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ARTICLE INFO ABSTRACT
Keywords: Approximately half of lung cancer patients experience bone metastasis, leading to bone loss, fracture, and other
STING activation skeletal-related events. Although immunotherapies have significantly advanced the therapeutic landscape for

Photothermal immunotherapy
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Bone metastasis

lung cancer, bone metastases have an immunologically "cold" microenvironment, representing a challenging
obstacle when treating lung cancer. The combination of immunotherapy and photothermal therapy (PTT) for
treating tumor-induced bone defects holds promise for enhancing the efficacy of local tumor ablation and
inhibiting tumor recurrence and metastasis through activating systemic immune responses. Herein, we devel-
oped an injectable hydrogel-based photothermal immunotherapy system (BP@Gel-CD[SA] hydrogel) incorpo-
rating STING agonists (SA) and black phosphorus nanosheets (BPNSs) for high-efficiency tumor elimination,
immune activation, and bone regeneration. The photothermal and photodynamic activities of BPNSs induce
hyperthermia and ROS-mediated apoptosis of tumor cells. Meanwhile, SA loaded into the nano-boxes in BP@Gel-
CD[SA] hydrogel by host-guest interaction significantly activates the cGas-STING pathway. It stimulates
immunogenic cell death (ICD), synergistically promoting immune cell infiltration. Single-cell RNA sequence
analysis confirms the modulation of the tumor microenvironment (TME) through the PTT-mediated ICD effect
and the transactivation of the cGAS-STING pathway in immune cells of the TME. More importantly, the system
can significantly inhibit the growth of distant tumors via systemic immune activation and elicit long-term im-
mune memory in addition to tumor eradication. In the long term, this hydrogel system can promote the for-
mation of new bone at sites of tumor-induced bone destruction, improving bone strength in the affected area.
Collectively, this strategy provides an effective and safe option for treating lung cancer bone metastases.

1. Introduction leading cause of cancer-related deaths worldwide. Approximately 50 %
of lung cancer patients develop bone metastasis, a condition associated

In 2020, an estimated 2.2 million new cases of lung cancer were with poor survival outcomes. Osteolytic bone metastases represent fatal
diagnosed, resulting in 1.8 million deaths [1]. Lung cancer remains the complications, driving a vicious cycle of dysregulated bone homeostasis
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and uncontrolled tumor growth. Immune therapies have become the
first-line treatment for advanced lung cancer in recent years [2],
although their efficacy in treating bone metastases remains limited.
Studies indicate that patients with bone metastases often exhibit
reduced responses to immune checkpoint inhibitors compared to those
with visceral metastases, likely due to the unique characteristics of the
bone microenvironment [3]. The ’cold’ tumor microenvironment may
contribute to the reduced efficacy of immunotherapy in lung cancer
patients with bone metastases [4]. Consequently, the development of
innovative therapeutic strategies for managing lung cancer derived bone
metastases is in need, requiring dual-functional approaches that simul-
taneously modulate the immunosuppressive tumor microenvironment
and facilitate bone regeneration following tumor eradication.

Recent advances in biomedical nanotechnology have introduced
novel therapeutic techniques, including photothermal therapy (PTT)
and photodynamic therapy (PDT) [5,6]. Phototherapy is a non-invasive
cancer treatment method that enables precise control over the irradia-
tion area, minimizing trauma, reducing side effects, and avoiding drug
resistance. PTT, which converts light energy into heat, has demonstrated
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considerable potential in modulating tumor-suppressive environments.
Research suggests that hyperthermia can enhance blood flow within the
tumor microenvironment, promoting the infiltration of immune cells,
such as tumor-infiltrating lymphocytes, into the tumor [7,8]. This
enhanced infiltration boosts the immune response against the "cold"
tumor. Moreover, hyperthermia can directly induce tumor cell
apoptosis, increasing their susceptibility to immune recognition and
elimination. Near-infrared (NIR) light, situated between visible and
mid-infrared light in the electromagnetic spectrum, exhibits distinct
properties. NIR-II, in particular, offers reduced photon scattering and
absorption, lower autofluorescence signals, an enhanced signal-to-noise
ratio, superior spatial resolution, and improved tissue penetration. As
NIR-II imaging technology and materials science continue to advance,
this holds significant promise for tumor diagnosis and therapeutic ap-
plications. Studies have demonstrated that NIR-guided PDT and PTT
synergistic treatments can lead to complete tumor eradication. Black
phosphorus nanosheets (BPNSs) have emerged as efficient photothermal
agents, garnering increasing research attention for their application in
bone tissue engineering [9]. Furthermore, their degradation products
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Scheme 1. A diagram illustrating the synthesis (a), and the anti-tumor (b), osteogenic (c) mechanism of BP@Gel-CD[SA] hydrogel treating lung cancer-derived bone
metastatic lesions. The photothermal and photodynamic activities of BPNSs can achieve hyperthermia and reactive oxygen species (ROS)-mediated mitochondrial
damage, while also enhancing antitumor immunity through immunogenic cell death (ICD). Local application of SA further induces tumor cells to release IFNp, which
would benefit the recruitment of immature DCs and activation of the adaptive immune system. In the long term, BPNSs can promote new bone formation at tumor-

induced bone destruction sites, improving bone strength in the affected area.
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consist of inorganic phosphates, which are essential raw materials for
bone repair and can serve as mineralizing agents to promote osteo-
genesis [10].

To optimize the palliative management of bone metastases, it is
essential to eliminate residual tumors through PTT and PDT in the short
term but also to enhance the local immune microenvironment over the
long term. The stimulator of interferon genes (STING) signaling pathway
plays a critical role in the innate immune system by promoting the
production of type I interferons, which initiate a cascade of reactions
that activate immune cells and trigger immune responses [11]. This
pathway is of growing importance in cancer therapy, positioning STING
agonists (SA) as promising agents for tumor immunotherapy. Research
has shown that SA can effectively inhibit various types of murine tu-
mors, with preliminary clinical trials demonstrating their significant
anti-tumor potential [12]. To overcome the therapeutic limitations of
SA, exploring alternative delivery systems may improve the targeted
delivery of these agents to tumors [13]. Moreover, combining SA with
other treatments offers a novel approach to anti-tumor therapy.

By combining tumor-targeting and immune-enhancing strategies,
this system not only aims to eliminate residual tumors but also to restore
bone integrity and mitigate the long-term complications of bone
metastasis. Therefore, we designed an injectable multifunctional system
(BP@Gel-CD[SA] hydrogel) and explored the synergistic effect of
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photothermal therapy (PTT) and immunotherapy on the treatment of
tumor-induced bone defects (Scheme 1). The SA encapsulated in nano-
boxes through host-guest interaction can effectively induce tumor cells
to release IFNP. Meanwhile, BPNSs incorporated in this system can
achieve hyperthermia and reactive oxygen species (ROS)-mediated
mitochondrial damage while enhancing antitumor immunity through
ICD. In the long term, this system can not only prevent tumor recurrence
and activate a systemic antitumor immune response but also promote
the formation of new bone at sites of tumor-induced bone destruction,
improving bone strength in the affected area. This represents a multi-
faceted treatment strategy integrating photothermal, photodynamic,
and immunotherapy.

2. Results and discussion

2.1. Synthesis and Properties of BP@Gel-CD hydrogel with photothermal
performance

BPNSs were synthesized using liquid-phase exfoliation from black
phosphorus powder (Fig. 1a) and incorporated into hydrogels to form a
polymer network with photothermal properties. Transmission electron
microscopy (TEM) images revealed the two-dimensional structure of
BPNSs, showing an average lateral dimension of approximately 200 nm
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Fig. 1. Synthesis and Properties of BP@Gel-CD. synthesis of black phosphorus nanosheets (a) and Gel-CD (b). ¢) The Gel-CD and BP@Gel-CD hydrogel is cured in 10s
under blue light. d) Various kinds of shapes of the BP@Gel-CD. e) The change of storage modulus (G) and loss modulus (G") of Gel-CD, BP@Gel-CD, and BP@Gel-CD
[SA] hydrogels. f) Stress-strain curve of hydrogels. g) Elastic modulus of as-obtained Gel-CD, BP@Gel-CD, and BP@Gel-CD[SA] hydrogels. h) Quantified drug-

releasing process of SA (n = 3). Data are presented as mean + SD. *p < 0.05.
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(Fig. S1). High-resolution TEM images confirmed their excellent crys-
tallinity, while selected-area electron diffraction (SAED) patterns vali-
dated that the crystalline characteristics were preserved during the
exfoliation process. GelMA was covalently crosslinked with AAm-p-CD
through an amide reaction to form Gel-CD (synthesis pathway shown in
Fig. 1b). Subsequently, photopolymerization of AAm-B-CD and GelMA,
along with BPNSs, was conducted to form Gel-CD and BP@Gel-CD
hydrogels using lithium phenyl (2,4,6-trimethylbenzoyl) phosphinate
(LAP) under blue light exposure (Fig. 1c). Injection of the prepolymer
solution into a mold enabled the creation of hydrogels in variable shapes
(Fig. 1d), demonstrating excellent shape tunability suitable for filling
bone metastasis defects of various geometries.

We further utilized the cavity size properties of f-CD to load SA into
the BP@Gel-CD hydrogel, aiming to investigate the synergistic immu-
nological effects of SA. 1H NMR spectra showed that, compared to -CD,
acrylamide-modified $-CD (AAm-B-CD) exhibited signals at 5.7-6.3
ppm, corresponding to the protons of -CH=CH2 (Fig. S2). Additionally,
the signal at 2.1-2.2 ppm, associated with AAm-B-CD, shifted and
eventually disappeared due to the encapsulation of STING (Fig. S2).
These results confirmed the successful conjugation of carbon-carbon
double bonds in AAm-f-CD and the efficient loading of SA. AAm-p-CD
loaded with SA was covalently incorporated into the hydrogel network
via photopolymerization. The FTIR spectrum (Fig. S3) revealed a
prominent -NH2 stretching vibration peak at 3416 cm ! and 1642 cm™?
in the infrared spectrum of B-CD. After acrylamide modification, the
-NH2 characteristic peak at 3416 cm™! of B-CD shifted to a lower
wavenumber (3388 cm™1), and the peak at 1642 em™! broadened
significantly. Furthermore, the inclusion of SA caused the disappearance
of the characteristic peak of AAm-p-CD at 856 cm™!. Additionally, the
-CH2 characteristic peak of AAm-p-CD, originally at 2929 cm™!, shifted
to a lower wavenumber due to electrostatic and hydrophobic in-
teractions between SA and AAm-B-CD. Taken together, these results
confirmed the successful conjugation of carbon-carbon double bonds in
AAm-B-CD and the efficient loading of SA. AAm-B-CD loaded with SA
was covalently incorporated into the hydrogel network via
photopolymerization.

We further conducted rheological measurements and dynamic ther-
momechanical analysis (DMA) to assess the mechanical properties of
BP@Gel-CD[SA] hydrogel. From the oscillatory rheological analysis
(Fig. 1e), the linear viscoelastic region of hydrogel was initially deter-
mined by detecting the change of storage modulus (G') and loss modulus
(G") as a function of shear strain. In the strain range of linear viscoelastic
region, G’and G” of Gel-CD, BP@Gel-CD and BP@Gel-CD[SA] hydrogels
were constant values. However, the G' values of BP@Gel-CD and
BP@Gel-CD[SA] hydrogels were significantly higher than those of Gel-
CD, indicating that the introduction of BPNSs significantly increased
the storage modulus and enhanced the cross-linking network strength.
Dynamic thermomechanical analysis (DMA) was employed to charac-
terize the mechanical properties of the hydrogels, with the stress-strain
curves depicted in Fig. 1f. The compression modulus of the BP@Gel-CD
and BP@Gel-CD[SA] hydrogels exhibited a significant enhancement
compared to that of the Gel-CD hydrogel (Fig. 1g). Additionally, SEM
images (Fig. S4) showed that the pore structure of the hydrogel became
smaller and more compact after the introduction of BPNSs. The denser
crosslinked network was the main factor contributing to the increased
mechanical strength of BP@Gel-CD and BP@Gel-CD[SA] hydrogels.
These results thus confirmed the mechanical reinforcement of BPNSs in
the hydrogels.

The release of SA from the hydrogels was monitored over 10 days
(Fig. 1h). On the first day, SA exhibited rapid diffusion with a burst
release from GelMA and BP@GelMA hydrogels, whereas BP@Gel-CD
hydrogel showed significantly slower release kinetics. By day 4, the
cumulative release of SA from GelMA and BP@GelMA hydrogels
reached nearly 60 % of the total loaded amount, markedly exceeding
that of BP@Gel-CD hydrogel. These findings suggest that the inclusion of
B-CD in the hydrogel improves SA retention. Additionally, BP@Gel-CD
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hydrogel enabled controlled and sustained release of SA.
2.2. Properties of photothermal capability and cytotoxicity

To evaluate the photothermal effect in vitro, Gel-CD hydrogel with or
without 200 ppm BPNSs was irradiated with an 808 nm laser at a power
density of 1 W/cm? (Fig. 2a). The hydrogel containing BPNSs + NIR
exhibited a temperature increase of approximately 20 °C after 6 min of
irradiation (Fig. 2b), while the Gel-CD hydrogel without BPNSs showed
only a 0.5 °C temperature rise. The cytotoxicity of the hydrogel was
assessed using the live/dead cell stain calcein-AM and propidium iodide
(PI). The proportion of dead cells increased with the duration of NIR
exposure (Fig. S5). After 10 min of NIR irradiation (1 W/cm?), almost all
A549 cells treated with BP@Gel-CD hydrogel were dead (stained red)
(Fig. S5), while cells exposed to BPNSs or laser alone remained viable
(stained green), demonstrating the good biocompatibility of BP@Gel-CD
(Fig. 2c¢, single-channel images in Fig. S6). Flow cytometry analysis with
V-FITC/PI staining revealed that the apoptosis and necrosis rates of lung
cancer cells treated with BP@Gel-CD hydrogel + NIR irradiation (5 min,
1 W/cm?) were significantly higher than those of the other groups
(Fig. 2d and. f). Furthermore, ROS detection using the DCFDA fluores-
cent probe showed that the BP@Gel-CD hydrogel + NIR group exhibited
the highest fluorescence intensity, indicating its effectiveness in gener-
ating ROS within tumor cells (Fig. 2f and. g). Collectively, these results
demonstrate that BP@Gel-CD hydrogel combined with NIR irradiation
possesses significant photothermal capability to induce tumor cell
death.

2.3. Invitro ICD induction and STING activation of BP@Gel-CD[SA]

The heat generated by photothermal therapy not only induces tumor
cell death but also triggers ICD, leading to the release of tumor-
associated antigens (TAAs) and enhancing the immunogenicity of the
tumor [14,15]. Concurrently, SA activate the STING pathway, further
boosting the antigen-presenting capability of dendritic cells (DCs)
through both mechanisms [16,17] (Fig. 3a). We assessed the exposure of
calreticulin (CRT) and the expression of high mobility group box 1
(HMGBL1), both proteins associated with ICD, in LLC cells co-cultured
with the hydrogel. Immunofluorescence imaging via confocal laser
scanning microscopy (CLSM) and ELISA assays for HMGB1 showed that
treatment with BP@Gel-CD hydrogel + NIR irradiation significantly
reduced the fluorescence intensity of HMGBI in the nuclei of LLC cells
(Fig. 3b and. d) while substantially increased its secretion (Fig. S7)
compared to the other groups. Likewise, in the BP@Gel-CD hydrogel +
NIR group, CRT fluorescence in LLC cells increased by approximately
twofold (Fig. 3c and. e), and ATP secretion rose fivefold (Fig. 3f) relative
to the non-irradiated control group.

To assess the capability of BP@Gel-CD[SA] on the enhancement of
cyclic GMP-AMP synthase (cGAS)-STING pathway, we first examined
the expression of phosphorylated STING (p-STING) in LLC cells using
immunofluorescence staining [18]. A stronger green fluorescence in-
tensity in the three SA-treated groups (i.e., Gel-CD[SA], BP@Gel-CD
[SA], and BP@Gel-CD[SA] hydrogel + NIR) (Fig. 3g). The mean fluo-
rescence intensity (MFI) of these groups being approximately twice that
of the other groups (Fig. S8a). Additionally, the MFI in the BP@Gel-CD
[SA] hydrogel + NIR group was slightly higher than in the Gel-CD[SA]
and BP@Gel-CD[SA] groups (Fig. S8a). We then determined the
expression of proteins associated with the STING pathway using Western
Blotting. As shown in Fig. 3h and Fig. S8b-d, the levels of phosphory-
lated IRF3 (p-IRF3), phosphorylated TBK1 (p-TBK1), and p-STING were
significantly elevated in the cells treated with Gel-CD[SA], BP@Gel-CD
[SA]l, or BP@Gel-CD[SA] hydrogel + NIR. Importantly, the highest
upregulation of these proteins was observed in the BP@Gel-CD[SA]
hydrogel + NIR group, consisting with the strongest intensity of
p-STING in immunofluorescence staining, likely due to the
thermal-induced rapid release of SA. These findings demonstrated that
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Fig. 2. Photothermal transducing capability and cytotoxicity tests in vitro. a) Photothermal conversion tests before and after NIR irradiation in the centrifuge tubes.
b) Temperature change curves of hydrogels. c) Cell live/dead staining of each group, scale bars = 50 ym. d) Representative flow cytometry dot plots of Annexin-FITC
and PlI-stained tumor cells showing apoptosis and necrosis rates after treatments. e) DCFH-DA-based detection of ROS production in LLC cells after the indicated
treatments, scale bars = 50 pm. f) The quantification of apoptosis and necrosis rates in the flow cytometry analysis (n = 3). g) Quantification of ROS fluorescence
intensity in Fig. 3e (n = 3). Data are presented as mean =+ SD. Statistical analysis was performed using one-way ANOVA with Tukey’s post-hoc test. **p < 0.01, ***p

< 0.001, ****p < 0.0001.

BP@Gel-CD[SA] hydrogel combined with mild hyperthermia induced
by NIR irradiation (5 min, 1 W/cm?) can effectively activate the STING
pathway. To further evaluate downstream signaling, we measured the
secretion of IFN-B, a key effector cytokine induced by STING pathway
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activation. As shown in Fig. S9, all three SA-treated groups exhibited a
significant increase in IFN-p levels compared to the Gel-CD group, with
the BP@Gel-CD[SA] hydrogel + NIR group displaying the highest
secretion of IFN-f.
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pathways-related protein in LLC cells upon various treatments. i) Flow cytometric profiles and j) quantitative analysis of activated DC cells after incubation with LLC
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The activation and maturation of antigen-presenting cells are critical
for STING-mediated anti-tumor immunity [19]. To assess the effect of
BP@Gel-CD[SA] on the maturation of DCs in vitro, we co-cultured LLC
cells treated with different hydrogels with mouse bone marrow-derived
dendritic cells (BMDCs). Flow cytometry analysis showed that the
BP@Gel-CD[SA] hydrogel + NIR group resulted in the highest propor-
tion of CD80-+CD86™ mature BMDCs (26.6 %), which was 3.2, 1.7, and
1.5 times higher than the proportions observed in the Gel-CD,
BP@Gel-CD hydrogel + NIR, and BP@Gel-CD[SA] treatment groups,
respectively (Fig. 3i and j).

These results indicated that BP@Gel-CD[SA] hydrogel combined
with NIR irradiation induce immunogenic death and activate the STING
pathway, ultimately enhance the maturation of BMDCs.
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2.4. The inhibitory effects of hydrogels on tumor recurrence in complete
intralesional curettage model of tumor bearing mice

When bone metastases from lung cancer cause discomfort or pose a
high risk of pathological fractures, surgical intervention is often
required, primarily through complete intralesional curettage [20].
However, the complete intralesional curettage is frequently associated
with a high incidence of tumor recurrence. Thus, to approach the clinical
manifestation of lung cancer bone metastases after surgical intervention,
we established a femoral-transplanted tumor mouse model in C57BL/6J
mice and performed complete curettage in tumor site. The therapeutic
efficacy in inhibiting tumor recurrence of different treatment groups
were subsequently evaluated.
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A suspension of 5 x 10° luci * LLC tumor cells was injected into the
mouse medial condyle of the femur. After ten days, mice with 50 mm?
volume of tumor were randomly assigned to six groups (Gel-CD,
BP@Gel-CD, BP@Gel-CD + NIR, Gel-CD[SA], BP@Gel-CD[SA], and
BP@Gel-CD[SA] + NIR). The femoral LLC tumors were completely
curetted, and 50 pL of hydrogel was injected into each group. NIR
irradiation was applied on the day of surgery (day 0), day 3 and day 5
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(Fig. 4a). Compared to Gel-CD, BP@Gel-CD retained high photothermal
conversion efficiency after injection into the femoral lesion. Upon irra-
diation with a 1 W/cm? 808 nm laser for 1 min, the temperature
exceeded 50 °C, effectively ablating the tumor tissue (Fig. 4b, Fig. S10).
In vivo imaging system was used to monitor tumor recurrence. A com-
plete remission rate of 60 % was observed in the BP@Gel-CD[SA]
hydrogel + NIR group after 4 weeks, while the Gel-CD and BP@Gel-
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CD groups showed no complete remission, with a survival rate of only
60 % (Fig. 4c and. d). As illustrated in Fig. 4e, the tumor volume in the
BP@Gel-CD[SA] hydrogel + NIR group was smaller than in the other
five groups. Additionally, BP@Gel-CD + NIR, Gel-CD[SA], and BP@Gel-
CDI[SA] exhibited inhibitory effects on tumor growth. The BP@Gel-CD
[SA] + NIR treatment exhibited the best efficacy as evidenced by the
highest complete remission rate and minimized tumor size.

Spleens were harvested from mice after one month for flow cytom-
etry analysis. The proportion of CD8" T cells was significantly higher in
the BP@Gel-CD[SA] + NIR group than in the other five groups (Fig. 4f),
twice that in the Gel-CD and Gel-CD[SA] groups (Fig. 4g). C-C receptor 7
(CCR?7) is important for T cells to migrate toward the T-cell zone of the
spleen, altering memory CD8" T-cell homeostasis [21]. The BP@Gel-CD
[SA] hydrogel combined with NIR irradiation demonstrated a signifi-
cantly higher proportion of CD8CCR7™ T cells (37.93 + 1.24 %) and an
elevated cell count (6.25 + 0.52 x 103) compared to the other five
experimental groups, as determined by flow cytometric analysis
(Figs. S11 and S12). Similarly, quantitative analysis revealed approxi-
mately twofold increase in the proportion of mature dendritic cells in the
BP@Gel-CD[SA] hydrogel combined with NIR irradiation group
compared to the Gel-CD hydrogel group alone. This marked enhance-
ment in dendritic cell maturation, as determined by surface marker
expression analysis, suggests that the BP@Gel-CD[SA] hydrogel with
NIR treatment may significantly promote dendritic cell maturation and
subsequent antigen presentation capacity (Fig. 4h and. i). The rationally
designed composite hydrogel system not only achieves efficient photo-
thermal ablation of residual tumor cells following surgical resection, but
also potentiates systemic antitumor immunity through enhanced den-
dritic cell activation and subsequent T cell-mediated immune responses.

Moreover, all mice maintained stable body weights throughout the
treatment, indicating minimal side effects of the hydrogel (Fig. S13).
H&E staining of major organ tissues (liver, spleen, kidneys, heart, and
lungs) showed no significant inflammation, demonstrating the favorable
biosafety profile of BP@Gel-CD[SA] hydrogel + NIR treatment
(Fig. S14).

2.5. The evaluation of hydrogels on amelioration of the
immunosuppressive TME and inhibition of tumor progression

To further investigate the interaction between tumor tissue and
hydrogels, we employed a femoral tumor model of C57BL/6J mice
without curettage. After the tumors in these mice reached approxi-
mately 50 mm?, six groups were treated with different interventions
(Gel-CD, BP@Gel-CD, BP@Gel-CD + NIR, Gel-CD[SA], BP@Gel-CD
[SA], and BP@Gel-CD[SA] + NIR). Fig. 5a illustrates the tumor model
and treatment regimen. After one week of interventions, the femoral
graft tumors were harvested (Fig. S15). In Fig. 5b, the tumor mass in the
BP@Gel-CD[SA] hydrogel + NIR group was the smallest, approximately
one-fifth, and one-third of the masses in the Gel-CD and BP@Gel-CD[SA]
groups, respectively. Both the BP@Gel-CD + NIR and Gel-CD[SA]
groups exhibited suppression of tumor growth compared to the Gel-CD
group. Then, we conducted flow cytometry analysis on the femoral
graft tumors and their draining lymph nodes. The BP@Gel-CD[SA]
hydrogel + NIR group exhibited the highest proportion of activated
CD8™ T cells (CD25™), with a percentage of 16.84 + 1.18 %, more than
10 times that of the Gel-CD (1.29 + 0.34 %) and BP@Gel-CD (1.43 +
0.29 %) groups. The BP@Gel-CD + NIR (4.57 + 0.55 %) and Gel-CD[SA]
(5.59 £ 0.36 %) groups also showed significantly higher proportions of
CD8' CD25" T cells compared to the Gel-CD group (Fig. 5c and. d). Anti-
tumor immune responses are positively regulated by the number of
functionally activated CD8" T cells and negatively regulated by regu-
latory T cells (Tregs), characterized by the expression of CD3, CD4, and
the intracellular antigen Foxp3 [22]. Flow cytometry revealed that more
than 30 % of CD4" T cells in the Gel-CD-treated tumors were Tregs
(CD4"Foxp3™), while the percentage of Tregs in the BP@Gel-CD[SA]
hydrogel + NIR-treated tumors significantly decreased to 11.68 =+
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1.34 % (Figure S16, Fig. 5e). Similarly, multiplex immunofluorescence
semiquantitative data (Fig. 5f-h) indicated that the MFI of CD8 (red)
was significantly increased. At the same time, the MFI of Tregs marked
by Foxp3 (green) was significantly decreased after BP@Gel-CD hydro-
gel + NIR treatment. These data portended that the combination treat-
ment favorably recruited CD8" T cells and reduced the proportion of
Foxp3* Treg within tumors.

Furthermore, analysis of the tumor-draining lymph nodes (inguinal
lymph nodes) showed that the proportion of activated DCs and activated
T cells was significantly higher in the BP@Gel-CD hydrogel + NIR group
compared to the other five groups (Fig. 5i, j, 5k). In conclusion, either
photothermal therapy alone or SA alone can moderately enhance im-
mune responses in tumor sites and draining lymph nodes. However, the
combination of PTT and SA yielded the best results. BP@Gel-CD[SA]
hydrogel + NIR can induce ICD in lung cancer bone metastases, pro-
mote DC maturation, and synergistically enhance the body’s antitumor
immune response by significantly increasing T lymphocyte infiltration
and tumor cell killing while reducing the number of immunosuppressive
Treg cells within the tumor.

To investigate the mechanism of BP@Gel-CD[SA] hydrogel + NIR
treatment on the tumor microenvironment, we collected tumor tissues
from the Gel-CD group and the BP@Gel-CD[SA] hydrogel + NIR group
for single-cell RNA sequencing analysis (Fig. 6a).

19 distinct cell clusters were identified from harvested 38,673 cells
through unsupervised clustering analysis (Fig. S17). Using cell-specific
marker genes as reported, we annotated these clusters into primary
cell types, including tumor cells (Myc, Rhox5) [23], immune cells (Cd3e,
Cd3g, Cd3d), fibroblasts (ACTA2, COL1A1, COL1A2) [24], inflamma-
tory cancer-associated fibroblasts (iCAFs) (PDGFRA™, CXCL12"),
myofibroblast-like CAFs (ACTA2", PDGFRA ™), endothelial cells (Esml,
Pecaml, Plvap), monocytes (S100A8"S100A9"), and tumor-associated
macrophages (TAMs) (APOE, CD68, Ctss, Ms4a6c) [25] (Fig. 6b and
c). Following the BP@Gel-CD[SA] hydrogel + NIR treatment, the pro-
portion of tumor cells in mouse lung cancer xenografts was reduced to
82 %, compared to 91 % in the Gel-CD group, as illustrated in Fig. 6e.
Concurrently, there was a significant increase in the proportions of
lymphocytes and macrophages among the non-tumor cell population
(Fig. 6e). The immune cells were further categorized into CD4" T cells
(CD47CD8™), CD8™ T cells (CD8a™), DCs (Irf8, Itgax), and natural killer
(NK) cells (Prfl, Gzmb), as depicted in Fig. 6d and f, along with a
category of undefined cells (not shown). Notably, the numbers of CD4*
T cells, CD8" T cells, DCs, and NK cells increased following the
BP@Gel-CD[SA] hydrogel + NIR treatment. Gene Set Enrichment
Analysis (GSEA) (Fig. 6g) revealed that immune cells exhibited signifi-
cantly upregulated enriched functions, including immune response, in-
flammatory response, and regulation of apoptotic process (P < 0.001).
This further demonstrates that the combination therapy of phototherapy
and a SA can enhance the anti-tumor function of lymphocytes. Utilizing
the Addmodulescore function to evaluate the M1 and M2-like macro-
phage gene sets [26], we observed (Fig. 6h and i) a significant increase
in the number of M1-like macrophages following the BP@Gel-CD[SA] +
NIR treatment, thereby demonstrating a notable effect on anti-tumor
macrophage polarization.

2.6. Therapeutic effects of BP@Gel-CD[SA] + NIR on distant tumors via
immune activation

In patients with advanced lung cancer and bone metastases, multiple
bone metastases are often present. A key clinical challenge is deter-
mining whether treating a single bone lesion can elicit an immune
response that suppresses other lesions [27]. Based on the aforemen-
tioned findings demonstrating the potent immune activation of
BP@Gel-CD[SA] + NIR treatment, we subsequently investigated the
capacity to induce systemic antitumor immunity and therapeutic effi-
cacy against distant tumors. We hypothesis that the hydrogel-mediated
local immune activation could elicit abscopal effects through the
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generation of tumor-specific systemic immune responses. After 3 days of
injecting luci™ LLC tumor cells into the medial femoral condyle of the
mice, 5 x 10° LLC tumor cells were injected into the contralateral
femoral condyle. After 7 days, when the tumors on the treated side grew
to approximately 50 mm?, 50 pL of hydrogel from the six groups was
injected into the tumor site. Laser irradiation was performed on the day
of surgery, as well as on the day 3 and 5 post-surgery. On the day 7, in
vivo imaging system was used to evaluate and measure the tumor size
(Fig. 7a). The smallest distant tumors were observed in the BP@Gel-CD
[SA] + NIR-treated group (Fig. 7b, Fig. S18); the sizes of the tumors in
the photothermal therapy group (BP@Gel-CD + NIR) or the SA-treated
group (Gel-CD[SA]) were not significantly different. The proportions of
activated CD8' CD25" T cells and CD80" CD86" DC cells were
increased considerably, reaching 6.92 + 1.05 % and 23.45 + 1.7 %,
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respectively (Fig. 7c and d). Additionally, the SA-treated group (Gel-CD
[SA]) also showed a twofold increase in activated DC cells compared to
the Gel-CD group (Fig. 7e). Multiplex immunofluorescence semi-
quantitative data from distant tumors (Fig. 7f-i) showed that the MFI of
CD8 (red) was significantly increased, while the MFI of Foxp3-marked
(green) Tregs was significantly decreased after BP@Gel-CD + NIR
treatment. Ki67 immunofluorescence staining revealed that Ki67
expression was reduced considerably in distant tumors after
BP@Gel-CD + NIR treatment while it still highly expressed in other
groups (Fig. 7g). Photothermal therapy or SA treatment alone induced
limited immune responses. Although high-temperature ablation can
effectively eliminate the primary tumor, it has a limited effect on
inhibiting distant tumors, possibly due to insufficient DC activation in
the absence of immune adjuvants after thermal ablation. In summary,
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BP@Gel-CD[SA] + NIR treatment can significantly activate systemic
immunity, and promote T lymphocyte infiltration and tumor cell killing,
thereby inhibiting the growth of distant tumors.

2.7. Promotion of osteogenic function by hydrogels In vitro and In vivo

Osteolytic lesions are common in lung cancer bone metastases. After
surgical curettage, bone defects remain, leading to a decrease in me-
chanical strength [28]. Therefore, addressing bone repair after anti-
tumor therapy represents a critical and urgent challenge. BPNSs can
undergo oxidative degradation in environmental conditions, primarily
yielding non-toxic PO~ as the major degradation product. This PO3~
can sequester Ca>" within the body, leading to the formation of calcium
phosphate deposits, which serve as a raw material for bone repair after
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tumor ablation [29,30].

C3H10 cells were cultured in an osteogenic induction medium con-
taining extract from Gel-CD, BP@Gel-CD, Gel-CD[SA], and BP@Gel-CD
[SA] for 7 and 14 days, respectively, and assessed for alkaline phos-
phatase (ALP) activity and Alizarin Red staining. After ALP staining,
cells treated with BP@Gel-CD and BP@Gel-CD[SA] extracts exhibited
more intense staining (Fig. 8a, Fig. S19), indicating higher ALP activity.
Further quantitative analysis of ALP activity after 14 days of culture
(Fig. 8b) revealed that BP@Gel-CD and BP@Gel-CD[SA] extracts
increased ALP protein expression by 2.9-fold and 2.5-fold, respectively,
compared to the Gel-CD and Gel-CD[SA] groups. To confirm the effects
of composite hydrogels on cell matrix mineralization, Alizarin Red
staining was performed after 7 and 14 days of osteogenic induction. As
shown in Fig. 8c and Fig. S20, the BP@Gel-CD and BP@Gel-CD[SA]
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***p < 0.0001.

groups showed significantly more calcium nodule deposition and a
higher degree of mineralization compared to the control group. Semi-
quantitative analysis (OD 620 nm) further demonstrated that BP@Gel-
CD[SA] significantly enhanced matrix mineralization compared to the
Gel-CD[SA] group (Fig. 8d).

The expression of osteogenic-related genes was assessed using
quantitative real-time PCR (Fig. 8e). After 7 days of treatment with
BP@Gel-CD extract, ALP and COL-1 expression increased by 7.7-fold
and 2.5-fold, respectively, compared to the Gel-CD group. After 14
days, the expression of OCN and COL-1 in the BP@Gel-CD[SA] group
was significantly higher than in the Gel-CD[SA] group. These results
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confirm that the addition of BPNSs effectively enhances the expression
of osteogenic-related genes.

To evaluate the in vivo osteogenic effect of the hydrogels, a hole with
a diameter of 1.5 mm was drilled through the medial femoral condyle of
C57BL/6J mice. The bone defects were filled with Gel-CD, BP@Gel-CD,
Gel-CD[SA], and BP@Gel-CD[SA]. At 6 weeks post-surgery, qualitative
analysis using micro-CT (Fig. 9a) revealed that the trabecular bone in
the Gel-CD and Gel-CD[SA] groups was relatively sparse, whereas it was
denser in the BP@Gel-CD and BP@Gel-CD[SA] groups. Quantitative
analysis of parameters such as BV/TV, Tb.Th, Tb.N, and BMD showed
significant increases in the BP@Gel-CD group compared to the Gel-CD



G. Zhong et al.

a Gel-CD BP@Gel-CD
= BP@Gel-CD
* *¥kk ¥k _ *% Kk ok *
g f Eozoq I 1
o =
E 30 B0.15
E £ =
e 20 £0.10
2 5
£ 10 S0.05
[
& o 000
BV/TV Th.Th
BP@Gel-CD

Bioactive Materials 52 (2025) 182-199

Gel-CD[SA] BP@Gel-CD[SA]

= Gel-CD[SA] =BP@Gel-CD[SA]

*¥

—
* * -

T o3q M | — 8 *
E B [
= z os
é 2 § o6
z =
- = 0.4
S 1 2
g £ 02
| 2
g S o0

Th.N BMD

Gel-CD[SA] BP@Gel-CD[SA]

SR
;J,@;

i1

Fig. 9. In vivo osteogenic ability of hydrogel. a) Micro-CT images of newly formed bone at 6 weeks post-implantation in the mouse femoral condyle. scale bars =
0.75 mm. b) Quantitative analysis of BV/TV, Tb.Th, Tb.N, and BMD. c) Representative immunohistochemical staining images of newly formed bone, two parallel
dashed lines indicating the bone defect region. Data are presented as mean =+ SD (n = 5). Statistical analysis was performed using one-way ANOVA with Tukey’s post-

hoc test. *P < 0.05, **P < 0.01, ***P < 0.001.

group (Fig. 9b). To further assess bone regeneration, HE and Masson
staining of the bone defect areas was performed. HE and Masson staining
showed that BP@Gel-CD and BP@Gel-CD[SA] can promote substantial
new bone formation (Fig. S21). Immunohistochemical staining for COL-
1, OCN, and Runx2 proteins indicated that newly formed bone tissue in
the BP@Gel-CD and BP@Gel-CD[SA] groups possess higher levels of
COL-1, OCN, and Runx2, indicating enhanced osteogenic activity
(Fig. 9c, Fig. S22).

To demonstrate the dual therapeutic effect of SABP@Gel-CD com-
bined with NIR, an in situ animal model was established (Fig. 4a) to
evaluate its anti-tumor and bone regeneration properties. After 28 days,
the bone loss was assessed using Micro-CT. The results showed that only
the SABP@Gel-CD + NIR group exhibited bone regeneration, with a
significant increase in both BV/TV and Tb.N compared to other
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treatments (Fig. 10a—d). HE staining (Fig. 10e) confirmed that, except
for the SABP@Gel-CD + NIR group, all other groups displayed more
severe bone damage. In summary, SABP@Gel-CD + NIR effectively in-
hibits tumors and promotes bone regeneration, demonstrating practical
dual therapeutic effects in the lung cancer bone metastasis model when
combined with NIR-laser treatment, indicating potential for clinical
translation.

3. Conclusion

In brief, we developed a hydrogel-based photothermal immuno-
therapy system utilizing SA and BPNSs. The photothermal and photo-
dynamic activities of BPNSs can achieve hyperthermia and ROS-
mediated mitochondrial damage, while also enhancing antitumor
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Fig. 10. Efficacy of the multi-faceted treatment. a) Micro-CT assessment of bone defects, the top image shows a three-dimensional reconstruction, while the bottom
image displays the corresponding axial section views. b) Reconstruction of the trabecular bone in the area of the bone defect. Quantitative analysis of BV/TV (c) and
Tb.N.(d) of the trabecular bone in the area of the bone defect in Fig. 10b. Data are presented as mean + SD (n = 5). Statistical analysis was performed using one-way
ANOVA with Tukey’s post-hoc test. e) HE staining images of the defect area, * indicates remaining bone tissue in the tumor site, the dotted circle denotes the bone
defect created during operation, and A indicates the trabecular bone of newly formed bone.

immunity through ICD. Local application of SA further induces the
cGAS-STING pathway. Activated systemic antitumor response was
achieved by combination of photothermal therapy and immunotherapy.
Constructed integrative system can not only eliminate residual cells but
also suppress remote tumor growth via systemic antitumor immune
response in vivo. In the long term, BPNSs can promote the formation of
new bone at sites of tumor-induced bone destruction, improving bone
strength in the affected area. For clinical translation, our method would
be particularly meaningful for late-stage multi bone metastasis of lung
cancer that is not curable by conventional surgery or radiotherapy
strategies.

4. Experimental section
4.1. Materials and reagents

Black phosphorus crystal powder was purchased from Nanjing
XFNANO Materials Tech Co., Ltd (Nanjing, China). N-Methyl-2-pyrro-
lidone (NMP, 99.5 %, anhydrous) was obtained from Aladdin Reagents.
Phenyl(2,4,6-trimethylbenzoyl)phosphinic acid lithium salt (photo-
initiator, LAP) was obtained from Aladdin (Aladdin, USA). Gelatin-
methacryloyl (GelMA) with 80 % of methacrylation was synthesized
as described previously [31] and acrylamide-modified-cyclodextrin
(AAm-B-CD) was prepared according to a procedure in the literature
[32,33]. All reagents were used as received without further purification.

Luciferase-expressing LLC(LLC-luc) cells were purchased from iCell
(Shanghai, China). Fluorescein sodium salt was purchased from Mack-
lin. SA was purchased from MedChemExpress (HY-123943). f-glycerol
phosphate, dexamethasone, and ascorbic acid, sodium phosphatedibasic
(Na2HPO4), and ethylene diamine tetraacetic acid (EDTA) were bought
from Sigma-Aldrich. Dulbecco’s modified Eagle’s medium (DMEM),
Phosphate-buffered saline (PBS) were purchased from Gibco Life Sci-
ences. Serum-free cell freezing solution (Lonsera, cat. no. LS368-001)
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was purchased from Suzhou Shuangru Biotechnology. Calcein AM/PI
cell viability assay kit, annexin V-FITC apoptosis detection kit, and
DCFH-DA were also acquired from Meilun Biotechnology Co. (Dalian,
China).

The following antibodies were applied for flow cytometry: anti-
mouse CD1llc (clone N418, Biolegend, 1:200 diluted), anti-mouse
MHC 1II (clone M5/114.15.2, Biolegend, 1:200 diluted), anti-mouse
CD80 (clone 16-10A1, Biolegend, 1:200 diluted), anti-mouse CD86
(clone GL1, Biolegend, 1:200 diluted), anti-mouse CD45 (clone 30-F11,
BD Biosciences, 1:200 diluted), anti-mouse CD3 (clone 17A2, Biolegend,
1:400 diluted), anti-mouse CD4 (clone GK1.5, BD Biosciences, 1:200
diluted), anti-mouse CD8 (clone 53-6.7, Biolegend, 1:200 diluted), anti-
mouse CD25 (clone PC61, Biolegend, 1:200 diluted), anti-mouse Foxp3
(clone FJK-16s, Thermo Fisher, 1:100 diluted). FVS 780 (Fixable
Viability Dye eFlourTM 780, eBioscience, 65-0865-14, USA, 1:100
diluted) was used for live or dead cells selection. The anti-STING anti-
body (ab288157), anti-NAK/TBK1 antibody (ab40676), anti-IRF3 anti-
body (ab68481) were purchased from Abcam. The phospho-IRF3
(Ser396) antibody (AF2436), phospho-TBK1 (Ser172) antibody
(AF8190) and phospho-TMEMM173/STING (Ser366) antibody
(AF7416) were purchased from Affinity Biosciences. RIPA lysate, pro-
tease phosphatase inhibitor, ultra-sensitive ECL chemiluminescence kit
were obtained from Beyotime (Shanghai, China).

Lewis lung carcinoma (LLC) cells and NSCLC cells A549 were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 10
% fetal bovine serum (FBS), at 37 °C, 5 % CO,. BMDCs were extracted
from 6-week-old C57BL/6J mice and maintained via a standard method
used in previous studies [34]. C3H/10T1/2 (C3H10) cells were cultured
in a-MEM medium supplemented with 10 % FBS.

4.2. Preparation and characterization of BP@Gel-CD hydrogel

Liquid phase exfoliation method was used to prepare the black
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phosphorus nanosheets (BPNSs) [35,36]. First, the black phosphorus
crystal powder was dispersed in ultrapure water. The mixture was
sonicated for 9 h in an ice bath using a cell disruptor to obtain a brown
dispersion. After that, the dispersion was sonicated in an ice bath for 4 h,
and the supernatant was collected after centrifugation (10000 rpm) for
20 min. To further obtain the hydrogel, the pregel solution was first
prepared by dissolving 10 w/v% GelMA, 4w/v% AAm-B-CD, and 0.5w/v
% photoinitiator (LAP) in DPBS. After that, BPNSs were dispersed in the
pregel solution at a final concentration of 200 ppm and further poly-
merized by UV irradiation (405 nm, 60 s) to produce the BP@Gel-CD
hydrogel.

The morphology of the hydrogels coated with platinum was observed
by using field-emission scanning electron microscopy (SEM, MERLIN,
Zeiss, Germany) at an acceleration voltage ranging from 5 to 10 kV.
Strain sweep testing was conducted by Rheometer (MCR 302, Anton
Paar) to analyze the storage modulus (G’) and loss modulus (G") of
hydrogels in the range of 0.01-2000 % shearing strain. Dynamic me-
chanical testing (DMA Q800, TA Instruments, USA) was also applied to
evaluate the mechanical properties of the hydrogels. The hydrogels were
prepared into a cylindrical shape with a diameter of ~10 mm and a
thickness of ~5 mm. In the static compression mode, the compression
test was performed at a strain rate of 10 % min~'. The in vitro photo-
thermal properties of the hydrogels were investigated by NIR irradiation
of the hydrogels at a power density of 1 W/cm? with an 808 nm laser.
The temperature values of the irradiated sites and the corresponding
thermal images were recorded on an infrared thermal imager (FLIRTM
A325SC camera, USA).

4.3. Synthesis and characterization of the SA encapsulated BP@Gel-CD
hydrogel

AAm-CD loaded with STING (AAm-p-CD[SA]) was prepared by
mixing SA (50 mg) and AAm-B-CD (160 mg) in ultrapure water and
stirring for 24 h in the dark. During this process, hydrophobic in-
teractions inserted STING into the hydrophobic cavity of AAm-$-CD in
the aqueous solution. After that, AAm-$-CD[SA] was obtained by
lyophilization for 72 h at —80 °C and characterized by NMR spectros-
copy (400 MHz, Bruker, Germany). Then, the pre-gel solution was pre-
pared by dissolving 10w/v% GelMA, 4w/v% AAm-B-CD[SA], and 0.5w/
v% photoinitiator (LAP) in DPBS, and BPNSs were added to the pregel
solution, at a final concentration of 200 ppm. SA-encapsulated BP@Gel-
CD nanocomposite hydrogel (BP@Gel-CD[SA]) was further formed
through the photocrosslinking of the pre-gel solution initiated by UV
treatment (405 nm) for 1 min at 25 °C.

The freeze-dried BP@Gel-CD[SA] hydrogel was characterized by
Fourier infrared spectrophotometer (FTIR, CCR-1, Thermo Scientific,
USA). The concentration of SA released from the inside of the hydrogel
was determined by high-performance liquid chromatography (HPLC, AB
Sciex, USA). Briefly, 300 pL hydrogel were soaked in PBS (600 pL) at the
condition of 37 °C and 100 rpm. Release medium was collected at the set
time points and the amount of the released SA was measured by HPLC.
The release percentage of SA was calculated based on the total amount
of SA encapsulated in the BP@Gel-CD hydrogel. A standard curve of SA
in the range of 0.01-0.5 pg/mL was used to quantify the amount of SA
released.

4.4. Cytotoxicity assay and ROS detection

A549 cells were first seeded in a 24-well plate at a density of 3 x 10*
cells per well overnight and then incubated with different treatments as
follows: 1) Gel-CD; 2) BP@Gel-CD; 3) Gel-CD + NIR; 4) BP@Gel-CD +
NIR. The two NIR groups were followed by 803-nm laser irradiation at a
power intensity of 0.5 W/cm? for 0, 2.5min, 5 min, 10min, respectively.
After another 2 h incubation, the cell viabilities of these treated cells
were stained by calcein-AM and propidium iodide (PI) (Beyotime,
China) under a standard protocol. After washing with PBS, cells were
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stained with Calcein-AM (1X) and PI dyes (1X) for 15 min and examined
using a fluorescence microscope. Also, after those treatment, cell
apoptosis was analyzed using the flow cytometry with an Annexin V-
FITC/PI Apoptosis Detection kit (Solarbio, China). ROS generation was
determined using a ROS Assay Kit (Beyotime, China). The cells were
stained with 10 pM DCFH-DA at 37 °C for 20 min in the dark and then
incubated with: 1) Gel-CD; 2) BP@Gel-CD; 3) Gel-CD + NIR; 4) BP@Gel-
CD + NIR. Then the cells were imaged using a fluorescence microscope.

4.5. DC maturation in vitro

LLC cells were inoculated in a 6-well tissue culture plate at a density
of 3 x 10° cells per well and incubated with Gel-CD, BP@Gel-CD,
BP@Gel-CD + NIR, Gel-CD[SA], BP@Gel-CD[SA] and BP@Gel-CD
[SA]+NIR for 24 h. BMDC cells were then co-cultured with pretreated
LLC cells for another 24 h. The cells were stained with anti-CD80-APC
and anti-CD86-FITC to analyze DC maturation by flow cytometry assay.

4.6. Detection of osteogenic mRNA expression

For osteogenic induction, the medium of C3H10 was replaced with
an osteogenic induction medium (containing 50 pM ascorbic acid, 10
mM B-glycerophosphate, and 100 nM dexamethasone) and extracts from
Gel-CD, BP@Gel-CD, Gel-CD[SA], and BP@Gel-CD[SA] every 3 days.
The cells were subjected to RT-PCR to detect mRNA expression of
osteogenic genes including Runx-2, ALP, Collagen-1, and OCN. Briefly,
total RNA was isolated from C3H10 cells using the E.Z.N.A.® Total RNA
Kit I (OMEGA, USA). Afterward, RT-PCR was carried out using the
TransScript® II Green One-Step qRT-PCR SuperMix (TransGen Biotech,
China). Primer sequences of Runx-2, ALP, Collagen-1, and OCN are
shown in Table S1. The relative mRNA expression was calculated using
the comparative cycle threshold (CT) method (AACT method), and all
the experiments were performed in triplicate.

4.7. Alizarin red and alkaline phosphatase (ALP) staining

Alizarin red and ALP staining were performed to detect the extra-
cellular matrix mineralization. After osteogenic induction in each
extract for 7 and 14 d, the C3H10 cells were fixed and stained with
Alizarin Red S solution (ARS, Sigma, USA) to detect calcium deposition.
The differentiation ability of the cells was quantitatively evaluated by
eluting the stained wells with a solution of 10 % cetylpyridinium chlo-
ride (Sigma, USA) and the optical density were measured at 620 nm. The
ALP activity was quantified by p-nitrophenyl phosphate (pNPP) (Sigma,
StLouis, MO, USA) according to the described procedures. Briefly, total
protein was extracted by RIPA (Beyotime, China), and the protein con-
tent was determined by the bicinchoninic acid (BCA) Protein Assay Kit
(Beyotime, China). The results were normalized to the total intracellular
protein content and expressed in nanomoles of produced p-nitrophenol
per min per mg of protein (nmol/min/mg protein). Furthermore, ALP
expression was visualized by BCIP-NBT staining (Beyotime, China)
method.

4.8. Evaluation of STING activation

To examine the in vitro activation of STING induced by BP@Gel-CD
[SA], a Western blot analysis was conducted to assess the expression
levels of phosphorylated TBK1 (p-TBK1) and phosphorylated IRF3 (p-
IRF3) across multiple experimental groups. LLC cells were plated in 6-
well tissue culture plates at a density of 3 x 10° cells per well and
subjected to various treatments including Gel-CD, BP@Gel-CD, BP@Gel-
CD + NIR irradiation, Gel-CD[SA], BP@Gel-CD[SA], and BP@Gel-CD
[SA]+ NIR irradiation. Subsequently, the cells were lysed using RIPA
lysis buffer supplemented with 1 % protease inhibitor and phosphatase
inhibitors. The total protein concentration was determined utilizing the
BCA Protein Assay Kit (cat. no. 23209, Thermo Scientific). Equal protein
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aliquots were mixed with an equivalent volume of 4 x loading buffer
and heated to 100 °C for 15 min. SDS-PAGE then resolved the proteins
with 10 % polyacrylamide gels (PG212, EpiZyme). The resolved proteins
were transferred to a PVDF membrane at a constant current of 400 mA
for 60 min. Following the transfer, the membrane was blocked with 2 %
BSA in TBST for 1 h at room temperature. Subsequently, the membrane
was incubated with the primary antibody overnight at 4 °C. After five
washes with TBST, the membrane was incubated with HRP-conjugated
goat-developed anti-rabbit (Abcam, ab6721) secondary antibodies for
1 h at room temperature, followed by an additional 3 washes with TBST.
Western blot membranes were developed with ECL, and signals were
detected with ChemiDoc XRS+(Bio-Rad) as per the manufacturer’s in-
struction. The bands were meticulously inspected, and the expression
levels of the target proteins were semi-quantified using ImageJ software
(NIH, USA).

4.9. In vivo antitumor model

The Ethics Committee of Guangdong Provincial People’s Hospital
approved animal experiment protocols (KY-D-2021.272) and all the
animals were purchased from Guangdong Medical Laboratory Animal
Center. A mouse model of femoral-transplanted tumor was established.
Five-week-old male C57BL/6J mice were acclimated for one week
before being injected with a suspension of LLC-luc cells in PBS (pH =
7.4) (100 pL containing 5 x 10° cells) into the distal metaphysis of the
left femur of each mouse. When the tumor volume reached 50 mm?, the
mice were randomly divided into six groups of five animals each. The
tumors were then palliatively resected, and the tumor-bearing mice in
each group were subjected to the following interventions: 50 pL of Gel-
CD, BP@Gel-CD, BP@Gel-CD + NIR, Gel-CD[SA], BP@Gel-CD[SA], and
BP@Gel-CD[SA] + NIR. The total amount of SA was 10 pg per mice.
Laser irradiation (1 W/cm?, 5 min) was applied on the day of surgery, as
well as on the third and fifth days. The maximum temperature at the
tumor site during NIR treatment was continuously monitored and pre-
cisely maintained around 50 °C (Fig. 4b).Real-time thermal imaging
(FLIR A315, USA) was utilized to ensure strict control over the local
temperature during irradiation, and the exposure time was adjusted
accordingly to prevent overheating.

Tumor volume was measured every three days using formula V =
(width)? x length/2. At 10, 18, and 28 days, the mice were anesthetized
with isoflurane gas and injected intraperitoneally with fluorescein so-
dium substrate. In vivo imaging analysis was then performed using the
Luznoche®B Animal Imaging System (SpectralMagic, USA) and Lab-
Magic software. After two weeks, spleens were harvested from the mice
for flow cytometry analysis. Then, spleen samples were crushed using a
rubber-headed pestle, filtered through a 200-mesh sieve to remove fat
and fascia, and centrifuged at 4 °C (400XG, 5 min). The cells were
resuspended in PBS, incubated with fluorescently labeled antibodies for
40 min, and then analyzed by flow cytometry to determine the pro-
portion of target cells (activated DCs, T cells). Tumor tissues were fixed
in 10 % paraformaldehyde and processed into H&E stained sections, as
well as CD8 and Foxp3 immunofluorescent stained sections.

4.10. Single-cell RNA-sequencing procedure

The procured and washed tissue micro-fragments were subjected to a
dissociation solution consisting of 0.35 % collagenase IV, 2 mg/ml
papain, and 120 Units/ml DNase. Subsequently, the dissociation process
was terminated by 1 x PBS containing 10 % FBS. Erythrocytes were
removed using 1 ml of 1 x erythrocyte lysis buffer (MACS 130-094-183).
Dead cells were eliminated using Dead Cell Removal MicroBeads (MACS
130-090-101). Cell viability was assessed via trypan blue staining, with
a requirement of >85 % viability and a cell concentration ranging from
700 to 1200 cells/pl.

The single-cell suspension was then loaded onto a 10x Genomics
Chromium Next GEM Single Cell 5 Kit (v2) chip as per the
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manufacturer’s instructions, targeting the capture of 8000 single cells.
c¢DNA amplification and library preparation were conducted according
to the standard protocol. LC-Bio Technology (Hangzhou, China) per-
formed sequencing of the libraries on the Illumina NovaSeq 6000
sequencing system (paired-end sequencing, 150 bp), with a sequencing
depth of at least 20,000 reads per cell.

The raw sequencing data from the Illumina platform were converted
into FASTQ format using the bcl2fastq software (version 5.0.1). The
scRNA-seq sequencing data were aligned to the reference genome, and
cellular and individual 5' end transcripts were identified and counted
within the sequenced samples using CellRanger software. The Cell-
Ranger output data were loaded into Seurat (version 4.1.0) to filter low-
quality cells, reduce dimensionality, and cluster the scRNA-seq data. The
threshold for filtering low-quality cells was set at >500 genes expressed
per cell and <25 % of mitochondrial gene expression within each cell. t-
SNE or UMAP was utilized to project the cells into a 2D space.

Cell types were annotated using previously reported cell-specific
marker genes and top-ranked differentially expressed genes. Differen-
tial genes obtained for each cell type underwent enrichment analysis
based on GO (Gene Ontology, http://geneontology.org/) and KEGG
(Kyoto Encyclopedia of Genes and Genomes) databases [37]. Signifi-
cance levels of pathways were calculated using the Fisher’s exact test,
and gene enrichment results relevant to the cell types were selected.
GSEA was performed using GSEA software (http://www.broadinstitute.
org/gsea/).

4.11. Mouse model of femoral bone defect

The mouse model of metaphyseal defect of the femur was established
as previously described [38]. A 10-mm incision was made on the lateral
side of the femur of C57BL/6J mice, and a 1.5-mm drill bit was used to
penetrate the lateral cortical bone into the metaphyseal cancellous bone,
creating a defect in the supracondylar region of the right femur. Then,
hydrogels were injected into the defect site. At six weeks, the femurs
were harvested. The pCT imaging system (pCT50, Scanco Medical,
Briittisellen, Switzerland) was employed to evaluate osteogenesis within
the defect region. The specimens were scanned with the following pa-
rameters: voltage, 70 kV; electric current, 114 pA; and resolution of 10
pm per pixel. Following scanning, a three-dimensional (3D) image was
reconstructed. Bone mineral density (BMD), bone volume/total tissue
volume (BV/TV), trabecular number (Tb.N), and trabecular thickness
(Tb.Th) in the bone defect were analyzed using software (Scanco Med-
ical AG, Switzerland).

After pCT scanning, the samples were decalcified in 10 % EDTA (pH
= 7.4) and then embedded in paraffin. For microstructure observation,
four longitudinal sections (150 pm thick) of each specimen were pre-
pared for hematoxylin and eosin (H&E), Masson-trichrome, and
immunohistochemical (IHC) stainings. IHC staining was accomplished
using antibodies RUNX-2 (RM8028, Biodragon).

4.12. Statistical analysis

All data are presented as the mean =+ standard deviation (SD). Stu-
dent’s t-test evaluated differences between the experimental and control
groups. One-way analysis of variance (ANOVA) was used for multiple
comparisons in this study. A P value < 0.05 was considered statistically
significant. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
All data analysis was conducted using SPSS 22.0 analysis software (SPSS
Inc, Chicago, IL).
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