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A B S T R A C T   

Chemotherapy can induce a robust T cell antitumor immune response by triggering immunogenic cell death 
(ICD), a process in which tumor cells convert from nonimmunogenic to immunogenic forms. However, the 
antitumor immune response of ICD remains limited due to the low immunogenicity of tumor cells and the 
immunosuppressive tumor microenvironment. Although autophagy is involved in activating tumor immunity, 
the synergistic role of autophagy in ICD remains elusive and challenging. Herein, we report an autophagy 
amplification strategy using an ion-chelation reaction to augment chemoimmunotherapy in cancer treatments 
based on zinc ion (Zn2+)-doped, disulfiram (DSF)-loaded mesoporous silica nanoparticles (DSF@Zn-DMSNs). 
Upon pH-sensitive biodegradation of DSF@Zn-DMSNs, Zn2+ and DSF are coreleased in the mildly acidic tumor 
microenvironment, leading to the formation of toxic Zn2+ chelate through an in situ chelation reaction. Conse-
quently, this chelate not only significantly stimulates cellular apoptosis and generates damage-associated mo-
lecular patterns (DAMPs) but also activates autophagy, which mediates the amplified release of DAMPs to 
enhance ICD. In vivo results demonstrated that DSF@Zn-DMSNs exhibit strong therapeutic efficacy via in situ ion 
chelation and possess the ability to activate autophagy, thus enhancing immunotherapy by promoting the 
infiltration of T cells. This study provides a smart in situ chelation strategy with tumor microenvironment- 
responsive autophagy amplification to achieve high tumor chemoimmunotherapy efficacy and biosafety.   

1. Introduction 

Cancer chemotherapy drugs have long been considered immuno-
suppressive and can weaken the immune system [1,2]. However, more 
recent data indicate that chemotherapy could elicit antitumor immunity 
by inducing immunogenic cell death (ICD) of tumor cells. ICD refers to a 
process of regulated cell death triggered by external stimuli that trans-
forms tumor cells from a nonimmunogenic to an immunogenic state, 
synthesizing and releasing damage-associated molecular patterns 
(DAMPs), including calreticulin (CRT), high mobility group box 1 

(HMGB1), adenosine triphosphate (ATP), and heat shock proteins 
(HSPs) [3–5]. ICD can mobilize antigen-presenting cells (APCs), 
improve infiltration of cytotoxic T lymphocytes (CTLs) and thus trigger a 
systemic antitumor immune response [6]. However, the antitumor im-
mune response of ICD remains limited due to the low immunogenicity of 
tumor cells and the immunosuppressive tumor microenvironment 
(TME), which contributes to immune escape effects and tumor pro-
gression [7,8]. Consequently, developing strategies to enhance ICD ef-
ficiency, boost tumor immunogenicity, and reprogram the TME has 
become a major area of research interest to improve the overall efficacy 
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of immunotherapy. 
In recent years, the relationship between autophagy and tumor im-

munity has gradually been uncovered [9]. Autophagy is a multistep 
lysosome-mediated process that supports nutrient cycling and metabolic 
adaptation, and it has been implicated in the initiation and progression 
of cancers [10,11]. Additionally, autophagy plays a crucial role in 
facilitating the expression of MHC-I molecules on the cytomembrane, 
enabling them to be recognized by T cell receptors on CTLs [12]. 
Moreover, tumor cell-released autophagosomes (TRAPs) have been 
found to impact the immunological function of various immune cells, 
such as B cells, macrophages, and neutrophils [13–15]. Furthermore, 
active ATP secretion is linked to autophagy, as it promotes the migration 
of ATP-containing lysosomes toward the plasma membrane [16]. 
Additionally, other DAMPs originating from dying tumor cells can be 
presented to APCs during autophagic cell death [17]. Therefore, rational 
intervention in the autophagy process emerges as an effective approach 
to enhance tumor chemoimmunotherapy. 

Disulfiram (DSF), a Food and Drug Administration (FDA)-approved 
anti-alcoholic drug with low toxicity, has recently been utilized in 
cancer therapy [18]. It has been demonstrated that the antitumor effects 
of DSF are dependent on certain metals, such as Cu2+, Zn2+, and Ni2+

[19,20]. In a physical environment, DSF is metabolized into dithiocar-
bamate (DTC), and the disulfide dimer present in DSF actively chelates 
metals to form toxicity complexes, ultimately leading to cellular 
apoptosis [18,21]. For instance, the combination of DSF and copper in 
tumor therapy has been investigated along with its associated mecha-
nism. This combination disables the essential p97-NPL4-UFD1 pathway, 

activates the mitogen-activated protein kinase (MAPK) signaling 
pathway, and induces autophagic cell death [22–25]. However, the 
toxicity of copper to normal tissues limits its application. Zinc ions 
(Zn2+), which are essential trace elements in the human body, play a 
critical role as components or activators of vital enzymes and participate 
in various physiological processes. Recent research has revealed that 
excessive intracellular Zn2+ can activate autophagy signaling pathways 
and disrupt intracellular environmental homeostasis [26]. Based on 
these findings, it is hypothesized that combining Zn2+ and DSF in tumor 
therapy can convert nontoxic substances into toxic substances through 
in situ chelation reactions. This process induces tumor cell apoptosis 
while minimizing toxicity to normal tissues. Additionally, it activates 
tumor cell autophagy to promote antigen release and presentation, 
thereby enhancing immunotherapy. 

However, the concentration of Zn2+ in the physiological environ-
ment is insufficient to produce enough toxic DTC-Zn complexes, and the 
poor hydrophobicity and strong toxicity of DTC-Zn complexes limit their 
direct application as a therapeutic drug [27]. Herein, Zn2+-doped den-
dritic mesoporous silica nanoparticles (designated Zn-DMSNs) were 
rationally designed and fabricated and then loaded with DSF (desig-
nated DSF@Zn-DMSNs) to achieve pH-triggered Zn2+ release, efficient 
delivery of DSF, and activation of autophagy for tumor immunotherapy 
specifically targeting tumors (Fig. 1a). After the entry of 
DSF@Zn-DMSNs into tumors, DMSNs first responded to the acidic 
microenvironment and released loaded Zn2+ and DSF. Then, the in situ 
chelation reaction between Zn2+ and DTC generates toxic products that 
induce tumor cell apoptosis, while the overloaded Zn2+ activates tumor 

Fig. 1. Schematic diagram of the construc-
tion of DSF@Zn-DMSNs for enhanced che-
moimmunotherapy in cancer treatments. (a) 
To elaborate the efficiency of immuno-
therapy during chemotherapy, the as- 
designed autophagy-amplified Zn2+-doped, 
disulfiram (DSF)-loaded mesoporous silica 
nanoparticles (DSF@Zn-DMSNs) were syn-
thesized based on biological responsiveness, 
with homogeneous in situ growth of Zn2+

into the pores of DMSNs and loading of DSF 
into Zn-DMSNs. (b) The ZnETs generated by 
the in situ chelation reaction of Zn2+ and DSF 
released from the degradation of DSF@Zn- 
DMSNs in the acidic tumor microenviron-
ment could induce apoptosis and necrosis in 
tumors, while they can also activate auto-
phagy to release DAMPs (ATP, HMGB1, etc.) 
to stimulate ICD, thereby enhancing che-
moimmunotherapy in cancer treatment.   
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cell autophagy, which enhances the release of DAMPs (Fig. 1b). More-
over, in vivo experiments demonstrated that DSF@Zn-DMSNs enhanced 
autophagy expression and T cell recruitment in tumors, leading to effi-
cient antitumor therapy with no significant toxicity to other organs. This 
study provides a TME-responsive autophagy amplification platform to 
augment tumor chemoimmunotherapy with increased antitumor effi-
cacy and reduced systemic toxicity. 

2. Results and discussion 

2.1. Design, synthesis, and characteristics of DSF@Zn-DMSNs 

To endow the nanodelivery system with autophagy activation and 
improve the effectiveness of DSF chemotherapy, especially in the TME, 
Zn2+-doped dendritic mesoporous silica nanoparticles (designated Zn- 
DMSNs) were rationally fabricated by a hydrothermal method and 
then loaded with DSF (designated DSF@Zn-DMSNs) [21]. Transmission 
electron microscopy (TEM) and scanning electron microscopy (SEM) 

Fig. 2. Structure and characteristics of Zn-DMSNs and DSF@Zn-DMSNs. (a) TEM images of DMSNs, scale bar = 200 nm. (b) and (c) TEM images of DSF@Zn-DMSNs; 
scale bar: 200 nm (b) and 50 nm (c). (d) and (e) SEM images of DSF@Zn-DMSNs; scale bar: 200 nm (d) and 100 nm (e). (f) Elemental mapping of DSF@Zn-DMSNs; 
scale bar: 50 nm. (g) EDS of DSF@Zn-DMSNs. (h–j) Zn-DMSNs XPS spectra at different binding energies. (k) Auger electron spectroscopy of Zn-DMSNs. (i) Zeta 
potential of DMSNs, DSF@DMSNs, Zn-DMSNs, and DSF@Zn-DMSNs. (m–o) Size distribution graph of DMSNs (m), Zn-DMSNs (n), and DSF@Zn-DMSNs (o). 
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showed that DMSNs were monodisperse with a central-radial dendritic 
structure and ultralarge radial pores (Fig. 2a and Fig. S1). Compared 
with DMSNs, Zn-DMSNs showed a larger pore structure and thicker hole 
wall (Fig. 2b–e and Fig. S2), which provided the possibility for the 
incorporation of a larger amount of DSF. Under hydrothermal condi-
tions, as soon as the unsubstantial mesoporous walls of DMSNs were 
dissolved in NH3⋅H2O, they released silica oligomers capable of reacting 
with the Zn2+ precursors (Zn(NO3)2⋅6H2O) to generate a Zn2+-doped 
silicon (Si) layer covering the undissolved pore walls, thereby creating 
larger pore channels and thicker pore walls. Scanning transmission 
electron microscopy dark-field (STEM-DF) images and elemental map-
ping also revealed the successful immobilization of Zn2+ into the pore 
walls (Fig. 2f). The atomic ratio of Zn/Si was calculated to be 59.4% 
according to the Zn and Si signals in the energy dispersive spectrometer 
(EDS) (Fig. 2g). Such high Zn loading can contribute to the release of 
more Zn2+ in the tumor tissue for in situ production of toxic DTC-Zn 
complexes and activation of tumor cell autophagy. X-ray photoelec-
tron spectroscopy (XPS) and Auger electron spectroscopy (AES) sputter 
depth profiling were utilized to further analyze the valence states of Zn 
and Si in DSF@Zn-DMSNs, and the results clearly showed the signals of 
Si and Zn (Fig. 2h). The Si 2p peak at 102.73 eV was attributed to Si–O 
bonds (Fig. 2i). The binding energies of Zn 2p at 1022.07 eV, 1038.80 
eV, and 1045.15 eV corresponded to metallic zinc (ZnII) (Fig. 2j). The 
AES result confirmed that the peak of Zn LM2 was at 986.95 eV. The 
Auger parameter of Zn, which was the sum of its kinetic energy and 
binding energy, was close to the Auger parameter of Zn4Si2O7(OH)2 and 
ZnO (Fig. 2k), confirming the presence of Zn–O bonds in the synthetic 
Zn-DMSNs. Furthermore, ICP‒OES also confirmed successful Zn2+

doping and DSF loading (Table S1). The weight content of Zn2+ was 
26.4%, while the loading efficiency of DSF in our DSF@Zn-DMSNs was 
approximately 9.4%. 

Then, zeta potential measurements were conducted (Fig. 2l), and the 
results showed that the synthesized DMSNs were negatively charged 
(zeta potential: -20.96 mV) due to the abundance of silanol groups, thus 
promoting the adsorption of DSF. The zeta potentials of DSF@DMSNs, 

Zn-DMSNs, and DSF@Zn-DMSNs were − 18.99 mV, − 32.10 mV and 
− 27.89 mV, respectively. Compared to DMSNs or Zn-DMSNs, the slight 
increase in potential in DSF@DMSNs or DSF@Zn-DMSNs might be due 
to the loading of DSF. Compared to the DMSNs, the significant decrease 
in zeta potential in Zn-DMSNs indicated the success of Zn2+ immobili-
zation. Dynamic light scattering (DLS) results showed that the average 
particle sizes of DMSNs, Zn-DMSNs and DSF@Zn-DMSNs were 210.43 
± 0.49 nm, 209.03 ± 0.71 nm and 230.10 ± 0.40 nm, respectively 
(Fig. 2m-o). DMEM completely simulates physiological conditions more 
closely and is often used in in vitro and in vivo experiments. We then 
examined the stability of the nanoparticles in water (Fig. S3a) and 
complete DMEM containing 10% FBS (Fig. S3b) every day over a period 
of 14 consecutive days via DLS analysis. Our results show that the 
nanoparticles maintained their stability in these media throughout this 
period, which we believe demonstrates their robustness and applica-
bility in various environments. 

2.2. In vitro biodegradability evaluation of Zn-DMSNs 

Previous studies have proven that Zn–O bonds are easy to break 
under mildly acidic conditions in the TME [28,29]. Therefore, the 
presence of Zn–O bonds in the skeleton of the Zn-DMSNs carrier could 
contribute to structural degradation and Zn2+ ion release under mildly 
acidic conditions, which further promoted the chelation reaction of Zn2+

and surface-loaded DSF in situ. To verify the hypothesis that Zn-DMSNs 
degrade under mildly acidic conditions, Zn-DMSNs were dispersed in 
simulated body fluid (SBF) solutions at different pH levels to mimic their 
biodegradation in vitro. We evaluated the degradation process using 
ICP‒OES and TEM images. The Zn-DMSNs morphology and structural 
evolution were monitored directly using TEM images (Fig. 3a). The 
structure of the nanoparticles remained nearly intact after a 4-h incu-
bation in both acidic (pH 6.5) and neutral (pH 7.4) SBF solutions 
compared to their initial states. The nanostructure of Zn-DMSNs incu-
bated with the neutral SBF solution (pH 7.4) for 24 h displayed the 
highest level of morphological integrity until significant deformations 

Fig. 3. Biodegradability evaluation of Zn-DMSNs. (a) TEM images of Zn-DMSNs immersed in SPB solutions with different pH levels for 4, 24, 48 and 72 h; scale bar: 
100 nm. The accumulation of degraded Zn (b) and Si (c) from Zn-DMSNs immersed in SBF with different pH levels. 
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were observed at the 48 h time point. In contrast, the Zn-DMSNs in an 
acidic SBF solution (pH 6.5) began to collapse after 24 h of incubation, 
became aberrantly aggregated at the 24 h time point, and left remark-
able debris at the 48 h and 72 h time points. In addition, the Zn2+ ion 
release ratio of the nanoparticles under mildly acidic conditions was 
faster than that under neutral conditions (Fig. 3b). This fact further 
verified that the Zn–O bonds were easily attacked by H+. The rapid 
release of Zn2+ ions from the Zn-DMSNs framework caused additional 
defects to appear, and the release of Si occurred as a result of accelerated 
nanostructure disintegration (Fig. 3b and c). To verify the generation of 
ZnET, the DSF@Zn-DMSNs were immersed in SBF (pH 6.5) for 2 weeks 
to fully release Zn2+ and DSF and form ZnET. We simulated the intra-
cellular reductive conditions using 5 mM glutathione (GSH) as a 
reducing agent because disulfiram (DSF) was unable to chelate Zn2+

unless the disulfide bond was cleaved under reductive conditions, while 
one of the characteristics of the TME is high GSH. Zn-DMSNs were used 
as a negative control. After 14 days of degradation, the degraded 
products were then collected for DLS, TEM, and EDS analysis. The 
average size of the degradation products of DSF@Zn-DMSNs was 3506 
± 81.5 nm (Fig. S4). The TEM result of the degraded product of 
Zn-DMSNs (Fig. S5a) and DSF@Zn-DMSNs (Fig. S5b). The correspond-
ing EDS spectra showed that both Zn and Si were present in the degra-
dation products of Zn-DMSNs (Fig. S5c) and DSF@Zn-DMSNs (Fig. S5d), 

while significant signals of S were observed in the degradation products 
of DSF@Zn-DMSNs (Fig. S5d), indicating the generation of ZnET. 

2.3. The cytotoxicity of nanoparticles against murine colorectal cancer 
cells 

To investigate the cellular uptake of DMSNs and Zn-DMSNs in CT-26 
murine colorectal carcinoma cells, the nanoparticles were labeled with 
fluorescein isothiocyanate (FITC), and fluorescence microscopy was 
utilized to track the internalization of these FITC-labeled nanoparticles 
inside the CT-26 cells (Fig. 4a and b) [30]. The results revealed that the 
green fluorescence intensity in the Zn-DMSNs and DMSNs groups 
gradually increased in a time-dependent manner and did not show 
obvious differences, suggesting that both DMSNs and Zn-DMSNs showed 
similar uptake efficacy in colorectal cancer cells. The cytotoxicity of 
nanoparticles was tested using a cell counting kit-8 (CCK8) assay in 
CT-26 cells. Consistent with previous studies, DMSNs at the highest 
concentration used here (100 μg/mL) did not show toxicity to the CT-26 
cells (Fig. S6) [30–32]. Although Zn-DMSNs and DSF@DMSNs did not 
show substantial toxicity against CT-26 cells below 1.5 μg/mL, 
DSF@Zn-DMSNs remarkably suppressed cell growth (by approximately 
40% at 1 μg/mL and 100% at 1.5 μg/mL, respectively) due to the pro-
duction of ZnETs by the chelation of Zn2+ and the metabolite DTC of DSF 

Fig. 4. In vitro analysis of cytotoxicity against CT-26 cancer cells. (a, b) Confocal microscope images of CT-26 cells with the cellular uptake of Zn-DMSNs (a) and 
DMSNs (b) for 2, 4, and 8 h (green: Zn-DMSNs labeled with FITC, blue: cell nucleus labeled with DAPI, scale bar: 50 μm). (c) The ratio of cell viability in the PBS, 
DSF@DMSNs, Zn-DMSNs, and DSF@Zn-DMSNs groups (n = 3, mean ± SD). (d) Fluorescence microscope image of CT-26 cells using dead and live staining (green: 
dead cells labeled with PI, red: live cells labeled with calcein-AM, scale bar: 100 μm). (e) Flow cytometry apoptosis assay stained with FITC and PI. ****, p < 0.0001. 
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(Fig. 4c and Fig. S7). To investigate the influence of the potential gen-
eration of reactive oxygen species (ROS), we then conducted an electron 
spin resonance (ESR) assay, a technique well suited for detecting and 
quantifying ROS. We incubated 10 μg/mL DSF@Zn-DMSNs and 10 
μg/mL Zn-DMSNs with a 100 μM H2O2 solution for 5 min individually 
before performing the ESR assay. No obvious ROS generation was 
observed, which suggested that the cytotoxic effect of DSF@Zn-DMSNs 
is not due to ROS generation (Fig. S8). To better understand the safety of 
Zn-DMSNs nanoparticles and DSF@Zn-DMSNs nanoparticles, we 

cocultured Zn-DMSNs and DSF@Zn-DMSNs with NCM460 cells (normal 
tissue cells) for 24 h and assessed cell viability. At a concentration of 5 
μg/ml, no significant cytotoxicity was observed, suggesting that both 
Zn-DMSNs (Fig. S9a) and DSF@Zn-DMSNs (Fig. S9b) maintain a favor-
able safety profile even in the context of normal cells. 

The therapeutic efficacy of DSF@Zn-DMSNs was further investigated 
using calcein-AM/PI staining. Live cells were stained with calcein-AM 
(green), and dead cells were stained with PI (red) (Fig. 4d) [33]. The 
green fluorescence intensity in the PBS group, DMSNs group and 

Fig. 5. mRNA sequencing analysis of CT-26 incubated with DMSNs and DSF@Zn-DMSNs. (a) Volcano map of DEGs between the DMSNs and DSF@Zn-DMSNs groups. 
(b) KEGG pathway enrichment analysis based on the DEGs between the DMSNs and DSF@Zn-DMSNs groups. (c) Venn diagram of 258 functional DEGs among the 
DEGs and autophagy. (d) PPI analysis of the 258 functional DEGs. (e) KEGG and Gene Ontology (GO) analysis based on 258 functional DEGs. (f) Heatmap analysis of 
the genes related to the autophagy-animal, autophagy-other, mitophagy-animal and apoptosis pathways based on 258 functional DEGs and their related Z scores. 
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DSF@DMSNs group was similarly strong and that in the Zn-DMSNs 
group and DSF@Zn-DMSNs group was significantly decreased, while 
strong red fluorescence intensity was observed in both the Zn-DMSNs 
and DSF@Zn-DMSNs groups. Notably, the DSF@Zn-DMSNs group 
showed the weakest green fluorescence intensity and the strongest red 
fluorescence intensity, indicating that DSF@Zn-DMSNs could produce 
the strongest cytotoxic efficacy in CT-26 cells. Flow cytometry was uti-
lized to validate cell apoptosis using double staining with annexin 
V-FITC and PI (Fig. 4e). Once again, the DSF@Zn-DMSNs group showed 
the highest percentage of cell apoptosis among all the groups, while little 
cell apoptosis was observed in the DMSNs, DSF@DMSNs, and Zn-DMSNs 
groups. Collectively, these results confirmed that DSF@Zn-DMSNs could 
produce the strongest cytotoxic efficacy, possibly by the chelation re-
action of Zn2+ and DSF to produce ZnETs. 

2.4. Therapeutic mechanisms of DSF@Zn-DMSNs for autophagy 
activation 

Encouraged by the results above, we further investigated the un-
derlying therapeutic mechanisms of DSF@Zn-DMSNs for killing cancer 
cells. CT-26 cells were incubated with DSF@Zn-DMSNs at a concentra-
tion of 1.5 μg/ml, and mRNA sequencing was subsequently performed, 
while DMSNs were used as a control to exclude the influence of DMSNs. 
Based on Padj <0.05 and |log2 (fold change)| > 1, there were 5884 
significant differentially expressed genes (DEGs) between the DMSNs 
and DSF@Zn-DMSNs groups, among which 3299 DEGs were upregu-
lated (Fig. S10) and 2585 DEGs were downregulated (Fig. 5a). Together 
with the principal component analysis (PCA) results (Fig. S11), these 
data indicated that DSF@Zn-DMSNs treatment significantly changed 
gene expression in CT-26 cells. Based on the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) and Gene Ontology (GO) databases, further 
functional analysis was conducted using the sequencing results above 
(Fig. 5b and Fig. S12). DSF@Zn-DMSNs treatment significantly altered 
the genes related to the regulation of autophagy-related pathways, 
indicating that DSF@Zn-DMSNs upregulated autophagy in cancer cells. 
In addition, in gene set enrichment analysis (GSEA), a negative corre-
lation in the glycolysis pathway was observed, indicating an overall 
inhibition of the glycolysis pathway in CT-26 cells after DSF@Zn-DMSNs 
treatment (Fig. S13), which could be attributed to the function of Zn(II) 
in ZnETs according to previous research [34]. 

We then screened for the functional DEGs according to gene sets in 
the autophagy database (www.tanpaku.org), and 258 functional DEGs 
were selected to evaluate the therapeutic efficacy of DSF@Zn-DMSNs 
(Fig. 5c and Table S2). Moreover, the related functional DEGs were 
analyzed in the protein‒protein interaction network (PPI) (Fig. 5d), and 
the neighboring proteins connected to the leading proteins, including 
SQSTM1 (p62), Atg4a and Atg101, were discovered, while these genes 
were among the key regulatory proteins of autophagy [1,35]. Mean-
while, KEGG and GO analyses were conducted to identify the enrich-
ment of functional DEGs, and the results further confirmed the existing 
changes involving in the changes in autophagy, macroautophagy, 
regulation of autophagy, autophagy-animal, and apoptosis pathways, 
suggesting that DSF@Zn-DMSNs treatment potentially functioned in the 
regulation of autophagy during the inhibition of colorectal cancer 
(Fig. 5e). Finally, the expression levels of the functional DEGs mentioned 
above and their related Z scores in the DMSNs group and 
DSF@Zn-DMSNs group were analyzed, and the results of the heatmap 
suggested that DSF@Zn-DMSNs significantly altered the genes related to 
the autophagy-animal, autophagy-other, mitophagy-animal and 
apoptosis pathways (Fig. 5f). These results together illustrated that the 
potential underlying mechanisms of DSF@Zn-DMSNs for inhibiting 
colorectal cancer were potentially related to the regulation of 
autophagy-related genes and pathways according to the results and 
analysis above. 

2.5. Activation of autophagy by DSF@Zn-DMSNs facilitates DAMPs 
release 

As an autophagy-related, ubiquitin-binding protein, p62 is able to 
directly bind to LC3II, thereby causing autophagic degradation of p62 
[36]. It is convenient to study autophagic flux by measuring p62 levels 
under context-dependent inhibition or induction of autophagy. As an 
indicator of autophagy induction, Western blot assays were also used to 
determine LC3 turnover to detect autophagy activation [37]. Therefore, 
the expression of autophagy-related proteins (LC3, p62) in CT-26 cells 
cocultured with DMSNs, DSF@DMSNs, Zn-DMSNs or DSF@Zn-DMSNs 
was evaluated via Western blot assay (Fig. 6a). The results showed 
that the LC3II/LC3I ratio increased while the expression of p62 
decreased after Zn-DMSNs or DSF@Zn-DMSNs treatment compared to 
DMSNs or DSF@DMSNs treatment, indicating that autophagy in CT-26 
cells was activated, which could potentially be due to the effect of Zn2+

based on previous research (Fig. 6a). 
Meanwhile, the presentation of DAMPs, including HMGB1, ATP, and 

CRT compounds, from dying tumor cells to APCs can be augmented by 
autophagy. As one of the biomarkers of necrosis, HMGB1 is usually 
retained in cancer cells but released to the exocellular matrix when the 
cell dies. CRT severed as “eat me” signals, together with exocellular 
HMGB1 released from the nucleus of dead cancer cells, could promote 
the phagocytosis, maturation and antigen presentation of dendritic cells 
(DCs) [5], while ATP stimulated the maturation of DC precursors for its 
function as a “find me” signal [38]. All these factors helped stimulate 
CTL infiltration into tumors. Hence, HMGB1, CRT, and ATP were 
measured by Western blot, immunofluorescence (IF) or enzyme-linked 
immunosorbent assay (ELISA) (Fig. 6b–h). Meanwhile, the Western 
blot results illustrated the decreased expression of intracellular HMGB1 
after DSF@Zn-DMSNs treatment (Fig. 6b). ELISA was subsequently 
performed on the supernatants, and the results showed that ZnETs 
induced significantly higher HMGB1 release than Zn-DMSNs compared 
to the PBS group (Fig. 6c). This finding indicates that ZnETs are more 
effective than Zn2+ in promoting HMGB1 release from dying cancer 
cells. Furthermore, we discovered that HMGB1 release was strongly 
inhibited by the autophagy inhibitors 3-MA and bafilomycin A1, high-
lighting the crucial role of autophagy in ZnET-induced HMGB1 release 
during ICD (Fig. 6d). The cellular localization of HMGB1 in cancer cells 
was then investigated using immunofluorescence. The results revealed 
strong HMGB1 intensity in cancer cells for the PBS, DMSNs and 
DSF@DMSNs groups, while HMGB1 intensity was decreased in the 
Zn-DMSNs group and was scarcely observed in the DSF@Zn-DMSNs 
groups, indicating significant HMGB1 release caused by Zn2+ and 
ZnETs (Fig. 6g). This observation was consistent with the Western blot 
results. Then, the cellular ATP level was analyzed in CT-26 cells cocul-
tured with DMSNs, DSF@DMSNs, Zn-DMSNs or DSF@Zn-DMSNs. 
DSF@Zn-DMSNs significantly decreased the cellular ATP concentra-
tion, suggesting that DSF@Zn-DMSNs treatment potentially promoted 
the secretion of ATP into the extracellular matrix (Fig. 6e). Additionally, 
autophagy inhibitors significantly inhibited the loss of cellular ATP 
(Fig. 6f), demonstrating the importance of autophagy in ATP release and 
subsequent ICD induction. Additionally, CRT exposure in CT-26 cells 
was measured through immunofluorescence. As shown in Fig. 6h, 
increased expression of CRT on the cancer cell surface was observed 
after Zn-DMSNs or DSF@Zn-DMSNs treatment, while the strongest in-
tensity was observed in the DSF@Zn-DMSNs group, suggesting that 
ZnETs caused the most exposure of CRT on the surface of CT-26 cells 
after DSF@Zn-DMSNs treatment. Moreover, autophagy inhibitors 
remarkably disrupted CRT exposure in the DSF@Zn-DMSNs group, 
which better confirmed the function of autophagy in ZnET-induced CRT 
exposure and ICD induction (Fig. 6h). In summary, for the first time, we 
discovered that ZnETs generated in situ by DSF@Zn-DMSNs treatment 
exerted anticancer effects via autophagy amplification and DAMPs 
release and therefore potentially boosted the progression of ICD. 

DCs are responsible for antigen-presenting characteristics, which 
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Fig. 6. In vitro therapeutic mechanisms of DSF@Zn-DMSNs against CT-26 cancer cells. (a) Western blot assay of LC3 and p62 expression in CT-26 cancer cells. (b) 
Western blot assay of HMGB1 expression in CT-26 cancer cells. (c) HMGB1 released from CT-26 cells measured by ELISA (n = 3, mean ± SD). (d) DSF@Zn-DMSNs 
induced HMGB1 release in the presence or absence of the autophagy inhibitors BafA1 and 3-MA, as determined by ELISA (n = 3, mean ± SD). (e) Intracellular ATP 
expression of CT-26 cells measured by ATP assay kits (n = 3, mean ± SD). (f) DSF@Zn-DMSNs induced CT-26 cell release in the presence or absence of the autophagy 
inhibitor BafA1 and 3-MA treatment, as determined by ATP assay kits (n = 3, mean ± SD). (g) Immunofluorescence examination of HMGB1 release in CT-26 cells 
during different treatments and in the presence or absence of autophagy inhibitor BafA1 and 3-MA treatment (green: HMGB1 labeled with FITC, blue: cell nucleus 
labeled with Hoechst, scale bar: 20 μm). (h) Immunofluorescence examination of CRT exposure in CT-26 cells under different treatments and in the presence or 
absence of the autophagy inhibitors BafA1 and 3-MA (scale bar: 50 μm). (i) Flow cytometric results of DCs stained with anti-CD11c PE, anti-CD80 FITC, and anti- 
CD86 APC for maturation identification. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
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activate naive T cells, playing a key role in both innate and adaptive 
immunity [39]. In response to antigen exposure, immature DCs engulf 
antigens and present them as peptides in nearby lymph nodes as they 
migrate. As a result, immature DCs undergo maturation and present the 
complex peptide to naive T cells, which stimulates their differentiation 
[40]. To investigate the activation of immature DCs by released DAMPs 
from tumor cells induced by nanoparticles, flow cytometry was used to 
detect upregulation of the costimulatory molecules CD80/CD86 in bone 
marrow-derived DCs (BMDCs). BMDCs were cocultured with the su-
pernatant of CT-26 cells cocultured with assigned nanoparticles for 24 h 
before flow cytometry analysis was carried out. The results showed that 
compared to the other four groups, the DSF@Zn-DMSNs group had the 
highest CD80+CD86+ population (Fig. 6i), indicating that the DAMPs 
released by DSF@Zn-DMSNs could stimulate DC maturation and 
therefore potentially boost the progression of ICD. 

2.6. In vivo therapeutic effect of DSF@Zn-DMSNs 

Encouraged by the remarkable autophagy augmentation and ICD 
promotion efficiency for ZnETs generated by DSF@Zn-DMSNs treatment 
in cancer cells, we evaluated the antitumor effect on BALB/c mice 
bearing CT-26 cancer cells. The CT-26-bearing mice were randomly 
divided into five groups: (a) PBS, (b) DMSNs, (c) DSF@DMSNs, (d) Zn- 
DMSNs, and (e) DSF@Zn-DMSNs (n = 6 in each group). Mice were 
injected with assigned treatments twice before they were sacrificed, and 
the anticancer efficiency over two consecutive weeks was analyzed 
(Fig. 7a). Compared to the PBS group, DMSNs group and DSF@DMSNs 
group, although Zn-DMSNs inhibited tumor growth to some extent, 
DSF@Zn-DMSNs produced the best therapeutic efficiency (inhibition 
rate 83.1%, p < 0.0001) (Fig. 7b and c), indicating that the antitumor 
performance of ZnETs generated in situ by TME-responsive DSF@Zn- 
DMSNs surpassed that of Zn2+ or DSF alone in vivo. After fourteen days 
of monitoring, this efficiency was confirmed by comparing the volume 
and weight of dissected tumor tissues (Fig. 7d and e). The relative 
expression of key immune-related cytokines, such as IL6, TNFα, and 
IFNγ, in tumor tissues can provide more profound insights into the 
immunomodulatory effects of nanoparticles. The results of real-time 
fluorescent quantitative PCR indicated that compared to the other four 
groups, the relative expression of IL6, TNFα, and IFNγ was significantly 
increased in the DSF@Zn-DMSNs group (Fig. 7f–h), indicating the 
satisfactory immunomodulatory effects of DSF@Zn-DMSNs nano-
particles. Representative images of tumors in each group were taken and 
are shown in Fig. S14, which further proved the therapeutic efficacy of 
DSF@Zn-DMSNs. Collectively, the in vivo results confirmed the superior 
therapeutic efficacy of DSF@Zn-DMSNs in tumor therapy. 

To further understand the therapeutic mechanism of DSF@Zn- 
DMSNs, harvested tumor tissue sections were fixed and processed for 
hematoxylin-eosin (H&E) staining, immunohistochemistry (IHC) stain-
ing for terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) and Ki-67, and IF staining for LC3, HMGB1, CRT, CD4 and CD8 
(Fig. 7i). For H&E staining, significant nuclear polymorphism and 
hypercellularity were observed in the PBS group and DMSNs group, 
while obvious cell swelling and nuclear pyknosis were observed in the 
DSF@Zn-DMSNs group compared to the other four groups (Fig. 7i, 1st 
column). In addition, the low expression level of TUNEL and high 
expression level of Ki-67 further demonstrated low necrosis and high 
proliferation in the PBS group and DMSNs group. The increased 
expression level of TUNEL and decreased expression level of Ki-67 in the 
DSF@DMSNs group and Zn-DMSNs group illustrated the slight thera-
peutic efficiency of both treatments, while the highest expression level 
of TUNEL and lowest expression level of Ki-67 in the DSF@Zn-DMSNs 
group demonstrated widespread necrosis and inhibition of cell prolif-
eration in the tumors, indicating the superior therapeutic outcomes of 
DSF@Zn-DMSNs compared to other treatments (Fig. 7i, the 2nd and 3rd 
columns). Furthermore, in vivo autophagy was evaluated through IF 
staining of LC3. Rare green fluorescence intensity was observed in the 

PBS and DMSNs groups, while increasing green fluorescence intensity 
was observed in the DSF-DMSNs and Zn-DMSNs groups, indicating the 
activation of autophagy by the DSF@DMSNs and Zn-DMSNs treatments. 
The highest fluorescence intensity in the DSF@Zn-DMSNs group sug-
gested an augmented autophagy effect for DSF@Zn-DMSNs nano-
particles, which was in line with the in vitro results (Fig. 7i, 4th column). 
As we have demonstrated that extracellular DAMPs were increased by 
amplified autophagy in DSF@Zn-DMSNs treatment in vitro, we further 
performed IF staining of HMGB1 and CRT to evaluate the release of 
DAMPs in vivo. For HMGB1 staining, strong fluorescence intensity was 
observed in the PBS group, DMSNs group, and DSF@DMSNs group, 
while weak fluorescence intensity was observed in the Zn-DMSNs group 
and DSF@Zn-DMSNs group, indicating the promotion of HMGB1 release 
induced by Zn-DMSNs and DSF@Zn-DMSNs treatment (Fig. 7i, 5th 
column). Regarding the results of CRT staining, rare fluorescence in-
tensity was observed in the PBS group, DMSNs group, and DSF@DMSNs 
group, while strong fluorescence intensity was observed in the Zn- 
DMSNs group and DSF@Zn-DMSNs group, indicating the promotion of 
CRT exposure induced by Zn-DMSNs and DSF@Zn-DMSNs treatment. 
The results above together indicated that the extracellular DAMPs were 
increased by amplified autophagy in DSF@Zn-DMSNs treatment (Fig. 7i, 
the 6th column). Then, tumor sections were stained with CD4 and CD8 
to determine whether the infiltration of T cells in tumors was enhanced 
(Fig. 7i, 7th and 8th columns). Although slightly increased CD4+ T cells 
were observed, the strongest red fluorescence intensity for CD8 showed 
significant upregulation of CD8+ T cell infiltration in the DSF@Zn- 
DMSNs group, which further proved that ZnETs generated by in situ 
reaction remarkably promoted the stimulation of CTL infiltration and 
subsequent ICD after DSF@Zn-DMSNs treatment (Fig. 7i and Fig. S15). 
All the experimental evidence collectively confirmed the excellent 
antitumor efficacy of DSF@Zn-DMSNs through ion-chelation therapy 
and autophagy-amplified ICD in colorectal cancer treatment. Finally, the 
biocompatibility of DSF@Zn-DMSNs was investigated in vivo. Compared 
to the PBS group, no significant difference in body weight loss was 
observed after different treatments (Fig. S16). Simultaneously, H&E 
staining of the major organs, including the heart, liver, spleen, lung and 
kidney, showed no obvious histologic damage in the different groups at 
the end of the experiment (Fig. S17). Similarly, the results of routine 
blood tests and blood biochemical indicators of all groups were in the 
normal range, and there were no significant differences among all 
groups, which demonstrated the safety of the nanoparticles (Fig. S18). 
Therefore, all of the above results revealed that at the administered 
dosage, DSF@Zn-DMSNs exerted satisfactory therapeutic efficacy with 
almost no acute toxicity. Finally, we studied the biodistribution of the 
DSF@Zn-DMSNs. To evaluate this, we labeled DSF@Zn-DMSNs with 
Cy5.5, a near-infrared fluorescent dye, and administered these labeled 
nanoparticles intratumorally. By performing bioimaging at various time 
points up to 72 h postinjection (n = 3 at each time point), we were able 
to track the distribution of the nanomedicine. The signal decreased from 
the 24-h mark on, and by the 72-h mark, there was almost no signal 
detectable at the tumor site, implying that the majority of the nano-
medicine had been degraded or cleared from the body (Fig. S19). It is 
worth noting that almost no signal could be observed in additional 
studies examining nanoparticle distribution in other tissues (such as 
heart, liver, kidney, spleen, lung), providing a more comprehensive 
understanding of the biodistribution of DSF@Zn-DMSNs. 

We then evaluated distant antitumor immunity using a bilateral 
subcutaneous tumor model. The design and schedule of the experiment 
are shown in Fig. 8a. We inoculated the primary tumor xenograft into 
the right abdomen as the primary tumor. After the primary tumor vol-
ume reached approximately 100 mm3, another tumor xenograft was 
placed in the left abdomen to create an artificial metastatic tumor on the 
left side. Mice were randomly divided into five groups: (a) PBS, (b) 
DMSNs, (c) DSF@DMSNs, (d) Zn-DMSNs, and (e) DSF@Zn-DMSNs (n =
5 in each group). Mice were injected with assigned treatments at day 1 
and day 7 with the same dose as previously described, and the 
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Fig. 7. In vivo therapeutic effect of DSF@Zn-DMSNs. (a) Schematic diagram of constructing the subcutaneous tumor model and two-week treatment options. (b) 
Tumor growth curves of each mouse in the PBS, DMSNs, DSF@DMSNs, Zn-DMSNs, and DSF@Zn-DMSNs groups. (c) Tumor volume curves in different groups (n = 6, 
mean ± SD). (d) Digital images of dissected tumor tissues (n = 6). (e) The weight of dissected tumor tissues (n = 6, mean ± SD). (f–h) qPCR results of immune-related 
cytokines, including IL6 (f), TNFα (g), and IFNγ (h), in tumor tissues. (i) Immunohistochemical (H&E, Ki67 and TUNEL) and immunofluorescence analyses (LC3, 
HMGB1, CRT, CD4, and CD8) of tumor tissue sections in different groups (scale bar: 50 μm). **, p < 0.01, ****, p < 0.0001. 
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Fig. 8. In vivo antitumor and immunotherapy investigation in a bilateral subcutaneous xenograft model. (a) Schematic diagram of constructing the bilateral sub-
cutaneous xenograft tumor model and two-week treatment options. (b–d) Primary tumor volume curves (b), dissected primary tumor tissues (c), and primary tumor 
weight (d) in different groups (n = 5, mean ± SD). (e–g) Distant tumor volume curves (e), dissected distant tumor tissues (f), and distant tumor weight (g) in different 
groups (n = 5, mean ± SD). (h) Flow cytometric results of DCs in primary tumors stained with anti-CD45 Pacific blue, anti-CD11c PE, anti-CD80 FITC, and anti-CD86 
BV650 for maturation identification. (i) Flow cytometric results of the CD3+CD4+ T cells in primary tumors stained with anti-CD45 Pacific blue, anti-CD3 FITC, and 
anti-CD4 APC for identification. (j) Flow cytometric results of the CD3+CD8+ T cells in primary tumors stained with anti-CD45 Pacific blue, anti-CD3 FITC, and anti- 
CD8 APC/Fire 750 for identification. *, p < 0.05; **, p < 0.01. 
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anticancer efficiency was analyzed. Treatment results of different 
nanoparticles against the primary tumor (Fig. 8b–d) and mimetic distant 
tumors were obtained (Fig. 8e–g). Administration of DMSNs showed no 
obvious therapeutic effect on either primary tumors or distant tumors. 
Compared to the PBS group, DMSNs group and DSF@DMSNs group, 
although DSF@DMSNs and Zn-DMSNs nanoparticles inhibited the 
growth of both primary tumors and distant tumors to some extent, 
DSF@Zn-DMSNs produced the best therapeutic efficiency (primary 
tumor: inhibition rate 56.9%, p = 0.0139; distant tumor: inhibition rate 
68.6%, p 0.0433), indicating the antitumor performance of ZnETs 
generated in situ by TME-responsive DSF@Zn-DMSNs, as well as aug-
menting the systemic antitumor immune response in vivo. 

To investigate the underlying mechanism of the antitumor immune 
responses in vivo, both primary tumors and distant tumors were har-
vested and digested into single-cell samples before DC maturation 
markers (CD80/CD86) and T cell infiltration (CD3/CD4 and CD3/CD8) 
were investigated through flow cytometry (Fig. 8h–j, Fig. S20a-c). The 
results showed that the proportions of CD80/CD86-positive cells in 
primary tumors in the PBS group, DMSNs group, DSF@DMSNs group, 
Zn-DMSNs group, and DSF@Zn-DMSNs group were 3.89%, 4.39%, 
4.95%, 10.1%, and 20.3%, respectively (Fig. 8h). The counterparts in 
distant tumors were 3.69%, 2.12%, 4.03%, 10.4%, and 20.1%, respec-
tively (Fig. S20a). These results together indicated that DCs could be 
activated by autophagy, while DSF@Zn-DMSNs could significantly 
enhance the activation level due to the synergy of DAMPs release and 
autophagy. The quantity of helper T cells labeled by CD3+CD4+ was 
increased in the primary tumor of the DSF@Zn-DMSNs group (Fig. 8i), 
while such trendency was also observed in the distant tumor (Fig. S20b). 
Additionally, the quantity of cytotoxic T cells labeled by CD3+CD8+ was 
markedly increased in the primary tumor (Fig. 8j) and distant tumor 
(Fig. S20c) after DSF@Zn-DMSNs treatment. The results of flow 
cytometry together illustrated that ZnETs generated by in situ chelation 
reactions could promote DC maturation and stimulate ICD, thereby 
enhancing chemoimmunotherapy in cancer treatment. 

3. Conclusion 

In this work, a TME-responsive DSF@Zn-DMSNs nanoplatform that 
could simultaneously deliver Zn2+ and DSF into cancer cells was 
designed and engineered for in situ ZnET generation, autophagy ampli-
fication, and ICD. The pH-sensitive DSF@Zn-DMSNs could corelease 
Zn2+ and DSF under mildly acidic tumor conditions and spontaneously 
generate highly toxic ZnETs via an in situ chelation reaction, resulting in 
tumor cell death. Furthermore, for the first time, we revealed that ZnETs 
with strong autophagy amplification ability, including the upregulation 
of LC3 and downregulation of p62, remarkably promoted the extracel-
lular release of DAMPs, represented by HMGB1, CRT and ATP, which 
further stimulated the maturation and antigen presentation of DCs and 
therefore facilitated T cell infiltration to achieve maximum therapeutic 
efficacy in colorectal cancer treatment. The in vivo results confirmed the 
superior therapeutic efficacy of DSF@Zn-DMSNs in tumor therapy with 
a high inhibition rate. This study provides a smart in situ chelation 
strategy with TME-responsive autophagy amplification to augment 
DAMPs release, thus boosting tumor chemoimmunotherapy with satis-
factory biosafety. 

4. Materials and methods 

4.1. Materials 

Hexadecyl trimethyl ammonium bromide (CTAB) (Cat. No. 57-09-0), 
Trolamine (TEA) (Cat. No. 102-71-6) and Triton X-100 (Cat. No. 9002- 
93-1) were purchased from Yien Chemical Technology Co., Ltd. 
(Shanghai, China). Sodium salicylate (NaSal) (Cat. No. S817536) and 
ammonia solution (NH3⋅H2O) (Cat. No. A801009) were purchased from 
Macklin Biochemical Co., Ltd. (Shanghai, China). Tetraethyl 

orthosilicate (TEOS) (Cat. No. T110593) was purchased from Aladdin 
Biochemical Technology Co., Ltd. (Shanghai, China). Hydrochloric acid 
(HCl) (Cat. No. 10011018) was purchased from Sinopharm Chemical 
Reagent Co., Ltd. (Shanghai, China). Zinc nitrate hexahydrate (Zn 
(NO3)2⋅6H2O) (Cat. No. 10196-18-6), collagenase from clostridium 
histolyticum (Cat. No. 9001-12-1) and deoxyribonuclease I from bovine 
pancreas (Cat. No. 9003-98-9) were purchased from Sigma‒Aldrich 
Trading Co., Ltd. (Shanghai, China). Ethanol (Cat. No. 64-17-5) and 
methanol (Cat. No. 67-56-1) were purchased from Lingfeng Chemical 
Reagent Co., Ltd. (Shanghai, China). Disulfiram (DSF) (Cat. No. T0054) 
was purchased from Topscience Co., Ltd. (Shanghai, China). Dulbecco’s 
modified Eagle medium (DMEM) (Cat. No. C11995500BT) and fetal 
bovine serum (FBS) (Cat. No. 10099) were purchased from Gibco (Cal-
ifornia, USA). 4,6-Diamidino-2-phenylindole (DAPI) (Cat. No. C1006), 
calcein-AM/PI cell viability/cytotoxicity assay kit (Cat. No. C2015 M), 
ATP assay kit (Cat. No. S0026) and annexin V-FITC apoptosis assay kit 
(Cat. No. C1062L) were purchased from Beyotime Biotechnology Co., 
Ltd. (Shanghai, China). Calreticulin (CRT) polyclonal antibody (Cat. No. 
27298-1-AP) and HMGB1 antibody (Cat. No. 10829-1-AP) were pur-
chased from Proteintech Biotechnology Co., Ltd. (Haimen, China). p62/ 
SQSTM1 antibody (Cat. No. T55546) was purchased from Abmart Inc. 
(Shanghai, China). LC3 antibody (Cat. No. 4108) was purchased from 
Cell Signaling Technology Co., Ltd. (Massachusetts, USA). ELISA kit for 
HMGB-1 analysis (Cat. No. RX203303 M) was purchased from Ruixin 
Technology Co., Ltd. (Quanzhou, China). Granulocyte-macrophage 
colony-stimulating factor (GM-CSF) (Cat. No. abs04720) and recombi-
nant mouse interleukin-4 (IL-4) (Cat. No. abs04697) were purchased 
from Absin Technology Co., Ltd. (Beijing, China). Anti-CD11c PE (Cat. 
No. 557401), anti-CD80 FITC (Cat. No. 561954), anti-CD86 APC (Cat. 
No. 558703), anti-CD86 BV650 (Cat. No. 564200), anti-CD45 Pacific 
blue (Cat. No. 558108), anti-CD3 FITC (Cat. No. 561801) and anti-CD4 
APC (Cat. No. 561091) were purchased from BD Pharmingen Co., Ltd. 
(New Jersey, USA). anti-CD8 APC/Fire 750 (Cat. No. 344745) was 
purchased from Biolegend Co., Ltd. (California, USA). 

4.2. Cell lines and animals 

Murine CT-26 colorectal cancer cells were purchased from Shanghai 
Cell Bank, Chinese Academy of Sciences (Shanghai, China). CT-26 cells 
were maintained in DMEM complete medium containing 10% FBS and 
incubated at 37 ◦C with 5% CO2. BALB/c mice (6 weeks, male) were 
purchased from Shanghai Slac Laboratory Animal Co. Ltd. (Shanghai, 
China) and were reared in the Center for Medical Science and Innovation 
of the Shanghai Tenth People’s Hospital (Shanghai, China). The animal 
study was approved by the Ethics Committee on Animals of Shanghai 
Tenth People’s Hospital (approval number: SHDSYY-2022-KR0104). 
The animals used in laboratory experiments were kept in an environ-
ment free from specific pathogens. During the experiments, mice were 
raised using temperature-controlled rooms (20–24 ◦C) with relative 
humidity between 50 and 60% and a 12-h light/dark cycle. 

4.3. Synthesis of dendritic mesoporous silica nanoparticles (DMSNs) 

DMSNs were synthesized using an achievable anion-assisted process 
as previously reported [41]. CTAB (1.535 g) and TEA (0.347 g) were 
added to 100 mL deionized water and stirred at a speed of 400 rpm at 
80 ◦C for 1 h. Then, with dropwise additions of 10 mL TEOS, the mixture 
was stirred at a speed of 400 rpm for 2 h. The samples were centrifuged 
at 15000 rpm for 5 min to collect the products. All remaining reactants 
were washed repeatedly with ethanol and deionized water. Refluxing 
the products with HCl (37 wt%)/ethanol (ratio 1:9) at 60 ◦C for 12 h 
three times removed CTAB from the products. The final products, 
DMSNs, were lyophilized to obtain nanoparticle powders. 
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4.4. Synthesis of Zn2+-doped DMSNs (Zn-DMSNs) 

We followed a hydrothermal process as previously reported for the 
preparation of Zn-DMSNs [21], but an opportune alteration was made. 
First, in deionized water, DMSNs (65 mg) synthesized in the previous 
step and Zn(NO3)2⋅6H2O (208 mg) were dissolved and mixed with 
magnetic stirring, and then NH3⋅H2O (30 wt %, 6 mL) was added 
dropwise. We transferred the mixture into a 100 mL Teflon autoclave. 
During 10 h of heating at 140 ◦C, the reaction was conducted. After the 
Teflon autoclave was fully cooled, we centrifuged the white products at 
15,000 rpm for 5 min and then removed the residues by washing 
alternately with ethanol and deionized water three times. To improve 
the dispersibility of the nanoparticles, Zn-DMSNs (10 mg) were mixed 
with mPEG-silane (50 mg) in an ethanol solution (100 mL) and stirred at 
300 rpm for 24 h at a reaction temperature of 60 ◦C. 

4.5. Preparation of DSF@Zn-DMSNs 

Magnetic stirring was used for 12 h to disperse PEGylated Zn-DMSNs 
(20 mg) and DSF (80 mg) in an ethanol solution (10 mL). To remove the 
free DSF, the products were centrifuged (at 15,000 rpm for 5 min) fol-
lowed by a wash using ethanol and deionized water. To track the dis-
tribution of nanoparticles, these nanoparticles were mixed with mPEG- 
silane and amino-PEG-silane at a ratio of 1:1. Then, DMSNs and Zn- 
DMSNs were labeled with FITC, and DSF@Zn-DMSNs were labeled 
with Cy5.5 carboxylic acid for further experiments. 

4.6. Characterization of nanoparticles 

Transmission electron microscopy (TEM) images were observed by 
an FEI Tecnai G2 F20 field-emission transmission electron microscope 
(FEI, Oregon, USA). The morphology of the nanoparticles was acquired 
using a Magellan 400 field-emission scanning electron microscope (FEI, 
Oregon, USA). The size and zeta potential of the nanoparticles were 
measured in deionized water with dynamic light scattering (DLS) using a 
Nano ZS90 zetasizer (Malvern Panalytical, Shanghai, China). X-ray 
photoelectron spectroscopy (XPS) spectra were observed to analyze the 
valence of the zinc component of Zn-DMSNs by a Thermo Scientific 
ESCALAB Xi+ instrument (Thermo Fisher, Massachusetts, USA). Ana-
lyses of quantitative elemental composition were performed on an 
Agilent 720 ES (OES) with inductively coupled plasma and optical 
emission spectrometry (Agilent, California, USA). 

4.7. In vitro DSF@Zn-DMSNs biodegradation 

To further investigate the disintegration of nanoparticles in simu-
lated body fluids (SBFs) at different pH levels, Zn-DMSNs were dissolved 
in SBF solutions at pH 6.5 and pH 7.4 with mild magnetic agitation (200 
rpm). A 1.5 mL sample was taken from the test solution at each time 
point (2, 4, 8, 12, 24 and 48 h) and centrifuged to obtain its supernatant 
and precipitate. The contents of Zn and Si in the supernatant were 
measured by ICP‒OES. TEM images were captured for the remaining 
nanoparticles to assess their structural changes. 

4.8. In vitro cellular uptake 

To examine the cellular uptake of DMSNs and Zn-DMSNs, 5 × 105 

CT-26 cells were seeded into 6-well plates with 2 mL of DMEM complete 
medium for 24 h and then incubated with FITC-labeled nanoparticles at 
a concentration of 1.5 μg/mL for 2 h, 4 h and 8 h. Next, the cells were 
fixed with 4% paraformaldehyde (POM) and stained with DAPI. Fluo-
rescence graphs at different time points were acquired by TS2R-FL 
fluorescence inversion microscopy (Nikon, Tokyo, Japan). 

4.9. In vitro safety experiment 

Colorectal cancer cells CT-26 and intestinal epithelial cells NCM-460 
were used to test the biological security of Zn-DMSNs and DSF@Zn- 
DMSNs. A total of 5 × 105 CT-26 cells and NCM-460 cells were seeded 
into 96-well plates with 100 μL of DMEM complete medium for 24 h, and 
different concentrations of Zn-DMSNs and DSF@Zn-DMSNs were incu-
bated with the cells for 24 h. CCK8/DMEM solution at a 1:9 ratio was 
added to each well, and the 96-well plates were incubated in a CO2 
incubator for 30 min. Then, an ELx800 microplate reader (Bio-Tek, 
Vermont, USA) was used to measure the absorbance per well at 450 nm. 

4.10. In vitro cytotoxicity assay 

The CCK8 assay was used to quantify cell viability after different 
treatments. A total of 3 × 103 CT-26 cells were plated in 96-well plates 
with 100 μL DMEM complete medium per well. DMSNs, DSF@DMSNs, 
Zn-DMSNs and DSF@Zn-DMSNs at different concentrations (0, 0.5, 
0.75, 1, and 1.5 μg/mL) were incubated with CT-26 cells for 24 h. The 
CCK8 kit was used to detect cell viability, and an ELx800 microplate 
reader was used to measure the absorbance at 450 nm. 

4.11. Live/dead cell staining assay 

Live and dead cells were observed using a calcein-AM/PI cell 
viability/cytotoxicity assay kit and a fluorescence microscope, and 5 ×
105 CT-26 cells were seeded into 6-well plates with 2 mL DMEM com-
plete medium per well. CT-26 cells were incubated with PBS, DMSNs, 
DSF@DMSNs, Zn-DMSNs and DSF@Zn-DMSNs at a concentration of 1.5 
μg/mL for 24 h. After removing the culture medium and washing with 
PBS, live cells were stained with green calcein-AM fluorescence, and 
dead cells were stained with red PI fluorescence for 15 min. The staining 
solution was removed, and the plates were washed with PBS three times. 
Next, TS2R-FL fluorescence inversion microscopy (Nikon, Tokyo, Japan) 
was used to observe and take pictures. 

4.12. Flow cytometric analysis of apoptosis 

An annexin V-FITC apoptosis assay kit performing FITC/PI double 
staining was used for apoptosis analysis. CT-26 cells (5 × 105) were 
seeded into 6-well plates and incubated with PBS, DMSNs, 
DSF@DMSNs, Zn-DMSNs and DSF@Zn-DMSNs (1.5 μg/mL) for 24 h. 
The cells were harvested with trypsin without EDTA and resuspended in 
binding buffer after washing with PBS twice. Then, PI and annexin V- 
FITC were used to stain cells for 15 min in the dark. Then, the stained 
cells were tested by flow cytometry (BD Fortessa, New Jersey, USA). 

4.13. mRNA sequencing analysis 

mRNA sequencing was used to perform transcriptome analysis. CT- 
26 cells were cultured in 6-well plates at 5 × 105 cells per well for 24 h 
and then incubated with DMSNs or DSF@Zn-DMSNs individually at a 
concentration of 1.5 μg/mL for 24 h. RNA was extracted by the TRIzol 
method. The step was carried out on ice. The enriched mRNA was 
reverse transcribed into double-stranded cDNA. After purification, the 
library was constructed, and quality detection was carried out. PE150 
was used for sequencing. R.3.6.3 was used for data analysis. 

4.14. Protein expression detected by western blot 

The expression of LC3, p62 and HMGB1 in CT-26 cells was measured 
by western blot [42]. A total of 5 × 105 CT-26 cells were seeded into 
each well of 6-well plates, incubated with 2 mL of DMEM complete 
medium for 24 h and lysed by RIPA buffer after incubation with PBS, 
DSF@DMSNs, Zn-DMSNs and DSF@Zn-DMSNs (1.5 μg/mL) for 24 h. 
The BCA protein assay was first used to measure the total protein 
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concentration of the cell lysates. Next, 20–30 μg of protein was loaded 
on SDS‒PAGE gels and transferred to PVDF membranes. Then, the PVDF 
membranes were incubated with HMGB1 antibody, p62/SQSTM1 anti-
body and LC3 antibody. Incubating the corresponding HRP-conjugated 
secondary antibody was the next step. Finally, the PVDF membranes 
were observed by a chemiluminescence imaging system (Tanon, 
Shanghai, China). 

4.15. In vitro quantitative analysis of ATP concentration and HMGB1 
release 

ATP assay kits were used to measure intracellular ATP concentra-
tions. Hence, 5 × 105 CT-26 cells were seeded into 6-well plates with 2 
mL DMEM complete medium per well for 24 h and treated with PBS, 
DSF@DMSNs, Zn-DMSNs, DSF@Zn-DMSNs, DSF@Zn-DMSNs + 3-MA 
and DSF@Zn-DMSNs + BafA1 (1.5 μg/mL) for 24 h. The cell culture 
medium was collected for HMGB1 quantification using an HMGB1 
ELISA kit. The remaining tumor cells were washed with PBS and split by 
ATP lysate before the cellular ATP concentration was measured with an 
ATP assay kit. 

4.16. In vitro evaluation of ICD 

Immunofluorescence detection showed the expression of CRT and 
HMGB1. CT-26 cells (5 × 105) were seeded into a 6-well plate with 2 mL 
of DMEM complete medium per well for 24 h and incubated with PBS, 
DMSNs, DSF@DMSNs, Zn-DMSNs, DSF@Zn-DMSNs, DSF@Zn-DMSNs 
+ 3-MA and DSF@Zn-DMSNs + BafA1 for 24 h. The cells were fixed with 
4% paraformaldehyde, permeabilized with 0.1% Triton X-100 (except 
for the examination of proteins expressed on the cell membrane) and 
blocked with blocking solution. The cells were incubated with CRT 
polyclonal antibody or HMGB1 antibody overnight and then incubated 
with corallite488-conjugated secondary antibody for 1 h. The cell nu-
cleus was stained with Hoechst for 5 min and observed by fluorescence 
inversion microscopy. 

4.17. In vitro DC maturation experiment 

According to an existing integrated method, a bone marrow cell 
suspension was obtained by washing the marrow cavity of BALB/c 
mouse legs, and then bone marrow dendritic cells (BMDCs) were ob-
tained after density gradient centrifugation. BMDCs were cultured in 
RPMI 1640 complete medium with 10% FBS and were induced to 
differentiate into immature DCs by granulocyte-macrophage colony- 
stimulating factor (GM-CSF, 20 ng/mL) and interleukin-4 (IL-4, 10 ng/ 
mL). CT-26 cells (5 × 105) were seeded into a 6-well plate with 2 mL of 
DMEM complete medium per well for 24 h and incubated with PBS, 
DMSNs, DSF@DMSNs, Zn-DMSNs and DSF@Zn-DMSNs at a concentra-
tion of 1.5 μg/mL for 24 h. Then, the supernatants of CT-26 cells were 
collected, and the cell debris was removed. DCs were plated in 12-well 
plates at 2 mL per well and cocultured with the supernatant 
mentioned above for 24 h. DC cells were collected and stained with anti- 
CD11c PE, anti-CD80 FITC and anti-CD86 APC before they were tested 
and analyzed. 

4.18. In vivo biodistribution 

To investigate the distribution and metabolism of nanoparticles after 
intratumoral injection, Cy5.5-labeled DSF@Zn-DMSNs at a dose of 2 
mg/kg were injected into the tumors of tumor-bearing BALB/c mice. At 
0, 2, 4, 8, 12, 24, 48 and 72 h, the mice were sacrificed, and the tumor 
and major organs (heart, liver, spleen, lung and kidney) were collected 
for fluorescence imaging using VISQUE InVivo Elite (Vieworks, Republic 
of Korea). 

4.19. In vivo antitumor efficacy 

To establish the tumor-bearing BALB/c mouse model, CT-26 cells 
during logarithmic phase were harvested after centrifugation and 
redispersed in normal saline at a density of 1 × 106/100 μL. A 100 μL cell 
suspension was implanted subcutaneously into the left leg of healthy 
male BALB/c mice (6 weeks). When the tumor volume grew to 
approximately 100 mm3, PBS, DMSNs, DSF@DMSNs, Zn-DMSNs and 
DSF@Zn-DMSNs dissolved in PBS (100 μL) at a DSF equivalent dose of 
4.675 mg/kg were intratumorally injected into each mouse (n = 6) every 
7 days. After injecting nanoparticles, body weight and tumor volume 
were measured every other day. After 14 days, these mice were sacri-
ficed, and the tumor and major organs were dissected for weighing and 
imaging. 

The tumors and organs were sectioned into slices for H&E, Ki67, and 
TUNEL staining. To determine the expression of LC3 and the intra-
tumoral infiltration of functional CD4+ T cells and CD8+ T cells, tumor 
sections were stained by immunofluorescence (LC3, HMGB1, CRT, CD4+

and CD8+). This method was based on a previously reported method 
with some modifications [43]. To prove the immunomodulatory effects 
of DSF@Zn-DMSNs, the RNA of tumor tissues was extracted, and qPCR 
was performed to verify the relative expression of IFNγ, TNFα, and IL6. 

4.20. In vivo antitumor therapy in a bilateral tumor model 

A bilateral tumor model was established to verify the efficacy of 
DSF@Zn-DMSNs in activating the immune system. We injected 1 × 106 

CT-26 cells during logarithmic phase into the left leg as the primary 
tumor and injected 5 × 105 CT-26 cells into the right leg as the distant 
tumor for each mouse after 5 days. We divided the 25 BALB/c mice into 
5 groups: PBS, DMSNs, DSF@DMSNs, Zn-DMSNs and DSF@Zn-DMSNs 
(n = 5 in each group). We intratumorally injected assigned nano-
particles into every group at a DSF equivalent dose of 4.675 mg/kg on 
days 1 and 7 after planting the distant tumor. We measured the tumor 
volume and body weight every two days. On day 14, the mice were 
sacrificed, and the tumors were dissected, weighed and imaged. 

4.21. In vivo DC maturation and T cell activation 

The primary and distant tumors of the bilateral tumor model were 
prepared into a single-cell suspension by digestive juices containing 1 
mg/mL collagenase and 150 U/mL Deoxyribonuclease I and filtered by a 
70 μm filter net. Then, the single cells were collected for further staining 
by anti-CD45 Pacific blue, anti-CD11c PE, anti-CD80 FITC, anti-CD86 
BV650, anti-CD3 FITC, anti-CD4 APC and anti-CD8 APC/Fire 750 
before flow cytometry was carried out. 

4.22. Statistical analysis 

GraphPad Prism 8.0 software was used to draw graphs and perform 
statistical analysis. All data are presented as the mean ± SD unless 
otherwise noted. Statistical analysis was performed with one-way 
ANOVA. When the p value < 0.05, the experimental results were sta-
tistically significant. All significant differences are represented by sym-
bols. A p value < 0.05 was expressed as “*”. A p value < 0.01 was 
expressed as “**”. A p value < 0.001 was expressed as “***”. A p value <
0.0001 was expressed as “****”. 
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