrations after cross
linking with Ce6 [12,25] (Fig. S1A). This provided compelling evidence 
for the successful conjugation of Ce6 to the PEI of HPB NPs. In addition, 
utilizing the fluorescence imaging, we observed intense yellow fluores
cence in the HM group resulting from the merging of red fluorescence 
emitted by RBCMDiI and green fluorescence emitted by 823MDiO 

(Fig. 2F), thus confirming the successful fusion of RBCM and 823M cells.
Considering the tumor-targeting capability and low immunogenicity 

of 823M, along with the prolonged blood circulation half-life conferred 
by RBCM, the optimal ratio of 823M:RBCM was determined to be 1:1 for 
subsequent experiments [24]. Fig. 2G demonstrated the inherited pro
tein profiles of the hybrid membrane in HM@Ce6@HPB@CS-5 NPs 
originating from RBCM and 823M, consistent with the previous reports 
[16]. Western blotting analysis further confirmed the existentence of 
CD44 and CD47 in 823M/RBCM of HM@Ce6@HPB@CS-5 NPs, the 
corresponding protein markers for 823M and RBCM, respectively 

(Fig. S1B), which was similar to HM. Stability assay demonstrated a 
homogeneous dispersion and good stability of HM@Ce6@HPB@CS-5 
NPs for at least 7 days, without significant change in size when sus
pended in PBS or DMEM supplemented with 10 % FBS (Fig. 2H). This 
stability is crucial for minimizing drug leakage during systemic circu
lation [26].

We subsequently investigated the ratio effect of drug/HPB NPs on 
the entrapment efficiency. According to the feeding ratio of 0.1:1 and 
1:1, the entrapment efficiencies of CS-5 and Ce6 in HPB NPs were 
determined to be 2.9 % and 99 %, respectively (loading efficiency were 
0.3 % and 95.8 %, respectively) (Figs. S1C and S1D). Next, by moni
toring the release behavior, we found that the release of CS-5 showed 
pH- and laser-dependent manners. The release rate of CS-5 was only 
about 16.2 % over 48 h under pH7.4 condition, which was lower than 
that of pH5.5 (28.3 %) (Fig. S1E). However, the released CS-5 reached 
54 % at pH5.5 condition after 4 rounds of 660 nm laser irradiation (0.1 
W/cm2, 5 min) (Fig. S1F). Therefore, under simulated TME conditions 
and following laser irradiation, morphological characterization of 
HM@Ce6@HPB@CS-5 NPs was performed. TEM analysis revealed 
distinct structural disruption of the membrane (Fig. S1G). These findings 
aligning with prior reports [19,24], indicated a controlled release 
manner of CS-5 from HM@Ce6@HPB@CS-5 NPs attributable to the 

Fig. 1. CS-5 induces ferroptosis in GC cells in vitro. (A) The pharmaceutical structure of CS-5. (B) The cell viabilities of BGC-823 and HGC-27 cells with CS-5 
treatment. (C) Relative expression and quantitative analysis of GPX4 in GC tissues (T) and paracancerous tissues (P) from GEPIA 2. (D) Disease free survival 
assay of GC patients with different GPX4 levels based on GEPIA 2. (E) Western blot and quantitative analysis of GPX4 in GC tissue (T) and paracancerous tissues (P) 
(n = 12). (F) Relative expression of GPX4 in BGC-823 cells treatment with CS-5. (G) Heatmap representing the levels of various genes in BGC-823 cells (Blue: low 
expression; Red: high expression). (H) GSEA for ferroptosis signaling pathway in BGC-823 cells after treatment with CS-5 (n = 3). *P < 0.05, ***P < 0.001. ns, 
not significant.
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structure of HPB NPs and disruption of the hybrid membrane. This 
release manner can not only fulfill the requirement of high drug con
centration in the tumor region but also reduce side effects on normal 
tissues [27]. Taken together, the above results affirmed the successful 
synthesis of HM@Ce6@HPB@CS-5 NPs, which are essential for real
izing a combinational chemo/PDT for tumor eradication.

We have reported the intrinsic CAT-like activity of HPB NPs [28]. In 
this study, we investigated whether the different modification can affect 
the CAT-mimetic activity of HPB NPs using TMB method. TMB can be 
oxidized by H2O2 to form ox-TMB with a maximum absorption peak at 
652 nm in the presence of catalase [29]. Consistent with our previous 
findings [28], UV spectra analysis indicated an increase of OD652nm in 
the presence of HM@Ce6@HPB@CS-5 NPs. Meanwhile, the absorbance 
values at OD652nm showed a positive relation with H2O2 concentration 
within 0.5–5 mM (Fig. S1H). Through enzymatic kinetics studies, the 
Km and Vmax values of HM@Ce6@HPB@CS-5 NPs were calculated to 
be 0.634 mM and 3.32 × 10− 4 Ms− 1, respectively (Figs. S1I and S1J). 
Notably, the Km value for HM@Ce6@HPB@CS-5 NPs was lower than 
those of reported AuNCs-NH2 (10.6 mM) [30] and Co3O4 nanorods (4.82 
mM) [31], suggesting it possesses high catalytic efficiency. Subse
quently, we explored the O2 generation capacity of 
HM@Ce6@HPB@CS-5 NPs. Fig. 2I and J visually indicated the rapid 
appearance of bubbles (O2) in the HM@Ce6@HPB@CS-5 NPs + H2O2 
group and the gradual increase of O2 content with the time extension in 
anaerobic water. We then investigated the impact of 
HM@Ce6@HPB@CS-5 NPs with O2 generation function on the hypoxic 

state within tumor cells. At first, anaerobic cultivation was adopted to 
create a hypoxia environment for BGC-823 cells according to the pre
vious method [28]. Then, the hypoxia probe, which can emit red fluo
rescence [19], was applied to illustrate the intracellular hypoxia levels 
of tumor cells. As we expected, BGC-823 cells treated solely with 
HM@Ce6@HPB@CS-5 NPs exhibited a strong red fluorescence signal, 
indicative of cellular hypoxia. In contrast, only a weak red signal was 
observed in the BGC-823 cells following the addition of H2O2 in 
conjunction with HM@Ce6@HPB@CS-5 NPs (Fig. 2K). These results 
compellingly demonstrated that HM@Ce6@HPB@CS-5 NPs effectively 
mitigate cellular hypoxia by catalytically decomposing H2O2 into O2 
(Fig. 2L). This property is particularly advantageous for PDT, as it al
leviates the hypoxic conditions that often impede therapeutic efficacy 
within tumors. To further identify the type of ROS generated during 
PDT, ESR spectra were used to detected the 1O2 signal (distinct 1:1:1 
triplet signal). In the HM@Ce6@HPB@CS-5 NPs + H2O2+L group, the 
highest 1O2 signal can be detected, whereas a weaker peak was observed 
in the Ce6+L and HM@Ce6@HPB@CS-5 NPs + L group (Fig. S1K). In 
contrast, H2O2+L group displayed negligible 1O2 signal. This result 
revealed that the introduction of H2O2 for HM@Ce6@HPB@CS-5 NPs 
were effective in producing 1O2.The 1O2 generation mechanism under
lying oxygen enhanced-PDT is delineated in Fig. 2L.

3.3. Anti-tumor effect of HM@Ce6@HPB@CS-5 NPs

Fluorescence imaging revealed time-dependent cellular uptake of 

Fig. 2. Preparation and physicochemical properties of HM@Ce6@HPB@CS-5 NPs. TEM images of HPB NPs (A) and HM@Ce6@HPB@CS-5 NPs (B). (C) Size dis
tribution of HPB NPs and HM@Ce6@HPB@CS-5 NPs measured by DLS. (D) UV–vis spectra of HPB NPs, Ce6, CS-5, HM@Ce6@HPB@CS-5. (E) The zeta potentials of 
HPB, HPB@CS-5, Ce6@HPB@CS-5, HM@Ce6@HPB@CS-5. (F) CLSM images of hybrid membrane. (G) SDS-PAGE analysis of RBCM, BGC-823M, HM and membrane 
of HM@Ce6@HPB@CS-5 NPs. I: RBCM; II: BGC-823M; III: HM; IV: membrane of HM@Ce6@HPB@CS-5 NPs. (H) The size of HM@Ce6@HPB@CS-5 in PBS and 
DMEM containing 10 % FBS at different time. (I and J) The images and dissolved O2 concentration change of different components. (K) Fluorescence images of BGC- 
823 cells treated with PBS, H2O2, HM@Ce6@HPB@CS-5, HM@Ce6@HPB@CS-5+H2O2 in hypoxia. (L) Scheme of 1O2 (ROS) generation caused by PDT. Data are 
expressed as mean ± SD (n = 3).
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HM@Ce6@HPB@CS-5 NPs in BGC-823 cells, with red fluorescence in
tensity gradually increasing and reaching a plateau at 4 h (Fig. 3A). FCM 
assay further confirmed these findings (Fig. 3B), suggesting efficient 
cellular entry consistent with our previous work [15]. Considering that 
NPs with immune escape can prolong the in vivo circulation time of 
drugs, we then explored the effect of macrophages on the uptake 
behavior of HM@Ce6@HPB@CS-5 NPs. Figs. S2A and S2B showed that 
the red fluorescence signal in HM@Ce6@HPB@CS-5 NPs-treated mac
rophages was 2.16-fold higher than that of Ce6@HPB@CS-5 NPs-treated 
macrophages at the concentration of 50 μg/mL. This phenomenon 
demonstrated the ability of membranes-coated NPs to evade the sur
veillance and clearance of immune cells [32]. Then, we investigated the 
homing targeting effect of HM@Ce6@HPB@CS-5 NPs on various tumor 
cells. As expected, 4T1 cells showed weak fluorescence signals following 
incubation with all NPs. In contrast, both 823M@Ce6@HPB@CS-5 NPs 
and HM@Ce6@HPB@CS-5 NPs-treated cells showed strong red fluo
rescence in BGC-823 cells, which is higher than that of the 
RBCM@Ce6@HPB@CS-5 NPs-treated group (Fig. 3C). These findings 

suggest that the tumor cell membrane endowed good targeting capa
bility of HM@Ce6@HPB@CS-5 NPs to BGC-823 cells. Consistent with 
previous report [24], the hybrid membrane comprised of 4T1 and RBCM 
only exhibited excellent targeting effect on 4T1 tumor cells. In addition, 
by examining the penetration ability of HM@Ce6@HPB@CS-5 NPs 
using MCSs in vitro, we found that HM@Ce6@HPB@CS-5 NPs exhibited 
more intense red fluorescence signals in the central part of the MCSs of 
BGC-823 cells, in comparison to the Ce6@HPB@CS-5 NPs-treated group 
(Figs. S2C and S2D). We hypothesize that this phenomenon could be 
attributed to the homologous targeting capability of 
HM@Ce6@HPB@CS-5 NPs and an antigenic library derived from 823M 
cells, which facilitates their deep penetration into MCSs [33]. These 
results demonstrate that hybrid membrane encapsulation considerably 
boosts the penetration efficiency of Ce6@HPB@CS-5 NPs.

Next, we investigated the cancer cell killing ability of 
HM@Ce6@HPB@CS-5 NPs plus laser irradiation under hypoxia, the 
condition significantly compromised the effectiveness of PDT [28]. 
Consistent with this report, MTT assay indicated that the viability of 

Fig. 3. HM@Ce6@HPB@CS-5 NPs can induce ferroptosis and pyroptosis in BGC-823 cells. (A) Fluorescence images of BGC-823 cells co-cultured with different NPs 
over time, respectively. (B) FCM analysis and relative quantitative analysis of cell uptake efficacy of HM@Ce6@HPB@CS-5 NPs in BGC-823 at different time points. 
(C) CLSM images of BGC-823 cells and 4T1 cells upon incubation with HM@Ce6@HPB@CS-5, 823M@Ce6@HPB@CS-5 and RBCM@Ce6 @HPB@CS-5 for 6 h. (D) 
The effect of O2 concentration on the BGC-823 cell viability. (E) Live/dead imaging of BGC-823 cells after with different treatments (660 nm, 0.1 W/cm2, 3 min). I: 
PBS, II: Ce6+L, III: CS-5, IV: HM@Ce6@HPB@CS-5+L. (F) Representative images and live/dead imaging of 3D MCSs with different treatments. I: PBS, II: Ce6+L, III: 
CS-5, IV: HM@Ce6@HPB@CS-5+L. (G) GO analysis. (H) KEGG analysis. (I) GSEA for ferroptosis and FoxO signal pathways. (J) Heatmap representing the levels of 
ferroptosis and pyroptosis genes in BGC-823 cells (n = 3). Data are expressed as mean ± SD, n = 3. ***P < 0.001.
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BGC-823 cells administered with Ce6+L (1 μg/mL) under hypoxia was 
significantly higher than that of normoxia (85.7 % vs. 40.0 %) (Fig. S2E). 
However, in the presence of 100 μM of substrate H2O2, the viability of 
BGC-823 cells administered HM@Ce6@HPB@CS-5+L was comparable 
to that of cells under normoxia (22.3 % vs. 24.3 %) (Fig. 3D and S2F). 
This result suggested that the hypoxia alleviation caused by HPB NPs 
enhanced the cytotoxicity of PDT, which is highly advantageous for 
achieving an effective tumor-killing effect. Calcein-AM/PI staining 
analysis also showed that HM@Ce6@HPB@CS-5+L treatment resulted 
in approximately 80 % cell mortality (Fig. 3E). In addition, fluorescence 
imaging based on 3D MCSs, an accurate model for simulating tumor 
internal environment, indicated the improvement of hybrid membrane 
coating on the penetrating ability of HPB NPs (Fig. S2D). Moreover, after 
8 days of treatment, the HM@Ce6@HPB@CS-5+L group exhibited the 
highest accumulation of cellular debris, the most pronounced disruption 
within the tumor bulb, and significant limitation of tumor growth 
(Fig. 3F). In contrast, the MCSs in the Ce6+L and CS-5 treatment groups 
exhibited minimal loosening. Moreover, the volume of MCSs was 
maintained with a slight tendency to change. The live/dead staining of 
3D MCSs further confirmed the enhanced tumor-killing efficacy of the 
HM@Ce6@HPB@CS-5+L treatment (Fig. 3F). These findings indicate 

that HM@Ce6@HPB@CS-5+L treatment effectively disrupts the struc
ture of MCSs and induces internal tumor cell death.

3.4. RNA sequencing analysis

RNA sequencing assay was adopted to investigate the gene expres
sion change in BGC-823 cells caused by HM@Ce6@HPB@CS-5 NPs + L, 
so as to explore the underlying mechanisms of the antitumor effect. The 
principal component analysis (PCA) plot indicated good repeatability of 
samples for assay (Fig. S3A). The Venn diagram revealed that 12923 
genes were co-expressed in these two groups, with 344 genes being 
exclusively expressed in the M@Ce6@HPB@CS-5 NPs + L-treated group 
(Fig. S3B). According to the criterion of p-value being <0.05, we iden
tified a total of 11484 differentially expressed mRNAs, comprising 5655 
upregulated and 5829 downregulated genes between 
HM@Ce6@HPB@CS-5 NPs + L and PBS group (Fig. S3C). Gene 
ontology (GO) analysis indicated that deferentially expressed genes 
were highly enriched in the process of oxidative stress, lipid oxidation, 
and inflammasome complex (Fig. 3G), KEGG analysis further demon
strated the significant enrichment of genes related with ferroptosis, NF- 
κB, AMPK, and IL-17 signaling pathways (Fig. 3H). And the GSEA 

Fig. 4. HM@Ce6@HPB@CS-5 NPs can induce ferroptosis and pyroptosis in BGC-823 cells. (A) ROS images of BGC-823 cells after with different treatments. (B) Bio- 
TEM image of the BGC-823 cell treatment with PBS, erastin, HM@Ce6@HPB@CS-5+L. (C and D) The CLSM images and the quantitative result of mitochondrial 
membrane potential in the BGC-823 cell treated with Ce6+L, CS-5 and HM@Ce6@HPB@CS-5+L. (E) LPO level of BGC-823 cells. (F) Relative MDA level in BGC-823 
cells. (G) The GSH/GSSG assay of BGC-823 cells. (H) The images of BGC-823 cell morphology change after various treatments. (I) Observation of ruptured cell 
membrane by CLSM. (J) Western blot of GSDME, Caspase-3 and GPX4 in BGC-823 cells. (K) Schematic illustration of HM@Ce6@HPB@CS-5+L induced ferroptosis 
and pyroptosis. I: PBS, II: Ce6+L, III: CS-5, IV: HM@Ce6@HPB@CS-5+L. Data are expressed as mean ± SD (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001.
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analysis revealed a notable enrichment of differentially expressed genes 
related to ferroptosis and FoxO signal pathway (related to pyroptosis 
and oxidative stress [34]) (Fig. 3I), suggesting the important roles of 
ferroptosis and pyroptosis caused by HM@Ce6@HPB@CS-5 NPs + L in 
killing tumor cells. Moreover, key genes of ferroptosis and pyroptosis 
including NCOA4, AIFM2, DHODH, GPX4, GSS, ACSL2, ACSL4, RELA 
and IL-6 showed significant change in BGC-823 cells with 
HM@Ce6@HPB@CS-5 NPs + L treatment (Fig. 3J).

3.5. HM@Ce6@HPB@CS-5 NPs trigger ferroptosis and pyroptosis by 
mitochondrion damage

Mitochondrion damage caused by ROS is closely related to ferrop
tosis and pyroptosis [35,36]. We first examined the changes in ROS 
levels in BGC-823 cells treatment with HM@Ce6@HPB@CS-5 NPs. As 
shown in Fig. 4A, the most intense green fluorescence was shown in 
HM@Ce6@HPB@CS-5+L group. This phenomenon was mechanistically 
attributed to PDT effect of Ce6 combined with CS-5-induced oxidative 
stress. Meanwhile, the morphological change of mitochondria from long 
strips to points and the less or disappearance of cristae was found in the 
cells with HM@Ce6@HPB@CS-5+L treatment, which was consistent 
with the erastin group, a ferroptosis inducer (Fig. 4B). High ROS can 
result in the disappearance of membrane potential by damaging the 
mitochondrial structure. Fluorescence imaging based on JC-1 probe 
showed significant green fluorescence in tumor cells with 
HM@Ce6@HPB@CS-5+L treatment due to the mitochondrial structure 
damage. In contrast, PBS treated cells emitted red fluorescence of JC-1 
aggregates (Fig. 4C and D). These results demonstrate that the mito
chondria have suffered significant damage after treated with 
HM@Ce6@HPB@CS-5 NPs + L. Next, using C11 BODIPY as the lipid 
peroxidation (LPO) sensor, we explore the levels of LPO, a 
well-established biomarker of ferroptosis. This sensor can exhibit a shift 
in fluorescence emission peak from red to green upon oxidation [37]. As 
shown in Fig. 4E, the membranes of BGC-823 cells with 
HM@Ce6@HPB@CS-5+L treatment showed the strongest green fluo
rescence and weakest red fluorescence signal compared with the CS-5 
group and the Ce6 group due to the richest accumulation of LPO. The 
significant increase of malondialdehyde (MDA), an LPO marker, in this 
group further confirmed LPO accumulation (Fig. 4F). GSH, crucial 
cofactor of the GPX4 to detoxify LPO and safeguard cells against fer
roptosis [38], was downregulated by CS-5 (Fig. 4G). Meanwhile, 
PDT-mediated enhancement of ROS and the following disruption of the 
dynamic cellular redox balance significantly reduced the GSH/GSSG 
ratio in BGC-823 cells.

According to previous studies, the increase in ROS induced by PDT 
may trigger acute inflammation and cause pyroptosis [39]. Interest
ingly, from the cellular morphology, we observed the appearance of 
pyroptosis in BGC-823 cells, as shown in Fig. 4H. The cells exhibited 
swelling accompanied by protrusions (bubbles), characteristic features 
of cell pyroptosis. The pore-forming mechanism of pyroptosis includes 
the cell membrane integrity disruption, release of contents including 
pro-inflammatory molecules and antigens [36]. The T11 dye selectively 
stains proteins in the cytoplasm in HM@Ce6@HPB@CS-5 NPs-treated 
cells, indicating that the HM@Ce6@HPB@CS-5 NPs can effectively 
destroy the integrity of the cell membrane through the combination 
effect of CS-5 and PDT (Fig. 4I). In addition, it was found that the levels 
of cell contents and cytokines, such as lactate dehydrogenase (LDH) and 
IL-1β released from HM@Ce6@HPB@CS-5+L treated cells were 
strongly higher than those of CS-5 treated cells (Figs. S4A and S4B). 
Western blot assay further demonstrated the downregulation of fer
roptosis marker of GPX4 and the upregulation of pyroptosis marker of 
GSDME-N in the BGC-823 cells subjected to the same treatment. 
Consistent with the previous report [40], the occurrence of pyroptosis 
directly upregulated the levels of cleaved-caspase-3 (Fig. 4J). These 
findings suggested that the combination strategy could efficiently kill 
tumor cells by inducing ferroptosis and pyroptosis (Fig. 4K).

3.6. HM@Ce6@HPB@CS-5 stimulated the maturation of BMDCs in vitro

The anti-tumor immunity activation can be elicited by damage- 
associated molecular pattern signals (DAMPs) released from dying 
cancer cells undergoing immunogenic cell death [41] (Fig. 5A). 
Benefiting from the prominence of HM@Ce6@HPB@CS-5 NPs-me
diated ferroptosis and pyroptosis in BGC-823 cells, we further investi
gated their effect on the induction of ICD. Notably, both CS-5 and 
HM@Ce6@HPB@CS-5+L significantly induced the exposure of CRT on 
the surface of tumor cells. The green fluorescence intensity of CRT in 
BGC-823 cells treated with HM@Ce6@HPB@CS-5+L was 10.8-fold and 
1.7-fold higher than that in cells treated with PBS and CS-5, respectively 
(Fig. 5B and D). Meanwhile, the decrease of red fluorescence intensity 
within nucleus reflected the release of HMGB1 (Fig. 5C and D). Addi
tionally, HM@Ce6@HPB@CS-5+L treatment significantly increased 
ATP secretion of tumor cells (Fig. 5E). Consequently, we examined the 
alterations in morphology and maturation-related indicators of DCs. The 
images of mature BMDCs in HM@Ce6@HPB@CS-5+L group exhibited 
an increase in cell surface protrusions with pronounced branching 
(Fig. 5F). The co-culture of supernatants from pre-treated BGC-823 cells 
treated with HM@Ce6@HPB@CS-5+L increased the number of mature 
BMDCs (28.8 %) (Fig. 5F and G). Meanwhile, ELISA assay revealed that 
the levels of IL-6 and TNF-α from mature BMDCs increased by 2.5-fold 
and 3.8-fold in the CS-5 group, and 3.0-fold and 4.6-fold in the 
HM@Ce6@HPB@CS-5+L group, respectively, compared to PBS group 
(Fig. 5H and I). This revealed a significant increase in BMDCs in the 
HM@Ce6@HPB@CS-5+L group. These findings demonstrated that 
HM@Ce6@HPB@CS-5+L significantly facilitated the maturation of 
BMDCs, thereby potentially augmenting anti-tumor immune responses 
to combat GC.

3.7. Combinational therapy significantly inhibited gastric tumor growth

The targeting capability is crucial for enhancing the effectiveness of 
therapeutic agents in tumor treatment. Following intravenous (i.v.) 
administration, BGC-823-bearing mice were subjected to imaging at 0.5, 
4, 6, 9, 12, 24, and 48 h. In vivo fluorescence images indicated that the 
signal in the tumor region of the mice gradually increased following the 
administration of HM@Ce6@HPB@CS-5 NPs within 12 h post-injection 
and the signal sustained at least 48 h due to the accumulation of NPs. In 
contrast, the signal in the mice administered with Ce6@HPB@CS-5 NPs 
began to decline at 12 h post-administration (Fig. 6A and S5A). Both 
fluorescence imaging and quantitative assay of tumor tissue showed 
stronger fluorescence in the HM@Ce6@HPB@CS-5 NPs group 
compared to the Ce6@HPB@CS-5 NPs group (Fig. 6B and S5B). These 
results reflected the homologous targeting capability of 
HM@Ce6@HPB@CS-5 NPs [42,43]. Meanwhile, a strong fluorescence 
signal was observed in the kidney of mice administered 
Ce6@HPB@CS-5 NPs, which may aid in mitigating the toxicity of 
HM@Ce6@HPB@CS-5 NPs during long-term usage. Consistent with this 
result, the half-life of HM@Ce6@HPB@CS-5 NPs was prolonged 2.6-fold 
and 3.4-fold, compared to the Ce6@HPB@CS-5 NPs and Ce6, respec
tively (Fig. 6C and S5C). These results reveal that membrane coating 
significantly prolongs blood circulation time with enhancing targeting 
ability in vivo.

Next, we examined the anti-tumor efficiency of 
HM@Ce6@HPB@CS-5 on BGC-823 tumor-bearing mice. The tumor- 
bearing mice were divided randomly into five groups: PBS (control 
group), Ce6+L, CS-5, and HM@Ce6@HPB@CS-5+L. As indicated in 
Fig. 6D, the NPs were injected intravenously, and the laser irradiation 
group was exposed to 660 nm laser irradiation (0.1 W/cm2) for 5 min at 
12 h post-injection. During the experiment, the mice behaved normally 
without significant weight change (Fig. 6E), indicating that our dosage 
was within the normal range. The tumor growth curve revealed rapid 
growth of tumors in the PBS group, whereas mice subjected to thera
peutic interventions exhibited differential tumor growth inhibition. 
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Notably, mice treated with HM@Ce6@HPB@CS-5+L demonstrated the 
slowest tumor growth (Fig. 6F), attributable to the combinational effects 
of PDT and CS-5. Fig. 6G visually indicated the most potent anti-tumor 
effect in the HM@Ce6@HPB@CS-5+L group. The quantitative assay 
demonstrated a tumor growth inhibitory rate of more than 86.0 % in this 
group (Fig. 6H), which is higher than that of CS-5 (21 %) and Ce6+L 

(33.6 %), which was attributed to the HM@Ce6@HPB@CS-5 NPs inte
grating CS5 and Ce6 together and their targeting capability. H&E 
staining showed massive area of cell necrosis (dotted area) after 
HM@Ce6@HPB@CS-5+L treatment (Fig. 6I). Immunostaining indi
cated the most significant decrease of GPX4 in the HM@Ce6@HPB@CS- 
5+L group, compared to other groups, demonstrating the highest 

Fig. 5. HM@Ce6@HPB@CS-5 NPs induces ICD. (A) Experimental procedure to induce the maturation of BMDCs. (B–D) The levels of CRT and HMGB1 of BGC-823 
cells after PBS, CS-5 and HM@Ce6@HPB@CS-5 treatment. (E) The ATP level of BGC-823 cells after different treatments. (F and G) Microscopy images, representative 
FCM plots and proportions of mature BMDCs (CD11c+ CD80+ CD86+) after different treatments. (H and I) ELISA assay for IL-6 and TNF-α proinflammatory cytokines. 
I: PBS, II: CS-5, III: HM@Ce6@HPB@CS-5+L. Data are expressed as mean ± SD (n = 3), ***P < 0.001.

S. Chen et al.                                                                                                                                                                                                                                    



Materials Today Bio 32 (2025) 101684

12

Fig. 6. In vivo combinational chem/PDT therapy against BGC-823 tumors. (A) The biodistribution of Ce6-loaded NPs in BGC-823 tumor-bearing nude BALB/c mice at 
different time points. (B) Ex vivo fluorescence images of excised tumor and major organs at 48 h post-administration. (C) The quantification of half-life. (D) Schematic 
diagram of treatment in vivo. (E) Body weight change curve of BALB/c during treatment period (n = 5). (F) The tumor growth curve with various treatments. (G) The 
digital images of tumors. (H) The tumor inhibition rate of mice. (I) Histological analysis of tumor section stained with H&E, GPX4 and HIF-1α (n = 3). I: PBS, II: 
Ce6+L, III: CS-5, IV: HM@Ce6@HPB@CS-5+L. Data are expressed as mean ± SD (n = 3–5). *P < 0.05. **P < 0.01. ***P < 0.001.
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ferroptosis levels in tumor tissue (Fig. 6I). Additionally, the in vivo study 
demonstrated the alleviation of tumor hypoxia, which was reflected by 
the low expression of HIF-1α (Fig. 6I). In contrast, no significant change 
was found for this protein in the mice treated with sole PDT. This result 
demonstrated that HM@Ce6@HPB@CS-5+L could improve the therapy 
efficacy by attenuating hypoxia and promoting ferroptosis.

3.8. Anti-tumor effect and immune responses induced by combinational 
therapy on breast cancer

To widen the application of this strategy for tumor therapy, we 
investigated the effect of HM@Ce6@HPB@CS-5 NPs+L on breast can
cer. Drawing upon the in vitro experimental findings that illustrate the 
immunostimulatory property of HM@Ce6@HPB@CS-5 NPs, 4T1 cells 
were chosen for subsequent in vivo anti-tumor and immunological ex
periments. Before initiating in vivo treatment, the ability of 
HM@Ce6@HPB@CS-5 NPs to induce both ferroptosis and pyroptosis in 
4T1 cells was confirmed by Western blot analysis, exhibiting GSDME-N 
upregulation and GPX4 downregulation (Fig. S6A). Similarly, 
HM@Ce6@HPB@CS-5 NPs+L treatment successfully induced CRT 
exposure and HMGB1 translocation from the nucleus to the cytoplasm 
(Figs. S6B–E).

Further, the 4T1-bearing mice were subsequently treated via tail vein 
administration of PBS, CS-5, and HM@Ce6@HPB@CS-5 NPs when the 
tumor volume reached 100 mm3 (Fig. 7A). In comparison to the PBS 
group, the CS-5 administration partially inhibited tumor growth due to 
the rapid elimination and passive tumor accumulation in vivo. In 
contrast, HM@Ce6@HPB@CS-5 NPs+L exhibited the highest tumor 
inhibitory effect (Fig. 7B). This result demonstrated that the combina
tional strategy had a significant in vivo therapeutic effect on the breast 
cancer (Fig. 7B–D). Fig. S7A indicated stable body weight of all mice 
throughout the treatment process. H&E staining results indicated the 
damaged morphology of the tumor cells in the HM@Ce6@HPB@CS- 
5+L group, which reflected the strongest killing ability for in situ tumors 
(Fig. 7E). Additionally, the GPX4, HIF-1α, and MMP-9 levels were 
significantly reduced (Fig. S7B), aligning with results observed in the 
subcutaneous model of GC. The IL-6 and IL-1β levels in the 
HM@Ce6@HPB@CS-5+L group were significantly higher than other 
groups (Figs. S7C and S7D). Moreover, a distant tumor model was 
established to evaluate the inhibitory effect of HM@Ce6@HPB@CS-5. 
Fig. 7F indicated that the number of distant tumors in 
HM@Ce6@HPB@CS-5 NPs + L group was lower than that of PBS group 
(3 vs. 5) (Fig. 7G–H). H&E staining exhibited the strongest killing ability 
of HM@Ce6@HPB@CS-5+L in the distant tumor tissue (Fig. 7I), 
aligning with in situ tumor. It is noteworthy that 4T1-bearing mice are 
highly susceptible to lung metastasis due to the highly malignant nature 
of breast cancer cells [44]. However, HM@Ce6@HPB@CS-5 NPs + L 
administration significantly inhibited lung metastasis of breast cancer 
(Fig. 7J). H&E staining demonstrated few metastatic lesions in lung 
tissues of mice with HM@Ce6@HPB@CS-5 NPs + L treatment (Fig. 7J). 
Compared to the PBS group, the inhibitory rate reached 92 %, according 
to the quantitative assay of metastatic nodules in the lung. Meanwhile, 
sole CS-5 was found to slightly inhibit breast cancer lung metastasis 
(Fig. 7K). Overall, HM@Ce6@HPB@CS-5 NPs + L administration 
significantly inhibited the growth of both primary and distant tumors 
and effectively suppressed lung metastasis. Accordingly, we detected the 
capability of HM@Ce6@HPB@CS-5 NPs in inducing ICD in the breast 
cancer model. Fig. 7L indicated that the HM@Ce6@HPB@CS-5 NPs 
group showed the strongest CRT signal and lowest HMGB1 signal 
compared to other treatment groups, the result of which reflected the 
induction of high-level ICD. FCM analysis further indicated that the 
percentages of CD4+ T cells in the tumor tissues of 
HM@Ce6@HPB@CS-5+L group (58.8 %) were significantly higher than 
those of other groups (PBS group: 18.6 %, CS-5 group: 50.8 %) (Fig. 7M 
and P). And the HM@Ce6@HPB@CS-5+L treatment increased the 
proportion of CD8+ T cells (CD3+ CD8+) (29.0 %) compared to the PBS 

group (4.8 %) and CS5 group (11.5 %) (Fig. 7N and P). Meanwhile, the 
proportions of immunosuppressive regulatory T cells (Tregs, CD25+

Foxp3+) in the tumor tissue of mice treated with 
HM@Ce6@HPB@CS-5+L, CS-5 and PBS were 9.43 %, 17.9 % and 33.6 
%, respectively (Fig. 7O and P). These results demonstrated that 
HM@Ce6@HPB@CS-5+L could induce ICD, enhance immune cell 
penetration, and decrease Tregs infiltration in vivo, thereby inhibiting 
the growth of both primary and distant tumors.

3.9. The toxicity evaluation

Finally, we evaluated the toxicity of NPs in vitro and in vivo. MTT 
assay demonstrated 80 % viability for three normal cell lines (NIH 3T3 
cell, SMC cell, and HUVEC cell) with HM@Ce6@HPB@CS-5 NPs even at 
the concentration of 100 μg/mL (Figs. S8A and S8B). In addition, the 
blood compatibility of HM@Ce6@HPB@CS-5 NPs, which is crucial for 
clinical application, was evaluated. Clear supernatants in the RBC so
lution and negligible hemolysis (hemolysis rate <8 %) of 
HM@Ce6@HPB@CS-5 NPs treatment at a high concentration of 200 μg/ 
mL were shown in Fig. S8C and Fig. S8D. Meanwhile, intact morphology 
of RBC and negligible platelet aggregation were found after co- 
incubation with HM@Ce6@HPB@CS-5 NPs (Figs. S8E and S8F), con
firming the high hemocompatibility of HM@Ce6@HPB@CS-5. H&E 
staining showed no pathological alterations or abnormalities in the or
gans of mice with HM@Ce6@HPB@CS-5 administration (Fig. 8A). In 
addition, no significant difference was found for the indicators of WBC, 
RBC, PLT, HGB, MCV and PDW of mice with HM@Ce6@HPB@CS-5+L 
administration, compared with normal level (Fig. 8B–G). The liver and 
kidney function indicators in the HM@Ce6@HPB@CS-5+L group were 
comparable to those of the PBS group (Fig. 8H and I), further revealing 
that our strategy has toxic effects on mice. Above results suggested the 
elevated biocompatibility and biosafety of HM@Ce6@HPB@CS-5 NPs in 
vivo.

4. Conclusion

In summary, by preparing HM@Ce6@HPB@CS-5 NPs, we have 
developed a highly efficient chemo/PDT therapy strategy for cancer 
therapy. The HM@Ce6@HPB@CS-5 NPs enhanced the targeting ability 
and half-life of the drug through the biomimetic membrane coating, 
thereby increasing drug concentration at the tumor site. Moreover, the 
CAT-like activity of HPB NPs alleviates tumor hypoxia, enhancing the 
therapeutic effect of PDT. Additionally, the combination of PDT with CS- 
5 amplified ROS production and induced pyroptosis and ferroptosis, 
thereby leading to ICD to promote the maturation of DCs and subsequent 
activation of T cells for anti-tumor effects. The multifunctionality of 
HM@Ce6@HPB@CS-5 NPs holds promise in addressing the tumor 
penetration and hypoxia in PDT-related clinical applications, over
coming the limitations of single therapy, and providing a promising 
treatment strategy for clinical cancer therapy.
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Fig. 7. Anti-tumor effect immune response of HM@Ce6@HPB@CS-5 NPs on breast cancer model. (A) Schematic diagram of the mouse treatment. (B) The 4T1 tumor 
growth curves with various treatments. (C) The digital images of tumors in situ (n = 5). (D) Primary tumor weight on the 25th day of administration. (E) H&E staining 
of in situ tumors. (F) Distant tumor development curves of mice after treatment period. (G) The digital images of distant tumor. (H) Distant tumor weight on the 25th 
day of administration. (I) H&E staining of distant tumors. (J) The digital images and H&E staining of typical lung after various treatments. (K) The number of lung 
metastatic nodule. (L) CRT and HMGB1 immunofluorescence of tumor (n = 3). (M) FCM analysis of CD4+ T cells in primary tumors. (N) FCM analysis of CD8+ T cells 
in primary tumors. (O) FCM analysis of the percentages of Tregs in primary tumors. (P) Representative quantitative analysis of CD4+ T cells, CD8+ T cells and Tregs 
(n = 5). I: PBS, II: CS-5, III: HM@Ce6@HPB@CS-5+L. Data are expressed as mean ± SD. **P < 0.01. ***P < 0.001. ns, not significant.
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Fig. 8. In vivo toxicity evaluation. (A) H&E stain of the major organs after various treatments on BGC-823-bearing mice. (B–G) The blood indexes of mice after 
treatment with PBS, Ce6+L, free CS-5 and HM@Ce6@HPB@CS-5+L. (H and I) The levels of hepatic and kidney function markers and of mice. I: PBS, II: Ce6+L, III: 
CS-5, IV: HM@Ce6@HPB@CS-5+L. Data are expressed as mean ± SD (n = 3).
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