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Abstract: Chalcogens are used as sensitive redox-responsive
reagents in tumor therapy. However, chalcogen bonds triggered by
external ionizing radiation, rather than by internal environmental
stimuli, enable site-directed and real-time drug degradation in target
lesions. This approach helps to bypass chemoresistance and global
systemic toxicity, presenting a significant advancement over
traditional chemoradiotherapy. In this study, we fabricated a hybrid
monodisperse organosilica nanoprodrug based on homonuclear
single bonds (disulfide bonds (S-S, approximately 240 kJ/mol),
diselenium bonds (Se-Se, approximately 172 kJ/mol), and tellurium
bonds (Te-Te, 126 kJ/mol)), including ditelluride-bond-bridged MONs
(DTeMSNs), diselenide-bond-bridged MONs (DSeMSNs) and
disulfide-bond-bridged MONs (DSMSNSs). The results demonstrated
that differences in electronegativities and atomic radii influenced their
oxidation sensitivities and reactivities. Tellurium, with the lowest
electronegativity, showed the highest sensitivity, followed by selenium
and sulfur. DTeMSNs exhibited highly responsive cleavage upon
exposure to X-rays, resulting in oxidation to TeOs*. Furthermore,
chalcogen-hybridized organosilica was loaded with manganese ions
(Mn?*) to enhance the release of Mn?* during radiotherapy, thereby
activating the the stimulator of interferon genes (STING) pathway and
enhancing the tumor immune response to inhibit tumor growth. This
investigation of hybrid organosilica deepens our understanding of
chalcogens response characteristics to radiotherapy and enriches the
design principles for nanomedicine based on prodrugs.

Introduction

Clinically approved prodrugs are typically activated through
chemical stimulation of the tumor microenvironment (TEM).H
However, this endogenous chemical activation method may lead
to off-target toxicity and poor responsiveness, making traditional
chemotherapy encounter numerous obstacles, including severe
side effects and limited efficacy.”? In contrast, prodrugs that
respond to external stimuli are expected to resolve this bottleneck.
Bl The universality, high tissue penetration and tumor targeting of
radiotherapy make X-ray (or y-ray) the best external stimulus to
control nanodrug release thus to maximize local efficacy,?
overcome resistance to traditional drugs and reduce systemic
toxicity.®) However, developing prodrugs with strong specificity
and sensitivity to X-ray to overcome the shortcomings of
traditional chemoradiotherapy remains a huge challenge.®

Chalcogens (S, Se, and Te) have been explored as redox-
responsive reagents in tumor therapy due to their enhanced
radiation response capabilities.> 71 Xu et al. constructed a series
of diselenide-bond-containing nanoparticles, where diselenide-
bonds could be interrupted and oxidized to form selenite, which is
highly toxic to tumor cells upon gamma (y)-radiation.® Liang et al.
developed a diselenide-bridged mesoporous silicon material that
degrades in response to TME for drug release through low-dose
X-ray-triggered matrix disintegration, indicating its potential as a
drug carrier for combined X-ray-mediated chemotherapy,
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radiotherapy and immunotherapy. ¥ In comparison, the Te-Te
bond, with lower bond energy than Se—Se and S-S bonds (S-S:
240 kJ/mol, Se-Se: 172 kJ/mol, and Te-Te: 126 kJ/mol),t%
demonstrates greater chemical activity,*!! and exhibits an even
stronger redox reaction sensitivity than the Se-Se bond.*?
Despite advancements in biomedicine, research on tellurium
remains limited, particularly concerning Te—Te ditellurium bonds.
Only a few polymers containing ditellurium functional groups have
been reported for tumor treatment.*3! Despite these advances,
research on chalcogen-chalcogen-based X-ray-responsive drug
platforms is still emerging. Revealing the sensitivity differences
and reaction rules of chalcogen-chalcogen bonds response to X-
ray radiations is helpful to guide drug design principles, which is
essential for developing new chalcogen-based drugs for clinical

applications.
In this study, S-S, Se-Se, and Te-Te bonds were
incorporated into hybrid mesoporous silica (MON) to construct
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ditelluride-bond-bridged MONs (DTeMSNSs), diselenide-bond-
bridged MONs (DSeMSNSs), and disulfide-bond-bridged MONs
(DSMSNSs). The sensitivity of these bonds to radiotherapy was
investigated. Based on the differences in their electronegativities
and atomic radii, the results showed varying oxidation sensitivities
and reactivities (DTeMSNs > DSeMSNs > DSMSNs). The
morphology of DSMSNs showed minimal changes, whereas the
bridged DSeMSNs exhibited partial cleavage. The organic silica-
containing ditelluride bonds (DTeMSNs) demonstrated highly
responsive cleavage to X-rays, resulting in oxidation to TeOz% and
exerting its chemotherapy effect (Scheme 1). Additionally,
telluride hybrid organosilica was loaded with Mn?*, which was
released at specific locations during radiotherapy, activating the
stimulator of interferon genes (STING) pathway within the tumor
and enhancing the immune response of the body.

142 kJ/mol

Te Te
190 kJ/mol

Se Se

240 kJ/mol
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Mn2* delivery for immunotherapy
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Scheme 1. Diagram of X-ray ultra-responsive homonuclear chalcogen-based nanoplatform for tumor radio-chemotherapy.

Results and Discussion

Ditelluride-bond-containing, diselenium-bond-containing, and
disulfide-bond-containing  organosilica  precursors  were
synthesized and characterized using !H, ¥C, and mass
spectrometry (MS) (Figure S1-S4). Organic-inorganic hybrid
MON, including ditelluride-bond-bridged DTeMSNSs, diselenide-

bond-bridged DSeMSNs, and disulfide-bond-bridged DSMSNSs,
were prepared by a modified sol-gel approach, incorporating
ditellurium, diselenium, and disulfide bonds into the structural
framework of MONs (Figure 1A). Transmission electron
microscopy (TEM) images revealed monodisperse, spherical
DSMSNs, DSeMSNs, and DTeMSNs particles with a diameter of
approximately 50 nm, along with mesopores. TEM-energy
dispersive spectrometry (EDS) analysis clearly demonstrated the
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distribution of chalcogenide elements Te, Se, and S (Figure 1B,
Figure S5).

The X-ray Photoelectron Spectroscopy (XPS) characteristic
peaks of the Te 3d orbital in DTeMSNs, the Se 3d orbital in
DSeMSNs and the S 2p orbital in DSMSNs further confirmed the
existence of ditellurium, diselenide and disulfide bonds, but shift
slightly to high fields due to the existence of Te-C, Se-C and S-C
bonds in organosilica (Figure 1C-E). Then, the Raman spectra of
DSMSNs, DSeMSNs, and DTeMSNSs confirmed the existence of
S-S, Se-Se, and Te-Te bonds (Figure S6). X-ray diffraction (XRD)
analysis indicated that the prepared nanosystem was amorphous
(Figure 1F). The N adsorption-desorption isotherms of the three
types of MONs and mesoporous silica microsphere (MSNSs)
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demonstrated similar type-IV isotherms (Figure 1G,1H and S7).
The Brunauer-Emmett-Teller (BET) surface area of DTeMSNs
was 296.1798 m? g%, with a total pore volume of 0.99 cm® g™
DTeMSNs, DSeMSNs, and DSMSNs have a small pore size with
an average distribution centered at 3.8 nm, 3.3 nm and 3.8 nm,
respectively, which facilitates drug delivery. Te, Se, and S
contents of MON were determined by inductively coupled plasma
MS (ICP-MS) to be 9.8%, 8.9%, and 10.6%, respectively. The
zeta potentials of DTeMSNs, DSeMSNs, and DSMSNs were
similar (Figure S8), suggesting that the S-S, Se-Se, and Te-Te
bonds had a minimal effect on the surface properties of the
nanoparticles.
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Figure 1. Synthesis and characterization of Organic-inorganic hybrid MONs. (A) Synthetic schematic of DTeMSNs, DSeMSNs, and DSMSNs. (B) High-resolution

TEM images and EDS analysis of DTeMSNs. (C-E) XPS spectra of Te 3d, Se 3d, S 2p in DTeMSNs, DSeMSNs and DSMSNSs. (F) XRD patterns of DSMSNs,
DSeMSNs, and DTeMSNSs. (G, H) N2 adsorption-desorption isotherm curves of DTeMSNs and DSeMSNs.
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The responsiveness of nanoparticles to simulated X-ray
irradiation was also investigated (Figure 2A). TEM images
revealed that the DTeMSNs underwent rapid disintegration, both
on the surface and internally, upon exposure to X-ray radiation
(Figure 2B, S9). The DSeMSNs also exhibited partial cleavage,
while minimal visible changes were observed in the morphology
of the DSMSNs after irradiation. To further confirm the X-ray
sensitivity of the three nanosystems, we loaded MnCl; in the three
nanosystems and quantitatively analyzed the release of Mn?* to
reflect the cracking rate of the nanosystems. Quantitative analysis
of the Mn?* release showed that Mn-DTeMSNs had the fastest
degradation rate under X-ray irradiation, followed by Mn-
DSeMSNs (Figure 2C). These results show that DTeMSNs
exhibits the highest sensitivity to X-rays, followed by DSeMSNs
and DSMSNs.

Interestingly, X-ray radiation accelerated the decomposition
of DTeMSNs and DSeMSNs under oxidative (H,O>) or reduced
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(GSH) conditions. As observed in Figure 2D and 2E, DTeMSNs
exhibited a tendency to cleave after incubation with H,O, or GSH
for 2 h. Cleavage of DSeMSNs and DSMSNs was not observed
under these conditions. However, when the three nanoparticles
were incubated with H,O, or GSH for 2 h and then treated with X-
ray, DTeMSNs were completely cleaved, and DSeMSNs and
DSMSNs exhibited clear signs of cleavage. This phenomenon
can be attributed to the weakening of bond energy in Te-Te, Se-
Se, and S-S bonds after incubation with H,O, or GSH, which was
further accelerated under X-ray irradiations. The degradation
products of DTeMSNs were analyzed using XPS (Figure 2F). The
increase in Te 3ds, and 3ds, binding energies from 575 to 587 eV
confirmed the formation of telluric acid TeOs?, indicating cleavage
of the ditelluride bond. These findings indicate that the Te-Te
bond is the most susceptible to X-ray radiation (Te-Te > Se-Se >
S-S, Figure 2G) due to the significant atomic radius of Te and the
relatively low bond energy.
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Figure 2. Evaluation of X-ray responsiveness of DTeMSNs, DSeMSNs and DSMSNSs. (A) Schematic of the degradation behavior of DTeMSNs, DSeMSNs, and
DSMSNs upon X-ray irradiations or simulate redox internal environment. (B) TEM images of DTeMSNs, DSeMSNs, and DSMSNs exposed to X-ray (4 Gy)

irradiations. (C) Accumulated release profiles of Mn?* from Mn-DTeMSNs, Mn-DSeMSNs, Mn-DSMSNs upon X-ray (4 Gy) irradiations at different time points. (D)
and (E) TEM images of DTeMSNs, DSeMSNs, and DSMSNs exposed to X-ray (4 Gy) irradiations after treated with H202 (200 uM) or GSH (2 mM) for 2 h. (F) XPS
spectra of Te 3d in DTeMSNs after X-ray treatment. (G) Schematic of the radiosensitvity for DTeMSNs, DSeMSNs, and DSMSNs.
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Logically, we investigated the cellular events caused by the
biochemical cascade caused by the X-ray ultrasensitive
properties of DTeMSNs. DTeMSNs are considered effective
radiosensitizers for cancer treatment. The cytotoxicities of
DTeMSNs, DSeMSNs, and DSMSNs on tumor cells were
evaluated using MSN as contrast agents by MTT assay.*4
DTeMSNs, DSeMSNs, and DSMSNs showed minimal toxicity to
normal breast Hs 578Bst cells (Figure 3A). DTeMSNs exhibited
cytotoxicity toward 4T1 cells upon exposure to X-ray irradiation at
doses of 2, 4, and 8 Gy, compared to the control group (Figure
3B). Cell viability decreased significantly in the lower doses of
administration groups, but this effect was not dependent on the
irradiation dose. On the contrary, DSeMSNs and DSMSNSs did not
demonstrate significant tumor cytotoxicity, regardless of X-ray
exposure. The increased toxicity of degraded DTeMSNSs to tumor
cell is presumably due to the instantaneous oxidation of the Te-
Te bonds broken by X-ray irradiations in the presence of excess
ROS generated by the rapid proliferation of tumor cells compared
with normal cells,*® resulting in a persistent accumulation of
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highly toxic TeO3? accompanied by the collapse of the DTeMSNs
backbone (Figure 3C). Subsequently, X-ray-induced DTeMSNs-
mediated radiobiological effects were also evaluated. Under
radiotherapy, the levels of ROS increased in tumor cells treated
with DTeMSNs, DSeMSNs, and DSMSNs, with DTeMSNs
showing the highest increase (Figure 3D). Additionally, the
combination treatment induced apoptosis in tumor cells (Figure
3E). Furthermore, the combination of DTeMSNs and X-rays
effectively suppressed 4T1 cell colony formation (Figure 3F).
Similarly, DTeMSNs were cytotoxic to colon cancer cells (CT26
cells) under X-ray-triggered treatment,exhibiting broad-spectrum
anti-tumor activity when triggered by X-ray exposure. DTeMSNs
entered CT26 cells and increased intracellular the level of ROS,
further inhibiting the growth of tumor cells thus to inducing
apoptosis, presenting an improved radiotherapy effect (Figure
S10-14). The reason for lower toxicity of DSeMSNs compared to
DTeMSNs is attributed to the formation of selenite (SeOs?), which
is less toxic than TeOz?.18l
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Figure 3. In vitro antitumor activity of DTeMSNs, DSeMSNs and DSMSNs combined with X-ray treatments. (A) Cell viability of different NPs-radiation treatment on

the normal human breast cells Hs 578Bst in 72 h. The dose of X-ray was 4 Gy. (B) Cell viability of different NPs-radiation treatments on 4T1 cells in 72 h. (C)

Schematic of change in DTeMSNs, DSeMSNs and DSMSNs under X-ray irradiation. (D) ROS accumulation in cells analyzed by flow cytometry. (E) Apoptosis assay
of DTeMSNs, DSeMSNs and DSMSNs (100 pg/mL) determined by using Annexin V-FITC/PI staining kit. (F) Clone formation of 4T1 cells treated with DTeMSNs,
DSeMSNs and DSMSNSs (25 pg/mL) and X-ray. All data are shown as the mean + S.D. (n = 3)
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Benefiting from the ultraresponsiveness of DTeMSNs to X-
ray irradiations and serving as excellent antitumor prodrugs,
further exploration of its use as a drug carrier to achieve controlled
drug release will contribute to more precise and efficient tumor
treatment. Mn2* are natural immune activators in cells and can
initiate the STING pathway to exert antitumor immune effects. 7]
Therefore, we loaded Mn%* onto DTeMSNs, DSeMSNs and
DSMSNSs (referred to as Mn-DTeMSNs, Mn-DSeMSNs and Mn-
DSMSNSs, respectively) and evaluated their potential as drug
carriers (Figure 4A, Figure S15). The loading rates of Mn?* in
DTeMSNs, DSeMSNs and DSMSNs, which was 25%, 23% and
20 %, respectively. We first investigated the mechanisms of Mn?*
loading onto DTeMSNs. To verify the existence of a bonding
interaction between Mn?* and DTeMSNs, we employed XPS to
analyze the spectra of the 3s and 2p orbitals before and after the
loading of Mn?*. A binding energy difference of 6.08 eV between
the characteristic peaks of the Mn 3s orbitals in MnCl., signifies
that Mn is in the +2 valences state (Figure S16). After loading
Mn?* into DTeMSNSs, the binding energy gap is 6.05 eV, indicating
that Mn retains a valence of +2 (Figure 4B), but the binding
energy shifts to the downfield, attributing to the transfer of
electrons from Te to Mn. In addition, the tendency of the Te 3d
orbital binding energy in DTeMSNs at 584.21 eV and 573.89 eV
to shift towards the highfield relative to Mn-DTeMSNs at 584.50
eV and 574.07eV (Figure 4C), further proving the existence of
Mn-Te covalent bonds. In addition, due to the negative charge of
DTeMSNs, DSeMSNs, and DSMSNs and the natural adsorption
characteristics of mesoporous materials, there will also be non-
specific adsorption between Mn?* and DTeMSNs, DSeMSNSs, and
DSMSNSs.

Undoubtedly, the toxicity profile of the prepared nano-
immune activator greatly determines their clinical fate. We then
evaluated the effective safety window of Mn-DTeMSNs on bone-
marrow-derived dendritic cells (BMDCs). The Mn-DTeMSNs
entered BMDCs (Figure 4D) and maintained a relatively intact
morphology even within 12 h, showing minimal cytotoxicity
(Figure S17). However, this is opposite effect on tumor cells
(Figure S18), which attribute to the high oxidative environment
inside the tumor cells caused by rapid tumor growth.8l As is
known to all, Mn?* activates the STING pathway and induces
dendritic cell (DC) maturation,!¥ which can directly present
antigens to naive T cells and activate the secondary immune
response.?? We then verified the in vitro ability of the three
organic bond-bridged MONSs to activate DC cells in combined with
X-rays within a safe dose range. As shown in Figure 4E and S19,
DSeMSNs and DTeMSNs have almost no activation effect on
BMDCs, even weaker than DSMSNs, possibly due to the strong
reactivity of diselenide-bonds and ditellurium-bonds that disrupt
the redox balance of BMDCs. However, when loaded with Mn?*,
the activation effect of Mn-DTeMSNs on DCs doubled, and the
activation effect on DCs was further improved in combined with
X-ray irradiation, proving the excellent immunotherapeutic
potential of the system. We speculate that Mn-DTeMSNs can
activate MDSCs more effectively owing to the rapid cleavage and
release of Mn?* during radiotherapy, thereby activating the STING
pathway, leading to the production of type | interferon (IFN-B),[24
and further promoting the maturation of MDSCs. 22

Next, the transcriptional expression of the six marker gene
members in the STING pathway was detected by gPCR assays.
As shown in Figure 4F, compared with Mn-DTeMSNs, Mn-
DTeMSNs combined with X-ray irradiations induced a significant
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up-regulation of cGAS and STING gene expression in MDSCs.
However, the expression of cGAS in the BMDC treated with Mn-
DSeMSNs + X-ray was relatively high, possibly due to the
immune activity of Se. Additionally, the expression of IFN-3,2!
interferon regulatory factor 3 (IRF3),24 and Toll-like receptor
adapter molecule (TBK1) genes® was also increased. In addition,
the protein expression levels of cGAS and TBK1 in BMDCs were
consistent with the qPCR results (Figure 4G, Figure S20).
Moreover, the IFN-B cytokines in the culture medium of BMDCs
were significantly increased by Mn-DTeMSNs combined with
radiotherapy (Figure 4H). These data suggest that Mn-DTeMSNs
and Mn-DSeMSNs, when combined with X-rays, activate the
STING pathway by releasing Mn?* in response to radiotherapy,
resulting in significant anticancer immune activation.

In order to evaluate the feasibility of DTeMSNs as an X-ray
ultraresponsive nanodelivery, DTeMSNs was used to load Mn?*
to explore its anti-tumor effect using 4T1 tumor-bearing mice
(Figure 5A). As shown in Figure 5B, DTeMSNs, Mn-DTeMSNSs,
and Mn-DSeMSNs alone did not effectively inhibit tumor growth.
However, when combined with radiotherapy, Mn-DTeMSNs+X-
ray exhibits a significant inhibition of tumor growth. Based on the
results of primary tumor volume following treatment with different
samples, we developed a standardized multiple linear regression
(MLR) model,?® represented by the equation Y=0.778 - 1.160X1
- 0.479X2 - 0.032X3 - 0.043X4, where Y denotes tumor volume,
and X1, X2, X3 and X4 correspond to the dosages of Mn?*,
DTeMSN, X-ray, and PD-L1 respectively (Figure S21). The
regression coefficients for Mn2*, DTeMSNSs, and X-ray and PD-L1
in relation to tumor volume were all negative, indicating a negative
correlation with tumor growth. Notably, the absolute value of the
regression coefficient for X1 (1.160) is significantly higher than
that for X2 (0.479) and X3 (0.032), X4 (0.043) suggesting that
Mn?* and DTeMSN, as key components of the nanostructures,
exert the most substantial effect on suppressing tumor growth.
Given the important role of DCs in both innate and adaptive
immunity,??  we  examined  whether  X-ray-induced
chemoradiotherapy could promote the maturation of DCs in the
inguinal lymph nodes. As shown in Figure 5C and S22, the
percentage of mature DCs (CD11c*CD80*CD86*) in the Mn-
DTeMSN combined with X-ray irradiations groups (43.46%) was
significantly higher than that in the other treatment groups and the
control group (7.81%). This percentage was comparable to that in
the group treated with Mn-DTeMSNs + X-rays and anti-PD-L1
(45.52%), suggesting that this strategy promotes the maturation
of DCs, priming antitumor immune responses.”®l Tumor-
associated macrophages (TAMs) play a crucial role in tumor-
specific immune responses.?! As illustrated in Figure 5D, the
proportion of M2 type macrophages in the primary tumor
significantly decreased following Mn-DTeMSNs and anti-PD-1
treatment, suggesting a transformation of TAMs into M1 type
macrophages.B% In addition, treatment with Mn-DTeMSNs
combined with X-ray resulted in significantly elevated levels of
IFN-1B as well as CXCL10, TNF-a, IFN-y in tumors compared to
the Mn-DSMSNs + X-ray and Mn-DSeMSNs + X-ray group
(Figure 5E-G and S23). By contrast, Mn-DTeMSNs, Mn-
DSeMSNs, and Mn-DSMSNs individually administered groups
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did not obviously alter the secretion of TNF-a and IFN-y. This
implies that the STING pathway activation induced by Mn-
DTeMSNs-mediated radiochemotherapy potentiats potent
antitumor immunity. The significant effect of Mn-DTeMSNs + X-
ray on tumors can be attributed to two factors: first, the breakdown
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of Te—Te bond in the nanosystem forms toxic substances, such
as TeO3%, which exerts the effect of chemotherapy. Second, after
the Te-Te bond is broken, the Mn-DTeMSNs nanosystem
releases Mn?*, activating immunotherapy.
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Figure 4. DTeMSNs, DSeMSNs and DSMSNs delivered Mn?*activates BMDC cells. (A) Schematic of Mn?* activation of BMDC cells by DTeMSNs and DSeMSNs
(B) XPS spectra of the Mn 3s orbital in Mn-DTeMSNs. (C) XPS spectra of the Te 3d orbitals in Mn-DTeMSNSs. (D) Bio-TEM images of 4T1 cells after co-incubation
with Mn-DTeMSNs for 12 h. (E) Flow cytometry assay of matured DCs (CD11c*, CD86*, CD80") after co-incubation with different NPs for 24 h. (F) Heat map of
STING pathway-related gene expression assessed by fluorescence real-time PCR after incubation with DTeMSNs and Mn-DTeMSNs followed by radiotherapy,
and real-time PCR plots of changes in STING gene messenger RNA (mRNA) levels in BMDCs. (G) Expression of TBK1 and cGAS proteins in BMDCs. The
uncropped blot was place in the supporting Information. (H) Cytokine levels of IFN-B in the medium after BMDCs treated with different nanosystem. All data are

shown as mean £ S.D. (n = 3)
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Figure 5. Mn-DTeMSNs combined with X-ray inhibit growth of tumors. (A) Schematic of the animal experimental setup for analyzing antitumor immunity of tumors. g
c
(B) Growth curves of individual primary tumor. (C) Representative flow cytometry data showing DCs maturation in inguinal lymph nodes on day 14 for different 8

treatment groups. (D) Representative flow cytometry data of M2-like macrophages (CD45"CD11b*F4/80*CD206") in tumor tissues. Cytokine expression (E) INF-8,
(F) CXCL10, and (G) TNF-a in tumors. Data are shown as the mean + S.D. (n = 3) *P < 0.05, **P < 0.01. G1, Saline; G2, DTeMSNs; G3, Mn-DSMSNSs; G4, Mn-
DSeMSNs; G5, Mn-DTeMSNs; G6, X-ray; G7, Mn-DSMSNs + X-ray; G8, Mn-DSeMSNs + X-ray; G9, Mn-DTeMSNs + X-ray; G10, Mn-DTeMSNs+ X-ray + PD-L1.

Tumor-specific immunity can be activated to inhibit the  distant tumors. Given the high metastasis rate in breast cancer, 2
occurrence and development of metastatic tumors.[®Y Based on  we established an orthotopic 4T1 tumor model with distal
the activation of tumor immunity by Mn-DTeMSNs combined with ~ subcutaneous tumor xenografts (Figure 6A). Growing evidence
X-ray, we speculate that this approach can inhibit the growth of  supports anti-tumor levels Immunity is determined by a balance
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of tumor-specific effectors T cells and Tregs. Therefore, we
detected changes in T lymphocytes in the distant tumors across
different treatment groups after 14 days of treatment (Figure 6B).
The proportion of CD3*CD4* Treg cells remained relatively stable,
while the proportion of CD3*CD8* CTLs significantly increased,
especially in the Mn-DTeMSNs + X-ray and Mn-DTeMSNs + X-
ray plus anti-PD-L1 groups. This suggests that the combination of
radiotherapy and chemotherapy with immune checkpoint
blockade (ICB) enhances the infiltration of CTLs into tumor
tissues and revives the antitumor immune response. Additionally,
the introduction of Mn?* significantly reduced the proportion of
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MDSCs in distant tumors. Encouragingly, the synergistic effect of
Mn-DTeMSNs and X-ray caused the proportion of MDSCs to
decrease from 49.95% to 35.83%. In addition, when further
combined with anti-PD-L1 antibodies, the proportion dropped to
22.54% (Figure 6C and S24). Similar trends were observed for
M2 type TAM cells, indicating that Mn?* plays a significant role in
the transition from M2 to M1 in distant tumors (Figure 6D, S25).
This was further supported by decreased IL-10 and increased IL-
12 and IL-6 levels in distant tumor homogenates (Figure S26).
These results highlight the advantages of using DTeMSNs as
carriers for the complete release of Mn?* under X-ray irradiation.
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Figure 6. Mn-DTeMSNs combined with X-ray inhibits the growth of distant tumors. (A) Schematic of the animal experimental setup for analyzing antitumor immunity
in distal tumors. (B) Representative flow cytometry data showing the presence of CTLs (CD45*CD3*CD8*) and Treg cells (CD45*CD3*CD4") in tumor tissues. (C)

Representative flow cytometry data of MDSCs (CD45'CD11b*Gr-1%) in tumor tissues. (D) Representative flow cytometry data of M2-like macrophages
(CD45*CD11b*F4/80*CD206") in tumor tissues. Cytokine expression (E) INF-B, (F) CXCL10, and (G) INF-y in distant tumors. Data are shown as mean + S.D. (n =
3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (H) Growth curves of individual distant tumors. (I) Survival curve of different treatment groups. Groups: G1,
Saline; G2, DTeMSNs; G3, Mn-DSMSNs; G4, Mn-DSeMSNs; G5, Mn-DTeMSNs; G6, X-ray; G7, Mn-DSMSNs + X-ray; G8, Mn-DSeMSNs + X-ray; G9, Mn-

DTeMSNs + X-ray; G10, Mn-DTeMSNs + X-ray + PD-L1.

Similarly, Mn-DTeMSNs combined with X-rays promoted the
secretion of cytokines CXCL10,%% INF-BB4 and IFN-y© in distant
tumors (Figure 6E-G), suggesting activation of the STING
pathway in distant tumor. The growth curves of distal tumors in
different groups of mice showed that Mn-DTeMSNs combined

with X-ray had the most effective antitumor response on distant
tumors (Figure 6H), and the combination with anti-PD-L1 not only
further improved the antitumor immune response (with distal
tumors completely suppressed in 1 out of 6 mice), but also
prolonged the survival of the mice (Figure 6l). Similarly, MLR
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model was also employed to analysis the contribution of Mn?*,
DTeMSN and X-ray, PD-L1 to inhibit the distant tumors,
represented by the equation Y= 0.6 - 2.891X1 - 0.149X2 -
0.019X3 - 0.465X4. As illustrated in Figure S27, the regression
coefficients for Mn?* (X1), and DTeMSN (X2), X-ray(X3) and PD-
L1(X4), in relation to tumor volume were all negative, indicating a
negative correlation with tumor growth. Interestingly, the absolute
value of the regression coefficient for Mn?* (2.891) and PD-L1
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(0.465) were significantly higher than that for primary tumor (Mn
ions: 1.160; PD-L1: 0.043, Figure S21), suggesting that distant
tumors mainly rely on Mn ions and PD-L1 enhanced tumor
immunotherapy to inhibit tumor growth. This can be attributed to
the conversion of Mn-DTeMSNs into highly cytotoxic telluric acid
post-radiotherapy, which results in the release of Mn?* and
activation of the body's immune response.
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Figure 7. Mn-DTeMSN combined with X-ray activates the STING pathway. (A) Schematic of the CT26 animal experimental setup. (B) Changes in tumor volume in
different groups. Data are shown as mean + S.D. (n = 9) (C) Survival rate of each group. (D) Flow analysis of CD3*CD8" T cells in the tumor. (E) Heat map and (F)
Relative expression fold of STING pathway-related gene expression in tumor-bearing mice assessed by real-time fluorescence PCR after treatment for 30 d. (G)
Western blot analysis of STING pathway-related protein expression at tumor sites. The uncropped blot was place in the supporting Information. (H) ELISA detection
of IFN-B levels in serum of each group. (I) ELISA assay of IFN-y cytokine levels in serum. Data are shown as mean = S.D. (n = 3). *P < 0.05, **P < 0.01, ****P <
0.0001.
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To further evaluate the versatility of the dichalcogen -based
X-ray ultraresponsive drug platform and its expansion to different
tumor models and chemoradiotherapy combinations, we
established a subcutaneous CT26 tumor model to evaluate the
antitumor activity of Mn-DTeMSNs (Figure 7A). Tumor growth
curves in Figure 7B show that the Mn-DTeMSNs + X-ray group
exhibited the most significant antitumor effect. From the mouse
body weight results, it was found that these drugs showed lower
toxicity in mice (Figure S28). The survival rate of the Mn-
DTeMSNs + X-ray group was prolonged (Figure 7C),
demonstrating both therapeutic effect and good biological safety.

We analyzed the state of T cell infiltration in the tumor areas
of the mice. As shown in Figure 7D and S29, Mn-DTeMSNs alone
treatments promoted the proportion of CD8* T cells as well as
infiltrated CD4*T cells, which was more obvious in combination of
Mn-DTeMSNSs and X-ray irradiations (Figure S30). Moreover, the
number of immunosuppressive MDSC and M2 type TAM in the
tumorsi®®! treated with Mn-DTeMSNs combined with X-rays
decreased significantly (Figure S31, Figure S32). Naturally, the
introduction of Mn?* into DTeMSNs subject to X-ray exposure
induced an increase in the gene expression of cGAS and STING
in tumors, as well as the gene expression of IFNB1, IRF3, TBK1
and CXCL10 (Figures 7E and 7F). Similarly, we detected the
expression of the upstream and downstream proteins of the
STING pathway (cGAS, TBK1, and p-IRF3) (Figure 7G). The
results showed that protein expression in the X-ray, DTeMSNs +
X-ray, and Mn-DTeMSNs + X-ray groups are increased, and the
expression of related proteins in the Mn-DTeMSNs + X-ray group
was the most upregulated. Meanwhile, the serum was obtained
and marker cytokine IFN 3 and IFN-y were also detected. As
displayed in Figure 7H and 71, high content of IFN-B and IFN-y
were measured in DTeMSNs combined with X-ray irradiations
groups relative to other treatment groups, but DTeMSNSs carrying
Mn?* triggered the highest levels of IFN-B and IFN-y secretion.
Therefore, based on the expression of STING pathway related
genes and proteins and the secretion of type | interferon IFN-B, it
can be concluded that Mn-DTeMSNs combined with radiotherapy
successfully awakened powerful innate immunity and reshaped
the immunosuppressive microenvironment to facilitate tumor
treatment.

Conclusion

In this study, homonuclear chalcogen frameworks of
ditellurium-, diselenium-, and disulfide-embedded silica were
constructed to explore the X-ray responsiveness of Te-Te, Se-Se,
and S-S (DTeMSNs, DSeMSNs, and DSMSNSs). The findings are
summarized as follows: i) X-ray responsiveness of homonuclear
chalcogens: The bond energies of disulfide bonds (240 kJ/mol),
diselenide bonds (172 kJ/mol), and ditellurium bonds (126 kJ/mol)
decrease, resulting in varying degrees of X-ray responsiveness
among the chalcogen hybrid silicones (DTeMSNs > SeMSNs >
DSMSNSs). The introduction of ditellurium bonds can effectively
improve the ultraresponsive cleavage of nanoplatforms using X-
rays. ii) Chemical bond responsiveness promotes tumor radio-
chemotherapy: The interrupted ditellurium bond in DTeMSNs
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under X-ray irradiation is converted to toxic TeOs?, which
contributes to the chemotherapeutic effect and enhances
radiation therapy. iii) Excellent carrier for loading Mn?* to activate
the STING pathway: The cleavage of the double tellurium bond
leads to the release of Mn?*, which effectively activates the STING
pathway in tumors, induces the production of type | interferons,
and triggers innate immunity. This design provides a new
paradigm for prodrug design in response to external
environmental stimuli.
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The site-directed generation of chalcogens (S, Se, Te) in response to external ionizing radiation to enable drug decaging in target
lesions remains a huge challenge. Hybrid monodisperse organosilicon nanoprodrugs containing homonuclear chalcogen—chalcogen
single bonds have now been developed as a versatile X-ray-ultraresponsive nanoplatform for tumor radiochemotherapy.
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