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Abstract 

Inducing immunogenic cell death (ICD) has emerged as a promising strategy for targeting immunologically “cold” 
tumors. However, most current therapies focus on a single mechanism, limiting their efficacy. In this study, we pro-
pose a nano-enabled approach that synergistically activates two complementary immunogenic killing mechanisms: 
pyroptosis, which elicits a potent inflammatory response, and ICD, characterized by the presentation of ‘eat-me’ signals 
and tumor antigens to the immune system. Capsaicin, a naturally occurring compound, was employed to induce 
pyroptosis via ROS-mediated gasdermin E (GSDME) cleavage, resulting in cell membrane blebbing and subsequent 
cell death. To simultaneously trigger ICD, we incorporated 2D graphene oxide (GO) engineered with optimized phys-
icochemical properties to induce robust ICD under near-infrared irradiation. Our in vitro and in vivo experiments dem-
onstrated that the combined treatment of capsaicin and GO not only enhanced cancer cell killing but also promoted 
immune cell infiltration and potentiated anti-tumor immunity, leading to significant tumor suppression. Moreover, 
the dual-trigger mechanism of pyroptosis and ICD yielded superior anti-tumor efficacy compared to single-modality 
treatments while maintaining a favorable biosafety profile. These findings highlight the potential of a synergistic 
nano-enabled strategy for improving cancer immunotherapy.

Keywords  Cancer immunotherapy, Pyroptosis, Immunogenic cell death, Combination therapy, Capsaicin

†Silu Li and Xin Jin have contributed equally to this work.

*Correspondence:
Huan Meng
mengh@nanoctr.cn
Jiulong Li
lijl@nanoctr.cn
Lin Zhu
zhulin66zhulin@163.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-025-03439-2&domain=pdf


Page 2 of 14Li et al. Journal of Nanobiotechnology          (2025) 23:386 

Graphical Abstract
Concurrent Pyroptosis and ICD Induction via Cap/GO Synergy Enhances Anti-Tumor Immunity. The Cap/GO complex 
combines ROS-mediated pyroptosis (via Cap) with ICD activation (via GO under NIR irradiation), fostering an immuno-
logical tumor microenvironment. Pyroptosis triggers IL-6 and IL-1β, while ICD exposes CRT and HMGB1. This synergy 
drives T-cell infiltration, amplifying anti-tumor immunity and achieving robust tumor suppression.

Introduction
Immunotherapy has revolutionized cancer treatment 
by leveraging the immune system’s ability to recognize 
and kill malignant cells. However, its clinical success in 
breast cancer (BC) has been limited, especially in the 
context of “cold” BC tumors, which generally exhibit 
low immune cell infiltration and poor immunogenic-
ity [1–4]. To address this challenge, there is increasing 
interest in developing novel strategies to enhance the 
immunogenicity of cancer cells and promote a pro-
inflammatory tumor microenvironment. While most 
forms of cell death, such as apoptosis, are considered 
non-immunogenic and often fail to elicit an immune 
response, certain types, such as immunogenic cell death 
(ICD), ferroptosis, certain types of necroptosis, and 
more recently pyroptosis, are highly immunogenic [5–
7]. ICD exposes tumor antigens and releases danger-
associated molecular patterns (DAMPs), which act as 
‘eat-me’ signals to the immune system [7]. Pyroptosis, 
on the other hand, is a highly inflammatory form of cell 

death, characterized by the release of pro-inflammatory 
cytokines (such as IL-1β, IL-18, and IL-6), which fur-
ther amplify immune activation [6, 8]. While pyropto-
sis shares several characteristics with ICD, including 
the release of DAMPs such as HMGB1 and ATP, it may 
not sufficiently activate adaptive immunity on its own 
due to limited antigen presentation. In contrast, clas-
sical ICD promotes calreticulin (CRT, an endogenous 
antigen) exposure, as well as the release of HMGB1 and 
ATP serve as endogenous adjuvants. Ample evidence 
has demonstrated the benefits of using small mol-
ecules (e.g., use of paclitaxel to stimulate high mobil-
ity group protein B1 (HMGB1) in a 4T1 mouse model) 
[6, 8], peptides (e.g., use of PKHB1 peptide to induce 
ROS production in a 4T1 mouse model) [9, 10], radia-
tion (e.g., use of X-rad to trigger immune activation in 
PyMT model) [11], or nanoparticles (e.g., use of mitox-
antrone-laden liposome to trigger a robust immune 
response in EMT6 and 4T1 tumor model) to induce 
ICD [12], yielding promising immunological outcomes 
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in breast cancer models. Despite these advances, 
most strategies focus on a single immunogenic killing 
mechanism, leaving the potential for synergistic effects 
between multiple mechanisms underexplored in BC 
treatment. We hypothesize that combining distinct and 
complementary forms of immunogenic killing mecha-
nisms could offer a powerful therapeutic advantage. By 
not only directly eliminating tumor cells but also con-
verting cold tumors into “hot” tumors, this strategy 
could enhance immune cell infiltration and significantly 
amplify the overall anti-tumor immune response.

The combination of ICD and pyroptosis presents a 
compelling strategy for cancer immunotherapy due to 
their complementary mechanisms and synergistic effects 
in transforming cold tumors into “hot” tumors. ICD 
enhances pyroptosis by releasing DAMPs and tumor-
specific antigens, facilitating the recognition of cancer 
cells by the immune system through ‘eat-me’ signals. 
According to an established consensus, key biomolecules 
associated with ICD include the expression of calreticulin 
(CRT) and the release of HMGB1 and ATP [13]. In par-
allel, pyroptosis induces the release of pro-inflammatory 
cytokines, creating a favorable immunological tumor 

microenvironment that attracts and activates immune 
cells, further enhancing anti-tumor immunity [14]. These 
dual mechanisms effectively disrupt the immunosup-
pressive tumor microenvironment, inducing robust local 
immune responses while supporting systemic anti-tumor 
immunity.

Against this background, we synthesized a nanocom-
plex capable of concurrently inducing pyroptosis and 
ICD. Due to its potent immunostimulatory effects, acces-
sibility, and synergistic potential, we selected the natural 
product capsaicin (Cap), which is FDA-approved for top-
ical use in over-the-counter creams or patches [15–17]. 
This is a naturally occurring compound, also known as 
(E)-N-(4-Hydroxy-3-methoxybenzyl)−8-methylnon-6-
enamide, serendipitously discovered to induce pyropto-
sis following cellular screening across various cancer cell 
types. Additionally, we engineered graphene oxide (GO) 
variants with different sizes (~500, ~1000, and ~1500 
nm) and surface modifications (C=O content of ~5%, 
~10%, and ~15%) to identify the most effective formula-
tion for inducing ICD upon 808 nm irradiation. Notably, 
the C=C-rich structures in both GO and Cap (that con-
tain the benzyl group) enabled the synthesis of a Cap/

Scheme 1  Schematic diagram of the antitumor mechanism of Cap/GO nanocomplex. Capsaicin (Cap), a natural compound that induces 
ROS-mediated pyroptosis, is mixed with graphene oxide (GO) due to presented π–π stacking, which facilitates ICD under NIR irradiation. 
Intratumoral injection of this physically combined Cap/GO nanocomplex triggers both pyroptosis and ICD concurrently, generating 
an immunological tumor microenvironment enriched with IL-6 and IL-1β from pyroptosis, along with immune-activating signals CRT and HMGB1 
from ICD. This combined immune response enhances the infiltration and activation of CD4+ and CD8+ T cells, leading to robust anti-tumor 
immunity and significant tumor suppression
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GO nanocomplex, designed to simultaneously induce 
pyroptosis and ICD. The resulting nanocomplex capi-
talizes on the dual mechanisms of cell death to directly 
eliminate tumor cells while enhancing anticancer immu-
nity (Scheme 1), presenting a promising strategy for more 
effective and durable cancer treatments in an EMT-6 
syngeneic model, a widely used model for studying breast 
cancer immunotherapy.

Results and discussion
Efficient induction of pyroptosis by capsaicin
Capsaicin (E)-N-(4-Hydroxy-3-methoxybenzyl, Cap), a 
homovanillic acid derivative in chili peppers, has emerged 
as a valuable source of compounds for drug development 
due to its analgesic, antioxidant, anti-inflammatory, or 
anticancer properties [15–17]. While our initial aim 
was to study its immunomodulatory effects in a dermal 
application, we made a serendipitous discovery: Cap trig-
gered a robust pyroptosis response, as detailed below. 
We also included Cap analogs, arvanil (Arv) and olvanil 
(Olv), which differ in carbon chain length and degrees of 
unsaturation, in our study. We first evaluated the cyto-
toxicity on the mouse BC cell lines, EMT6 and Py8119, 
as well as the osteosarcoma cell line, K7M2. The results, 
as depicted in Fig.  1A, showed a clear concentration-
dependent decrease in cell viability for all three com-
pounds across all cell lines over a dose range of 0–200 μg/
mL. Although Cap and its analogs displayed similar IC50 
values, they induced significant morphological changes 
in these cell lines under 50 μg/mL (denoted as “l”) or 100 
μg/mL (denoted as “h”), including pronounced cell swell-
ing and large surface blebbing (Fig.  1B), hallmarks of 
pyroptotic cell death. This was comparable to the effects 
observed with the positive control, doxorubicin (Dox). 
We further investigated Cap-induced pyroptosis using 
the Operetta High Content Screening System (Perkin 
Elmer) in conjunction with Annexin V-fluorescein isothi-
ocyanate (FITC) and propidium iodide (PI) fluorescence 

staining, a method widely recognized for characterizing 
pyroptosis through extensive membrane damage and 
phosphatidylserine externalization [18]. A time-lapsed 
video (Movie 1) and sequential confocal images collected 
from 0 to 1000 min (Fig.  1C) captured the dynamics of 
Cap-induced morphological changes, revealing a time-
dependent increase in both PI and Annexin V staining. 
We observed a pronounced increase in PI-positive and 
Annexin V-positive cell populations at 760 min (Fig. 1C). 
Additionally, we repeated the PI and Annexin V stain-
ing in Py8119 and K7M2 cells, which demonstrated an 
even faster induction of pyroptosis, occurring at 540 min 
(Fig. 1D).

At the molecular level, we investigated the expres-
sion of the pyroptosis marker Gasdermin E cleavage 
(GSDME-NT) after incubating EMT6 cells with Cap and 
its analogs. Since GSDME cleavage is an upstream event 
relative to compromised cell membrane integrity (indi-
cated by PI positivity at 720 min), we deliberately chose 
a 420-min (7-h) incubation period for EMT6 cells. West-
ern blot (WB) results (Fig. 1E) demonstrated a significant 
increase in GSDME-NT expression at various concen-
trations (50 μg/mL and 100 μg/mL, denoted as “l” and 
“h”) without significant effect on GSDMD cleavage (Fig-
ure S1), indicating strong activation of cell death through 
a GSDME-mediated pyroptotic pathway. The phenom-
enon in which GSDME-NT levels are highest at lower 
drug concentrations and decline at higher doses could 
be attributed to the fact that, as drug concentrations 
increase, extensive cell death occurs through multiple 
pathways. This leads to rapid cell lysis and protein deg-
radation, preventing the accumulation of GSDME-NT. 
Mechanistically, given Cap’s established effects on mito-
chondria-based reactive oxygen species (ROS) produc-
tion and plasma membrane NADH oxidase activity [17], 
we assessed intracellular ROS levels using the H2DCFDA 
assay, which evaluates both plasma membrane and mito-
chondrial ROS [18, 19]. H2O2 served as a positive control. 

Fig. 1  Induction of cancer cell pyroptosis by natural product Cap in vitro and in vivo. A Chemical structures of Cap, Arv, and Olv, and their 
cell-killing effects on the breast cancer cell lines EMT6 and Py8119 and the osteosarcoma cell line K7M2 after 24 h incubation. B Representative 
optical microscope images to compare the EMT6 cell morphological changes induced by various concentrations of Cap, Arv, and Olv. “l” represents 
a low concentration of 50 μg/mL, and “h” represents a high concentration of 100 μg/mL. Dox is used as a positive control. Red arrows indicate 
the swollen and blebbing cells. The scale bar is 25 µm. C Representative confocal images acquired on an Operetta High Content Screening System 
(Perkin Elmer) to demonstrate the dynamics of capsaicin-induced morphological and fluorescence intensity changes of EMT6 cells from 0 to 1000 
min incubation time. Annexin V-FITC and PI were added to the cells before imaging. D Fluorescent images to demonstrate the Cap-induced 
morphological and fluorescence intensity changes in Py8119 and K7M2 cells. E Western blotting to show the cleavage of GSDME-FL to GSDME-NT 
in EMT6 cells treated by 50 (l) and 100 (h) μg/mL of Cap and its analogs Arv and Olv for 7 h. Quantitative analysis of GSDME-NT expression 
intensities was calculated by ImageJ software. F H2DCFDA assay to evaluate the intracellular ROS by Cap, Arv, and Olv in EMT6 cells. G ELISA assays 
to determine the released LDH (top panel) and IL-6 (upper panel) levels in cells. H Immunoblotting to demonstrate the GSDME-NT cleavage 
and cleaved caspase-3 expression levels in EMT6-bearing mice after 3 days of 5 mg/kg Cap intratumoral injection. The ratios of GSDME-NT/Vinculin 
and cleaved caspase-3/Vinculin in different treatment groups were calculated by Image J. I Determination of IL-6 (top panel) and IL-1β (upper panel) 
in EMT6-bearing mouse serum using ELISA assays. Data represents mean ± SD, n ≥ 3. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001

(See figure on next page.)
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Results in Fig.  1F showed a significant increase in DCF 
fluorescence intensity following treatment with Cap and 
its analogs, particularly for Cap, indicating enhanced 
ROS production. This ROS elevation furtherly triggered 
caspase 3-mediated activation of GSDME (Figure  S2), 
leading to membrane perforation and cell rupture, result-
ing in the release of lactate dehydrogenase (LDH) and 
interleukin-6 (IL-6), markers of membrane integrity 
loss and pro-inflammatory cytokine release [18, 20, 21]. 
Quantitative analysis in Fig.  1G revealed that Cap sig-
nificantly increased LDH and IL-6 release compared to 
the control, underscoring its role in modulating immune 
response and inflammation. However, IL-6 induction by 
Arv and Olv was limited.

Considering the strong induction of pyroptosis by Cap 
in cancer cell lines, we further explored their capacity 
to induce pyroptosis in tumors within an intact animal 
model. EMT6 cell-bearing mice received intratumoral 
injections of 5 mg/kg Cap (n = 4). Cisplatin (Cis) served 
as a positive control for pyroptosis induction in vivo [22]. 
After 3  days, tumor tissues and mice serum were col-
lected to assess pyroptotic markers. Proteins extracted 
from the tumor tissue were analyzed for GSDME-NT 
cleavage and cleaved caspase-3 expression levels. As 
shown in Fig.  1H, Cap treatment increased levels of 
GSDME-NT and cleaved caspase-3, confirming the acti-
vation of pyroptotic pathways at the tumor site. This 
activation was further supported by elevated levels of 
inflammatory factors IL-6 and IL-1β in mice serum, simi-
lar to the positive control of Cis (Fig. 1I).

Collectively, our findings demonstrate the potent 
pyroptotic activity of Cap both in  vitro and in  vivo in 
BC. We will investigate Cap’s immunological therapeu-
tic effects (Fig. 3) after confirming the GO-mediated ICD 
outcome in the same model (Fig. 2).

ICD effects of large‑size, high C=O content GO in the EMT‑6 
breast cancer model
We aim to develop a nanocomplex that simultaneously 
induces pyroptosis and ICD. Given Cap’s methoxybenzyl 
structure, we identified 2D nanomaterials, in this case, 
GO [23], as promising candidates. Our previous studies 
showed that the lateral size and carbonyl (C=O) content 
of GO significantly influenced its biological effects in 
macrophages [24]. Building on this, we evaluated GO’s 
potential, as an ICD inducer, in cancer cells, assessing 
various GO samples (Fig. 2A) that differed in size (GO-
1, GO-2, and GO-3) and C=O content (GO-3, GO-4, 
and GO-5) on EMT6 cells. Atomic force microscopy 
(AFM) and dynamic light scattering (DLS) data (Fig. 2B) 
confirmed the sheet-like structures of GO-1, GO-2, and 
GO-3, with average sizes of 459.36 ± 4.54 nm, 1105.6 
± 20.32 nm, and 1435.80 ± 80.78 nm, respectively, while 
their heights were similar at ~1 nm. The surface func-
tional groups of GO-3, GO-4, and GO-5 were further 
characterized using X-ray photoelectron spectroscopy 
(XPS). As shown in Fig.  2C, the C1 s core-level spec-
tra exhibited characteristic peaks at 284.6, 285.2, 286.8, 
287.4, and 288.7 eV, corresponding to C‒C/C=C, C‒OH, 
C‒O, C=O, and O=C‒OH functional groups, respec-
tively. XPS analysis also indicated varying C=O contents, 
approximately 15%, 10%, and 5% for GO-3, GO-4, and 
GO-5, respectively, while their sizes remained compa-
rable (Figure  S3). After a 24-h exposure to EMT6 cells, 
these GO samples induced significant cell killing. A 
significant correlation was observed between GO size 
(Fig.  2D, left panel) and C=O content (Fig.  2D, right 
panel) with cytotoxicity. GO with larger sizes or higher 
C=O content tended to be more cytotoxic to EMT-6 can-
cer cells. This finding was supported by the highest abi-
otic ROS generation by GO-3, which had the largest size 
and highest C=O content (Fig. 2E).

Considering the bigger lateral size that could also 
adsorb more Cap and the higher C=O content that could 

(See figure on next page.)
Fig. 2  ICD effects induced by GO in vitro and in vivo. A Various GO samples from a range of sizes (GO-1, GO-2, and GO-3) and surface groups 
of C=O content (GO-3, GO-4, and GO-5) used in this study. B Representative AFM images (left panel) and DLS data (right panel) to demonstrate 
the sheet-like GO-1, GO-2, and GO-3 with an average size of ~500 nm, ~1000 nm, and ~1500 nm, respectively, with similar heights of 1 nm. C 
XPS data to show different surface groups and their content in GO-3, GO-4, and GO-5 samples, in terms of C=O contents with ~15%, ~10%, 
and ~5%, respectively. D Cell killing of GO samples and the correlation analysis between cytotoxicity and GO size (left panel) and C=O content 
(right panel). E H2DCFDA assay to evaluate abiotic ROS generation of all GO samples. F Evaluation of the photothermal capacity of GO-3 to grow 
temperature (left panel) and kill EMT6 cells with NIR laser irradiation (808 nm, 1.7 w/cm2, 5 min) (right panel). G Representative fluorescent images 
(left panel) and flow cytometry analysis (middle panel) showing CRT exposure, along with ELISA data (right panel) quantifying HSP70 levels 
in EMT6 cells treated with GO-3 and NIR light. Tunicamycin (Tun) was used as a positive control. The scale bar is 25 μm. H Quantification (left panel) 
and representative IHC staining images (right panel) for CRT as well as HMGB1 to confirm ICD induction in EMT6-bearing mice intratumorally 
injected 20 mg/kg GO under NIR irradiation 3 days late. The quantitative analysis was performed by calculating the percentage of integrated density 
across all areas in IHC images using ImageJ. Data represents mean ± SD, n = 3 for cell study and n = 6 for animal study. *** p < 0.001, **** p < 0.0001. 
The scale bar is 100 µm
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induce significant ROS generation to kill cancer cells, we, 
therefore, selected GO-3 to evaluate its ability to induce 
ICD effects. Under near-infrared (NIR) irradiation with 
808 nm light for 5  min, GO-3 produced a substantial 
photothermal effect, raising the temperature to approxi-
mately 50 °C (Fig. 2F, left panel). This photothermal effect 
significantly enhanced GO-3-induced toxicity to cancer 
cells, increasing cell killing by ~60% compared to treat-
ment without NIR light (Fig. 2F, right panel). To confirm 
that this enhanced cell killing was due to GO-3-mediated 
ICD, we assessed the key ICD marker CRT translocation 
to the cell membrane using immunofluorescent staining 
and flow cytometry in GO-treated EMT6 cells with/with-
out NIR, respectively. As shown in Fig. 2G (left and mid-
dle panels), the combination of GO and NIR significantly 
induced CRT production, consistent with the positive 
control of ICD induction, tunicamycin (Tun). Addition-
ally, other ICD markers, including HSP70 and HMGB1 
release, were quantified using ELISA assays. As shown in 
Fig.  2G (right panel) and Figure  S4, GO/NIR treatment 
significantly upregulated HSP70 and HMGB1 levels in 
EMT6 cells, further confirming its ICD-inducing effect.

Subsequently, we investigated the potential of GO-3 
plus NIR to induce ICD effects in EMT6 tumor-bear-
ing mice. The mice received intratumoral injections of 
20 mg/kg GO-3 followed by 808 nm NIR radiation for 
5 min. Tumor tissues were then collected and analyzed by 
immunohistochemical staining (IHC) to determine CRT 
and HMGB1, both markers of ICD. As demonstrated in 
our in vitro experiments, NIR alone lacks direct cytotox-
icity and does not induce ICD unless combined with the 
photothermal agent GO (Fig. 2F, G). In line with the 3Rs 
principle of animal research (Replacement, Reduction, 
and Refinement), we did not include a NIR-only control 
in  vivo. Further, the results in Fig.  2H showed that the 
GO-3 plus NIR treatment induced significant CRT trans-
location to the cell membrane and HMGB1 extracellular 
release in tumor areas. This pattern was similar to that 

observed with the positive control of ICD, Tun. Our find-
ings collectively suggested that GO-3 could effectively 
induce ICD in  vivo, promoting an enhanced immune 
response against the tumor.

Combining pyroptoic and ICD effects for synergistic 
antitumor effects
After establishing that Cap can trigger pyroptosis and 
that GO can induce ICD, we explored the synergistic 
potential of combining pyroptosis and ICD to achieve 
enhanced antitumor effects. The rationale behind this 
combination lies in the complementary mechanisms 
of action of Cap and GO [25–27]. Cap’s aromatic rings 
interact with the π-electron system of GO via π–π stack-
ing, while Van der Waals forces may also play a role in the 
adsorption process [25–27]. Additionally, GO’s negative 
charge, due to its oxygenated groups, could electrostati-
cally interact with positively charged or polar regions of 
Cap molecules (Fig. 3A). Using DLS and thin layer chro-
matography (TLC) [17], we first confirmed the presence 
of both Cap and GO in the physical Cap/GO complex, 
as evidenced by the decreased negative charge after GO 
incubation with Cap and the reduced Cap level in super-
natant of nanocomplex during the adsorption process 
between 0 and 19 h (Fig. 3B). Further, the weight ratio of 
Cap to GO in the Cap/GO complex was determined to be 
approximately 1:2.

After synthesizing and characterizing the Cap/GO 
nanocomplex, we next evaluated its ability to simultane-
ously induce pyroptosis and ICD, two complementary 
and synergistic processes, using the aforementioned 
immunoblotting and IHC assays to detect correspond-
ing markers. Although a definitive answer has not yet 
been determined, the co-induction of pyroptosis and 
ICD demonstrated a stronger response in vitro compared 
to using a single inducer alone. For example, the Cap/
GO complex, designed to activate both pyroptosis and 
ICD, significantly upregulated GSDME-NT expression 

Fig. 3  Characterization and assessment of the antitumor effect of the Cap/GO nanocomplex. A Scheme to demonstrate the synthesis of a Cap/
GO nanocomplex due to the π–π stacking, electrostatic interaction, and Van der Waals forces between Cap and GO. B Characterization 
of the Cap/GO nanocomplex by DLS (left panel) and TLC (right panel). TLC was performed on supernatant samples utilizing a developing 
solvent system composed of ethyl acetate and hexane in a 2:1 ratio, with a sample volume of 2 µL applied to the plate. C Immunoblotting 
(left panel) and semi-quantitative results of IHC staining (middle and right panels) to demonstrate the simultaneous induction of pyroptosis 
and ICD by the Cap/GO nanocomplex, together with significantly elevated levels of GSDME-NT, CRT, and HMGB1 expression. D Cell viability 
study to demonstrate the Cap/GO nanocomplex-induced significant cancer cell killing than single Cap or GO treatment. E A treatment 
schedule in the antitumor vaccination experiment in mice. F Evaluation of tumor growth following EMT6 rechallenge on the contralateral side. 
Representative flow cytometry images (G) and corresponding quantification (H) showing the presence of mature dendritic cells (DCs), identified 
by CD11c, CD80, and CD86 positivity, in EMT6 tumor-bearing mice subjected to various treatments. I Schematic of timeline for the study 
in the efficacy experiment. EMT-6 tumor-bearing mice received indicated treatments. J Tumor volumes and weight recorded during the animal 
study. These data demonstrated the best-performing efficacy of the Cap/GO nanocomplex. K Body weight of mice during the animal study. L 
Quantification of the percentage (left panel) and IHC staining detail (right panel) of the CD4+ T cells, CD8+ T cells, and IFN-γ in EMT-6 tumor-bearing 
mice. * p < 0.05; ** p < 0.01; *** p < 0.005; **** p < 0.001. The scale bar is 100 µm

(See figure on next page.)
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in EMT6 cells, an effect not observed with GO with 
NIR treatment (ICD-only) and notably stronger than 
that achieved with Cap alone (pyroptosis-only) treat-
ment (Fig.  3C, left panel). Furthermore, the combined 
pyroptosis and ICD treatment markedly increased CRT 
and HMGB1 levels in EMT6-bearing mice, which were 
not elevated by pyroptosis-only treatment and showed 
a more potent effect than ICD-only treatment (Fig.  3C, 
middle and right panels; Figure  S5). This simultaneous 
activation of pyroptosis and ICD by the 25 μg/mL Cap/
GO complex also resulted in significantly higher cancer 
cell-killing effects than the same concentration of either 
pyroptosis-only or ICD-only treatment (Fig.  3D), high-
lighting the superior anticancer efficacy of combined 
pyroptosis and ICD induction over either treatment 
alone. These promising findings prompted us to further 
investigate the in vivo anti-tumor efficacy of the Cap/GO 
complex.

To demonstrate the therapeutic advantage of concur-
rently inducing pyroptosis and ICD, we first conducted 
a vaccination experiment using dying tumor cells treated 
with GO under NIR, Cap, or their combination [13, 28, 
29]. EMT6 cells (1 × 106) were pretreated with 50 µg/mL 
of Cap for 24 h to induce pyroptosis, triggering a strong 
pro-inflammatory response that activates innate immu-
nity. To generate ICD, an equal number of EMT6 cells 
were treated with 25 µg/mL of GO-3 nanoparticles and 
subjected to 5 min of NIR irradiation, enhancing antigen 
presentation and promoting adaptive immune activa-
tion. For the combined dying cell mixture, Cap-treated 
pyroptotic cells (5 × 105) were mixed with GO/NIR-
treated ICD cells (5 × 105) to synergistically enhance both 
innate and adaptive immune responses, leading to a more 
robust and durable antitumor immunity compared to 
either treatment alone. These cell samples were then sub-
cutaneously injected into the left flank of mice as a tumor 
vaccine, with PBS serving as the control group. Seven 
days later, untreated EMT6 tumor cells were introduced 
into the contralateral flank, as illustrated in Fig. 3E. Nota-
bly, vaccination with EMT6 cells preconditioned with 
either pyroptosis or ICD inducers alone was effective in 
providing tumor growth inhibition, demonstrating their 
individual functionality. However, mice vaccinated with 
EMT6 cells preconditioned with both inducers (pyrop-
tosis + ICD) exhibited significantly enhanced tumor sup-
pression, achieving more potent protection compared to 
single-inducer treatments (p < 0.05) (Fig. 3F). To investi-
gate the underlying mechanism, these mice were sacri-
ficed on day 11, and immune cells from tumor-draining 
lymph nodes (TDLNs) were isolated for immune analy-
sis. Single-cell suspensions of the TDLNs were stained 
with fluorochrome-conjugated anti-mouse antibod-
ies and analyzed by flow cytometry. The percentage of 

mature dendritic cells (DCs), characterized by CD11c, 
CD80, and CD86 positivity, was assessed. As shown in 
Fig. 3G, H and Figure S6, the percentage of mature DCs 
in the pyroptosis + ICD group (~48.8%) was significantly 
higher than in the control group (~21.3%), representing a 
2.3-fold increase. This elevation in mature DCs suggests 
potential activation of T-cells, which could enhance the 
efficacy of cancer immunotherapy.

To further explore the synergistic therapeutic poten-
tial of the Cap/GO complex, we evaluated its anti-tumor 
effects in an EMT-6 tumor-bearing mouse model. The 
tumor-bearing mice received intratumoral injections of 
the Cap/GO complex, followed by 5  min of NIR radia-
tion to raise the temperature to ~50 °C. For comparison, 
we included PBS, as well as single Cap and GO treat-
ments as controls (Fig.  3I). As illustrated in Fig.  3J, sig-
nificant differences were observed across the treatment 
groups. Notably, the combination therapy using pyrop-
tosis and ICD inducers (Cap/GO complex) resulted in a 
pronounced reduction in both tumor volume (left panel) 
and tumor weight (right panel) compared to the single-
inducer treatments, either pyroptosis-only (Cap) or ICD-
only (GO-3 plus NIR). Additionally, tumor growth was 
markedly suppressed, with near-complete inhibition of 
progression. These results highlight the synergistic anti-
tumor effect of the combination therapy, significantly 
enhancing overall treatment efficacy. Moreover, as shown 
in Fig.  3K, the body weights of mice remained stable 
across all treatment groups throughout the experimental 
period, with no significant weight loss detected.

To investigate the mechanisms underlying the observed 
anti-tumor effects, we analyzed the immune responses in 
the treated mice. As shown in Fig.  3L, immune marker 
expression varied significantly among the groups. Nota-
bly, the combination treatment group (pyroptosis plus 
ICD) exhibited significantly higher numbers of CD4⁺ T 
cells and CD8⁺ T cells compared to the control, pyropto-
sis-only, and ICD-only groups. Furthermore, the expres-
sion of IFN-ɣ, a critical cytokine in anti-tumor immunity, 
was markedly elevated in the combination treatment 
group. These findings collectively suggested that the 
concurrent induction of pyroptosis plus ICD robustly 
activated both innate and adaptive immune responses, 
contributing to its superb anti-tumor efficacy in the BC 
mouse model.

Biosafety assessment
Given the importance of nanosafety in potential clinical 
applications [30], we conducted a separate experiment 
to assess the biosafety of the Cap/GO complex. Healthy 
mice received various treatments through subcutane-
ous administration at equivalent cumulative doses, and 
blood biochemistry analyses were performed. As shown 
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in Fig.  4A and B, key biochemical markers such as ala-
nine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) exhibited no significant differences between 
the control and treatment groups (p > 0.05). This suggests 
that neither pyroptosis only, ICD only, nor their com-
bination induced liver toxicity. Moreover, histological 
examination of major organs via H&E staining revealed 
no visible tissue damage in any of the experimental 
groups (Fig. 4C).

To evaluate the blood compatibility of the material, 
we conducted a hemolysis assay briefly, red blood cells 
(RBCs) were isolated from fresh mouse blood, incubated 
with the material, and hemolysis rates were quantified 
by measuring the absorbance of hemoglobin released 
into the supernatant at 540 nm. The results show that 

the hemolysis rate remains well below the 5% threshold 
recommended for biomaterial compatibility (Fig. 4D, E), 
confirming its excellent blood compatibility.

Together, these results demonstrate that the Cap/
GO complex not only has potent anti-tumor effects but 
also maintains a favorable safety profile, underscoring 
its potential for further development as a therapeutic 
strategy.

Conclusion
This study demonstrates that the concurrent induction 
of ICD and pyroptosis by the Cap/GO nanocomplex 
significantly enhances breast cancer immunotherapy. 
This is achieved through the natural compound Cap, 
which induces pronounced cell membrane blebbing and 
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activates ROS-mediated cleavage of GSDME, ultimately 
triggering pyroptotic cell death. This process works syn-
ergistically with GO, which, when engineered with con-
trolled physicochemical properties, effectively induces 
potent ICD under NIR irradiation. Importantly, the Cap/
GO combination therapy demonstrated the best protec-
tion in a vaccination experiment, the strongest immu-
notherapeutic anticancer outcomes in the EMT6 mouse 
model, and a favorable biosafety profile. Our findings 
provide compelling experimental evidence supporting 
the simultaneous induction of pyroptosis and ICD as a 
novel and potent strategy for solid tumor treatment. This 
approach offers a promising alternative in the field of 
cancer immunotherapy, leveraging a synergistic mecha-
nism to enhance anti-tumor efficacy and expand thera-
peutic options for breast cancer.

Experimental section
Materials
Capsaicin (PU0487-0025) was sourced from Chengdu 
Push Bio-technology Co., Ltd. Capsaicin analogs arva-
nil (Arv, GC10205) and olvanil (Olv, GC16467) were 
obtained from GlpBio Technology (Montclair, CA, 
USA). GO samples were purchased from Beijing Zhong-
keleiming Daojin Technology Co., Ltd. The cell viabil-
ity detection kit (CCK-8) was acquired from Mei Lun 
Biotechnology Co., Ltd, and H2DCFDA (HY-D0940) 
was obtained from MedChemExpress. Antibodies for 
DFNA5/GSDME (ab215191), calreticulin (ab92516), and 
HMGB1 (ab79823) were obtained from Abcam. Addi-
tionally, the antibodies for CD4 [EPR19514] (ab183685), 
cleaved Caspase-3 (Asp175) (5 A1E, 9664), and calreticu-
lin (D3E6 XP® Rabbit mAb, Alexa Fluor® 488 Conjugate, 
62304 s) were purchased from Cell Signaling Technology. 
Antibodies for FITC anti-mouse CD11c (117306), PE/
Cyanine7 anti-mouse CD80 (104734), and APC anti-
mouse CD86 (105012) were purchased from BioLegend, 
Inc. CD8a Monoclonal Antibody (4SM15, 13–0808-
82) and IFN gamma Monoclonal Antibody (XMG1.2, 
14–7311-81) were sourced from Thermo Fisher Scientific 
Co., Ltd. Tunicamycin (T8480) was obtained from Solar-
bio Life Sciences Co., Ltd, and doxorubicin (S17092) was 
purchased from Shanghai Yuanye Bio-Technology Co., 
Ltd. Mouse ELISA kits for IL-6 (88–7064-88) and IL-1β 
(88–7013-22) were acquired from Thermo Fisher Scien-
tific Co., Ltd.

Cell lines and animals
The EMT6 (mouse breast cancer) cell line was gener-
ously provided by Feng Shao from the National Institute 
of Biological Sciences, Beijing. The Py8119 (mouse breast 
cancer) cell line was a gift from Jie Yang and Junling Liu 
at Shanghai Jiao Tong University School of Medicine. 

The K7M2 (mouse osteosarcoma) cell line (1101MOU-
PUMC000820) was purchased from the National Cell 
Line Resource in Beijing, China. These cell lines were 
maintained in DMEM supplemented with 10% FBS, 100 
U/mL penicillin, and 100 µg/mL streptomycin at 37 °C 
in a humidified incubator with 5% CO2. Female BALB/c 
mice, aged 6–8 weeks and weighing ~20 g, were procured 
from SPF Biotechnology Co., Ltd (Beijing, China) and 
were housed under a 12-h light–dark cycle at 22 °C, with 
food and water provided ad libitum.

Detection of Cap‑mediated pyroptosis
Cells were treated with varying concentrations (0–200 
μg/mL) of Cap, Arv, and Olv, and viability was measured 
24 h post-treatment. Morphological changes in the cells 
were documented using a microscope. Pyroptotic cell 
death was characterized detailly through Annexin V/
PI staining and analyzed using an Operetta High Con-
tent Screening System (Perkin Elmer) equipped with cli-
mate control (37 °C, 5% CO2). The cleavage of GSDME 
to GSDME-NT was quantified by Western blotting, with 
vinculin serving as a loading control. Cytokine levels of 
IL-6 and IL-1β were determined using the commercial 
ELISA kits.

Characterization of GO‑induced ICD effects
GO samples were characterized using AFM and DLS to 
assess their sizes, which were approximately 500, 1000, 
and 1500 nm for GO-1, GO-2, and GO-3. XPS was 
employed to analyze surface groups and to determine 
C=O content, which was found to be approximately 15%, 
10%, and 5%, respectively, for GO-3, GO-4, and GO-5. 
The generation of ROS by GOs was evaluated using 
H2DCFDA. The immunogenicity of GO under NIR irra-
diation (818 nm for 5 min) was assessed in EMT6 cells, 
with key ICD markers, such as CRT translocation and 
HMGB1 release, analyzed via immunofluorescent stain-
ing, flow cytometry, and immunohistochemistry (IHC) in 
both GO-treated EMT6 cells and mouse models.

Synthesis and characterization of the Cap/GO 
nanocomplex
The Cap/GO nanocomplex was synthesized by combin-
ing 2.5 mL of GO-3 at a concentration of 1 mg/mL with 
2.5 mL of Cap, which was previously dissolved in DMSO 
to achieve the same concentration of 1 mg/mL. The mix-
ture was stirred at room temperature for 19 h to promote 
physical adsorption between GO-3 and Cap. Follow-
ing this, the solution was centrifuged at 15,000×g for 
15 min to separate the Cap/GO nanocomplex from the 
supernatant.

The resulting precipitate was washed twice with deion-
ized water to remove unbound capsaicin. DLS analysis 
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was then conducted to assess changes in the surface 
potential of both GO and the Cap/GO nanocomplex. 
Additionally, TLC was performed on supernatant sam-
ples collected at two time points: 0 h (before mixing) and 
19 h (after mixing). The TLC analysis utilized a develop-
ing solvent system composed of ethyl acetate and hexane 
in a 2:1 ratio, with a sample volume of 2 µL applied to the 
plate. This analysis helped confirm the adsorption effi-
ciency of capsaicin onto GO-3.

Assessment of the synergistic effects of the Cap/GO 
nanocomplex
EMT6 cells were treated with 25 μg/mL doses of Cap 
alone, GO alone, or the Cap/GO nanocomplex for a 
duration of 24 h. Following incubation, the GO-only and 
Cap/GO nanocomplex groups were subjected to 5 min of 
NIR radiation. Pyroptosis was then evaluated by analyz-
ing GSDME-NT expression using WB assays, while CRT 
and HMGB1 levels, key ICD markers, in EMT6-bearing 
mice were assessed through immunohistochemistry 
(IHC). The cancer cell-killing efficacy of the treatments 
was further quantified using the CCK-8 assay.

A vaccination experiment was conducted using dying 
tumor cells treated with Cap, GO/NIR, or their combi-
nation. EMT6 cells (1.0 × 106) were pre-treated with 50 
µg/mL of Cap for 24 h to generate pyroptosis-induced 
dying cells. ICD-induced dying cells were prepared 
using the same cell quantity, treated with GO/NIR at 
25 µg/mL, followed by 5 min of NIR irradiation. A mix-
ture of ICD- and pyroptosis-mediated dying cells was 
created by combining Cap-treated cells (5 × 105) with 
GO/NIR-treated cells (5 × 105). These cell samples were 
subcutaneously injected into the left flank of mice as a 
tumor vaccine, with PBS as the control group. Seven 
days later, untreated EMT6 tumor cells were intro-
duced into the contralateral flank, and tumor sizes were 
monitored. To investigate the underlying mechanism, 
these mice were sacrificed on day 11, and immune cells 
from tumor-draining lymph nodes (TDLNs) were iso-
lated for immune analysis. Single-cell suspensions of 
the TDLNs were stained with fluorochrome-conjugated 
anti-mouse antibodies (FITC anti-mouse CD11c, PE/
Cyanine7 anti-mouse CD80, and APC anti-mouse 
CD86) and analyzed by flow cytometry. The percent-
age of mature dendritic cells (DCs), characterized by 
CD11c and CD86 positivity, was assessed.

The anti-tumor effects of the Cap/GO nanocom-
plex were evaluated in an EMT6 tumor-bearing mouse 
model. Tumor-bearing mice received intratumoral 
injections of the Cap/GO complex, followed by 5  min 
of NIR radiation to raise the temperature to approxi-
mately 50 °C. For comparison, PBS and individual treat-
ments of Cap and GO were included as controls. Over 

approximately 14 days, tumor size, volume, and weight 
were monitored across treatment groups. Tumor tis-
sues were analyzed for ICD markers (CRT, HMGB1), 
immune cell infiltration (CD4+, CD8+), and anti-tumor 
immunity (IFN-γ) through IHC staining. The semi-
quantitative analysis of these markers was conducted 
by measuring the integrated optical density percentage 
across the entire area of IHC images using ImageJ.

Biosafety assessment
Healthy BALB/c mice (6 weeks old) were divided into 
four groups (n = 6). Each group received subcutane-
ous injections of saline, Cap, GO, or the Cap/GO com-
plex at equivalent doses used in efficacy studies. All 
animals were euthanized 14 days post-treatment, and 
blood samples were collected for ALT and AST analy-
ses. Major organs were fixed in 4% paraformaldehyde 
and subsequently embedded in paraffin for histological 
examination.

Statistical analysis
Statistical analyses were performed using GraphPad 
Prism 8.0 software. Data are expressed as mean and 
standard deviation (S.D.). One-way analysis of variance 
(ANOVA) and Student’s t test were used to assess statisti-
cal significance. A p value of less than 0.05 was consid-
ered statistically significant (* p < 0.05, ** p < 0.01, *** p < 
0.005, **** p < 0.001).
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