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Introduction: Clinical treatment of osteosarcoma remains challenging because of residual tumor—associated recurrence, bacterial
infection, and insufficient bone reconstruction. To address these challenges, a selenium—iron Prussian blue nanocube (FeSePB) was
designed and encapsulated within a thermoresponsive hydrogel for osteosarcoma therapy.

Methods: The FeSePB nanocube functions as an efficient photothermal conversion agent, producing localized heating under near-
infrared (NIR) irradiation and enabling controlled softening of the hydrogel after implantation under laser irradiation. Following
administration into the osteosarcoma site, initial NIR irradiation triggered hydrogel softening and rapid release of FeSePB, resulting in
elevated local temperature that eliminated residual tumor cells and achieved antibacterial effects through photothermal therapy (PTT).
Concurrent selenium release further inhibited bacterial growth, reducing infection risk.

Results: In vitro experiments demonstrated that sustained mild PTT induced moderate hyperthermia, which supported bone
regeneration. In vivo animal experiments demonstrated remarkable tumor growth inhibition, with inhibition rates of about 90.67%
compared with the control group. Thus, the FeSePB hydrogel demonstrated NIR-switchable temporal regulation, enabling integrated
anti-tumor, anti-infective, and pro-osteogenic functions during osteosarcoma treatment.

Conclusion: This strategy offers a multifunctional therapeutic platform that simultaneously addresses tumor proliferation, infection,
and bone loss, highlighting its potential for clinical translation.
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Introduction
Bone tumors significantly compromise patient health and are broadly classified as benign or malignant, each showing
different biological behaviors and therapeutic responses.' Osteosarcoma is the most prevalent malignant primary bone
tumor and is defined by the production of immature bone or osteoid by malignant cells. Its incidence shows a bimodal
age distribution, with a peak during adolescence, coinciding with rapid skeletal growth, and a second peak in adults aged
60 years or older.” Osteosarcoma can occur in any bone, but it most frequently involves the regions around the knee and
the proximal humerus.’ Current treatment strategies mainly rely on surgical resection of the primary tumor and
surrounding tissues, combined with chemotherapy or other adjuvant approaches.* Although low-grade osteosarcomas
are generally managed effectively by surgery alone, outcomes for high-grade tumors remain unsatisfactory. These
aggressive tumors carry a high risk of metastasis to the lungs, lymph nodes, and other organs, and therapeutic advances
have been limited since the establishment of the neoadjuvant chemotherapy—surgery—adjuvant chemotherapy regimen in
the 1980s.>° During surgical intervention, careful consideration of resection margins is required to achieve complete
tumor removal while minimizing excessive bone loss. Thus, there is an urgent need to develop new therapeutic strategies
that can simultaneously eradicate osteosarcoma cells and support bone repair to achieve optimal therapeutic outcomes.
Three major challenges continue to hinder effective osteosarcoma treatment: tumor recurrence, bacterial infection,
and impaired bone regeneration.”* Persistent inflammation triggered by bacterial infection, together with the release of
inflammatory mediators, creates an immunosuppressive and pro-angiogenic microenvironment.”'® Such conditions

https://doi.org/10.2147/1IN.S594220 International Journal of Nanomedicine 2026:21 594220 |
Received: 22 January 2026 © 2026 He et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 22 May 2026 AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work

Published: 23 June 2026 you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

He et al

promote the survival, proliferation, and metastasis of residual tumor cells, increasing the risk of recurrence.'' In this
context, photothermal therapy (PTT) has gained increasing interest as an emerging approach for tumor ablation and
antibacterial treatment.'? Photothermal conversion agents absorb incident light energy, leading to excitation of internal
electrons and rapid conversion of this energy into heat upon relaxation.'>'® This process occurs within a very short time
frame and results in a sharp increase in local temperature. For effective tumor cell killing and antibacterial activity,
temperatures at the lesion site typically need to exceed 50 °C. However, exposure to such high temperatures risks
collateral damage to surrounding healthy tissues due to heat diffusion. To address this limitation, mild hyperthermia in
the range of 40—44 °C has been proposed as an alternative, as it can induce tumor cell death and exert antibacterial effects
while causing less damage to normal tissues, making it more suitable for clinical application.'’

A variety of nano-photothermal conversion agents have been developed to achieve mild PTT, and these materials can
be broadly categorized into organic small molecules and inorganic nanomaterials.'® 2° Representative platforms include
carbon-based nanostructures, noble metal nanomaterials, and layered black phosphorus.”' ** For example, Wang et al
reported an organic nanoparticle capable of inducing mild hyperthermia under 650 nm laser irradiation, resulting in
efficient Escherichia coli clearance and alleviation of inflammation.®® Lin et al developed a single-atom palladium
nanozyme that promoted ferroptosis-enhanced mild PTT, improving anti-tumor efficacy while minimizing damage to
normal tissues.”® More recently, gold nanoaggregates with a high photothermal conversion efficiency of 92.8% were
synthesized and achieved complete tumor ablation.”” Despite these promising advances in both tumor elimination and
antibacterial therapy, efficient and precise delivery of nano-photothermal agents to target sites remains a major challenge.
Many of these nanomaterials lack intrinsic tumor-targeting properties and exhibit low bioavailability, limiting their
therapeutic performance and clinical translation.

Besides tumor recurrence and bacterial infection, impaired bone regeneration represents another critical challenge in
osteosarcoma treatment.”® The skeletal system plays an essential role in structural support and organ protection and is
composed of more than 60% inorganic components.”® Although bone tissue has an intrinsic capacity for regeneration
following limited injury, bone loss caused by tumor invasion or surgical resection frequently exceeds the threshold for
self-repair.®® Therefore, a variety of nanomaterial-based strategies have been developed to promote bone
regeneration.’'** It is worth noting that the extracellular matrix (ECM) of bone plays a key role in promoting
osteogenesis.>*** Injectable hydrogels incorporating organic molecules or nanomaterials and mimicking the viscoelastic
properties of the ECM have been considered promising candidates for bone repair.’> These hydrogels facilitate bone cell
proliferation and tissue regeneration while offering advantages such as minimal invasiveness and close tissue adhesion.**
However, most existing hydrogel systems primarily focus on bone regeneration and overlook the need to clear residual
osteosarcoma and meet antibacterial requirements.

Persistent inflammatory responses triggered by bacterial infection create an immunosuppressive microenvironment
that favors the proliferation and metastasis of residual tumor cells, increasing the risk of tumor recurrence.’®®
Furthermore, the hyperinflammatory tumor microenvironment continuously suppresses osteogenic differentiation,
severely limiting bone regeneration.’>* Structural instability and tissue necrosis at bone defect sites further promote
bacterial biofilm formation on implants or necrotic bone surfaces, exacerbating the persistence of infection and difficulty
of treatment.?*>* This complex, interconnected pathological cascade renders traditional staged or single-target therapies
insufficient for effectively addressing these complications in a coordinated manner.** Therefore, nanomaterials designed
for osteosarcoma treatment must integrate synergistic anti-tumor, antibacterial, and pro-bone regenerative functions.

Selenium (Se) played a crucial role in various biological functions. Considering that the rational complex of Se and
other metal could significantly improve the physicochemical properties,*® a FeSePB nanocube was incorporated into
a low-temperature agarose hydrogel for osteosarcoma therapy in this work (Scheme 1). Agarose was selected for its
shear-thinning injectability, excellent biocompatibility, FDA-recognized status, and thermally reversible gelation that
enables mild drug loading and NIR-triggered synergistic therapy with FeSePB. Following in situ injection into the target
area, treatment was initiated using 808 nm laser irradiation. The FeSePB-loaded hydrogel acted as a photothermal
conversion agent, converting light energy into heat and generating mild hyperthermia at the local site, reaching 45.2 °C.
This temperature was sufficient to suppress tumor cell activity while eliminating bacteria. Simultaneously, hydrogel
softening enabled sustained selenium release, providing continuous antibacterial effects. During bone regeneration, near-
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Scheme | Schematic illustration of the “three-in-one” hydrogel enabling tumor ablation, antibacterial therapy, and promotion of bone regeneration under mild PTT.

infrared laser—triggered mild hyperthermia promoted osteogenic activity, while the softened FeSePB hydrogel formed
a porous three-dimensional scaffold conducive to bone tissue ingrowth. This strategy disrupts the pathological cycle of

tumor recurrence, bacterial infection, and impaired bone repair, achieving synergistic therapeutic efficacy through PTT.

Result and Discussion

Characterization of FeSePB Nanoparticles and Hydrogel

K4(Fe(CN)g3 and FeCl; was employed as the precursor, with potassium selenocyanate (KSeCN) introduced as the dopant
during the synthesis process, thus yielding selenium-doped Prussian blue (FePB), denoted as FeSePB. Full synthetic
protocols are available in the Supplementary material. The transmission electron microscopy (TEM) characterization

results of FeSePB are presented in Figure 1A, which demonstrates that FeSePB exhibits a square morphology analogous
to that of pristine Prussian blue. Subsequently, FeSePB was dispersed in an agarose hydrogel matrix to enhance its
injectability and long-term stability. The scanning electron microscopy (SEM) image of the resulting hydrogel is
displayed in Figure 1B, revealing a sophisticated three-dimensional porous network architecture. Furthermore, the
particle size of FeSePB was determined via dynamic light scattering (DLS) measurements, as illustrated in Figure 1C.
The average particle sizes of FeSePB batches synthesized repetitively over three consecutive days were measured to be
96.8 +£ 5.4 nm, 108.2 + 8.5 nm and 103.3 + 7.8 nm, respectively, indicating a homogeneous particle size distribution of
FeSePB. In addition, Figure S1 depicts the variations in the particle size of FeSePB suspended in phosphate-buffered
saline (PBS) and RPMI-1640 medium. The results further confirm that FeSePB possesses robust stability without
observable degradation, rendering it a promising candidate for subsequent biological experiments. The high-resolution
X-ray photoelectron spectroscopy (XPS) spectra of FeSePB, presented in Figure 1D and E, exhibit the characteristic
peaks corresponding to the Fe 2p and Se 3d orbitals, respectively.
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Figure | (A) TEM image of FeSePB. Scale bar: 100 nm. (B) SEM image of FeSePB-based hydrogel. Scale bar: 20 um. (C) Particle size of FeSePB revealed by DLS detection.
(D) Fe 2p high-resolution XPS spectra of FeSePB. (E) Se 3d high-resolution XPS spectra of FeSePB. (F) UV-vis absorption spectra of FeSePB. (G) Temperature rise curves of
different groups under 808 nm laser irradiation. Laser: (L) (H) Temperature variation curves of FeSePB after three consecutive laser irradiations.

Photothermal Property Evaluation

For a material to serve as an efficient photothermal agent, it is essential to possess strong absorption in the near-infrared
(NIR) region. As illustrated in Figure 1F, the UV-vis absorption spectrum of FeSePB was investigated, and the results
demonstrate that FeSePB features a broad absorption band across a wide wavelength range including 808 nm, which
highlights its great potential as a high-performance photothermal agent. PBS was used as the control group, FeSePB and
FePB samples were irradiated continuously with an 808 nm laser, and the real-time temperature changes were recorded
using a thermal infrared camera. As shown in Figure 1G, the temperature of the PBS group increased by less than 2 °C
within 5 minutes, while the temperature rise of the FePB group reached approximately 14.2 °C. Notably, FeSePB
exhibited the most prominent photothermal effect, with its temperature increasing from 24.3 °C to 42.2 °C. Furthermore,
to verify the photothermal stability of FeSePB, three consecutive cycles of 808 nm laser irradiation were conducted
(Figure 1H). The results confirmed that FeSePB maintained excellent stability during the three heating-cooling cycles,
without significant attenuation of its photothermal performance. In addition, to evaluate whether the agarose hydrogel
would affect the photothermal response capability of FeSePB, a comparative study on the temperature rise behavior was
performed between the FeSePB-loaded hydrogel (with the same FeSePB concentration) and the pure FeSePB solution.
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The temperature elevation effects of the two systems were found to be quite close, indicating that the agarose hydrogel
had negligible influence on the photothermal curve of FeSePB (Figure S2). We have explored the injectability of the
FeSePB-loaded agarose hydrogel at room temperature, as shown in Figure S3, this FeSePB hydrogel could be injected at
room temperature. Moreover, the temperature-responsive rheological curves of the FeSePB hydrogel confirmed the
sustained-release capability of the hydrogel matrix, as evidenced by the gradual decrease in its storage modulus with
increasing temperature (Figures S4 and S5). Collectively, the agarose hydrogel serves as an ideal carrier that maintains
the photothermal performance of FeSePB while providing sustained-release functionality, laying a solid foundation for its
subsequent biological applications.

In vitro Antitumor Study

Given the favorable material characterization results, we further investigated the efficacy of FeSePB hydrogel combined with
an 808 nm laser for antibacterial and antitumor applications, with the antitumor capacity evaluated first. Controllable drug
release from photothermal hydrogels is of great significance to their biological functions and therapeutic efficacy. As shown in
Figure S6, with laser irradiation, the materials are gradually released, and after turning off the laser, the hydrogel slowly
solidifies. As presented in Figures 2A and S7, fluorescein diacetate (FDA) and propidium iodide (PI) double staining were
employed to assess cell viability under different treatment conditions. FDA emits green fluorescence, serving as a marker for
viable cells. In contrast, when cells undergo apoptosis, the damaged cell membrane allows PI to penetrate and intercalate into
DNA, resulting in red fluorescence. Notably, no apoptotic signals were detected in cells treated with the laser alone or FePB
alone, indicating that neither single laser irradiation nor standalone FePB could induce hyperthermia or other substantial
cellular damage. FeSePB hydrogel alone exhibited a certain degree of cytotoxicity, which was attributed to the reactive oxygen
species (ROS) generated by the sustained release of FeSePB from the hydrogel matrix, enabling direct tumor cell killing. FePB
hydrogel combined with laser (FePB + L) induced extensive cellular apoptosis, yet a fraction of cells remained viable. Of great
significance, FeSePB hydrogel combined with laser (FeSePB + L) achieved the most potent apoptotic effect, with almost no
green fluorescent signals observed, demonstrating its superior tumor-killing capacity. The ROS generation in each group was
detected using 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) (Figure 2B), and the results were consistent with the
live/dead cell staining data. The FeSePB + L group not only exerted the strongest cytotoxicity but also induced the brightest
green fluorescence corresponding to ROS accumulation. Quantitative analysis of the fluorescence intensity further revealed
a statistically significant difference between the FeSePB + L group and the FePB + L group (Figure 2D). The capacity of
FeSePB + L to inhibit tumor cell proliferation was further evaluated using a commercial CCK-8 assay kit, with treatments
administered after the incubation period. As shown in Figure 2C, the cell viability in the FePB + L group was approximately
53.12%, whereas that in the FeSePB + L group drastically decreased to around 18.44%. Additionally, the tumor-killing
efficacy of FeSePB combined with laser at different concentrations was investigated, and the results (Figure 2E) demonstrated
a concentration-dependent enhancement in the antitumor activity of FeSePB. These findings collectively reveal that Se doping
endows FeSePB with synergistic photothermal-ROS therapeutic effects that surpass those of pristine FePB, and the agarose
hydrogel carrier optimizes its bioavailability.

Evaluation of Bone Repair Performance

In the tumor microenvironment, abnormally accumulated inflammatory factors establish a persistent hyperinflammatory
homeostasis. This homeostatic state not only blocks the osteogenic pathway by downregulating osteogenesis-related
transcription factors and inhibiting the proliferation and differentiation of osteoblasts but also activates the excessive
activation program of osteoclasts, disrupting the dynamic balance between bone resorption and bone formation. Hence,
we further investigated the bone repair efficacy of FeSePB. As shown in Figure 3A, the live/dead cell staining results of
bone marrow mesenchymal stem cells (BMSCs) co-incubated with different treatment groups demonstrated that the
FeSePB + L group exerted no cytotoxic effects on BMSCs. Additionally, the cell viability was analyzed after 24 h and
48 h of incubation, and the results (Figure 3B) indicated that the FeSePB + L group significantly enhanced the viability of
BMSCs compared with other groups. To further explore the osteogenic differentiation-promoting effect, key indicators
involved in osteogenic differentiation were evaluated, including Runx2 (the master transcription factor for osteogenic
differentiation), ALP (the early functional marker of osteogenic differentiation), Col-I (the main structural protein
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Figure 2 (A) Fluorescence images of the K7M2 cells after the different treatments. Live cells are shown in green and dead cells are shown in red, Scale bar: 20 um.
(B) Measurement of tumor cell ROS fluorescence after the different treatments. Scale bar: 20 um. (C) Cell viability after indicated treatment. (D) Quantitative
analysis of ROS production after the different treatments. (E) Cell viability after treatment with different concentrations of FeSePB hydrogel under laser irradiation.
(N=3) ** p < 0.005; Student’s t-test.

composing the bone matrix), and OCN (the late mineralization marker of osteogenic differentiation). After FeSePB
treatment combined with laser irradiation, all the above indicators (Figure 3B—E) showed a certain degree of upregulation
after one week of culture, suggesting that the mild hyperthermia induced by FeSePB and laser treatment could promote
the early osteogenic differentiation of BMSCs. Notably, as an indicator involved in the initial stage of extracellular
matrix mineralization, the ALP activity was detected after 3 and 7 days of incubation, respectively. The results also
revealed that the FeSePB + L group significantly improved the functional maturation of osteoblasts. The osteogenic
differentiation process is accompanied by distinct changes in cell morphology, when undergoing directed differentiation

into osteoblasts, the cells gradually spread into polygonal or cobblestone-like shapes, and F-actin assembles into
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Figure 3 (A) Live/dead staining images of BMSCs under various treatments. (B) Cell viability at different time periods after indicated treatment. (C~E) CoL-1, Runnx2 and
ALP activity. (F) CLSM images of F-actin immunofluorescence under different treatments. (N=3) * p <0.05, *** p < 0.005; Student’s t-test.

parallelly arranged stress fibers, forming a clear cytoskeletal network that anchors cell polarity and supports the secretion
of extracellular matrix and the formation of mineralized nodules. As presented in Figure 3F, the cells treated with the
FeSePB + L group had entered the osteogenic differentiation state. These results confirmed that FeSePB, under laser
irradiation, not only exhibits excellent biocompatibility with BMSCs but also promotes their proliferation and directional

differentiation into osteoblasts through mild photothermal effects.

Photoactivated Antibacterial Efficacy

Persistent inflammatory microenvironment induced by bacterial infection can reshape the local tumor immune landscape
and establish an immunosuppressive barrier, thereby providing a favorable niche for the proliferation and invasion of
dormant tumor cells. This process significantly impairs the efficiency of anti-tumor immune responses in the host and
further elevates the potential risk of tumor recurrence and distant metastasis. Consequently, we evaluated the photo-
activated antibacterial efficacy mediated by FeSePB. Experiments were performed using Staphylococcus aureus
(S. aureus) and Escherichia coli (E. coli). As illustrated in Figure 4A, S. aureus proliferated normally in the PBS
group and the L alone group, exhibiting dense colony distribution on the agar plates. In contrast, the FeSePB-treated
group without laser irradiation showed a moderate inhibitory effect on S. aureus growth. Notably, after synergistic laser
irradiation, the FeSePB-treated group displayed sparsely distributed S. aureus colonies on the plates. Similarly, the
growth of E. coli was completely abrogated in the FeSePB + L group, which further confirmed the superior antibacterial
efficacy triggered by photoactivated FeSePB. Furthermore, semi-quantitative analysis of the bacterial survival index on
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Figure 4 (A) Optical photographs of the viability rate of S. aureus and E. coil grown on agar plates with different treatments. (B) Biofilm crystal violet staining images of
bacteria with different treatments. (C and D) Semi-quantitative analysis of the viability rate in (A). (E and F) Semi-quantitative analysis of the viability rate in (B). (N=3)
*%¥ p < 0.005; Student’s t-test.

the plates was conducted, and the results are presented in Figures 4C and D. The survival fractions of E. coli and
S. aureus in the FeSePB + L group were approximately 10.12 + 1.42% and 11.8 + 1.17%, respectively, which were
significantly different from those in the FePB + L group (55.41 + 4.59% and 60.42 + 4.76%, respectively). Bacteria tend
to adhere and proliferate to form biofilms; therefore, we further investigated the inhibitory capacity of FeSePB + L on
biofilm formation of the two bacterial strains, with crystal violet staining for analytical purposes. As shown in Figure 4B,
distinct biofilm coatings were observed in the PBS, L alone, and FePB groups. In contrast, the FeSePB group showed
relatively faint crystal violet staining, and the FeSePB + L group exhibited almost no overlapping bacterial colonies.
Quantitative results further verified that the FeSePB + L group suppressed the formation rate of bacterial biofilms
(Figure 4E and F), indicating that FeSePB combined with photothermal effects can disrupt the structural integrity of
biofilms to effectively inhibit bacterial proliferation.

In vivo Anti-Tumor Study

Given the favorable in vitro antibacterial, antitumor, and osteogenesis-promoting capacities of FeSePB combined
with L irradiation, we further investigated FeSePB-based in vivo antitumor efficacy. First, we verified the
temperature elevation effect of FeSePB hydrogel in mouse tumors in response to L irradiation. As shown in
Figure 5A, the PBS group exhibited almost no temperature increase, while both FePB and FeSePB groups showed
a temperature elevation effect, with FeSePB inducing a more pronounced temperature rise. Further temperature
rise curves recorded by an infrared thermal camera revealed that the tumors of mice in the FeSePB group
increased in temperature by approximately 13.8°C under continuous L irradiation for 5 minutes (Figure 5B).
Tumor cells are less thermotolerant than normal cells. Typically, their viability decreases at 42-46°C, enabling
hyperthermic ablation of tumors. We then established a mouse subcutaneous tumor model, which was divided into
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(C) Tumor volume change over time in groups treated as indicated. (D) Average tumor weight values associated with the indicated treatments. (E) Body weight curves
following the indicated treatments in mice. (F) Representative H&E and TUNEL-stained tumor sections from mice in the indicated treatment groups. Black arrow: normal
tumor cells. Red arrow: homogeneously eosinophilic structure. Scale bars: 100 um. (N=3) *** p < 0.005; Student’s t-test.

the following groups: (1) Control, (2) L, (3) FePB, (4) FeSePB, (5) FePB + L and (6) FeSePB + L.Tumor volumes
in the control group proliferated rapidly, increasing from approximately 200 mm® to about 840 mm?® within 16
days (Figure 5C), and the proliferation trend in the L alone group was similar to that in the control group,
indicating that laser stimulation alone had no antitumor effect. The FeSePB group showed a slight inhibition of
tumor volume, while the FePB + L group exhibited a moderate inhibition of tumor volume, which was attributed
to the ability of FePB to mediate a certain degree of PTT in response to L irradiation. In contrast, tumor growth in
the FeSePB + L group was completely inhibited without any proliferation trend during the treatment cycle. This
observation suggested that light-controlled FeSePB release not only generates hyperthermia to kill tumor cells but
also enables FeSePB to catalyze the production of ROS for further tumor tissue destruction; the synergy of these
two effects achieves maximized antitumor efficacy. After the treatment, mouse tumors were excised and weighed,
and the results were consistent with the trend of tumor volume growth, confirming that the FeSePB + L group
achieved the optimal therapeutic effect compared with other experimental groups (Figure 5D). In addition, as
shown in Figure 5E, the body weights of mice in all groups increased steadily during the treatment period without
sudden death, verifying the favorable biosafety of the designed hydrogel delivery system. Furthermore, tumor
tissues from mice were collected for sectioning, followed by tissue immunofluorescence staining and pathological
analysis. The results are shown in Figure SF, the FePB + L group exhibited a certain therapeutic effect, while
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notably, the FeSePB + L group showed extensive tumor cell necrosis and distinct TUNEL-positive apoptotic
signals. Moreover, pathological results of sections of major mouse organs (heart, liver, spleen, lung, and kidney)
demonstrated no abnormal signals or inflammatory response indicators in the FeSePB + L group, further high-
lighting the safety of this therapeutic strategy (Figure S8). Further investigation on blood biochemical analysis
proved biosafety of FeSePB+L (Figure S9). All in all, these in vivo findings confirm that FeSePB hydrogel
combined with L irradiation exerts potent and safe antitumor effects by synergizing photothermal therapy and
ROS-mediated cytotoxicity.

Conclusion

In summary, we constructed a FeSePB-based photoresponsive hydrogel system that integrates three synergistic functional
modules: antitumor, anti-infection, and osteogenesis promotion. In vitro experiments confirmed that FeSePB combined
with L irradiation can convert light energy into thermal energy, which not only induces hydrogel softening and sustained
release of selenium elements but also achieves efficient killing of two typical pathogenic bacteria (S. aureus and E. coli)
while promoting osteogenic regeneration. In vivo experiments further verified that FeSePB synergized with L irradiation
generates mild hyperthermia in local tissues, thereby exerting robust subsequent antitumor efficacy. The multifunctional
platform developed in this study could interrupt the vicious cycle among tumor proliferation, bacterial infection, and
impaired bone regeneration. Further investigations will be performed in future research to evaluate its translational
potential.
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