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chemotherapy while reducing drug doses 
and toxicity.[2] The killing of tumor cells 
by chemotherapeutics such as anthracy-
clines, taxanes, mitoxantrone, and oxali-
platin elicits innate and adaptive immune 
responses by immunogenic cell death 
(ICD). In ICD, the release of tumor-
associated antigens, damage-associated 
molecular patterns, and pro-inflammatory 
cytokines leads to recruitment and acti-
vation of immune effector cells such as 
tumor-specific T cells.[3] This vaccine-like 
effect of ICD can convert an immunosup-
pressive tumor microenvironment (TME) 
to an immunogenic one that responds 
better to treatment with immune check-
point blockades and adjuvants.[4] Chemo-
immunotherapy has proven effective in 
inhibiting the development and progres-
sion of solid tumors and distant metas-
tases in preclinical studies and clinical 

trials. However, many patients suffer from immune-related 
adverse events due to off-target toxicity.[5] To reduce this toxicity 
and improve the therapeutic response, drug carriers have been 
designed to allow on-demand drug release at tumor sites.

Chemotherapy causes off-target toxicity and is often ineffective against solid 
tumors. Targeted and on-demand release of chemotherapeutics remains 
a challenge. Here, cancer-cell-membrane-coated mesoporous organosilica 
nanoparticles (MONs) containing X-ray- and reactive oxygen species (ROS)-
responsive diselenide bonds for controlled release of doxorubicin (DOX) at 
tumor sites are developed. DOX-loaded MONs coated with 4T1 breast cancer 
cell membranes (CM@MON@DOX) show greater accumulation at tumor 
sites and prolonged blood circulation time versus an uncoated control in mice 
bearing 4T1 orthotopic mammary tumors. Under low-dose X-ray radiation,  
the DOX-loaded MONs exhibit carrier degradation-controlled release via 
cleavage of diselenide bonds, resulting in DOX-mediated immunogenic cell 
death at the tumor site. Combination with a PD-L1 checkpoint blockade further 
enhances inhibition of tumor growth and metastasis with low systemic tox-
icity. Together, the findings show the promise of these biomimetic, radiation-
responsive diselenide-bond-bridged MONs in chemo-immunotherapy.

Chemotherapy is limited by off-target toxicity and inef-
fectiveness against solid tumors and distant metastases.[1] 
Chemo-immunotherapy—the combination of chemotherapy 
and immunotherapy—can improve the effectiveness of 
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Spatial, temporal, and dose control of drug release can be 
achieved with drug carriers that are responsive to internal 
stimuli such as changes in pH, redox potential, and enzymatic 
activity, and external stimuli such as light, radiation, tempera-
ture changes, and electric and magnetic fields.[6] X-ray radia-
tion is a promising external trigger due to its high penetration 
depth in solid tumors.[7] Mesoporous organosilica nanoparticles 
(MONs) are inorganic–organic hybrid materials that are attrac-
tive for drug delivery due to their large surface area, tunable 
structure/chemistry, good biocompatibility, and controllable 
degradation.[8] Degradation-controlled drug release from MONs 
has been achieved via several different degradation pathways, 
in response to TME stimuli such as reduced pH, increased glu-
tathione (GSH), increased reactive oxygen species (ROS), and 
tumor-specific enzymes.[8] X-ray-radiation-responsive MONs 
have not been previously investigated for use in degradation-
controlled chemotherapeutic release.

Selenium (Se) is a nutritionally essential, multifunctional 
element.[9] Diselenide bond is sensitive to X-ray radiation, 
and hence diselenide bond-containing polymers have been 
developed for X-ray-radiation-responsive drug release.[10] Our 
group recently fabricated a series of diselenide-bond-bridged 
large-pore MONs which load and release proteins in a GSH/
ROS-responsive manner.[11] We hypothesize that these disele-
nide-bond-bridged MONs may serve as an effective drug car-
rier for X-ray-radiation-responsive drug release. We propose 
to construct a nanocarrier that can achieve high drug loading, 
immune system evasion, tumor targeting, and controlled 
release under low-dose radiation in the ROS-enriched tumor 
environment.

Here, we evaluate an X-ray-responsive diselenide-bridged 
MON for use in the delivery of doxorubicin (DOX) and a PD-L1 
immune checkpoint blockade for chemo-immunotherapeutic 
treatment of solid tumors (Figure  1a). DOX is loaded into 
small-pore diselenide-bond-bridged MONs coated with source 
cancer-cell-derived membrane fragments to promote tumor tar-
geting and immune system evasion. Low-dose X-ray radiation 
cleaves the diselenide bonds, promoting release of DOX, which 
enhances ICD at the tumor site. Combination of this treat-
ment with a PD-L1 checkpoint blockade enhanced anti-tumor 
and anti-metastatic efficacy in 4T1 orthotopic mammary tumor-
bearing mice in vivo.

Diselenide-bond-bridged MONs with a high Se den-
sity (9.9%) were prepared by a modified sol–gel method.[11]  
Electron microscopy images revealed monodisperse, spherical 
MONs ≈60 nm in diameter with small pores (Figure 1b; Figure 
S1, Supporting Information). Fourier transform infrared and 
energy-dispersive X-ray spectroscopy confirmed the presence 
of diselenide bonds (Figure S1, Supporting Information). In 
solution containing 100 × 10−6 m H2O2 simulating ROS condi-
tions in TME, the organosilica framework collapsed into irreg-
ular aggregates under low-dose X-ray radiation (1  Gy) within  
24 h, and disassembled completely within 3 days (Figure  1c). 
MONs were degraded when exposed to X-ray irradiation, but 
they could not be further disassembled without the presence 
of H2O2 (Figure S1, Supporting Information). The mechanism 
of this degradation was investigated by X-ray photoelectron 
spectroscopy (XPS) (Figure 1d). The increase in Se 3d5 binding 
energy from 56 to 60 eV confirmed formation of seleninic acid, 

indicating oxidization and cleavage of diselenide bonds. N2 
adsorption–desorption isotherms revealed type-IV isotherms 
(Figure 1e) that indicated a small pore size with a narrow distri-
bution centered at 4.2 nm (Figure S1, Supporting Information). 
The Brunauer–Emmett–Teller surface area was 432.7 m2 g−1 
and the total pore volume was 0.96 cm3 g−1. After carboxyl mod-
ification, the small-pore MONs carrier showed high loading of 
DOX via electrostatic interactions (Figure S1, Supporting Infor-
mation), with a passive entrapment efficiency of 25.8 wt% DOX 
(relative to the weight of DOX-loaded MONs). To study the X-ray 
responsiveness of the MONs, DOX release was characterized 
in 100 × 10−6 m H2O2-containing media (mimicking TME redox 
conditions) with or without low-dose X-ray radiation (Figure 1f). 
The MONs exhibited rapid and sustained DOX release (>70% 
after 96 h), but slow release (<10% after 96 h) in media lacking 
H2O2. Under 1 Gy radiation, 45.2% of loaded DOX was released 
in a burst-like fashion in the first 6 h; without radiation, only 
18.1% of the DOX was released. Together, these results indicate 
the importance of both X-ray radiation and ROS in the degrada-
tive release.[11] Compared to diselenide-bond Se polymers, our 
diselenide-bond-bridged MONs exhibited higher Se content, 
which render a better performance on low-dose X-ray-respon-
sive drug release and treatment.

To achieve tumor-targeted and immune-evasive DOX delivery, 
4T1 breast cancer cell membrane (CM) was isolated and used 
to coat DOX-loaded MONs (MON@DOX) as we have reported 
previously.[11] CM-coated MON@DOX (CM@MON@DOX) 
exhibited a core–shell structure with a MON core enclosed in a 
thin, smooth membrane shell (Figure 2a). A slight (statistically 
insignificant) increase in hydrodynamic diameter was observed 
after adding the CM coating (Figure  2b). The surface charge 
decreased dramatically, to approximately that of CM vesicles 
(Figure 2c). To test whether the CM coating promoted colloidal 
stability, CM@MON@DOX and MON@DOX were dispersed 
in 10% fetal bovine serum-containing medium for a week. 
Uncoated MON@DOX showed significant aggregation; little 
aggregation was observed for CM@MON@DOX (Figure  2d). 
When FITC-labeled MONs and DiD-CM vesicles were incu-
bated together with 4T1 breast cells for 1 h, a high degree of 
intracellular co-localization was observed in endosomes/lys-
osomes of the cells (Figure 2e), indicating cancer cell targeting 
by the coated MONs. Protein electrophoresis indicated the pres-
ence of 4T1 CM proteins on the CM-coated MONs (Figure S2,  
Supporting Information), indicating successful integration 
of the MONs and the CM. Source cancer cell coatings confer 
advantages due to the properties of the donor cells, including 
self-recognition and enhanced internalization by homologous 
cells, and immune system evasion.[12] The ability of CM@
MON@DOX to target homologous 4T1 cells was investigated by 
measuring the intrinsic fluorescence of DOX by flow cytometry 
in several cell types: 4T1 cells, MCF-10A human breast epithelial 
cells, and RAW264.7 macrophages (Figure  2f). CM@MON@
DOX internalization was greater in 4T1 cells than in MCF-10A 
or RAW264.7 macrophages. The low internalization observed in 
macrophages might be attributed to high expression of CD47 
(which promotes evasion of phagocytosis[13]) on CM@MON@
DOX (Figure S2, Supporting Information).

We next evaluated the effect of CM@MON@DOX on 
4T1 cell growth in vitro (Figure S3, Supporting Information). 
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Bare MONs without DOX inhibit cancer cell growth at high 
MONs concentrations (>250  µg mL−1) due to the anti-tumor 
effect of Se.[11,14] However, MON@DOX exhibited compa-
rable killing efficiency at much lower MONs concentrations.  
CM@MON@DOX inhibited 4T1 cell growth to a greater extent 

than uncoated MON@DOX, indicating homologous cell tar-
geting due to the coating. Under 1  Gy of X-ray radiation, the 
IC50 of CM@MON@DOX was 2.1-fold lower than the IC50 of 
uncoated MON@DOX (Figure 2g), again indicating the impor-
tance of the CM coating. This low dose of radiation did not 

Figure 1. Preparation and characterization of mesoporous organosilica nanoparticles (MONs). a) Schematic of synthesis of diselenide-bond-bridged 
MONs for low-dose X-ray radiation-controllable drug release. b) TEM image of MONs (≈60 nm diameter). c) TEM images of MONs showing degrada-
tion at 1 d and 3 d after 1 Gy of X-ray radiation under 100 × 10−6 m H2O2. d) XPS analysis of MONs before and after radiation. e) N2 sorption isotherms 
of MONs. f) Drug release profiles in 100 × 10−6 m H2O2 with or without radiation. Data are presented as mean ± SD (n = 3).
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appear toxic to the 4T1 cells (Figure S3, Supporting Informa-
tion). DOX induces ICD and release of calreticulin (CRT) and 
chromatin-binding protein high mobility group B1 (HMGB1), 
resulting in activation of antigen-presenting cells.[15] We char-
acterized the immunogenic phenotypes of 4T1 cells after 
treatment with X-ray radiation and various treatments: CM@
MON@DOX and MON@DOX with and without radiation, radi-
ation only, DOX only, and an untreated control (Figure  2h–j).  
Under radiation, CM@MON@DOX induced the highest per-
centage of CRT-positive cells (Figure  2h), the highest level of 
HMGB1 (Figure  2i), and the greatest DC maturation in vitro 
(Figure 2j), indicating that CM@MON@DOX + low-dose X-ray 
radiation promotes ICD and may be useful as an anti-tumor 
vaccine.

A challenge in chemotherapeutic delivery is achieving a 
long blood circulation time. We compared the pharmacoki-
netic profiles of DOX, MON@DOX, and CM@MON@DOX by 

adma202004385 DOX concentration in mice (Figure 3a). CM@
MON@DOX exhibited an elimination half-life (T1/2, 18.4 h) that 
was remarkably higher than that of MON@DOX (6.6 h) and 
free DOX (5.7 h). This enhanced blood retention suggests that 
the CM coating confers invisibility to the host immune system 
in addition to improving colloidal stability. We examined the 
biodistribution of CM@MON@DOX by determining the sil-
icon (Si) content of tumor tissue and major organs in treated 
mice bearing 4T1 orthotopic mammary tumors (Figure  3b). 
The greatest accumulation of Si at the tumor site was found in 
mice in the CM@MON@DOX treatment group at 12 h after 
intravenous injection (Figure S4, Supporting Information), 
indicating that 12 h post-injection might be the best timing for 
X-ray radiation in this model. Si accumulation at the tumor site 
at 12 h was significantly higher in the CM@MON@DOX group 
than in the MON@DOX group, indicating the importance of 
the cancer cell coating for tumor targeting in vivo (as observed 

Figure 2. Characterization of cancer cell membrane-coated CM@MON@DOX in vitro. a) TEM image. b) Size of CM@MON@DOX, MON@DOX, 
and CM vesicles. c) Zeta potential. d) Colloidal stability of CM@MON@DOX and MON@DOX in DMEM plus 10% FBS for 7 days. e) Intracellular 
co-localization of DiD-labeled CM vesicles (red) and FITC-labeled MONs (green) in 4T1 cells after 1 h incubation. Scale bars: 5 µm. f) Fluorescence 
intensity of 4T1, MCF-10A, and RAW264.7 cells after incubation with CM@MON@DOX or MON@DOX for 6 h. All data are mean ± SD (n  = 3).  
*p < 0.05 compared with MON@DOX group. 4T1 cells treated with CM@MON@DOX for 3 h followed by exposure to X-ray irradiation (1 Gy). g) IC50 
of each group after 24 h of exposure. h) Percentage of CRT-positive cells and i) amount of released HMGB1 after 24 h. j) Percentage of mature DCs 
(CD11c+CD80+CD86+) after co-incubation with 4T1 cells with different treatments for 24 h. All data are mean ± SD (n = 3). *,#,&,$p < 0.05 compared with 
the MON@DOX (*), 1Gy + DOX (#), 1 Gy + MON@DOX (&), and 1Gy + CM@MON@DOX ($).
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in vitro). Enrichment of CM@MON@DOX in the reticuloen-
dothelial system including liver and spleen was remarkably 
lower than that of uncoated MON@DOX, indicating that the 
CM coating promoted immune cell evasion in vivo.

Encouraged by these in vivo results, we examined the thera-
peutic efficacy of the X-ray-responsive CM@MOM@DOX in 
mice bearing 4T1 orthotopic mammary tumor (Figure  3c–e; 
Figure S5, Supporting Information). All mice treated with DOX 
or DOX-based nanotherapeutics exhibited a decrease in tumor 
volume and tumor weight at the end of the treatment period 
relative to the untreated group. The CM coating significantly 
enhanced the anti-tumor effect and CM@MON@DOX had a 

therapeutic index comparable to that of free DOX. Importantly, 
mice treated with low-dose X-ray radiation and CM@MON@
DOX showed the greater anti-tumor effect among all groups. 
Low-dose X-ray radiation alone or combined with free DOX 
did not affect the tumor growth. To explore the anti-tumor 
immune response, ICD levels were evaluated by measuring 
levels of HMGB1 and the cytokines tumor necrosis factor-α 
(TNF-α), interferon-γ (IFN-γ), and interleukin-6 (IL-6). The 
CM@MON@DOX plus radiation group exhibited the greatest 
release of HMGB1 (Figure  3f), and higher serum levels of 
TNF-α, IFN-γ, and IL-6 than untreated control and DOX-only 
groups (Figure 3g–i). These results demonstrate that treatment 

Figure 3. Low-dose (1 Gy) X-ray-radiation-responsive chemotherapy and anti-tumor immune response in mice in vivo. a) Blood circulation time and 
b) biodistribution of CM@MON@DOX, uncoated MON@DOX, and free DOX in 4T1-tumor-bearing mice. All data are mean ± SD (n = 5). *p < 0.05 
compared with MON@DOX. c) Schematic of treatment schedule. Mice were randomly divided into eight groups: 1) saline only, 2) 1 Gy only, 3) DOX 
only, 4) MON@DOX, 5) CM@MON@DOX, 6) 1 Gy + DOX, 7) 1 Gy + MON@DOX, and 8) 1 Gy + CM@MON@DOX. d) Tumor volume. Data are 
mean ± SD (n = 6). *p < 0.05 compared with CM@MON@DOX, 1 Gy + DOX, and 1 Gy + MON@DOX group, respectively. e) Tumor weight, f) tumor 
HMGB1 level. g) TNF-α, h) IFN-γ, and i) IL-6 levels. Data are mean ± SD (n = 6). *p < 0.05 compared with 1 Gy + CM@MON@DOX group.
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with low-dose X-ray radiation and CM@MON@DOX elicited 
an immune response and enhanced the inhibition of tumor 
growth in vivo.

We next combined this treatment with a PD-L1 immune 
checkpoint inhibitor and examined the systemic anti-tumor ability 
and anti-metastatic effect of this chemo-immunotherapeutic  
treatment in vivo. Figure  4a depicts the procedure used. The  
combined treatment (anti-PD-L1 + low-dose X-ray + CM@
MON@DOX) exhibited greater inhibition of tumor growth 
and  pulmonary metastasis than chemotherapy alone (without 
anti-PD-L1). Anti-PD-L1 alone did not delay tumor progression 
or metastasis (Figure  4b–e; Figure S6, Supporting Informa-
tion). Intriguingly, in the chemo-immunotherapy treatment 
group, half of the mice became tumor free and survived to day  
60 post-tumor cell challenge. Similar results were observed 
when comparing inhibition of pulmonary metastasis between 
different treatments (Figure 4d–e; Figure S6, Supporting Infor-
mation). Notably, the CM@MON@DOX + radiation + anti-PD-
L1 group exhibited the most pronounced anti-tumor immune 
response, including an increased ratio of CD8+ to CD4+  
T cells (Figure  4f), cytotoxic T lymphocyte (CTL) infiltra-
tion (Figure  4g), and pro-inflammatory cytokine production  
(Figure S6, Supporting Information). These results suggest 
that the combination of immune checkpoint blockade and 

DOX-induced ICD elicits systemic anti-tumor immunity.[16] 
Together, the combined chemo-immunotherapy led to a 
remarkable systemic therapeutic outcome including suppres-
sion of the progression of both primary and metastatic tumors.

The in vivo safety profile of the combined chemo-immu-
notherapy was evaluated by mouse body weight, serum bio-
chemistry, and hematoxylin-eosin staining (Figures S7 and S8,  
Supporting Information). We observed a cyclical decrease in 
body weight in mice receiving DOX treatment with or without 
anti-PD-L1, and significantly increased levels of liver and kidney 
function enzymes including aspartate aminotransferase, ala-
nine aminotransferase, urea nitrogen, and creatinine (Figure S7,  
Supporting Information). Importantly, the cardiovascular tox-
icity of DOX was indicated by an elevated level of phospho-
creatine kinase (Figure  4h), myocardial tissue swelling, and 
inflammatory cell infiltration (Figure S8, Supporting Informa-
tion), consistent with our previous study.[17] Interestingly, the 
combined chemo-immunotherapy group exhibited greater car-
diovascular toxicity than the chemotherapy-only group (without 
anti-PD-L1), suggesting that DOX contributes to adverse 
immune-related effects when combined with anti-PD-L1.  
Encouragingly, negligible pathological changes were found in 
terms of body weight, serum biochemical parameters, and his-
topathology of the liver, spleen, kidney, heart, and lung in the 

Figure 4. Radiation-responsive chemo-immunotherapy in vivo. a) Treatment schedule in a 4T1 orthotopic mammary tumor model. Mice were randomly 
divided into six groups: 1) saline only, 2) anti-PD-L1, 3) 1 Gy + DOX, 4) 1 Gy + DOX + anti-PD-L1, 5) 1 Gy + CM@MON@DOX, and 6) 1 Gy + CM@
MON@DOX + anti-PD-L1. b) Tumor volume. c) Survival time, n = 6 mice per group; *p < 0.05, Kaplan–Meier survival analysis. d) Number of pulmonary 
metastatic nodules. e) Images of lung tissues with metastatic nodules from 4T1-tumor-bearing mice in each group over 21 d. f,g) At day 6 of chemoim-
munotherapy, serum and primary tumor tissue were collected for analysis of ratio of CD8+/CD4+ T cells (f) and CTL content (g). h) Phosphocreatine 
kinase (CK) level in serum over 21 d. Data are mean ± SD (n = 6). In (b) and (d–g): *p < 0.05 compared with 1 Gy + CM@MON@DOX + anti-PD-L1 
group. In (h): *p < 0.05 compared with control group.
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CM@MON@DOX-mediated chemotherapy and chemo-immu-
notherapy groups, indicating limited adverse immune-related 
effects.

In summary, we developed a new strategy for chemo- 
immunotherapy in which source cancer CM-coated, diselenide-
bond-bridged MONs serve as a biomimetic, X-ray/ROS- responsive 
drug carrier. Biodegradable diselenide-bond-bridged MONs 
were designed for DOX loading and delivery, and demonstrated 
degradation-controlled drug release by low-dose X-ray-induced 
cleavage of the diselenide bonds. Coating the MONs with 
cancer CM-derived vesicles resulted in cancer cell targeting and 
immune system evasion. This chemo-immunotherapy boosts 
DOX-induced ICD and elicits systemic anti-tumor immunity 
which eradicates primary and metastatic tumors while mini-
mizing off-target adverse effects. These biomimetic, radiation-
responsive diselenide-bond-bridged MONs have the potential 
to achieve efficient and safe chemo-immunotherapy effects in  
the clinic. The presented work suggests a design of radiation-
responsive carrier for the controlled delivery of therapeutic 
agents, such as active pharmaceutical ingredients, nucleic 
acids, and proteins, with a possibility of on-demand release and 
low systemic toxicity.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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