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Abstract
The programmed cell death (PCD) pathway removes functionally insignificant, infection-prone, or potentially 
tumorigenic cells, underscoring its important role in maintaining the stability of the internal environment and 
warding off cancer and a host of other diseases. PCD includes various forms, such as apoptosis, copper death, 
iron death, and cellular pyroptosis. However, emerging solid-state electron-mediated Z-scheme heterostructured 
semiconductor nanomaterials with high electron-hole (e–h+) separation as a new method for inducing PCD have 
not been well studied. We synthesize the Bi2S3-Bi2O3-Au-PEG nanorods (BB-A-P NRs) Z-scheme heterostructured 
semiconductor has a higher redox capacity and biocompatibility. Firstly, the BB-A-P NRs are excited by near-infrared 
(NIR) light, which mimics the action of catalase by supplying oxygen (O2) and converting it to a single-linear state 
of oxygen (1O2) via e–h+ transfer. Secondly, they react with hydrogen peroxide (H2O2) and water (H2O) in tumor to 
produce hydroxyl radicals (•OH), inducing apoptosis. Intriguingly, the Caspase-1/Gasdermin D (GSDMD)-dependent 
conventional pyroptosis pathway induced cellular pyroptosis activated by apoptosis and reactive oxygen species 
(ROS) which causes the intense release of damage associated molecular patterns (DAMPs), leading to the 
inflammatory death of tumor cells. This, in turn, activates the immunological environment to achieve immunogenic 
cell death (ICD). BB-A-P enables computed tomography imaging, which allows for visualization of the treatment. 
BB-A-P activated dual PCD can be viewed as an effective mode of cell death that coordinates the intracellular 
environment, and the various pathways are interrelated and mutually reinforcing which shows promising 
therapeutic effects and provides a new strategy for eliminating anoxic tumors.

Solid-state electron-mediated z-scheme 
heterostructured semiconductor 
nanomaterials induce dual programmed cell 
death for melanoma therapy
Yiping Ren1,2,3†, Yun Wang4†, Cheng Chen2,3, Xiang Yan2,3, Minghao Chao2, Yuting Li2, Dehong Yu2, Yuqi Huang2,3, 
Xiaoyang Hou3, Fenglei Gao1,2*, Guan Jiang3* and Ming Guan1*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-024-02770-4&domain=pdf&date_stamp=2024-9-9


Page 2 of 18Ren et al. Journal of Nanobiotechnology          (2024) 22:526 

Introduction
Inducing PCD in tumors has long been a crucial 
approach in tumor therapy. ROS has been identified as 
one of the most significant factors in this field. The emer-
gence of photocatalysts is a new approach to induce ROS 
production [1]. Light at specific wavelengths can excite 
various photosensitizers and nanomaterials to generate 
ROS for tumor destruction. Due to most of material have 
drawbacks, including poor water solubility, low biosafety, 
and poor biocompatibility, which limit their practical 
application [2]. Thus, in many studies of generating ROS 
for the treatment of diseases, unconventional photosen-
sitizers have been used, including p-n junctions, type 
I and type II heterostructures, instead of conventional 
ones. Nevertheless, further exploration and challenges 
are necessary. Because of the complexation of that and 
the oxidation/reduction reaction on the surface of the 
photocatalyst is slowed down by charge separation and 
migration to the surface [3, 4]. Catalysts require higher 
valence band (VB) and conduction band (CB) levels from 
a catalytic perspective due to their sufficient redox poten-
tial [5]. Therefore, constructing heterojunctions is the 
most efficient and practical option. Solid-state electron-
mediated Z-scheme heterojunctions offer more advan-
tages than single catalysts, improving charge separation 
efficiency and promoting redox potential. This directly 
broadens the activity and range of catalytic reactions. 
All-solid-state Z-scheme heterojunctions have the poten-
tial to be highly effective in photonic therapeutics due to 

their high e−-h+ pair separation efficiency and enhanced 
redox potential.

Bismuth is an extremely biocompatible transition metal 
with ultra-low toxicity, low price, and good tolerance 
even at high doses [6]. Bismuth has shown outstanding 
results in treating Helicobacter pylori infections, leading 
to the worldwide promotion of bismuth-related drugs 
[7–9]. Bi2S3-Bi2O3 (BB), with its e−-h+ segregation, can 
be excited by NIR (808 nm) [10]. The wide band gap of 
Bi2O3 ensures total carrier concentration, resulting in 
a strong photocurrent response. The Z-scheme hetero-
structure formed by BB significantly improves photo-
catalytic efficiency. This is due to the matching of energy 
band positions between the broadly generated electrons 
in Bi2O3 and the photogenerated holes in Bi2S3 [11]. It is 
well-established that Au atoms can form strong bonds 
with sulfur (S) atoms [12]. Therefore, we conducted an 
insitu synthesis of gold nanoparticles (Au NPs) on the 
surface of Bi2S3-Bi2O3 nanorods (BB NRs) to create a new 
Z-Scheme System with solid state electron mediators. 
To enhance the overall biocompatibility of the nanoma-
terials, we coated the surface of the nanocomplexes with 
mercapto polyethylene glycol (mPEG-SH). Through NIR 
(808 nm) irradiation, h+ on the VB of Bi2S3 and e− on the 
CB of Bi2O3 migrate simultaneously to the intermediate 
conductor Au NPs, where they annihilate. This results 
in a more efficient separation of e− on the CB of Bi2S3 
and h+ on the CB of Bi2O3, greatly reducing the prob-
ability of h+ and e− recombination. On the CB of Bi2S3, 
H2O2 is cleaved in the tumor microenvironment (TME) 
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to generate O2 ( H2O2 + 4e− → 2H2O + O2 ↑ ), which 
reduce the expression of hypoxia-inducible factor-1α 
(HIF-1α) in hypoxic environments. O2 produces 1O2 by 
gaining additional electrons. In Bi2O3’s VB, h+ can pro-
duce •OH by oxidizing H2O and H2O2 in the TME [10, 
11]. Au NPs and Bi2S3 are known to have high absorption 
efficiencies in the NIR region [13]. The excitation of NIR 
enhances the propensity of the synthesized BB-A-P NRs 
to produce electrons and holes in a simultaneous man-
ner through thermal effects. This, in turn, affects their 
carrier mobility and compliance, thereby promoting ROS 
production [14]. Thus, activation of BB-A-P NRs by NIR 
can effectively alleviate the hypoxia of the TME, induce 
apoptosis of tumor cells, and achieve the goal of killing 
and inhibiting the metastasis of the tumor.

BB-A-P NRs are both safe and highly effective. They 
can efficiently induce apoptosis in tumor cells through 
the generation of O2 and ROS. The cytotoxicity of ROS 
is mainly realized by oxidative stress. When the level 
of ROS is increased to a certain degree, it can activate 
apoptosis-related proteins, disrupt the mitochondrial 
membrane potential, and then induce apoptosis [15]. 
Additionally, ROS and apoptosis can cause tumor cells 
to undergo other form of PCD known as cellular pyrop-
tosis. Many types of proteins have made new break-
throughs in the field of tumor therapy, such as cytokines, 
and pyroptosis substrates (Gasdermin family), have been 
discovered for tumor therapy [16–19]. Cellular pyropto-
sis is a PCD modality that promotes inflammation, and 
GSDMD proteins play a key role in the pathway, [19, 20] 
and involving both a variety of cysteine-aspartate prote-
ases, notably Caspase-1, 4, 5, and 11 [21]. Surprisingly, 
caspase-induced apoptosis can be transformed into cel-
lular pyroptosis through the expression of GSDMD [22]. 
Cellular pyroptosis involves cell swelling and fragmen-
tation, resulting in the release of cellular contents that 
trigger intense inflammation [23]. The production of 
ROS can stimulate changes in the mitochondrial modal 
potential, this irreversible change that can induce apop-
tosis, meanwhile, it can also produce mitochondrial tox-
ins that can reverse the oligomerization of the GSDMD 
and increase the expression content of the GSDMD fur-
therly leads to pyroptosis of tumor cells through the Cas-
pase-1/GSDMD pathway. Caspase-1 cleaves GSDMD to 
GSDMD-N, which targets the cell membrane, disrupting 
intracellular osmotic pressure and inducing penetration. 
This leads to the release of cellular contents, such as lac-
tic dehydrogenase (LDH), causing inflammatory death 
of tumor cells. This generates a chain reaction that can 
spread. Simultaneously, broken cells induce a reversal 
in the release of cellular contents, leading to a massive 
release of DAMPs such as surface-exposed calreticulin 
(CRT), adenosine triphosphate (ATP), and interleukin-1β 
(IL-1β). These molecules remodel the TME, which will 

increase the maturation of dendritic cells (DCs), further 
promote the presentation of T cells, activate the immune 
response and produce long-term immune effects, reverse 
its immunosuppressive state and induce ICD.

Visualization of treatment is a significant aspect of 
tumor therapy. Fortunately, BB-A-P can be used as a 
diagnostic nanomedicine to assist in computed tomog-
raphy (CT) imaging for precise cancer diagnosis due to 
the high atomic number of bismuth (Z = 83). The BB-A-P 
NRs are synthesized meticulously and are emerging pho-
tosensitizers. They improve the hypoxic tumor microen-
vironment and utilize the substrates in the environment 
to generate multiple ROS (•OH, 1O2) and contrast agents 
for CT, activate the Caspase-1/GSDMD pathway, mutual 
promotion with the apoptosis pathway to achieve dual 
PCD of tumor cells, improve the immune environment 
within the tumor, and induce “explosive” death of tumor 
cells. We have synthesized an inexpensive and biologi-
cally safe semiconductor “photosensitizer” for tumor 
therapy by designing and customizing semiconductor 
heterostructures, which provides a new idea for tumor 
therapy.

Materials and methods
The synthesis of Bi2S3-Bi2O3-Au-PEG composite1
Take 50  mg of synthesized Bi2S3-Bi2O3 nanorods dis-
persed with deionized water, add 16.5 µL of tetra-
chloroauric acid (HAuCl4) solution (1  g/mL), and stir 
magnetically under the condition of avoiding light for 4 h. 
Then, 600 µL of 100 mM sodium borohydride solution 
(NaBH4) was added and stirred for 2 h. After the obtained 
mixed solution was washed several times, the precipitate 
was dried at 60 ℃ overnight. The precipitates were then 
dried in an oven at 60℃ overnight, and the black powder 
was obtained as Bi2S3-Bi2O3-Au nanorods. Bi2S3-Bi2O3-
Au was obtained by taking 10 mg of dried Bi2S3-Bi2O3-Au 
dissolved in deionized water, adding 40 mg of mercapto 
polyethylene glycol (mPEG-SH), and magnetic stirring at 
room temperature for 24 h.(Scheme 1)

Cell uptake experiments
The cellular uptake capacity of BB-A-P NRs was deter-
mined by Confocal laser scanning microscope (CLSM). 
BB-A-P (20 µg/mL, PBS) and FITC were agitated at 4 °C 
under light protection for 24  h. B16F10 cells (2 × 105) 
were evenly distributed in confocal dishes, and after the 
cells adhered to the wall, they were co-incubated with 
BB-A-P NRs coupled with FITC in a 37 °C incubator for 
different time periods (0. 5, 2, 4, and 6 h), and were gently 
rinsed with PBS for 2 times, and then stained with DAPI 
for 10 min, rinsed again with PBS for 2 times, rinsed the 
fluorescent dye clean, firstly observed the green fluores-
cence intensity by CLSM, and secondly examined the flu-
orescence results by flow cytometer to the fluorescence 
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results were firstly observed by CLSM and secondly 
examined by flow cytometer.

Characterization of BB-A-P NRs
The morphology of the nanomaterials was observed by 
transmission electron microscopy (TEM; Tecnai G2 
Spirit Twin, FEI). The valence states of the components 
of the BB-A-P nanoplatform were analyzed by X-ray pho-
toelectron spectroscopy (XPS) (ESCALAB 250). Fourier 
transform infrared (FTIR) spectra were obtained using an 
FT-IR spectrometer (IRAffinity-1s, SHIMADZU). Zeta 
potential and DLS of various samples were measured 
using Brookhaven instruments. Bio-Rad 680 zymogra-
phy was used to detect the characteristic absorption of 
MB in the zymography plates and CCK-8 method, among 
others. Observations were made using a fluorescence 
inverted microscope (IX73P1F, Olympus, Japan) and a 
laser scanning confocal microscope (FV10i, Olympus, 
Japan). Laser treatment was performed using an 808 nm 
near-infrared laser (2.0 W/cm2) (Beijing Leizhiwei Opto-
electronic Technology Co., Ltd.). Laser confocal micro-
scope (Leica STELLARIS 5, Germany) was used to take 
CLSM pictures. Flow cytometry analysis was performed 
using a flow cytometer (FACS Canto II, NULL). In vivo 
fluorescence imaging was performed using the IVIS 
imaging system (Lumina-II, Caliper Life Sciences, USA).

Generation of BB-A-P NRs
The production of O2 in deionized water was measured 
using a dissolved oxygen meter. The experiment consisted 
of three groups: H2O2 + NIR group, BB + H2O2 + NIR 
group, and BB-A-P + H2O2 + NIR group. In each group, 
1 mg of BB-A-P NRs or BB NRs was dissolved in 10 mL 
of deionized water with H2O2 (20 mM). The solution was 
then irradiated with NIR (808 nm, 1.0 W/cm2), and the 
dissolved oxygen level was recorded every 5  min using 
a dissolved oxygen meter. The experiment was repeated 
three times under the same conditions.

ROS generation of BB-A-P NRs
To assess the ability of BB-A-P NRs to generate ROS 
extracellularly, we dissolved 200 µg of BB-A-P NRs in a 
solution of MB (10  mg/L) and recorded the absorbance 
changes of MB at 664 nm at 0, 2, 4, 8, and 10 min under 
NIR (808  nm, 1.0  W/cm2) irradiation. We detected 1O2 
generation in deionized water using TEMP and SOSG 
fluorescent probes and DPBF. To test the ability of BB-A-
P NRs to produce extracellular •OH, we mixed different 
concentrations of BB-A-P (20, 50, 80, 100, and 120  µg/
mL) with H2O2 (5 mM). Then, after NIR (808 nm, 1.0 W/
cm2) irradiation, we monitored the absorbance of TMB at 
652 nm by scanning the UV-Vis-NIR spectra of the sam-
ples. Additionally, we detected the generation of different 
subgroups of •OH using DMPO. It was categorized into 

Scheme. 1 Schematic illustration of the fabrication and mechanism to induce pyroptosis of BB-A-P nanoparticles for cancer immunotherapy
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the NIR (808 nm, 1.0 W/cm2) group, NIR + H2O2 (5 mM) 
group, BB-A-P (100  µg/mL) group, BBAP + NIR group, 
BBAP + H2O2 group, and BB-A-P + H2O2 + NIR group.

Cell culture
B16F10 and L929 cells were cultured in high-sugar 
DMEM (supplemented with 10% FBS), and all cells were 
incubated at 37 °C in 5% CO2.

In vitro generation of O2
To detect the O2 production of BB-A-P NRs in cells, 
B16F10 cells were inoculated into confocal dishes and a 
hypoxic cell incubator until the cells adhered to the wall. 
The experiments were performed in groups by setting up 
control group, H2O2 group, BB-A-P (20  µg/mL) group, 
and BB-A-P + NIR (50 µg/mL, 808 nm, 1.2 W/cm2, 5 min) 
group. Then, incubation with [Ru(dpp)3] Cl2 was contin-
ued for 2 h in an anoxic cell incubator, and the fluores-
cent probe in the culture dish was washed with PBS, and 
the fluorescence intensity was observed under CLSM. 
The cell attachment step was repeated; the cells were 
fixed with 4% paraformaldehyde, permeabilized with 
0.1% Trition-100 permeabilized B16F10 cells, labeled 
the B16F10 cells with HIF-1α antibody at a diluted con-
centration of 1:00, incubated the cells overnight at 4  °C 
on a shaker and protected from light, and then washed 
the dishes with PBS, incubated with goat anti-rabbit 
IgG antibody (1: 200) for 2  h, incubated with PBS, was 
gently rinsed 3 times for 5 min each, and finally stained 
with DAPI for 10 min, and the fluorescence intensity was 
observed under CLSM. The concentration of the HIF-1α 
antibody was adjusted to 1:500, and Western blot experi-
ments were performed under the same conditions.

In vitro generation of ROS
The level of intracellular ROS production was detected 
using DCFH-DA. The experiments were divided into 
control, BB-A-P (20  µg/mL), BB-A-P + H2O2 (100 µM), 
and BB-A-P + H2O2 + NIR (808  nm, 1.2  W/cm2, 5  min) 
groups, and B16F10 cells were treated for 6 h according 
to the different subgroups. B16F10 cells were co-incu-
bated with DCFH-DA dissolved in serum-free high-glu-
cose DMEM medium and incubated for 40 min, and the 
intensity of green fluorescence was observed under an 
inverted microscope. After the cells were treated in the 
same way and co-incubated with DCFH-DA, the fluores-
cence expression was detected by a flow cytometer.

Biocompatibility assay
To test the cell safety of BB-A-P NRs, the CCK-8 method 
was used for the experiments. The experiments were 
grouped according to different concentrations (5, 10, 20, 
50, 80, 120 µg/mL), and B16F10 and L929 cells were cul-
tured in 96-well plates. After the cells were completely 

attached to the wall, the medium was aspirated, and 200 
µL of serum-free medium with the corresponding con-
centration of nanorods was added to the corresponding 
experimental wells, and the cells were incubated for 24 h. 
The sample absorbance was detected at 450  nm under 
the microplate reader, and the experiment was repeated 
three times under the same conditions.

In vitro apoptosis assay
Apoptosis was detected by mitochondrial membrane 
potential, live/dead assay and apoptosis kit, respectively. 
B16F10 cells were inoculated into 12-well plates, and 
different treatments were performed after the cells were 
attached to the wall: control group, H2O2 (100 µM) + NIR 
(808 nm, 1.2 W/cm2, 5 min) group, BB-A-P (20 µg/mL) 
group, BB-A-P + NIR group, BB-A-P + H2O2 group, BB-A-
P + H2O2 + NIR group, and a total of 8 h were incubated, 
after which the cells were incubated with serum-free 
medium containing JC-1 staining solution for 1  h, and 
then washed 3 times with PBS to clean the involved stain-
ing solution, and DAPI was added to stain the nuclei for 
10  min, and then observed by inverted microscope and 
detected by flow cytometer with the same treated cells. 
In the same grouping as above, live and dead cells were 
stained with fluorescein calcium (AM) and propidium 
iodide (PI) and observed under an inverted microscope. 
In addition, apoptosis was detected by flow cytometry. 
Same treatment as above, then cells were separated by 
trypsin without ethylenediaminetetraacetic acid (EDTA), 
washed 3 times with PBS, then cells were treated with 
Annexin V-FITC Apoptosis Analysis Kit, and apoptosis 
was detected by flow cytometry after filtering cells with 
a cell sieve.

In vitro cellular pyroptosis
To detect focal cell death, we chose to observe the cell 
morphology under the inverted microscope, immuno-
fluorescence detection, enzyme-linked immunosorbent 
assay (ELISA), and Western blot experiments for verifi-
cation. The experiments were divided into the control 
group, BB-A-P (20  µg/mL) group, BB-A-P + H2O2 (100 
µM) group, and BB-A-P + H2O2 + NIR (1.2 W/cm2, 5 min) 
group. B16F10 cells were inoculated into 12-well plates, 
and after 8  h of the corresponding treatments, the cells 
were irradiated with NIR for 5 min and then further cul-
tured in the incubator for 6 h and finally the cell morphol-
ogy was observed under an inverted microscope. Using 
the same treatment, BB-A-P + NIR group was added, and 
immunofluorescence staining was performed with Cas-
pase-1 antibody and CRT, washed three times with PBS, 
and the nuclei of the cells were stained by adding DAPI 
dye for 10 min, and then the fluorescence expression was 
observed under CLSM. Cells were treated in the same 
way, labeled with Caspase-1 and GSDMD-N antibodies, 
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cells were lysed, proteins were extracted for Western-blot 
experiments, protein expression was observed, repeated 
3 times, and Image J was used for quantitative analysis. 
Elisa experiments were performed after treatment using 
different groups of cell supernatants.

Tumor model
All experimental protocols were approved by the Ethics 
Committee of Xuzhou Medical University (202306T020, 
Xuzhou Medical University, Xuzhou, China). Five-
week-old female C57BL/6X mice were used. B16F10 
cells (2 × 106 B16F10 cells dissolved in 100 µL PBS) were 
injected subcutaneously into the right hind limb region 
of each mouse to establish a mouse model.

In vivo treatment evaluation
The experimental mice were divided into 4 groups (n = 5): 
control group, NIR (808 nm, 1.2 W/cm2, 10 min) group, 
BB-A-P (5 mg/kg) group, BB-A-P + NIR group. The body 
weight of the mice and tumor volume were recorded 
every other day to evaluate the treatment effect. The vol-
ume of tumors was measured every other day by caliper, 
and the formula was: tumor volume= (tumor length) × 
(tumor width)2/2. Blood, tumor and major organs after 
different treatments were collected for blood index test 
and H&E staining and HIF-1α, Caspase-1, CRT, Tunel, 
and Ki-67 staining to evaluate the therapeutic effect.

In vivo CT imaging
BB-A-P NRs were injected into tumors of hormonal mice 
at 2  mg/mL PBS solution (100  µl), and CT scans were 
performed 2 h postinjection.

Statistical analysis
Data in the text are presented as mean ± standard devia-
tion, and all experimental results were subjected to at 
least three independent experiments. Unpaired Student’s 
two-tailed t-test was used to analyze statistical differ-
ences between the two groups. One-way ANOVA and 
post hoc tests (Dunnett’s test) were used to analyze statis-
tical differences between more than three groups of data. 
GraphPad Prism (GraphPad Software Inc.) was used for 
statistical analysis. Statistical differences were defined as 
follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, 
n.s., not significant.

Results and discussion
Characterizations of BB-A-P NRs
The BB-A NRs were synthesized using simple hydrother-
mal and in situ reduction methods, among others, with 
improvements made to the previous synthesis method 
[24]. We observed the morphology of BB-A nanorods 
by transmission electron microscopy (TEM) (Fig.  1a). 
The elemental composition was determined through 

elemental mappings (Fig. 1b) and energy-dispersive X-ray 
spectroscopy (EDS) mapping, with Bi (26.5%), O (5.1%), S 
(7.4%), and Au (12.1%) uniformly distributed throughout 
the BB-A NRs (Fig. 1c). Using high-resolution transmis-
sion electron microscopy (HRTEM) images, we observed 
the coexistence of Bi2O3 and Bi2S3 phases and their com-
positions (Fig.  1d). X-ray photoelectron spectroscopy 
(XPS) analysis of the synthesized BB-A NRs revealed 
five major peaks representing O 1  S, C 1  S, S 2P, Bi 4f, 
and Au 4f (Fig. 1e). The binding energies of the peaks of 
Bi2O3 at 163.5 eV and 158.2 eV show spin-orbit splitting 
signals of Bi 4f7/2 and Bi 4f5/2, indicating that Bi exists 
in the oxidized state Bi3+ (Fig.  1f ). The doping of Bi2S3 
alters Bi2O3. The two Bi 4f bands may also be split into 
two groups of peaks, with the first group located at 163.5 
and 158.2  eV with 5.3  eV in between, belonging to the 
Bi3+ species (Bi 4f5/2 and Bi 4f7/2) of Bi2O3. The fragment 
describes the binding energy of the Bi3+ species of Bi2S3. 
Two characteristic peaks are observed near 162.5 eV and 
163.5 eV, which belong to S 2p3/2 and S 2p1/2, respectively 
(Fig. 1g). The synthesis of Bi2S3 was successfully demon-
strated. In situ reduction was used to attach Au nanopar-
ticles to the surface of Bi2S3-Bi2O3 NRs by utilizing the 
defective sites of Bi2S3, the peaks located around 161.5 eV 
(Fig. 1g). Additionally, the high-resolution spectra of the 
O 1s regions for BB, with major peaks located around 
529.5 eV (Fig. 1h). The high-resolution Au XPS spectrum 
shows two peaks of Au at 82.8 and 86.8 eV, correspond-
ing to metallic Au 4f7/2 and 4f5/2, respectively (Fig.  1i). 
The Bi 4f displacement indicates an electronic interac-
tion between Bi2S3 and Bi2O3 at their interface, suggest-
ing the formation of a BB-A heterostructure (Fig. 1j). The 
BB phases were characterized by XRD (Fig. 1k), and their 
diffraction peaks matched with the joint committee on 
powder diffraction standards (JCPDS) card No. 17–0320 
and the JCPDS card No. 41-1149 corresponding to Bi2S3 
and Bi2O3 phases, respectively. This indicates that the 
hydrothermal method successfully synthesized BB NRs 
[25]. To achieve good biocompatibility, the surface of 
Bi2S3-Bi2O3-Au NRs was modified by coupling mPEG-
SH through Bi-S or Au-S bonds [26]. The success of the 
modification was confirmed by zeta potential and Fourier 
transform infrared (FTIR) spectroscopic measurements. 
It was demonstrated by the experimental results that 
the surfaces of BB-A-P effectively encapsulated mPEG-
SH. The zeta (ζ)-potential was measured after envelop-
ment with mPEG-SH, and the average value changed 
from 14.3 mV before wrapping to -19.6 mV (Figure S1). 
The Fourier analysis results showed that in BB-A-P, the 
characteristic peak of Bi2S3 at 1104  cm-1 and the peaks 
near 844 cm-1 and 530 cm-1 may be the superposition of 
Bi-O stretching vibration over C-S stretching vibration, 
indicating that physical adsorption had occurred [27, 
28]. The study demonstrated that the mPEG ζ-potential 
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was detected after envelopment with mPEG-SH, with the 
average value changing from 14.3 mV before wrapping 
to -19.6 mV (Figure S1). The Fourier analysis revealed 
that in BB-A-P, the peak at 1104 cm-1 is characteristic of 
Bi2S3, while the peaks near 844  cm-1 and 530  cm-1 may 

be due to the superposition of Bi-O stretching vibration 
over C-S stretching vibration. This suggests that physical 
adsorption has occurred (Fig. 1l) and confirms the pres-
ence of mPEG-SH coating on the surface of BB-A-P NRs. 
The size of BB-A-P NRs was determined to be 113.07 nm 

Fig. 1 Characterization. (a) TEM image of BB-A-P NRs. (b) Elemental mapping of BB-A-P NRs. (c) Energy-dispersed spectrum of BB-A-P NRs. (d) HR-TEM. 
(e) Survey XPS spectra of BB-A-P NRs. High-resolution XPS spectra of (f) Bi 4f, (g) S 2p, (h) O-H, Bi-O and (i) Au 4f in BB-A-P NRs. (j) Shifts of Bi 4f. (k) XRD 
pattern. (l) FTIR spectrum of the BB-A-P and mPEG-SH

 



Page 8 of 18Ren et al. Journal of Nanobiotechnology          (2024) 22:526 

using dynamic light scattering (DLS) (Figure S2). In addi-
tion, the size distribution of BB-A-P NRs in various solu-
tions was measured by DLS within 24 h (Figure S3). The 
particle size of BB-A-P NRs had no obvious changes in 
different media and remained stable during 24  h. The 
effective range of the enhanced permeation and retention 
(EPR) effect is 20–200  nm [29]. The DLS measurement 
results are within this range. The efficiency of photocatal-
ysis depends on the thermodynamic and kinetic balance 
of the processes involved. Single-component photocata-
lysts face the challenge of achieving both a wide range 
of light absorption and a strong redox capacity because 
a wide range of light absorption requires narrowing the 
band gap of the semiconductor, while a strong redox 
capacity requires widening the band gap of the semicon-
ductor [30]. 

Catalytic properties of the semiconductor heterostructure 
BB-A-P
The catalytic properties of BB-A-P NRs were evaluated 
following the successful synthesis of solid electron-medi-
ated Z-scheme heterostructured semiconductor nano-
materials. BB-A-P generates O2 and ROS by electron and 
hole transfer (Fig. 2a) [10, 31]. The study investigates the 
mechanisms of electron transfer in BB-A-P semiconduc-
tor heterostructures induced by NIR. The results show 
that when NIR irradiates the BB-A-P NRs, the h+ on 
the VB of Bi2S3 and the e- on the CB of Bi2O3 e- migrate 
rapidly to the Au NPs, a solid-state conductor, to anni-
hilate. This process improves the separation of e- and h+ 
of Bi2O3 and Bi2S3. The energy levels of the Z-scheme 
heterostructured material, composed of two different 
semiconductors (Bi2O3 and Bi2S3) and solid electronic 
dielectrics (Au NPs), are well-matched. This material 
effectively achieves the spatial separation of electron-hole 
pairs and retains strong redox active sites. As a result, 
the efficiency of O2 and ROS generation under NIR light 
irradiation is improved (Fig.  2b) [32]. To compare the 
difference in CAT-like activity between BB and BB-A-P, 
we measured O2 generation in deoxygenated deionized 
water using a dissolved oxygen meter (Fig. 2c). After NIR 
(1.2  W/cm2) irradiation, the dissolved concentration of 
O2 in the solution system of BB and BB-A-P exhibited 
strong catalase-like activity. The O2 production reached 
25.63  mg/mL at 30  min. Due to the absence of the 
medium, the e–h+ pairs of BB underwent partial com-
pound, weakening the catalase-like activity. As a result, 
the ability to produce oxygen was significantly weaker 
than the BB-A-P. It has been demonstrated that the e–h+ 
separation of Z-scheme heterostructure semiconductors 
with solid electronic media is higher than that of conven-
tional Z-scheme heterostructures. Additionally, during 
the experiment, bubbles that last longer were observed 
on the wall of the test tube containing BB-A-P NRs that 

had been irradiated by NIR for a short period (Fig.  2c). 
Refractory tumors often share a common characteristic 
which is hypoxic tumor environment. This environment 
is also a significant factor in tumor metastasis [33]. BB-
A-P not only has the ability to produce O2 to alleviate the 
hypoxic situation within the tumor, but it also has out-
standing oxidase-like (OXD-like) activity due to the large 
number of uncompounded e-. This provides a greater 
possibility for better conversion of O2 to 1O2, achieving 
the purpose of generating 1O2 without relying on O2 in 
TEM. The catalytic mechanism of BB-A-P was investi-
gated by characterizing ROS production using electron 
spin resonance spectroscopy (ESR) and chemical probes. 
Results were obtained through ESR spectroscopy, which 
utilized 2, 2, 6, 6-tetramethylpiperidine (TEMP) as a 1O2 
trapping agent. The characteristic ESR spectral intensity 
ratio of 1:1:1 was assigned to 1O2 (Fig. 2d). Irradiation by 
NIR triggers a further separation of e- and h+, produc-
ing a sharp increase in the oxidation reaction of e-, gen-
erating superoxide anion (·O2

−) through the production 
of O2, due to its own mutation and reaction with other 
molecules [34]. The irradiation by NIR triggers a further 
separation of electrons and holes, resulting in a sharp 
increase in electron oxidation by generating ·O2

− with O2 
in H2O. This is due to its self-dismutation and reaction 
with other molecules, promoting the production of 1O2 
[34]. However, the tendency increased significantly after 
the addition of H2O2 due to insufficient O2 in the sys-
tem. This was attributed to the fact that 1O2 was mainly 
produced by the oxidation of ·O2

− by h+. It was demon-
strated that in an environment with high H2O2 expres-
sion, NIR irradiated BB-A-P to produce O2. The isolated 
e- further produced ·O2

−, while NIR promoted the pro-
duction of 1O2. DPBF is a fluorescent indicator that is 
specific for 1O2 and ·O2

−. The study examined the rate of 
absorbance decrease of BB and BB-A-P with DPBF after 
NIR irradiation for different durations in an H2O2 envi-
ronment using UV-Vis spectrophotometry (Fig. 2e). The 
results showed that the redox capacity of the Z-scheme 
heterostructure of BB-A-P was significantly enhanced 
compared to the normal heterostructure with the addi-
tion of the intermediary medium Au. A special probe for 
the 1O2 measurement, the Single Online State Oxygen 
Sensor Green (SOSG), has been used (Fig. 2f ). The peak 
values of the measured curves increased as the irradia-
tion time increased. We conducted additional research 
on BB-A-P’s ability to produce •OH in vitro, which was 
detected using ESR spectroscopy. 5, 5-dimethyl-1-pyrro-
line-N-oxide (DMPO) was chosen as the trapping agent 
for •OH. The characteristic ESR spectrum intensity ratio 
of 1:2:2:1 was assigned to •OH (Fig.  2g). The strongest 
characteristic peak was observed after excitation by NIR 
in an H2O2 environment. Subsequently, we used 3, 3′, 5, 
5′-tetramethylbenzidine (TMB) as a colorimetric probe 
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to evaluate the production of departing •OH under NIR 
irradiation. The colorless TMB reacted with •OH to 
form blue oxidized TMB (oxTMB) (Fig. 2h). Ultraviolet-
visible spectrophotometry (UV-Vis) revealed a typical 
absorption peak at 652 nm (Fig. 2i). The intensity of the 
peak increased with increasing BB-A-P concentration, 

indicating a positive correlation between the concentra-
tion of BB-A-P and the yield of •OH produced by per-
oxidase-like (POD-like) activity. Methylene blue (MB) 
can be used as an anoxidative probe for ROS. This was 
applied to analyze the ROS release from BB-A-P after 
NIR irradiation. In the presence of H2O2 (5 mM), with 

Fig. 2 Electron transfer pathways for O2 and ROS generation by BB-A-P NRs. (a) Mechanisms of O2 and ROS generation by BB-A-P NRs. (b) Electron-hole 
transfer in Z-Scheme Systems with Solid State Electron Mediators Heterostructure Semiconductor Nanomaterials under NIR. (c) O2 production of BB-A-P 
over a time gradient (n = 3). (d) TEMP-captured ESR spectra of 1O2. (e) Absorption decay curve of DPBF at 410 nm (n = 3). (f) SOSG probe to detect the 1O2 
generation capacity of BB-A-P NRs under NIR irradiation. (g) DMPO-captured ESR spectra of •OH. (h) Schematic representation of the TMB probe reacting 
with •OH to produce blue oxTMB. (i) •OH generation ability of BB-A-P NRs -mediated detected by the TMB probe. (j) •OH generation by BB-A-P NRs under 
NIR excitation detected by MB probes
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increasing NIR exposure time (1.2  W/cm2), the charac-
teristic absorption peak of MB at 664 nm decreased sig-
nificantly (Fig. 2j). This indicates that NIR-triggered e–h+ 
separation leads to ROS production. Our synthesized 
Z-scheme heterostructured semiconductors, containing 
solid conductor media, can mimic the functions of vari-
ous enzymes by NIR excitation to produce O2 and a vari-
ety of ROS. This technology has the potential to be used 
in a variety of applications.

BB-A-P alleviates hypoxia and the ability to produce ROS 
in vitro
We conducted cellular-level experiments to validate the 
O2 and ROS-producing ability of BB-A-P and its tumor 
cell-killing ability. We verified the ability of BB-A-P to be 
taken up by cells using CLSM and flow cytometry anal-
ysis, as the cellular uptake rate of the material is crucial 
for its therapeutic effect. After co-culturing B16F10 cells 
with fluorescein isothiocyanate (FITC)-labeled BB-A-P, 
intense green fluorescence was observed at 6 h (Fig. 3a). 
The uptake capacity at 6  h was nearly 100 times higher 

Fig. 3 In vitro antitumor effects of BB-A-P NRs. (a) Cellular uptake of BB-A-P NRs in B16F10 cells after different time intervals. (b) Cellular uptake capacity 
analyzed by flow cytometry using FITC fluorescence intensity. (c) CLSM observation of intracellular hypoxia levels in B16F10 cells utilizing the [Ru(dpp)3] 
Cl2 probe. (d) Cell viability of B16F10 and L929 cells treated with varied concentrations of BB-A-P NRs (n = 3). (e) CLSM images showing immunofluores-
cence staining for HIF-1α in B16F10 cells in different subgroups. (f) Western blot experiment of HIF-1α in B16F10 cells in different groups. (g) Intracellular 
ROS level. (h) Quantitative analysis corresponding to f ) (n = 3)
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than that at 0.5  h, as shown by flow cytometry analysis 
(Fig.  3b). A cell counting kit (CCK-8) was then used to 
evaluate the biosafety of BB-A-P with B16F10 melanoma 
cells and L929 mouse fibroblasts (Fig. 3d). At a concen-
tration of 120  µg/mL, the average survival rate reached 
an average of 50.25% and 60.26% after 24 h of co-incuba-
tion with normal and melanoma cells, respectively. This 
suggests that BB-A-P is biocompatible and may be used 
for subsequent treatment. We studied the intracellular O2 
production of B16F10 cells in four groups, control group, 
H2O2 group, BB-A-P group, and BB-A-P + H2O2 + NIR 
group, using tris (4, 7-diphenyl-1, 10-phenanthroline) 
ruthenium (II) dichloride ([Ru(dpp)3] Cl2) luminescence 
O2 sensor and HIF-1α antibody. Since the concentra-
tion of H2O2 in tumors is (50–100) × 10− 6 M, we simu-
lated an intra-tumor environment of 100 × 10− 6 M [35]. 
The red fluorescence of [Ru(dpp)3] Cl2 can be quenched 
by O2, allowing for the assessment of O2 production 
(Fig.  3c). There was a slight quenching of fluorescence 
in the presence of only BB-A-P due to its slightly weaker 
CAT-like activity. After being irradiated by NIR (1.2 W/
cm2), the red fluorescence was significantly reduced in 
the intra-tumoral environment of H2O2 overexpression. 
This suggests that the CAT-like activity of BB-A-P was 
stimulated by NIR irradiation and reacted with H2O2 in 
the environment (2H2O2 + 4e- → 2H2O + O2 ↑). Hypoxia-
inducible factors (HIFs) regulates multiple signaling 
pathways that promote angiogenesis, metastasis, and 
invasiveness of tumor cells [36, 37]. A major challenge 
in tumor therapy is tumor invasion and metastasis [38, 
39]. Alleviating the intracellular hypoxic environment 
and reducing the expression of HIF-1α can somewhat 
inhibit the proliferation and metastasis of tumor cells. To 
evaluate the expression level of HIF-1α in cells, we per-
formed HIF-1α immunofluorescence staining of B16F10 
cells, followed by CLSM observation (Fig.  3e). The 
red fluorescence of BB-A-P and BB-A-P + H2O2 + NIR 
groups was significantly weaker than that of the con-
trol and H2O2 groups. This suggests that the subunit of 
HIF-1α was oxidized due to the increased O2 content 
in the environment, leading to a decrease in its expres-
sion. This result was also validated in the western blot-
ting (WB) test (Fig. 3f ). HIF-1α expression was weakest 
in the BB-A-P + H2O2 + NIR group, which was also con-
firmed by the WB quantification results. There was a 
statistical difference between the control group and the 
P + H + N group (Fig. 3h). Thus, it can be inferred that the 
combination of BB-A-P and NIR can enhance the oxygen 
content in tumor cells and the overall hypoxic condition 
of the tumor [40, 41]. We also investigated the capacity 
of BB-A-P to generate ROS within the cells. It is known 
that 2’, 7’-dichlorodihydrofluorescein diacetate (DCFH-
DA) is easily broken down by ROS, resulting in bright 
green fluorescence. The fluorescence intensity is directly 

proportional to the amount of ROS generated within the 
cell. In the BB-A-P group, only a small amount of ROS 
was produced due to its reaction with intracellular H2O 
and a small amount of H2O2 (Fig. 3g). Subsequently, the 
green fluorescence intensity significantly increased by 
simulating the concentration of H2O2 within the tumor. 
After adding NIR irradiation, the separation of e- and h+ 
was sufficiently stimulated, increased ROS generation. 
The produced e- and h+ reacted with H2O2 and H2O in 
sufficient redox reactions to produce ROS, resulting in 
the strongest green fluorescence. Meanwhile, we treated 
the cells under identical conditions and confirmed this 
through flow cytometry analysis (Figure S4).

In vitro BB-A-P damage to mitochondria and antitumor 
capacity
After evaluating the biosafety of BB-A-P and its abil-
ity to generate oxygen and ROS, we subsequently veri-
fied its ability to kill tumor cells intracellularly and cause 
alterations in mitochondrial membrane potential. Exces-
sive oxidative stress resulting from the overproduction 
of ROS can lead to impairments in mitochondrial func-
tion and cell development [42, 43]. Numerous studies 
have demonstrated the close association between mito-
chondria and apoptosis. Disruption of the mitochondrial 
transmembrane potential (ΔΨm) is one of the earli-
est events in the apoptotic cascade response, occurring 
before the appearance of apoptotic features such as chro-
matin condensation and DNA breaks. Once the mito-
chondrial transmembrane potential collapses, apoptosis 
is irreversible. First, we verified the alteration of mito-
chondrial membrane potential (MMP) by BB-A-P. This 
compound exhibits a high ΔΨm in normal and undam-
aged nucleated cells. The disruption of ΔΨm is charac-
teristic of early apoptosis [44]. JC-1 exists in two states: 
monomer and multimer. At low concentrations, it exists 
as a monomer and at high concentrations, it exists as a 
multimer. Both states have different emission spectra, 
but they can be detected as green fluorescence in the 
FL-1 channel of the flow cytometer. The multimers emit 
red fluorescence, which can be detected by the red (FL-
2) channel of the flow cytometer. During apoptosis, the 
mitochondrial transmembrane potential is depolarized, 
and JC-1 is released from the mitochondria, causing 
the intensity of the red light to weaken. JC-1 exists as a 
monomer in the cytoplasm and emits green fluorescence. 
The control and H2O2 + NIR groups exhibited intense red 
and green fluorescence (Fig.  4a). The addition of BB-A-
P resulted in a lesser attenuation of the red fluorescence, 
indicating a low production of ROS that did not reach the 
threshold concentration for damage. In the subsequent 
experimental group, we added H2O2 and NIR. We found 
that the red fluorescence of the experimental group with 
both conditions significantly weakened, and a clear green 
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fluorescence was visible. This result proves that NIR pro-
moted the ability of BB-A-P to produce ROS and simulta-
neously decomposed H2O and H2O2 in the environment, 
generating a sufficient amount of ROS to lead to the 
depolarization of MMP. The results of the flow cytometry 
analysis showed Q2 and Q3 percentages ranging from 
90.9 to 62.6% and 9.11–37.4%, respectively (Fig. 4b), con-
firming the depolarization of MMP. To verify the killing 
ability of BB-A-P on tumor cells, we stained live and dead 

cells using calcein AM and propidium iodide (PI), respec-
tively. Live cells were stained green, while dead cells were 
stained red (Fig. 4c). In the control group and H2O2 + NIR 
group, almost no red fluorescence was observed, while 
a small amount of red fluorescence was seen in the BB-
A-P group, indicating that only a few cells died. Upon 
adding H2O2 or NIR, the proportion of red fluorescence 
increased significantly. In the BB-A-P + H2O2 + NIR 
group, a large area of red fluorescence was observed, 

Fig. 4 (a) JC-1 detects mitochondrial membrane potential in B16F10 cells. (b) JC-1 flow cytometry analysis of mitochondrial membrane potential. (c) 
Intracellular live/dead staining of B16F10 cells after different treatments. (d) Apoptosis of B16F10 cells after different treatments analyzed by Annexin 
V-FITC/PI flow cytometry
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demonstrating that BB-A-P has a more vital ability to 
kill tumors. It is important to note that these results are 
objective and based solely on the observed data. We used 
flow cytometry analysis (Annexin V-FITC/ PI-based 
apoptosis analysis) to verify that the proportion of early 
and late apoptosis of B16F10 in the BB-A-P + H2O2 + NIR 
group was 77.09%, which was consistent with the trend of 
live/dead cell experiment (Fig. 4d).

Immunogenic pyroptosis triggered by BB-A-P
The study aimed to investigate whether cellular pyropto-
sis is responsible for tumor cell death induced by BB-A-P. 

We observe the cell morphology under the microscope. 
After co-incubation with BB-A-P, we divided the cells 
into three groups, NIR, H2O2, and NIR + H2O2 (Fig. 5a). 
Only the group treated with NIR showed slight defor-
mation and swelling of the cells. The addition of H2O2 
resulted in the appearance of a small number of cell vacu-
oles, which is a typical manifestation of cellular pyropto-
sis. The NIR + H2O2 group showed an increased number 
of cells with cellular vacuoles and more pyroptosis cells 
appeared compared with the previous two groups, indi-
cating that BB-A-P-induced pyroptosis while inducing 
apoptosis of tumor cells, which was a significant finding 

Fig. 5 (a) Morphological images of B16F10 cells from different treatments. Cells were swollen with large bubbles (yellow arrows). (b) Immunofluores-
cence of Caspase-1 under different treatments. (c) Immunofluorescence of CRT under different treatments. (d) Western blots of Caspase-1 and GSDMD-N 
expressions. (e) Quantitative analysis corresponding to d) (n = 3). (f) IL-1β expression after different treatments (n = 3). (g) LDH expression after different 
treatments (n = 3). (h) ATP release after different treatments (n = 3)
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in our study. Under co-treatment with BB-A-P, NIR and 
H2O2, tumor cells undergo cellular pyroptosis. This led to 
the disruption of the integrity of the B16F10 cell mem-
brane, triggering the release of subsequent cellular con-
tents, including pro-inflammatory factors and related 
antigens, into the tumor microenvironment. The cleavage 
of GSDMD by Caspase-1 is considered a critical process 
that causes pyroptosis. B16F10 cells were observed under 
CLSM after various treatments. The intensity of red fluo-
rescence was used to represent the level of Caspase-1 
expression (Fig. 5b). The strongest red fluorescence was 
observed in the presence of both H2O2 and NIR. This 
result suggests that BB-A-P induces pyroptosis through 
the typical Caspase-1/GSDMD pathway. Meanwhile, the 
expression of GSDMD-N followed the same trend as 
Caspase-1. This was also confirmed by WB experiments 
(Fig. 5d) and WB quantification experiments (Fig. 5e). As 
evidenced by the experimental results, there is statisti-
cal disparity between the BB-A-P combined NIR group 
and the control group. ICD is a crucial aspect of pro-
grammed cell death. When tumor cells undergo ICD, 
they release DAMPs, like CRT and ATP. These molecules 
serve as typical markers of immunogenic death and play 
essential roles in antigen presentation and in synergiz-
ing the immune response [45, 46]. Fortunately, signifi-
cant changes in both CRT and ATP were detected during 
the induction of cellular pyroptosis. Under CLSM, both 
the BB-A-P + NIR and BB-A-P groups exhibited weak 
green fluorescence, while the fluorescence of the other 
groups was significantly weaker than that of the BB-A-
P + H2O2 + NIR group (Fig.  5c). The results of the ATP 
release experiments show a significant difference between 
the experimental group and the control group. Addition-
ally, the BB-A-P + H2O2 group has a significant difference 
with BB-A-P + H2O2 + NIR (Fig.  5h), which verifies the 
ICD effect. Meanwhile, cellular pyroptosis often results 
in the release of a large number of inflammatory mole-
cules, such as interleukin-1β (IL-1β) and lactate dehydro-
genase (LDH) (Fig. 5f-g). The results showed that BB-A-P 
stimulated the release of IL-1β, and BB-A-P + H2O2 + NIR 
was significantly different from other groups. However, 
there was no significant difference between the control 
and BB-A-P groups. (Fig. 5f ). These findings suggest that 
BB-A-P combined with NIR creates a favorable condition 
for inducing pyroptosis. In the LDH release experiment, 
the results showed a statistically significant difference 
between P + H + N and the control group (Fig. 5g). Addi-
tionally, significant differences were observed between 
the BB-A-P, BB-A-P + NIR, BB-A-P + H2O2, and BB-A-
P + H2O2 + NIR group, indicating that BB-A-P may have 
a more significant impact on inducing tumor cellular 
pyroptosis in the tumor microenvironment under near-
infrared light irradiation. It is worth noting that cellular 
pyroptosis, a programmed death pathway, plays a crucial 

role in activating tumor immunogenic death. By releasing 
cellular contents that are pro-inflammatory, it offers the 
possibility of activating immunotherapy for tumors [47, 
48]. 

In vivo antitumor studies
The antitumor effects of BB-A-P were tested in the 
B16F10 tumor-bearing model. To define the timing of 
NIR light treatment more clearly, we investigated the bio-
distribution and accumulation of BB-A-P in mice. Bi con-
tent in major organs and tumor tissues at different times 
(1, 3, 6, 24, 48  h) after intravenous injection of BB-A-P 
was detected using inductively coupled plasma emission 
spectrometry (ICP-OES) (Fig. 6b). Due to the typical EPR 
effect, BB-A-P can accumulate in tumor tissues. The start 
of NIR irradiation after intravenous BB-A-P can be deter-
mined based on accumulation. Secondly, we co-cultured 
mouse erythrocytes with different concentrations of BB-
A-P (1.56, 3.13, 6.25, 12.50, 25, 50, 100  µg/mL) in PBS 
solution and deionized water. The absorbance at 541 nm 
was measured by UV-visible spectrophotometer to 
obtain the corresponding hemolysis rate. Deionized 
water was used as a positive control (hemolysis 
rate = 100%) (Figure S5). Even at a concentration of 
100 µg/mL, the hemolysis rate of BB-A-P remained below 
20%, indicating its effectiveness for intravenous treat-
ment. Afterwards, the B16F10 tumor-bearing mice were 
randomly assigned to one of four groups (n = 5): control, 
NIR, BB-A-P, and BB-A-P + NIR. Treatment was adminis-
tered to each group on days 1 and 3. The intravenous 
dose was 5  mg/kg, followed by NIR light irradiation 
(808  nm, 1.2  W /cm2, 10  min) 24  h after injection 
(Fig.  6a). The body weight and tumor volume of each 
mouse were measured and recorded every 2 days 
throughout the treatment (Fig.  6c, e). The study results 
indicate that the tumor volume of BB-A-P alone was 
smaller than that of the control group. In contrast, the 
tumor growth of mice in the BB-A-P + NIR group was 
significantly inhibited, more so than in the other groups, 
and did not cause weight loss. Our synthesized BB-A-P 
nano-enzymes induced dual programmed death, result-
ing in a strong synergistic effect. The average weight of 
the dissected tumors (Fig.  6d) and visualized photo-
graphs (Figure S6) demonstrate this superior synergistic 
therapeutic effect. The experimental results show that the 
BB - A - P + NIR group and other groups have significant 
statistical difference (Fig. 6d). In addition, there has been 
a significant improvement in the survival rate of the mice 
after treatment (Fig.  6f ). Blood was taken from various 
groups of mice to determine their hematological index 
(Figure S7) and liver and kidney functions (Figure S8). 
The study found no statistically significant difference 
between the experimental group and the control group. 
Hematoxylin-eosin (H&E) staining was used to examine 
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Fig. 6 In vivo anti-tumor effects of BB-A-P NRs (n = 5). (a) Schematic representation of treatment time in tumor-bearing mice. (b) Biodistribution of Bi 
concentrations in mice measured at different time (n = 3). (c) Body weight over time (n = 5). (d) Tumors’ weights (n = 5). (e) Tumor volume after different 
treatments (n = 5). (f) Survival curves of mice receiving treatments (n = 5). (g) Flow cytometer detects dendritic cell maturation. (h) Staining of H&E, HIF-1α, 
Caspase-1 and CRT in tumor tissues of different treatment groups. (i) ATP release after different treatments (n = 3). (j) IL-1β expression after different treat-
ments (n = 3). (k) IL-6 release after treatments(n = 3). (l) TNF-α expression after treatments(n = 3). (m) CT imaging
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the heart, liver, spleen, lungs, and kidneys of the mice, 
and no significant abnormalities were observed (Figure 
S9). This shows that BB-A-P treatment did not signifi-
cantly affect the vital organs. Tumor killing ability was 
confirmed through H&E staining, immunofluorescence 
staining of dissected tumor tissues from various groups 
(Fig.  6h). The therapeutic effects of different treatments 
on the tumors were evaluated using the H&E staining 
technique. Compared to the other three groups, the BB-
A-P + NIR group exhibited the most severe tumor necro-
sis and damage, which inhibited tumor growth. The 
BB-A-P + NIR group showed the most significant green 
fluorescence expression under an inverted fluorescence 
microscope by Tunel kit staining, indicating a signifi-
cantly increased proportion of apoptotic cells in this 
group compared to the other three groups (Figure S10). 
Immunohistochemistry revealed that the expression of 
the value-added marker Ki-67 was similarly down-regu-
lated in the BBAP + NIR group, indicating a decrease in 
the proliferative capacity of tumor cells (Figure S10). This 
demonstrates that the treatment of BB-A-P + NIR inhib-
ited the growth of tumor cells. To evaluate the ability of 
NIR-excited BB-A-P to reverse tumor hypoxia, we 
assessed the expression of HIF-1α in tumor tissues in dif-
ferent groups using HIF-1α immunofluorescence stain-
ing. The BB-A-P + NIR group exhibited the weakest 
fluorescence intensity. The results suggest that under NIR 
stimulation, BB-A-P can catalyze the cleavage of water 
and H2O2 through the action of the special Z-scheme 
heterostructure CAT-like. This increases the supply of O2 
and improves hypoxia within the tumor, thereby reduc-
ing the accumulation of HIF-1α (Fig. 6h). Caspase-1 is an 
important factor in inducing cellular pyroptosis. The 
results of the immunofluorescence assay showed that 
Caspase-1 expression was strongest (red fluorescence) in 
the BB-A-P + NIR group compared to the other three 
groups, indicating cellular pyroptosis occurred during 
BB-A-P treatment (Fig.  6h). Additionally, important 
markers of DAMPs, CRT and ATP showed statistically 
significant differences from the control group in the 
treated group. The tumor tissues of the BB-A-P + NIR 
treatment group exhibited the most intense green fluo-
rescence (CRT) (Fig.  6h). Additionally, we observed a 
release of ATP in the serum of mice (Fig. 6i). The BB-A-
P + NIR group showed approximately four times higher 
levels of ATP release compared to the control group, with 
a statistically significant difference. The elevation of these 
DAMPs can promote antigen presentation and synergize 
immunotherapy. During the process of pyroptosis in the 
tumor, there was a significant increase in corresponding 
inflammatory factors, such as IL-1β. This cytokine 
showed the strongest expression in all four groups in the 
BB-A-P + NIR group, moreover, there was a significant 
statistical difference between BB-A-P + NIR group and 

control group. While the control group and NIR group 
had no obvious difference. (Fig.  6j). Subsequently, we 
used flow cytometry to assess the level of tumor immune 
cell infiltration in the lymph nodes of mice from different 
treatment groups. Enhancing the maturation of DCs is 
crucial for promoting antigen presentation and T-cell 
activation. According to flow cytometry analysis, BB-A-P 
was found to promote DCs maturation approximately 6.5 
times more than the control group (Fig. 6g). These results 
suggest that the combination of BB-A-P and NIR treat-
ment can stimulate DCs maturation, induce tumor cell 
pyroptosis, and further enhance T-cell activation. Conse-
quently, we conducted a further evaluation of the altera-
tions in the CD4+ T cells and CD8+ T cells content within 
the spleens of mice in different groups (Figure S11). Con-
sequently, the combination of BB-A-P NRs and NIR 
treatment was found to effectively induce the activation 
of helper T cells and cytotoxic T lymphocytes. Serum 
samples was collected from various treatment groups to 
evaluate the levels of two cytokines, IL-6 and TNF-α, 
using ELISA (Fig.  6k, l). The results of the experiment 
demonstrate a statistically significant discrepancy 
between the BB-A-P combined NIR group and the con-
trol group. The experimental group exhibited signifi-
cantly stronger expression than the other three groups, 
indicating that the combination of BB-A-P and NIR treat-
ment enhanced T-cell infiltration and capacity. This was 
validated in animal experiments on the tumor’s ICD 
effect. Melanoma is a particularly aggressive form of 
tumor, and thus, there is a pressing need for more effec-
tive long-term treatment methods to inhibit tumor 
metastasis and recurrence. In this study, we employed a 
previously described modeling and treatment protocol 
and sacrificed mice after three days. We then harvested 
their spleens and evaluated CD62L/CD44 expression 
(Figure S12). The expression of CD62L and CD44 was 
significantly increased compared with the control group, 
indicating that BB-A-P combined with NIR treatment 
activated central memory T cells to achieve long-term 
antitumor immunity [49]. Due to the fact that the loca-
tion of the tumor may not be fully visualized and the 
internal structure of the tumor may not be fully observed, 
imaging can be used to better guide therapeutic targeting 
during the treatment process, making tumors more com-
plete to treat. BB-A-P nanoparticles have potential for 
CT imaging due to bismuth’s considerable sensitivity and 
low cost. The construction of high-performance CT con-
trast agents (CAs) using BB-A-P nanoparticles is promis-
ing. Tumor signal enhancement was still observed in CT 
imaging 2  h after intra-tumoral injection of BB-A-P 
(Fig. 6m). The findings suggest that BB-A-P can be used 
as a safe and effective chemoresponsive nanorods to 
enhance synergistic dual programmed death and ICD.
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Conclusions
In conclusion, this study proposes BB-A-P as a poten-
tial apoptotic and pyroptosis inducer for cancer immu-
notherapy. BB-A-P is a novel Z-scheme heterostructure 
that, upon excitation by NIR, alleviates intracellular 
hypoxia and ROS surges, activating the Caspase-1/
GSDMD-dependent pathway, leading to pyroptosis 
accompanied by cell swelling and necrosis, which further 
promotes the release of a variety of inflammatory mol-
ecules and DCs maturation inducing ICD and inhibiting 
tumor cell proliferation. Necrosis promotes the release 
of numerous inflammatory molecules, induces ICD, 
and inhibits tumor cell proliferation, achieving immu-
notherapy. Additionally, it has CT imaging capabilities 
to visualize anti-tumor immune activation and tumor 
growth inhibition. The research will expand the biomedi-
cal applications of Bi-based nanoparticles as well as our 
understanding of ICD that nanomaterials induced.

Appendix A. supplementary data
The Supplementary data contain: Chemicals and 
Reagents, the synthesis of Bi2S3-Bi2O3 nanorods (BB NRs) 
composite, Zeta potentials of B, BB, BBA, BBAP (n = 3), 
dynamic light scattering distribution (DLS) of BBAP, 
flow cytometry analysis of ROS, hemolysis rate of BB-
A-P NRs at different concentrations after co-incubation 
with mouse erythrocytes, hormonal mice from different 
groups, hematological index and biochemistry of different 
groups of mice after 7 days BB-A-P intravenous injection, 
H&E-stained sections of major organs of different groups 
of mice, tunel and Ki-67 staining of tumor sections from 
different groupings of mice, and flow cytometry analysis 
of CD4+/ CD8+, CD44/ CD62L T cells in spleens from 
mice in various groups.
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