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The cGAS-STING pathway represents an important target for amplifying immune responses in
immunotherapy. This pathway is activatable by either endogenous or exogenous dsDNA. However, the
effectiveness of these dsDNA sources is constrained by inadequate reactive oxygen species or limited
sequence length. A unilateral source of endogenous or exogenous dsDNA may result in inadequate
accumulation of the DNA pool, thereby restricting immune responses. Herein, a near-infrared light
(NIR)-responsive nanoplatform has been developed by integration of bacterial outer membrane vesicles
(OMVs) and high-entropy alloys (HEAs) into a hydrogen-bonded organic framework (HOF) to enhance
intracellular DNA pools for activating the tumoral STING pathway and immunotherapy. The
encapsulation of OMVs by HOFs dampens nonspecific activation of STING and systemic inflammation
induced by lipopolysaccharides. Moreover, HEAs possess the capability to decompose HOFs, facilitating
the intratumoral release of OMVs upon NIR exposure. The exogenous bacterial dsDNA present in OMVs,

Received 11th October 2025 coupled with the endogenous dsDNA released by HEAs via peroxidase (POD)-like activity, collectively
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augments the DNA pool within tumors, fostering the activation of the STING signaling pathway. This

DOI: 10.1039/d55c07867a work offers a paradigm for the design of a nanoplatform to stimulate the STING signaling pathway by
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1 Introduction

Immunotherapy has shown significant potential in cancer
treatment." Recently, the ¢cGAS-STING signaling pathway has
emerged as a crucial target for enhancing immune responses in
cancer immunotherapy.”” In this pathway, double-stranded
DNA (dsDNA) recognized by cGAS-STING can trigger the
production of type-I interferons (IFN-I), which finally facilitates
the maturation of dendritic cells (DCs) and primes cytotoxic T
lymphocytes for immune responses.>*** The STING pathway
can be activated by endogenous or exogenous dsDNA."*?' On
the one hand, endogenous dsDNA is generated from damaged
cell nuclei and mitochondria.***® However, the production of
endogenous dsDNA is limited by insufficient H,O, and the
tissue penetration of light. On the other hand, exogenously
designed dsDNA has been introduced to activate the STING
pathway."”* Although promising, the effectiveness of exoge-
nous dsDNA is constrained by factors such as sequence length
and tumor selectivity."”'®* Consequently, a unilateral source of
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enhancing the DNA pool for immunotherapy.

endogenous or exogenous dsDNA may result in inadequate
accumulation of the DNA pool and limit immune responses
within tumors. It is essential to develop a nanoplatform that
enhances STING activation by increasing the DNA pool within
tumors, thereby facilitating safe and effective immunotherapy.

Innate immune cells can sense pathogens and initiate innate
immune responses against infection.”” IFN-I can be induced in
response to bacterial infections.* Inspired by the innate immune
system, bacterial materials are chosen to enhance the production
of IFN-I. Compared with live bacteria, outer membrane vesicles
(OMVs), secreted by Gram-negative bacteria during their growth,
show higher biosafety due to their inability to self-proliferate or
replicate.*** OMVs contain a variety of bacterial components,
especially DNA, lipopolysaccharides (LPSs), and peptidoglycan,
which have a potent capacity to activate the STING pathway and
the innate immune system.”® Given these advantages, we propose
to use OMVs to activate the STING pathway and innate immune
system. To mitigate the side effects associated with the nonspecific
activation of STING, it is necessary to regulate the release of OMVs
through external stimuli at the tumor. Near-infrared (NIR) light
offers spatiotemporal selectivity and exhibits low systemic
toxicity.”””® Therefore, utilizing NIR to control the release of OMVs
shows great promise. Among various photothermal materials,
high-entropy alloys (HEAs) with high configurational entropy
comprise at least five metallic elements and exhibit outstanding
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performance in catalysis and photothermal conversion.*>*

Moreover, HEAs can induce abundant hydroxyl radicals through
peroxidase-like activity to release endogenous DNA. Thus, inte-
grating OMVs and HEAs shows promise for enhancing the intra-
cellular DNA pool, which can activate the tumoral STING pathway
and stimulate the innate immune system.

Herein, a NIR-activated nanoplatform that integrates OMVs
and HEAs in hydrogen-bonded organic frameworks (HOFs) has
been developed to enhance the intracellular DNA pool for
activating the STING pathway and improving immunotherapy.
The encapsulation of OMVs by HOFs avoids nonspecific acti-
vation of STING and mitigates LPS-induced systemic inflam-
mation. At the tumor site, HEAs, capable of converting light into
heat, decompose HOFs under NIR irradiation, thereby releasing
the OMVs. On the one hand, exogenous DNA in the OMVs can
activate the STING pathway (Scheme 1). On the other hand,
HEAs exhibit superior peroxidase-like (POD-like) activity,
generating abundant toxic hydroxyl radicals that damage the
nuclei and mitochondria of cancer cells. Endogenous DNA can
be produced by damaged cell nuclei and mitochondria. The
release of exogenous and endogenous DNA synergistically
increases the DNA pool within tumors, amplifying the activa-
tion of the STING pathway. Meanwhile, HEAs induce immu-
nogenic cell death (ICD) of cancer cells to activate innate and
adaptive immunity. Our results indicate that the integration of
exogenous and endogenous DNA significantly increases IFN-I
secretion and promotes the maturation of dendritic cells
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(a) The preparation of OMVs@HEAs@HOF (OHH). (b) The OHH-mediated immunotherapy via in situ activation of the STING pathway.

(DCs), as well as primes cytotoxic T lymphocytes in tumors. To
our knowledge, this is the first report of enhancing the DNA
pool for amplifying STING activation by utilizing both exoge-
nous and endogenous DNA. This research will expand the
application of OMVs and HEAs and offer new perspectives for
designing nanoplatforms for STING activation.

2 Results and discussion
2.1 Synthesis and characterization of OMVs@HEAs@HOF

OMVs were extracted from Escherichia coli.**** Their
morphology and size were characterized using transmission
electron microscopy (TEM) and dynamic light scattering (DLS),
respectively. All OMVs exhibited a bilayer structure and
a uniform circular morphology with a diameter of 65 nm
(Fig. 1a). DLS data indicated that the OMVs have an average
hydrodynamic diameter of 75 nm (Fig. 1h). Additionally, the
zeta potential of the OMVs was measured to be —8.5 mV
(Fig. 1i). We measured the dsDNA content in purified OMVs
using a PicoGreen dsDNA Quantitative Reagent. The concen-
tration of dsDNA in 10° OMVs was 212.62 ng mL~" (Fig. S1).
Next, we used the wet-chemical approach for the synthesis of
HEA NPs.*?* Powder X-ray diffraction (PXRD) analysis (Fig. S2)
confirmed the successful preparation of HEAs. As illustrated in
Fig. 1b, the average diameter of the HEA NPs is approximately
10 nm. The high-resolution STEM-EDS mapping demonstrated
the uniform dispersion of Fe, Co, Ni, Sn, and Pd (Fig. S3).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 TEM images of different materials (a—d). (@) OMVs, scale bar: 50 nm; (b) HEASs, scale bar: 20 nm; (c) HOFs, scale bar: 200 nm; (d) OHH NPs,
scale bar: 200 nm. (e) CLSM images of RhB-OMVs and FITC-HEAs, scale bar: 500 nm. (f) SEM images of OHH NPs, scale bar: 200 nm. (g) PXRD
patterns of HOFs and OHH. (h) DLS analysis. (i) The concentration of free LPSs in OMVs and OHH.

Inductively coupled plasma mass spectrometry (ICP-MS) results
indicated the presence of Fe, Co, Ni, Pd, and Sn in the HEA NPs,
with a molar ratio of 9.7:11.1:18.9:33.5:26.7, further vali-
dating the successful synthesis of HEA NPs.

Subsequently, the HOFs were synthesized using 1,4-benz-
enedicarboximidamide (2-2Cl) and tetrakis(4-carboxylic acid
phenyl) methane (TBA,-4) in phosphate-buffered saline (PBS) at
a concentration of 10 mM and a pH of 7.4.*® The formation of
the HOFs was facilitated by hydrogen bonding interactions
between the amino group of 2-2Cl and the carboxylic acid
groups of TBA,-4. SEM and TEM revealed that the HOFs
exhibited lengths ranging from 10 to 40 pm (Fig. S4 and 1c).
PXRD results indicated that the HOFs possessed a well-defined
crystal structure (Fig. 1g). Subsequently, OMVs or HEAs were
mixed with 2-2Cl prior to the addition of TBA, 4 to construct
OMVs@HOFs or HEAs@HOFs, denoted as OH or HH, respec-
tively. In addition, we adjusted the ratio of HEA and HOF
ligands to obtain different proportions of HH (Fig. S5). By
analyzing the content of unloaded NPs after encapsulation
using ICP-AES, the highest proportion of HEAs encapsulated in
HOFs was 30%. To confirm that HEAs were incorporated into
the structure of HOFs, we labeled the HEAs with FITC-PEG-SH.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Subsequently, FITC-HH was synthesized and observed using
confocal laser scanning microscopy (CLSM). As shown in the
CLSM image, green fluorescence (representing HEAs) was
evenly distributed within the HOF structure, confirming the
successful loading of HEA NPs in HH (Fig. S6).

Afterwards, OMVs@HEAs@HOF (referred to as OHH) was
synthesized by mixing OMVs, HEAs, and 2-2Cl, followed by the
addition of TBA,-4. SEM images revealed that the morphology
of OHH is similar to that of HOFs, with a length ranging from 10
to 40 pm (Fig. S7). PXRD indicated that the characteristic peaks
of OHH correspond to those of HOFs, demonstrating that OHH
retains the crystal structure of HOFs (Fig. 1g). To confirm the
encapsulation, OMVs and HEAs were labeled with FITC and
Rhodamine-PEG-Thiol, respectively. Then, CLSM was used to
observe the prepared OHH NPs. As shown in Fig. 1e, OMVs and
HEAs exhibited colocalization within the HOF structure. The
zeta potential measurements indicated that OHH has a surface
charge similar to that of HOFs (Fig. S8). We quantified LPS
levels in OMVs and OHH. As shown in Fig. 1i, the concentration
of free LPSs significantly decreased after encapsulation.
Therefore, OHH exhibits better biocompatibility than the direct
injection of OMVs. For subsequent intravenous injection, the
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size of OHH was reduced from 10 pm to 400 nm following probe
sonication in an ice bath (Fig. 1d and f). Additionally, dynamic
light scattering (DLS) results showed that the average hydro-
dynamic diameter of OHH after treatment with probe sonica-
tion. We analyzed the free LPSs in the supernatant after
sonication. According to Fig. S9(b), 10.14% of LPSs were
released from the HOF. These results indicate that 89.86% of
OMVs remained encapsulated within the HOF framework.

2.2 The peroxidase (POD)-like activity of HEAs

After the successful synthesis, the peroxidase (POD)-like activity of
HEAs was evaluated by catalysing the oxidation of TMB.** When
HEA NPs were mixed with H,O, and TMB, it was observed that the
absorption peak of oxidized TMB increased over time. The oxida-
tion of TMB by HEA NPs is pH-dependent, with an optimal pH of 3
(Fig. 2a). As shown in Fig. 2b, the catalytic activity of HEA NPs
increased with temperature. Additionally, the activity of the catalyst
was influenced by the concentrations of the HEAs and H,O, (Fig.
S$10 and S11). The Michaelis-Menten constant (K,) and maximum
reaction velocity (Vinax) were determined to be 3.84 mM and 5.61 x
1077 Ms ™', respectively (Fig. 2c). Subsequently, the oxidation
capacity of OHH NPs to TMB was assessed. The oxidation of TMB
by OHH NPs was related to the content of encapsulated HEA NPs.
When the proportion of HEAs was 30%, the catalytic effect was
superior to that of other ratios (Fig. S12 and S13).

2.3 The photothermal performance of HEAs

Next, we evaluated the photothermal performance of HEAs. The
temperature changes in HEA solution under NIR-II irradiation
were monitored.”” As illustrated in Fig. 2d and S14, the
temperature increase of the solution exhibited characteristics
dependent on irradiation power density, irradiation time, and
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concentration at 1064 nm. Moreover, HEAs demonstrated
excellent photothermal stability over five laser cycles (Fig. 2e).
The photothermal conversion efficiency of HEAs was deter-
mined to be 34.6% through analysis of the cooling curve,
indicating their effective NIR-II photothermal conversion
performance (Fig. S15). Combining the temperature-dependent
enzymatic activity of HEAs, the photothermal conversion can
induce a localized increase in temperature, thereby enhancing
catalytic activity. Subsequently, we evaluated the HEA-mediated
thermal response degradation of HOFs to achieve spatiotem-
porally controlled release of HOFs. After NIR-II irradiation, the
decomposition of OHH NPs was observed by SEM. As shown in
Fig. S16, OHH NPs were fully degraded within 10 minutes of
irradiation with a content of 30 wt% HEAs in OHH NPs. Addi-
tionally, the PXRD pattern of OHH NPs after irradiation
exhibited structural destruction, further indicating the
photothermal-induced degradation of HOFs (Fig. $17).
Furthermore, we obtained the photothermal release curve by
quantitatively measuring the fluorescence intensity of the
supernatant from FITC-OHH (embedded with FITC-PEG-SH-
modified HEAs) and FITC-HOFs (embedded with FITC-PEG-
SH) under light irradiation. OHH was completely decom-
posed, and the fluorescent molecules were fully released within
15 minutes (Fig. 2f). The maximum release rate of FITC in FITC-
OHH was 90.6%, indicating a 9.4% loss. This loss is because of
the photothermal effect, which causes fluorescence quenching
of FITC. In contrast, the release rate of FITC in HOFs was 17.6%.
Additionally, the stability of OHH was evaluated. The HOFs
maintained a stable structure after treatment with cell culture
medium for 8 hours. (Fig. S18). From the above experiments, we
conclude that the excellent photothermal performance of HEAs
can increase the environmental temperature, promote catalytic
reactions, and regulate the controlled release of HOF.
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Fig. 2

(a) and (b) The pH and temperature-dependent absorbance changes of TMB at 652 nm using HEAs as peroxidase mimics. (c) Michaelis—

Menten kinetic analysis for the POD-like activity of HEAs with H,O, as the substrate. (n = 3). (d) Photothermal-heating curves of HEA suspensions
at varied power densities at 100 pg mL™2. (e) Thermal stability of HEAs under a 1064 nm laser (1.0 W cm?). () Release curves of OHH and HOF NPs

under laser irradiation, n = 3.
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2.4 Anti-cancer effect of OHH at the cellular level

Inspired by the superior performance of OHH, we investigated its
anti-cancer effect at the cellular level. First, the cytotoxicity of OHH
towards B16F10 cells was determined by the MTT assay. As shown
in Fig. 3a, the cytotoxic effect of OHH under NIR-II irradiation
(OHH + NIR-I) on B16F10 cells significantly increased with
concentration. Meanwhile, we compared the cell viability of cells
treated with PBS, OMVs, OH, HEA, and OHH, both with and
without irradiation. Compared to the other groups, the cytotoxic
effect of OHH nanoparticles was significantly enhanced under
NIR-II irradiation. It can be attributed to the combined advantages
of OMVs and HEAs. HEAs can induce local temperature elevation
to realise responsive release and generate -OH through POD-like
activity. Additionally, the cytotoxicity of LPSs and toxins in OMVs
also contributes to cell killing. Therefore, OHH had a better killing
effect on tumor cells (Fig. 3b). To visualize the cell killing, the cells
were stained with calcein-AM and propidium iodide (PI) after co-
incubation with the cells and materials. CLSM images revealed
that the cells were predominantly stained red in the OHH + NIR-II
group, indicating the most significant cell-killing effect (Fig. 3c).
Subsequently, the impact of different drugs on the apoptosis of
B16F10 cells was detected by Annexin V-FITC and PI double
staining. The results showed that the apoptosis rate of B16F10
cells in the OHH + NIR-II group (84.88%) was significantly higher
than that in the groups of OMVs (17.97%), OH (31.05%), and HEAs
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+ NIR-II (53.37%) (Fig. 3d). The above results were consistent with
the trend of the MTT assay. Next, the cytotoxicity of OMVs
combined with HEAs (without HOF encapsulation) and OHH at
different concentrations towards macrophages (RAW264.7) and
NIH 3T3 cells was studied. As illustrated in Fig. S19, OMVs
combined with HEAs (without HOF encapsulation) exhibited
significantly greater cytotoxicity toward RAW264.7 and NIH 3T3
cells compared to OHH. Furthermore, the cytotoxicity increased
markedly with higher concentrations. Conversely, OHH NPs
showed weak cytotoxicity towards these two cell types, demon-
strating good biocompatibility. This was due to the encapsulation
of HOFs, which prevented the leakage of OMVs and HEAs and led
to a larger size of OHH, reducing the endocytosis of NPs and
cytotoxicity towards normal cells. When treating cancer cells, due
to the presence of NIR-II irradiation, HOFs were gradually
degraded into smaller sizes, resulting in increased uptake of NPs
by cells and apoptosis of cancer cells. To further verify that light
promoted endocytosis, we compared the uptake of fluorescently
labeled OHH by cancer cells with and without NIR-II irradiation.
As shown in Fig. S20, the red fluorescence inside the cells was
significantly enhanced under NIR-II irradiation, indicating the
increased uptake of nanoparticles by cells, confirming our above
speculation. The above experimental results highlighted the
superiority of the NIR-II light-regulated tumor responsive nano-
platform and confirmed the potential of OHH NPs in cancer
treatment.

a b
120, — 1204 I without irradiation
- 100 _ 1001 Il with irradiation
é § kkkk
‘Z\ ‘a, 801
§ E 60+
% 2 40
(] 8 20
0 125 25 50 100 200 Ctrl OMVs OH HEAs OHH
Concentration (pg mL™)
c Ctrl OMVs OH HEAs OHH
Ctrl OMVs OH HEAs OHH
d 0 0.0100 540 0.070 w=0.53 301 «*<0.030 51.5 ‘051;1.59 79.2

2
w3

’
“1 97.{ 261
i Y

o

v — ‘ 1‘ v
d it 0® W w 0 0

Annexin V-FITC

179 | ’gx.«t' 0.95
v .
0! 10" w0t

Fig. 3

(a) Cell viability of B16F10 cells treated with OHH NPs + NIR-II for 24 h at different concentrations, n = 3. (b) Cell viability of B16F10 cells

treated with OMVs, HEAs, HOFs, and OHH NPs with or without NIR-1l for 24 h, n = 3. (c) Live/dead stained B16F10 cells treated with OMVs, HEAs,
HOFs, and OHH for 18 h. (d) Flow cytometric analysis of apoptotic cells after different treatments. Data are presented as mean + SD. **p < 0.01,

***p < 0.001, and ****p < 0.0001.
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Fig. 4

(a) Flow cytometric analysis of y-H2AX expression in B16F10 cells treated with OMVs, HEAs, HOFs, and OHH. n = 3. (b) CLSM images of

ROS production in B16F10 cells after different treatments. (c) and (d) immunofluorescence of CRT (red) and HMGBL1 (red) of cells with various
pretreatments. Western blot analysis of p-STING (e) and p-IRF3 (f) in B16F10 cells in different groups. (g) The concentration of IFN-B in the
supernatant of the BMDCs with different formulations, n = 3. (h) Flow cytometric analysis for DC activation in different groups. **p < 0.01, ***p <

0.001, and ****p < 0.0001.

2.5 Release of endogenous dsDNA

To further investigate the cytotoxicity of OHH against cancer cells,
we evaluated the levels of reactive oxygen species (ROS) in cells using
the fluorescent probe 2/, 7'-dichlorodihydrofluorescein diacetate
(DCFH-DA). Following treatment with various materials, green
fluorescence was observed in the B16F10 cells (Fig. 4b). The fluo-
rescence intensity was highest in the OHH + NIR-II group, indi-
cating a significant accumulation of ROS within the cells. Excessive
ROS can lead to oxidative damage, which promotes cell apoptosis.
Due to the remarkable apoptotic effect of OHH + NIR-II on cancer
cells, a substantial amount of damage-associated molecular
patterns (DAMPs) can be released into the tumor microenviron-
ment, facilitating dendritic cell (DC)-mediated immune stimulation.
Immunofluorescence analysis revealed a significant increase in the
expression of calreticulin (CRT) in tumor cells treated with OHH +
NIR-II (Fig. 4c). Concurrently, the fluorescence of HMGBL1 in the
OHH + NIR-II group was markedly reduced, indicating that HMGB1

Chem. Sci.

was released outside the cells (Fig. 4d). The changes in CRT and
HMGB1 levels following OHH + NIR-II treatment directly demon-
strate the ability of the nanoplatform to induce immunogenic cell
death in B16F10 cells. Immunogenic cell death would release a large
amount of endogenous dsDNA in tumors. We quantitatively
analyzed the expression of the DNA damage marker y-H2AX in
B16F10 cells treated with various materials using flow cytometry.
The results indicated that the levels of y-H2AX in OMVs, OH, HEAs
+ NIR-II, and OHH + NIR-II treated B16F10 cells were 1.4, 1.7, 3.4,
and 5.2 times higher than those in the PBS group, respectively
(Fig. 4a). These findings suggest that OHH + NIR-II significantly
induce DNA damage, which is conducive to the activation of the
innate immune cGAS-STING signaling pathway.

2.6 Activation of the STING signaling pathway

To demonstrate the activation of the STING signaling pathway, we
assessed the phosphorylation of STING (p-STING) in B16F10 cells

© 2025 The Author(s). Published by the Royal Society of Chemistry
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using western blotting. Compared to the control group, cells treated
with these materials exhibited an upregulation of p-STING, with the
combination of OHH + NIR-II showing the most pronounced effect
(Fig. 4e and S21). This finding suggests that the integration of
exogenous DNA (bacterial DNA within OMVs) and endogenous
DNA (released by apoptotic cancer cells) can more effectively acti-
vate the STING pathway. Additionally, we evaluated the downstream
signaling associated with STING activation, specifically the phos-
phorylated form of IRF-3 (p-IRF-3). Western blotting data indicated
that the expression level of p-IRF-3 was significantly upregulated in
the OHH + NIRII group, further confirming enhanced STING
activation (Fig. 4f and S21). The activation of the STING pathway
can stimulate the secretion of type I interferons (IFN-I) and promote
the maturation of DCs. To assess the immune response induced by
OHH + NIR-II through the ¢GAS-STING pathway, we extracted
mouse bone marrow-derived dendritic cells (BMDCs).*® These
BMDCs were co-cultured with the supernatants of B16F10 cells that
had been pre-treated with various materials (Fig. S22). Subse-
quently, the level of IFN-B was analyzed using an enzyme-linked
immunosorbent assay (ELISA). The results indicated that the
combination of OHH and NIR-II significantly increased the secre-
tion level of IFN-B, reaching 11 times that of the control group
(Fig. 4g). Following this, flow cytometry was employed to assess the
efficacy of OHH + NIR-II in inducing DC maturation in vitro. The
proportion of mature CD80 + CD86 + DCs induced by OMVs, OH,
HEAs + NIR-II, and OHH + NIR-II was found to be 2.3, 1.9, 1.6, and
3.8 times that of the PBS control group, respectively (Fig. 4h). In
summary, these results confirm that the light-responsive nano-
platform, which integrates both endogenous and exogenous
dsDNA, enhances the activation of the cGAS-STING pathway and
induces a significant innate immune response.
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2.7 Assessement of biocompatibility in vivo

The in vitro cytotoxicity and immune activation effects of OHH
on cancer cells prompted us to investigate its in vivo application.
Prior to this, we assessed its biocompatibility. Previous studies
have reported that intravenous injection of OMVs can induce
a systemic inflammatory response, resulting in a significant
increase in the levels of inflammatory factors.>***** We evalu-
ated the in vivo toxicity by intravenously injecting Kunming
mice with normal saline, OMVs, and OHH, respectively. After 12
hours post-injection, we measured the levels of inflammatory
cytokines in the mice to assess acute toxicity. As illustrated in
Fig. 5a-c, intravenous injection of OMVs led to a significant
elevation of inflammatory factors, including interferon-gamma
(IFN-y) (over 35-fold), interleukin-6 (IL-6) (over 73-fold), and
tumor necrosis factor-alpha (TNF-o) (over 23-fold), thereby
triggering a systemic cytokine storm. In addition, the injection
of OMVs resulted in an increase in monocytes and lymphocytes
in the blood of the mice (Fig. 5d and S23) In contrast, the
injection of OHH did not significantly alter the levels of these
inflammatory factors and the number of cells. To assess long-
term toxicity, the mice were weighed every four days over
a period of 28 days. As depicted in Fig. S24, the body weight of
mice injected with OMVs increased slowly, whereas the body
weight of mice in the normal saline and OHH groups increased
at a natural rate. At the same time, OMVs caused alanine
aminotransferase (ALT) levels, a sensitive marker of liver cell
damage, to exceed the normal range (Fig. 5e). Additionally, the
increase in blood urea nitrogen (BUN) indicated abnormal renal
function in the OMV group (Fig. 5f). In contrast, the injection of
OHH did not result in any changes in hematological parameters
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or major organ pathological abnormalities (Fig. 5a-f and S23-
S25). Therefore, the intravenous injection of naked OMVs is
toxic to mice, while OHH demonstrates good biocompatibility
and mitigates excessive inflammatory responses.

2.8 Anti-tumor experiments

After confirming the excellent biocompatibility of OHH, we
further investigated its potential for in vivo tumor immuno-
therapy. First, we conducted the hemolysis test. The results
demonstrated that OHH has good biocompatibility and did not
cause hemolysis (Fig. S26). Next, we evaluated the bi-
odistribution of RhB-labeled OHH (abbreviated as RhB-OHH) in
major organs and tumors using a fluorescence imaging system.
RhB-OHH accumulated in the liver within 4 hours and gradually
localized to the tumor site within 24 hours, subsequently
beginning to be metabolized and excreted via the kidneys at 48
hours (Fig. S27). This finding indicated that most NPs were
cleared from the mouse body in a time-dependent manner.
Next, we conducted anti-tumor experiments using C57BL/6
mice bearing B16F10 tumors. The mice were divided into five
groups and intravenously injected with saline, OMVs, OH,
HEAs, or OHH every two days (Fig. 6a). After tail vein injection of
HEAs or OHH for 24 hours, the tumors were irradiated with
1064 nm light for 5 minutes. Throughout the treatment period,
body weight and tumor volume were continuously monitored.
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The body weight of the mice remained stable (Fig. S28). The
tumors in the control group exhibited rapid growth. OMVs, OH,
and HEAs combined with NIR-II appeared to have inhibitory
effects on tumor growth, although these effects were limited. In
contrast, tumors treated with OHH combined with NIR-II were
significantly inhibited. The tumor inhibition rates for OMVs,
OH, HEAs combined with NIR-II, and OHH combined with NIR-
II were 25.2%, 34.0%, 34.3%, and 85.1%, respectively (Fig. 6b
and c). These results indicate that the tumor inhibitory capacity
of solely delivering exogenous DNA or releasing endogenous
DNA is suboptimal, whereas the light-responsive nanoplatform
that integrates both endogenous and exogenous dsDNA exhibits
substantial tumor inhibitory capability. Additionally, the tumor
weights in each group were consistent with the tumor volumes,
with the OHH + NIR-II group exhibiting the smallest tumor
weight (Fig. 6d). Moreover, the corresponding images of the
excised tumors visually confirmed that tumor growth was
significantly inhibited in the OHH + NIR-II group (Fig. 6f).
Furthermore, we monitored the survival rates of the mice; 83%
of the mice in the OHH + NIR-II group survived after 60 days,
while all the mice in the other groups succumbed, indicating
that OHH can inhibit tumor recurrence and prolong survival
time (Fig. 6e). H&E staining revealed that higher levels of tumor
cell apoptosis were observed in the tumor sections treated with
OHH + NIR-II compared to the other groups, further demon-
strating its efficacy in inducing tumor cell apoptosis (Fig. 6g).
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During the tumor treatment period, the injection of OHH did
not cause any pathological abnormalities in major organs (Fig.
S29). Therefore, these results indicate that OHH + NIR-II treat-
ment can significantly inhibit the growth of subcutaneous
melanoma tumors.

2.9 Activation of immune response in vivo

Research has shown that the activation of STING can lead to the
secretion of a series of cytokines, including IFN-I and IL-6.%*
These cytokines can recruit a significant number of DCs and T
cells to the tumor microenvironment, thereby activating the
immune response. To evaluate the effect of OHH + NIR-II
treatment on STING activation, the levels of IFN-I and IL-6 in
the tumor were measured using ELISA. OHH + NIR-II triggered
a substantial increase in IFN-B production in the tumor,
exceeding 15 times the level observed in the control group
(Fig. 7a). This finding indicates that the integration of exoge-
nous DNA and the release of endogenous DNA can fully activate

© 2025 The Author(s). Published by the Royal Society of Chemistry

the STING pathway and induce the secretion of IFN-B. Addi-
tionally, the level of IL-6 in the tumor of the OHH + NIR-II group
was more than four times higher than that of the control group
(Fig. 7b). Additionally, we evaluated the infiltration of DCs and T
cells in the tumor tissue using immunofluorescence staining.
Compared to the other groups, the number of CD86 cells infil-
trating the tumor in the OHH + NIR-II group was significantly
increased, indicating effective recruitment of DCs (Fig. 7c). The
staining results also revealed an increase in the number of CD8
T cells within the tumor of the OHH + NIR-II group (Fig. 7d).
Furthermore, we investigated the inhibitory effect of OHH +
NIR-II on tumor metastasis. The number of metastatic nodules
in the lungs of mice demonstrated that pulmonary metastasis
was significantly reduced following treatment with OHH + NIR-
II (Fig. 7e). Additionally, no obvious metastatic nodules were
observed in the lung sections of mice treated with OHH + NIR-II
after H&E staining, further supporting the inhibitory effect of
OHH + NIR-II on lung metastasis (Fig. 7f). These results suggest

Chem. Sci.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc07867a

Open Access Article. Published on 17 December 2025. Downloaded on 12/24/2025 2:44:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

that OHH can promote STING signaling pathway-mediated DC
maturation and T cell activation, remodel the immunosup-
pressive TME into an immune-supportive state, and inhibit
tumor growth and metastasis.

3 Conclusion

In summary, this study developed a NIR-activated nanoplatform
by integrating OMVs and HEAs into HOFs to enhance intracel-
lular DNA pools, activate the tumoral STING pathway, and enable
safe and effective immunotherapy. HEAs can decompose HOFs
under near-infrared irradiation, facilitating the intratumoral
release of OMVs while avoiding systemic inflammation induced
by lipopolysaccharides. The exogenous bacterial DNA present in
OMVs, along with the endogenous DNA released by HEAs,
collectively enhances the DNA pool within tumors and promotes
the activation of the STING signaling pathway. Simultaneously,
HEAs induce immunogenic cell death in cancer cells. Experi-
mental results demonstrated that the nanoplatform, through the
integration of exogenous and endogenous DNA, significantly
increased the secretion of IFN-B in tumors and promoted the
activation of immune cells. Overall, a strategy for enhancing the
intracellular DNA pool to activate the STING pathway was
proposed, providing a novel perspective for the design of plat-
forms aimed at STING activation.
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