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A B S T R A C T

Colorectal cancer (CRC) is one of the leading causes of cancer-related death worldwide, and treatment is often 
limited by inadequate energy and drug deposition in deep tissues, as well as difficulty in eradicating deep lesions. 
Although phototherapy offers high spatial precision and minimal invasiveness, it still faces challenges such as 
limited tissue penetration and therapeutic resistance, particularly in CRC. To address these limitations, we 
developed a near-infrared-II (NIR-II)–activated light–heat–electric synergistic nanoplatform (STO@SNPs) that 
integrates light, heat, and electrical energy conversion for enhanced deep tumor treatment. The platform consists 
of an organic semiconductor (SKCN) and thermoelectric oxide (SrTiO3, STO), forming a cascaded energy 
transduction system driven by a single light source. Under 1064 nm irradiation, STO@SNPs exhibit a rapid 
photothermal response, inducing local temperature gradients and generating significant thermoelectric potential, 
which drives efficient charge separation and enhances reactive oxygen species (ROS) generation. This synergistic 
effect induces tumor cell apoptosis and immunogenic cell death (ICD), activating immune responses within the 
tumor microenvironment. In an orthotopic CRC mouse model, STO@SNPs achieved tumor-targeted accumula
tion, significantly inhibited tumor growth under NIR-II irradiation, promoted immune modulation, and reduced 
recurrence and metastasis. This platform offers a promising strategy for the precise and durable treatment of 
CRC.

1. Introduction

Colorectal cancer (CRC) ranks among the leading causes of morbidity 
and mortality worldwide and has become one of the most life- 
threatening malignancies of the digestive system. [1,2] Its complex 
anatomical structure, abundant stromal components, and the coexis
tence of hypoxia and immunosuppression severely restrict the diffusion 
and penetration of therapeutic agents within the tumor microenviron
ment. [3–5] Consequently, patients with advanced or metastatic CRC 
derive limited benefit from surgery, radiotherapy, chemotherapy, or 
single-agent targeted therapies, and recurrence remains frequent. [6]
Phototherapy, characterized by its spatial controllability and minimally 

invasive nature, has emerged as a promising strategy for precise treat
ment of solid tumors. [7–9] However, conventional photosensitizers 
exhibit insufficient absorption in the second near-infrared (NIR-II) 
window. [10–12] Photothermal therapy (PTT) typically requires high 
temperatures to achieve reliable tumor ablation, which risks collateral 
tissue damage and induces the upregulation of heat shock proteins. 
[13,14] In contrast, photodynamic therapy (PDT) relies heavily on ox
ygen, and the intrinsic hypoxia of deep-seated tumors markedly limits 
the sustained generation of singlet oxygen and reactive oxygen species 
(ROS). [15,16] Therefore, achieving a synergistic effect of “low-tem
perature steady-state heating combined with strong catalytic activity” 
under deep-penetrating excitation, while effectively converting 
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localized energy into continuous chemical and immunological cytotox
icity, represents a key scientific challenge in overcoming the therapeutic 
bottleneck of deep-seated refractory solid tumors.

Inspired by energy-level engineering and intramolecular charge 
transfer (ICT) concepts in organic photovoltaics, accept
or–donor–acceptor (A-D-A) small molecules, featuring tunable HOMO/ 
LUMO energy-level alignment, strong ICT characteristics, and extended 
π-conjugation, have emerged as ideal photosensitizing units for 
achieving efficient light harvesting and nonradiative energy dissipation 
within the NIR-II window. [17–21] By enhancing ICT strength and 
modulating excited-state dynamics, A-D-A molecules can narrow the 
bandgap, broaden infrared absorption, and induce fluorescence 
quenching, thereby significantly improving photothermal conversion 
efficiency. [22] Simultaneously, the optimization of spin–orbit coupling 
and intersystem crossing (ISC) facilitates the generation of reactive 
species such as superoxide anion radicals (⋅O2

− ) and hydroxyl radical 
(⋅OH) even under hypoxic conditions, endowing the system with dual 
photothermal and photodynamic therapeutic functionalities. [23,24]
Furthermore, the incorporation of fully fused-ring and quinoidal con
figurations enables bond-length homogenization and enhanced π-elec
tron delocalization at the molecular level, which collectively increase 
the NIR-II extinction coefficient and molecular rigidity, extend the 
excited-state lifetime, and suppress conformational vibrational losses. 
[22] These structural refinements also strengthen energy and electron 
transfer to oxygen, thereby amplifying ROS production while main
taining mild irradiation conditions and reducing thermal thresholds that 
typically constrain therapeutic efficacy. [25] Representative A-D-A 
molecules derived from quinoline-fused BTP (Y6) backbones have 
demonstrated outstanding photothermal conversion efficiency and 
radical-generating activity under 1064 nm excitation, providing a solid 
material foundation for NIR-II–driven dual-mode phototherapy of deep- 
seated solid tumors. [26,27]

However, despite possessing strong NIR-II absorption and dual-mode 
photocatalytic capability, a single-step “light-to-heat” or “light-to-ROS” 
energy conversion remains insufficient to achieve sustained and robust 
chemical cytotoxicity within the complex tumor microenvironment. 
First, most of the absorbed light energy is rapidly dissipated as transient 
heat, resulting in poor energy utilization and limited therapeutic 
persistence. [28–30] Second, ROS generation remains highly dependent 
on oxygen availability, leading to markedly reduced efficacy in hypoxic 
tumors. [31,32] To further improve energy-conversion efficiency and 
therapeutic stability, “energy-cascade” and “multi-field coupling” stra
tegies were implemented, whereby rational materials engineering en
ables a single external stimulus to be sequentially transformed in vivo 
into heat, charge carriers, and reactive radicals, thus maximizing energy 
utilization and achieving multidimensional amplification of therapeutic 
effects. Owing to their unique thermoelectric effect, thermoelectric ox
ides and other inorganic components can generate considerable internal 
electric potential under temperature difference drive, thereby driving 
the directional migration of charges and interface redox reactions and 
providing a new energy channel for constructing the 
“heat→electricity→chemistry” cascade killing process. For example, 
strontium titanate (SrTiO3, STO) can generate pronounced Seebeck 
potentials under external thermal stimulation, driving directional elec
tron–hole migration and facilitating redox reactions. [33,34] This 
multistage conversion mechanism effectively overcomes the limitations 
of traditional photocatalysis-such as the short lifetime of excited states 
and oxygen dependence-thus providing a new energy-driving paradigm 
for catalytic cancer therapy. As a representative wide-bandgap n-type 
thermoelectric semiconductor, STO exhibits high carrier mobility, 
excellent chemical stability, and outstanding thermoelectric respon
siveness. [35] Its large Seebeck coefficient enables the generation of 
substantial internal electric potentials even under small temperature 
gradients, thereby driving electron flow and enhancing electrocatalytic 
processes. [36–38] In addition, interfacial polarization within STO sta
bilizes carrier migration pathways, minimizes energy dissipation, and 

suppresses parasitic reactions, ensuring durable catalytic stability under 
prolonged photoirradiation. [25,39]

Grounded in the foregoing theoretical and materials framework, we 
engineered an NIR-II-activated light-heat-electric cascaded nanoplat
form (SKCN/STO), thereby advancing a three-stage “light-heat-electric” 
energy-coupling paradigm. In this construct, SKCN-a quinoidal A-D-A 
photosensitizer-affords strong NIR-II absorption and high photothermal 
conversion efficiency, enabling efficient photon harvesting and the 
establishment of a stable, moderate-temperature thermal field under 
NIR-II irradiation. STO, which functions as a thermoelectric semi
conductor, forms an intimate heterointerface with SKCN and, upon 
photothermal stimulation, generates a substantive thermoelectric po
tential via the Seebeck effect on the STO side, which in turn drives 
carrier separation and interfacial electrocatalysis. The resulting built-in 
field orchestrates interfacial separation and directed migration of 
photo/thermally induced carriers: excited electrons preferentially 
engage in O2 reduction to produce ⋅O2

− , whereas holes catalyze H2O to 
yield ⋅OH, thereby sustaining type I/II ROS generation under a mild- 
thermal operating regime. In an orthotopic colorectal cancer model, 
the SKCN/STO platform achieves tumor-selective accumulation through 
the enhanced permeability and retention (EPR) effect and elicits robust 
antitumor efficacy with pronounced immune activation, as evidenced by 
dendritic cell maturation, M1-like macrophage polarization, and cyto
toxic T lymphocyte activation, collectively remodeling the tumor im
mune microenvironment and suppressing recurrence and metastasis 
(Fig. 1). Overall, this work delineates a multistage “light → heat → 
electric → chemical → immune” energy-transduction cascade and pro
vides a rigorous mechanistic basis and practicable technological route 
for deploying thermoelectric catalytic materials in oncologic therapy.

2. Materials and methods

2.1. Preparation of thermoelectric material SrTiO3 (STO)

Nanostructured SrTiO3 (STO) was synthesized via a rapid sol–gel 
precipitation method. Specifically, 16 mmol of titanium butoxide (Ti 
(OBu)4), 16 mmol of strontium hydroxide octahydrate (Sr(OH)2⋅8H2O), 
0.74 g of polyvinylpyrrolidone (PVP, K30), and 8 mL of ammonium 
hydroxide solution (25–28%) were dissolved in 40 mL of triethylene 
glycol (TEG). The mixture was heated to 160 ◦C and stirred for 2 h. After 
natural cooling, a yellow, transparent, and highly stable sol was ob
tained. The sol was precipitated using deionized water, and the resulting 
product was separated and washed thoroughly with deionized water and 
ethanol to yield STO.

2.2. Preparation of SKCN

Malononitrile (46 mg, 0.70 mmol) was dissolved in tetrahydrofuran 
(THF, 5 mL) and slowly added to sodium hydride (60% in oil, 40 mg, 1 
mmol) at 0 ◦C. The reaction mixture was stirred at room temperature for 
1 h, followed by the addition of compound 1 (200 mg, 0.18 mmol) and 
tetrakis (triphenylphosphine) palladium (41.6 mg, 0.036 mmol). The 
mixture was heated to 70 ◦C for 8 h and then quenched with diluted 
hydrochloric acid (2 M, 10 mL) while cooling in an ice bath. The 
resulting solution was extracted with dichloromethane, followed by the 
addition of 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (81 mg, 
0.36 mmol). After stirring at room temperature for 1 h, the mixture was 
poured into water and extracted twice with chloroform (30 mL × 2). The 
combined organic layers were dried over anhydrous MgSO4, and the 
solvent was removed under reduced pressure. The crude product was 
purified by silica gel column chromatography, followed by recrystalli
zation from a chloroform/methanol mixture to afford a dark green solid 
SKCN (106 mg, 54% yield).
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2.3. Preparation of STO, SNPs, and STO@SNPs nanoparticles

STO, SNPs, and STO@SNPs nanoparticles were fabricated via a 
nanoprecipitation method. Briefly, 20 mg of DSPE-PEG-FA was dis
solved in 1 mL of THF. Separately, 0.5 mg of SKCN and 0.5 mg of STO 
were dissolved in 1 mL of THF. Both solutions were sonicated in a water 
bath for 5 min and then mixed. The mixed solution was immediately 
added to 10 mL of a water–THF mixture (v/v = 9:1) and sonicated for an 
additional 15 min. The resulting dispersion was gently shaken overnight 
to evaporate THF. The solution was filtered through a 0.45 μm mem
brane and centrifuged three times with ultrapure water using a Millipore 
ultrafiltration tube. The supernatant containing STO@SNPs nano
particles was collected. The concentration of the nanoparticles was 
determined based on their UV–vis absorption peaks and calibration 
curves. STO nanoparticles were prepared by mixing STO with 
DSPE–PEG-FA under identical conditions, while SNPs nanoparticles 
were obtained by mixing SKCN with DSPE-PEG-FA.

2.4. Structural characterization

The morphologies of STO, SNPs, and STO@SNPs nanoparticles were 
examined using transmission electron microscopy (TEM). The zeta po
tential and hydrodynamic diameters were measured using a laser 

particle size analyzer.

2.5. Photothermal performance evaluation

The temperature variation and thermal imaging of SNPs solutions at 
different concentrations (0, 5, 12.5, 25, and 50 μg/mL) were recorded 
using an infrared thermal imaging camera under 1064 nm laser irradi
ation with a power density of 1.0 W/cm2. Corresponding temper
ature–time profiles were plotted. In addition, SNPs solutions at a 
concentration of 50 μg/mL were irradiated under different power den
sities (0, 0.5, 1.0, and 1.5 W/cm2), and the resulting temperature 
changes and thermal images were similarly recorded to generate tem
perature evolution curves.

The photothermal conversion efficiency of SNPs was calculated as 
follows: photothermal conversion efficiency(η) =

hA(Tmax − Tsurr) − Qs

I(1− 10− A1064 )
. I in the 

equation is the laser density and A1064 is the UV absorbance of SNPs at 
1064 nm. Qs is the heat associated with the light absorbance of the 
water. Tmax is the maximum temperature change and Tsurr is the tem
perature of ambient. To get hA, θ defined as the ratio of (T-Tsurr) to (Tmax- 
Tsurr) is introduced. T was the system temperature. Therefore, hA could 
be calculated by the linear time data from the cooling period vs –lnθ: t =

−

∑
i
miCp,i

hA lnθ. m in the equation is the mass of solvent (water) and Cp is 

Fig. 1. Schematic illustration of NIR-II photothermal-electrocatalytic therapy of colorectal cancer using STO@SNPs nanoparticles. (a) Synthesis of STO@SNPs 
nanoparticles. (b) Under 1064 nm laser irradiation, STO@SNPs nanoparticles induce tumor cell apoptosis through a photothermal-electrocatalytic cascade. The 
treatment promotes the release of tumor antigens and damage-associated molecular patterns (DAMPs), enhancing dendritic cell maturation and M1 polarization of 
macrophages, thereby effectively treating primary colorectal tumors.
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the heat capacity of solvent (water). Then, the photothermal conversion 
efficiency (η) of SNPs could be calculated. [40,41]

2.6. In vitro catalytic performance evaluation

The generation of ROS by STO, SNPs, and STO@SNPs under 1064 nm 
laser irradiation was evaluated using DPBF and ABDA as probe mole
cules. For the DPBF assay, a DPBF stock solution (2 mg/mL, 230 μM) was 
prepared. Different concentrations of STO@SNPs (0, 12.5, 25, 50, and 
75 μg/mL) were mixed with DPBF and irradiated with a 1064 nm laser 
(1.5 W/cm2). The UV absorbance at 420 nm was recorded every 5 min 
for 25 min, and the changes were plotted as absorption decay curves. In 
a separate test, STO@SNPs (50 μg/mL) was exposed to laser irradiation 
at various power densities (0, 0.5, 1.0, and 1.5 W/cm2), and the 
absorbance at 420 nm was similarly monitored every 5 min over 25 min. 
For the ABDA assay, an ABDA stock solution (2 mg/mL, 160 μM) was 
prepared. Mixtures containing different concentrations of STO@SNPs 
(0, 25, 50, and 75 μg/mL) were irradiated with a 1064 nm laser (1.0 W/ 
cm2). The absorbance at 400 nm was recorded every 5 min for 25 min to 
track the ROS-mediated degradation of ABDA. Additionally, STO@SNPs 
(50 μg/mL) was subjected to different power densities (0, 0.5, 1.0, and 
1.5 W/cm2) under the same wavelength, and absorbance at 400 nm was 
monitored over 25 min. The catalytic activity of pure STO and SNPs was 
evaluated following the same protocol.

The thermoelectric activation properties of STO materials were 
measured by electrochemical method. The current-time response of STO 
under temperature variation was investigated using a CHI 920d elec
trochemical workstation in a standard three-electrode system. The sys
tem employed a glassy carbon electrode as the working electrode, Ag/ 
AgCl as the reference electrode, and a platinum wire as the auxiliary 
electrode, with phosphate-buffered saline (PBS) as the electrolyte. A 
suspension of STO (100 μL) was dropped onto the surface of the glassy 
carbon electrode and dried at room temperature. Subsequently, the 
current generated by the pyroelectric effect of STO was measured in 
chronoamperometric mode under conditions with and without tem
perature variation.

2.7. Biocompatibility evaluation

The cytotoxicity of STO@SNPs nanoparticles was assessed in 
NCM460 and CT26 cells. Cells were seeded into 96-well plates at a 
density of 1 × 104 cells per well and incubated for 12 h. The medium was 
then replaced with fresh medium containing various concentrations of 
STO@SNPs, followed by 24 h of incubation. Afterward, CCK-8 reagent 
was added to each well and incubated for 2 h. The cell viability was 
determined by measuring absorbance at 450 nm, indicating the 
biocompatibility of STO@SNPs.

Furthermore, the combined effects of STO, SNPs, and STO@SNPs 
with 1064 nm laser irradiation on CT26 cell viability were also evalu
ated. CT26 cells were incubated with different concentrations of each 
sample for 12 h, followed by irradiation with a 1064 nm laser (1.0 W/ 
cm2) for 5 min per well. After another 12 h of incubation, cell viability 
was quantified using the CCK-8 assay.

2.8. In vitro light-induced ROS generation by STO@SNPs

Intracellular ROS generation induced by STO@SNPs under 1064 nm 
laser irradiation was analyzed using DCFH-DA as a fluorescent probe via 
fluorescence microscopy and flow cytometry (FCM). CT26 cells were 
seeded into 12-well plates at a density of 2 × 105 cells per well and 
incubated for 12 h. The experimental groups included: Control, L (laser 
only), STO@SNPs, STO + L, SNPs + L, and STO@SNPs + L. The con
centrations of STO, SNPs, and STO@SNPs were fixed at 50 μg/mL. After 
replacing the culture medium, cells were further incubated for 12 h and 
washed twice with PBS. Then, 0.2 μM DCFH-DA was added, and cells 
were incubated at 37 ◦C for 30 min. For light-treated groups, cells were 

irradiated with a 1064 nm laser at 1.0 W/cm2 for 5 min. After washing 
with PBS, ROS generation was visualized by fluorescence microscopy 
and quantified by flow cytometry. FCM data were analyzed using 
FlowJo v10.9.0 software.

2.9. In vitro antitumor evaluation

To assess early DNA damage in CT26 cells induced by STO@SNPs 
under 1064 nm laser irradiation, phosphorylated histone H2AX (Ser139) 
was used as a biomarker and analyzed via immunofluorescence staining. 
CT26 cells were seeded into confocal culture dishes at a density of 2 ×
105 cells per dish and incubated for 12 h. The experiment included six 
groups: Control, L (laser only), STO@SNPs, STO + L, SNPs + L, and 
STO@SNPs + L, with STO, SNPs, and STO@SNPs concentrations fixed at 
50 μg/mL. After replacing the medium, cells were incubated for another 
12 h. For the laser treatment groups, cells were irradiated with a 1064 
nm laser (1.0 W/cm2), targeting five regions per dish with 5 min of 
exposure per region. Two hours after irradiation, cells were washed with 
PBS and stained with a phosphorylated histone H2AX (Ser139) antibody 
for 30 min, followed by three PBS washes. Phosphorylated H2AX 
(γ-H2AX) expression was visualized using CLSM to evaluate DNA dam
age under different treatment conditions.

Cell viability was assessed using the Calcein-AM/PI assay. CT26 cells 
were seeded into 12-well plates (2 × 105 cells/well) and incubated for 
12 h. The experiment included six groups: Control, L, STO@SNPs, STO 
+ L, SNPs + L, and STO@SNPs + L, with STO, SNPs, and STO@SNPs 
concentrations fixed at 100 μg/mL. The cells were incubated with 
different materials for 12 h. For laser-treated groups, cells were irradi
ated with a 1064 nm laser (1.0 W/cm2) for 5 min. Two hours post- 
treatment, cells were stained with a Calcein-AM/PI mixture for 30 
min, washed twice with PBS, and observed under a fluorescence mi
croscope to distinguish live (green) and dead (red) cells. Following 
identical treatments, apoptosis in CT26 cells was evaluated using an 
Annexin V-FITC apoptosis detection kit and quantified via FCM. Data 
were analyzed using FlowJo v10.9.0 software.

For HSP70 expression analysis, CT26 cells were seeded into confocal 
culture dishes at a density of 2 × 105 cells per dish and incubated for 12 
h. The experiment included six groups: Control, L, STO@SNPs, STO + L, 
SNPs + L, and STO@SNPs + L, with STO, SNPs, and STO@SNPs con
centrations fixed at 50 μg/mL. After replacing the medium, cells were 
incubated for another 12 h. For the laser treatment groups, cells were 
irradiated with a 1064 nm laser (1.0 W/cm2), targeting five regions per 
dish with 5 min of exposure per region. Two hours after irradiation, cells 
were washed with PBS, stained with HSP70 antibody, and the expression 
level of HSP70 was observed using a CLSM.

To further investigate the motion of STO@SNPs, three-dimensional 
(3D) cellular spheroids based on CT26 cells were established. Specif
ically, each well of a 96-well plate was first filled with 50 μL of 1% 
agarose, which was then exposed to UV light for at least 30 min prior to 
use. Subsequently, 200 μL of CT26 cell suspension (1 × 103 cells) was 
added to each well and incubated for 7 days to form 3D cellular 
spheroids. FITC-conjugated STO@SNPs were added to each well. After a 
6-h incubation period, the 3D cellular spheroids were removed from the 
wells and washed three times with PBS. CLSM was employed to examine 
the 3D cellular spheroids after various treatments.

2.10. In vitro immunogenic cell death (ICD) evaluation

To investigate the induction of immunogenic cell death, the 
expression of calreticulin (CRT) on CT26 cells was examined. CT26 cells 
were seeded in confocal culture dishes at a density of 2 × 105 cells/dish 
and incubated for 12 h. Six groups were included: Control, L, 
STO@SNPs, STO + L, SNPs + L, and STO@SNPs + L, with each treat
ment at 50 μg/mL. After replacing the culture medium, cells were 
incubated for another 12 h. For laser-treated groups, cells were irradi
ated with a 1064 nm laser (1.0 W/cm2) for 5 min at five points per dish. 
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Two hours later, cells were incubated with an anti-CRT antibody (1:200 
dilution). CRT expression was visualized using CLSM to evaluate the 
ICD-inducing capability of different treatments.

2.11. In vitro dendritic cell (DC) activation by light-controlled 
nanoparticles (STO@SNPs)

Bone marrow cells were harvested from the tibias and femurs of 6- 
week-old BALB/c mice and cultured in 12-well plates. Granulocyte- 
macrophage colony-stimulating factor (GM-CSF) and interleukin-4 (IL- 
4) were added to induce differentiation into bone marrow-derived 
dendritic cells (BMDCs). After 6 days of culture, immature dendritic 
cells were transferred to the lower chamber of a transwell system, while 
CT26 cells were seeded into the upper chamber. The six experimental 
groups were as follows: Control, L, STO@SNPs, STO + L, SNPs + L, and 
STO@SNPs + L, each with 50 μg/mL of STO, SNPs, or STO@SNPs. For 
laser-treated groups, each well was irradiated with a 1064 nm laser (1.0 
W/cm2) for 5 min. After laser exposure, cells in both chambers were co- 
cultured for 24 h. The lower-chamber DCs were then collected and 
stained with anti-CD11c, anti-CD80, and anti-CD86 antibodies. DC 
activation was analyzed by FCM, and data were processed using FlowJo 
v10.9.0 software.

2.12. In vitro T cell activation

Spleens were collected from healthy 6-week-old BALB/c mice, me
chanically dissociated, and treated with red blood cell lysis buffer to 
isolate T cells. Purified T cells were stimulated with anti-CD3 and anti- 
CD28 antibodies and cultured for three days. The activated T cells 
were then transferred to the lower chamber of a transwell system, while 
CT26 cells were seeded in the upper chamber. Experimental groups were 
identical to those described above (Control, L, STO@SNPs, STO + L, 
SNPs + L, STO@SNPs + L; all at 50 μg/mL). After 12 h, the L groups 
were irradiated with a 1064 nm laser (1.0 W/cm2) for 5 min. Cells in 
both chambers were co-cultured for an additional 24 h. Subsequently, T 
cells were collected and stained with anti-CD3, anti-CD4, and anti-CD8 
antibodies, followed by FCM analysis. Data were processed using FlowJo 
v10.9.0 software.

2.13. Establishment of orthotopic rectal tumor model in mice

Female BALB/c mice (7 weeks old, 15–17 g) were anesthetized, and 
their anal region was gently dilated using a retractor to expose the 
rectum. CT26-luc cells (3 × 106 cells per mouse) were injected into the 
rectal wall using a 30-gauge needle to establish the orthotopic rectal 
tumor model. Tumor progression and therapeutic responses were 
monitored using an in vivo imaging system (IVIS, PerkinElmer).

2.14. In vivo antitumor evaluation

To evaluate the targeting ability of the constructed drug to tumor 
tissues, ICG was coated onto the surface of STO@SNPs to form an ICG- 
STO@SNPs complex with fluorescence properties. Then, this complex 
was injected into mice via the tail vein. The fluorescence intensity of the 
tumors was observed at 1, 2, 5, 8, 12, and 24 h after injection. And the 
mice were euthanized at 1, 3, 8 and 24 h to evaluate the fluorescence 
intensity in the major organs and the tumor site. Plasma pharmacoki
netics of STO@SNPs after intravenous administration was evaluated by 
ICP-MS using Sr as the elemental tracer, since STO@SNPs contain 
SrTiO3. The Sr content in lyophilized STO@SNPs was determined in 
advance to establish the conversion factor between nanoparticle mass 
and elemental Sr amount. Female BALB/c mice received STO@SNPs via 
tail-vein injection at 5 mg/kg in a total volume of 200 μL. Blood samples 
was collected at 5 min, 15 min, 30 min, 1, 2, 4, 6, 8, 12, 24, and 48 h 
after injection, and plasma was isolated. Plasma samples was digested 
with nitric acid/hydrogen peroxide and analyzed for Sr content by ICP- 

MS. Pharmacokinetic parameters was calculated using non- 
compartmental analysis. Plasma from untreated mice will be used as 
the blank matrix for background correction.

Following successful establishment of the orthotopic rectal tumor 
model, tumor growth was monitored via IVIS imaging. Mice were 
anesthetized with isoflurane and injected intraperitoneally with D- 
luciferin (150 mg/kg) for bioluminescence imaging. Treatments began 
on day 7 post-cell inoculation. Mice were randomly divided into six 
groups: Control, L, STO@SNPs, STO + L, SNPs + L, and STO@SNPs + L. 
All treatment groups received intravenous injections (200 μL total vol
ume) of STO, SNPs, or STO@SNPs at a dose of 5 mg/kg. Eight hours post- 
injection, mice in the laser-treated groups were irradiated at the tumor 
site with a 1064 nm laser (0.7 W/cm2) for 8 min. Infrared thermal im
aging was used to monitor and record temperature changes in the tumor 
region. The same treatment was repeated on day 3. Tumor growth was 
monitored by IVIS imaging, and body weight was recorded every two 
days. On day 9, mice were euthanized, and colorectal tissues and tumors 
were collected. Tumor sections were analyzed by hematoxylin and eosin 
(H&E) staining and TUNEL assay to evaluate histopathological changes 
and apoptosis.

2.15. In vivo immune response evaluation

To assess systemic immune responses, mice were euthanized on day 
9 post-treatment, and tumors, spleens, and lymph nodes were collected 
for flow cytometric analysis. Lymph nodes were ground to obtain single- 
cell suspensions, while spleens were mechanically dissociated and 
treated with red blood cell lysis buffer. Tumor tissues were minced and 
enzymatically digested with type IV collagenase and DNase I at 37 ◦C for 
1 h, filtered through 70 μm strainers, and processed for red blood cell 
lysis. Single-cell suspensions were stained with fluorophore-conjugated 
monoclonal antibodies, including anti-CD45, anti-CD3, anti-CD4, anti- 
CD8a, anti-CD11c, anti-CD80, and anti-CD86. Immune cell populations 
were analyzed via FCM, and data were processed using FlowJo v10.9.0 
software.

2.16. In vivo biosafety evaluation

To evaluate the biosafety of STO@SNPs treatment in mice with 
orthotopic rectal tumors, body weights were continuously recorded 
during the therapeutic period. On day 9, mice were euthanized, and 
major organs—including the heart, liver, spleen, lungs, and kid
neys—were collected. The organs were subjected to H&E staining for 
histological examination to assess potential morphological or patho
logical changes. In addition, to comprehensively evaluate the potential 
systemic toxicity induced by the administered formulations, blood 
samples were collected from mice in each group at day 9 post-injection. 
Subsequently, hematological analysis (Hematocrit (HCT), Hemoglobin 
(HGB), Mean Corpuscular Hemoglobin (MCH), Mean Corpuscular He
moglobin Concentration (MCHC), Mean Corpuscular Volume (MCV), 
Red Blood Cell count (RBC), and White Blood Cell count (WBC)) and 
serum biochemical (Albumin (ALB), Alanine Aminotransferase (ALT), 
Amylase (AMY), Aspartate Aminotransferase (AST), Blood Urea Nitro
gen (BUN), Creatine Phosphokinase (CK), Lactate Dehydrogenase 
(LDH), Total Protein (TP)) assays were performed to assess possible al
terations in blood parameters and organ function.

3. Results

3.1. Preparation and characterization of light-responsive STO@SNPs

Nanostructured STO was synthesized via a rapid sol–gel precipita
tion method using titanium butoxide, strontium hydroxide, poly
vinylpyrrolidone (PVP), ammonium hydroxide, and triethylene glycol. 
The quinoidal molecule SKCN was synthesized by 2, 10-dibromo-12, 13- 
bis (2-ethylhexyl)-3, 9-diundecyl-12, 13-dihydro-[1,2,5] thiadiazolo 
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[3,4-e] thieno [2′“,3′”:4′,5′] thieno [2′,3′:4,5] pyrrolo [3,2-g] thieno 
[2′,3′:4,5] thieno [3,2-b] indole coupling with malononitrile and then 
oxidized by DDQ, The STO@SNPs nanoparticles were composed of STO 
and SKCN as the core components and coated with 1,2-distearoyl-sn- 
glycero-3-phosphoethanolamine-N-folate(polyethylene glycol) (DSPE- 
PEG-FA). Such PEGylation imparted excellent colloidal stability, uni
form dispersibility, and improved biocompatibility to the nanoparticles, 
thereby effectively extending their systemic circulation time in vivo 

(Fig. 1a).
Transmission electron microscopy (TEM) images demonstrated that 

STO, and SNPs exhibited uniform and well-dispersed spherical mor
phologies with an average diameter of around 100 nm, while 
STO@SNPs showed a slightly increased particle size compared with the 
individual components (Fig. 2a-c). Consistently, dynamic light scat
tering analysis revealed hydrodynamic diameters of 105 nm, 91 nm, and 
122 nm for STO, SNPs, and STO@SNPs, respectively (Fig. 2d). Zeta 

Fig. 2. Preparation and Characterization of STO@SNPs. (a) TEM image of STO, Scale bar = 200 nm. (b) TEM image of SNPs, Scale bar = 100 nm; (c) TEM images of 
the STO@SNPs, Scale bar = 100 nm. (d) Particle size distributions of STO, SNPs and STO@SNPs. (e) Zeta potential of STO, SNPs and STO@SNPs. (f) XPS spectra of 
the STO, SNPs and STO@SNPs. (g) XPS spectra of Sr 3d of STO and STO@SNPs. (h) XPS spectra of Ti 2p of STO and STO@SNPs. (i) XPS spectra of O 1s of STO and 
STO@SNPs. (j) UV–vis absorbance spectra and calculated band gap of STO. (k) Calculated VB of STO from XPS spectra. (j) Mechanism of the light-heat-electric 
cascade energy conversion nanoparticles.
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potential measurements further confirmed that all nanoparticles carried 
negative surface charges, with STO, SNPs, and STO@SNPs showing 
values of − 18.7 mV, − 17.4 mV, and − 18.3 mV, respectively (Fig. 2e). 
The appropriate particle size and moderate negative surface potential of 
STO@SNPs are expected to facilitate prolonged systemic circulation and 
improved accumulation within tumor tissues. The infrared absorption 
spectra (Fig. S1) demonstrated that both SNPs and STO@SNPs exhibit 
pronounced absorption in the 800–1150 nm region, with the cutoff 
wavelength extending beyond 1400 nm. This broad and intense ab
sorption confirms that the modification preserves the intrinsic NIR-II 
light-harvesting capability, providing a favorable optical foundation 
for subsequent photothermal and photoelectronic applications. To 
further evaluate the long-term stability of STO@SNPs, dynamic light 
scattering (DLS) analysis was conducted for 14 days (Fig. S2). The par
ticle size distribution profiles obtained at different time points showed 
substantial overlap and comparable peak positions, indicating that the 
hydrodynamic diameter of STO@SNPs remained essentially unchanged 
during storage. No apparent aggregation or instability was observed, 
confirming the favorable long-term stability of STO@SNPs.

We employed X-ray photoelectron spectroscopy (XPS) to assess the 
chemical composition of STO, SNPs, and STO@SNPs. The STO XPS 
spectrum reveals signals corresponding to Ti, Sr, and O, consistent with 
the STO composition. In contrast, the SNPs spectrum shows a prominent 
presence of carbon, indicating substantial carbon-based species. The 
STO@SNPs spectrum contains signals from Ti, Sr, and O, confirming the 
presence of STO in the composite (Fig. 2f). In addition, detailed analyses 
were conducted on the typical high-resolution XPS spectra of Sr 3d, Ti 
2p, O 1s, and C 1s in STO, SNPs, and STO@SNPs. Specifically, in the 
high-resolution XPS spectrum of STO and STO@SNPs (Fig. 2g-i), lines 
such as Sr 2p5/2, Sr 2p3/2, Ti 2p3/2, Ti 2p1/2, and O 1s were observed. 
Meanwhile, lines such as sp2/sp3 C, C–O, C––O, and O-C=O were 
observed in the high-resolution XPS spectrum of SNPs and STO@SNPs 
(Fig. S3). Overall, these results indicate the successful preparation of the 
thermoelectric material STO NSs and the self-igniting thermoelectric 
system STO@SNPs.

To investigate the light-heat-electric multi-mode catalytic mecha
nism mediated by STO@SNPs under laser irradiation, we performed a 
detailed characterization of the band structure, including the conduc
tion band (CB) and valence band (VB) edge positions and the band gap 
(Eg). The band structure was probed by diffuse reflectance spectroscopy 
(DRS) and XPS analyses. First, we analyzed the DRS spectra of STO. 
From these analyses, the Eg values estimated by the Kubelka-Munk (K- 
M) method are 3.2 eV for STO (Fig. 2j). The VB positions obtained from 
XPS are 1.5 eV for STO (Fig. 2k). Accordingly, the CB edge positions, 
calculated by subtracting their Eg values from the VB positions, are 
calculated to be − 1.7 eV for STO, which is more negative than the redox 
potential of O2/⋅O2

− . The electronic structure characteristics of STO 
make it an excellent oxygen reduction catalyst and ROS generation 
catalyst. Specifically, when STO@SNPs nanosheets enter the tumor 
microenvironment, the SNPs nanoparticles release a large amount of 
heat under laser irradiation. The heat-induced temperature difference 
triggers the thermal catalytic effect of STO, causing the separation of 
electrons and holes, and transforming them into the conduction CB of 
STO. Moreover, as the temperature difference is generated, an electric 
potential difference is formed between the hot end and the cold end, 
causing negative charges to flow from the hot end of the material to the 
cold end. Due to the presence of the thermoelectric potential, the band 
energy on the negative potential side increases, while the band energy 
on the positive potential side decreases. Therefore, the band energy of 
the entire material tilts, with the CB position approaching the redox 
potential required for the generation of ⋅O2

− , and the VB position 
approaching the redox potential required for the generation of ⋅OH. As a 
result, STO nanomaterials generate ⋅O2

− , 1O2, and ⋅OH under thermal 
excitation (Fig. 2l).

3.2. Light-heat-electric catalytic performance

The photothermal performance of SNPs was systematically evaluated 
using infrared thermal imaging. Under 1064 nm laser irradiation at a 
power density of 1.0 W cm− 2, the temperature evolution of SNPs solu
tions at different concentrations was recorded. As shown in the thermal 
images (Fig. 3a) and heating curves (Fig. 3b), a 50 μg/mL SNPs solution 
rapidly increased to 55.7 ◦C within 10 min, while even at the lowest 
concentration (5 μg/mL), the temperature reached 44.8 ◦C. In contrast, 
the PBS control showed only a minimal temperature increase from 
26.5 ◦C to 29.7 ◦C under the same conditions. Furthermore, the 50 μg/ 
mL SNPs solution was subjected to 1064 nm laser irradiation at varying 
power densities. The heating curves (Fig. 3c) indicated that the solution 
reached 45.9 ◦C after 10 min even at a low power density of 0.5 W cm− 2, 
and achieved a maximum temperature of 61.1 ◦C at 1.5 W cm− 2. These 
results highlight the excellent photothermal potential of SNPs, which 
can be attributed to its quinonoid A–D–A structure incorporating a BTP 
core, significantly enhancing intramolecular charge transfer (ICT) and 
thereby enabling highly efficient photothermal conversion. To assess the 
persistence of the photothermal effect, a 50 μg/mL SNPs solution was 
subjected to 5 consecutive heating-cooling cycles under a 1064 nm laser 
irradiation with intensity of 1.5 W cm− 2. During each cycle, the tem
perature always exceeds 62 ◦C and quickly returns to room temperature 
after the laser is turned off (Fig. 3d). Many infrared molecules rely on 
olefin bonds to maintain conjugation, and they are prone to photo
isomerization or photooxidation under light. While, SNPs expands 
conjugation by fusing ring structures, not only enhancing the molecular 
rigidity but also significantly improving the molecular stability. This 
structural advantage ensures that SNPs remains stable under long-term 
laser irradiation and maintains its properties and reactivity during 
phototherapy. According to the formula, the photothermal conversion 
efficiency (η) of SNPs was calculated to be 72.3%, further confirming the 
excellent photothermal conversion efficiency of SNPs (Fig. 3e, f). To 
further assess the stability of STO@SNPs under repeated laser irradia
tion, a 50 μg/mL STO@SNPs solution was subjected to five consecutive 
heating-cooling cycles under 1.5 W cm− 2 1064 nm laser irradiation. The 
temperature rise and fall data of the solution were recorded. As shown in 
Fig. S4, during the five continuous cycles of laser irradiation, the tem
perature rise performance of STO@SNPs remained stable, indicating 
that the material possesses excellent thermal stability.

The ROS generation capability of STO, SNPs, and STO@SNPs under 
1064 nm laser irradiation was systematically evaluated using 1,3-diphe
nylisobenzofuran (DPBF) as a probe for detecting ⋅O2

− and singlet oxygen 
(1O2). DPBF exhibited a gradual decrease in absorption at 420 nm upon 
laser irradiation with laser intensity of 1.5 W cm− 2. Specifically, the 
absorption intensity decreased to 64.5%, 43.7%, and 33.1% at a con
centration of 75 μg/mL for STO, SNPs, and STO@SNPs, respectively. 
Statistical analysis showed that the ability of STO@SNPs group to pro
duce ROS was significantly stronger than that of STO and SNPs groups 
(Fig. 3g, Fig. S5). Also, Fig. S6 exhibited that the amount of ROS pro
duction increased with increasing nanoparticle concentration, laser 
power, and exposure time. Notably, the STO solution generated a small 
amount of ROS upon laser illumination, which could be attributed to a 
slight temperature increase in the STO solution caused by laser radia
tion. This temperature rise likely activated the STO, leading to ROS 
production and demonstrating the material's effective thermal excita
tion capacity. However, the ROS generated by STO alone under laser 
irradiation was minimal in comparison to the significantly higher ROS 
production observed in the SNPs and STO@SNPs groups. Under the 
same conditions, the 1O2 generation capability of the materials was 
evaluated using 9,10-anthracenediyl-bis(methylene) dimalonic acid 
(ABDA) as a probe. At a SNPs concentration of 50 μg/mL, the absorption 
peak of ABDA at 400 nm decreased to 59%, indicating that SNPs exhibits 
a high ROS generation efficiency under 1064 nm laser irradiation, 
thereby significantly enhancing NIR-II photodynamic therapy perfor
mance. For the STO@SNPs, the ABDA absorption at 400 nm decreased to 
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52% at the same concentration, showing an approximately 7% 
improvement compared with SNPs alone, with a similar dependence on 
laser power (Fig. 3h, Fig. S7). These results demonstrate that STO@SNPs 
efficiently generate ROS under 1064 nm irradiation, and the 
photothermal-thermoelectric cascade energy conversion significantly 
enhances the NIR-II photodynamic therapy performance compared with 
single SNPs. Then, the ability of the STO, SNPs and STO@SNPs to 
catalyze the generation of ⋅OH was investigated, using methylene blue 
(MB) as the detector. Fig. 3i and Fig. S8 shows that within a 25-min light 
exposure period, the MB content in both STO, SNPs and STO@SNPs 
group decreased to 92.4%, 83.2%, and 76.4%, respectively. The probe 
used for ROS detection may experience photodegradation and non- 
specific degradation. To more accurately identify the types of ROS 
catalyzed by STO@SNPs, electron spin resonance (ESR) spectroscopy 
was employed. This method allowed for the detection of ⋅O2

− , 1O2, and 
⋅OH using 2,2,6,6-tetramethylpiperidine (TEMP) and 5,5-dimethyl-1- 
pyrroline N-oxide (DMPO) as spin trapping agents. As exhibited in 
Fig. S9, both ⋅O2

− , 1O2, and ⋅OH signals were detected in the system for 
the STO@SNPs after laser radiation.

To further clarify the ROS-generating behavior of the STO thermo
electric material under temperature variation, DPBF was used as an 
indicator. Briefly, 50 μg/mL STO was mixed with the DPBF probe, and 
the UV–vis absorption spectrum was first measured at 25 ◦C. The mixed 
solution was then placed in water baths at 25 ◦C, 27.5 ◦C, 30 ◦C and 
35 ◦C for 3 min, followed by a second UV–vis measurement. The results 
showed that STO could already be activated to generate ROS under a 
temperature difference of 2.5 ◦C, indicating its excellent thermal- 
triggered catalytic activity (Fig. S10). To evaluate the thermoelectric 
activation behavior of STO, the current–time response under tempera
ture variation was measured using an electrochemical workstation in a 
standard three-electrode system. As shown in Fig. S11, STO exhibited a 
clear and rapidly increased current signal under temperature-variation 
conditions, whereas only a negligible current response was observed 
in the absence of temperature change. The current gradually rose and 
reached a stable plateau after thermal stimulation, indicating that STO 
could efficiently convert thermal fluctuation into an electrical response. 
These results demonstrate that STO possesses excellent heat-responsive 
electrical properties, which provide direct evidence for its 

Fig. 3. Light-heat-electrochemical catalytic performance. (a) Infrared thermal imaging of SNPs solutions at different concentrations under 1064 nm laser irradiation 
at 1.0 W cm− 2. (b) Temperature changes of SNPs solutions at different concentrations under 1064 nm laser irradiation at 1.0 W cm− 2. (c) temperature changes of 
SNPs solutions under different laser powers at the same concentration. d) Five cycles of heating and cooling curves of SNPs solutions with the 1064 nm laser on-off. e) 
Heating and cooling curves of SNPs solutions under 1064 nm laser irradiation. f) Linear relationship between the cooling time and -lnθ with a calculated photo
thermal conversion efficiency (η) of 72.3%. (g) Variation of the DPBF absorption peak at 420 nm for STO, SNPs, and STO@SNPs (75 μg/mL) under 1064 nm laser 
irradiation at 1.5 W/cm2, reflecting ⋅O2

− generation. (h) Variation of the ABDA absorption peak at 400 nm for STO, SNPs, and STO@SNPs (50 μg/mL) under 1064 nm 
laser irradiation at 1.5 W/cm2, reflecting 1O2 generation. (i) Variation of the MB absorption peak at 680 nm for STO, SNPs, and STO@SNPs (50 μg/mL) under 1064 
nm laser irradiation at 1.5 W/cm2, reflecting⋅OH generation.

B. Zhou et al.                                                                                                                                                                                                                                    Chemical Engineering Journal 535 (2026) 175390 

8 



thermoelectric activation behavior and further support its role in the 
light-heat-electric cascade process.

3.3. In vitro biocompatibility and antitumor activity

The in vitro antitumor potential of STO@SNPs nanoparticles was 
first assessed by evaluating their biocompatibility and baseline cyto
toxicity, which is essential to ensure their safety for biomedical appli
cations. Two cell lines, normal colon epithelial cells (NCM460) and 
colon cancer cells (CT26), were employed. CCK-8 assays showed that 
cell viability remained above 90% for both cell lines even at a high 
concentration of 100 μg/mL (Fig. 4a, b), confirming the excellent 
biocompatibility of the nanoparticles. To investigate the therapeutic 
potential, CT26 cells were then treated with varying concentrations of 
STO, SNPs, and STO@SNPs under 1064 nm laser irradiation (1.0 W 
cm− 2, 5 min per well). Cell viability decreased in a concentration- 
dependent manner, with STO@SNPs reducing viability to less than 
10% at the highest concentration, indicating that, although intrinsically 
nontoxic, these nanoparticles effectively induced cancer cell death upon 
NIR-II irradiation (Fig. 4c). In the STO group, cell viability showed a 
moderate reduction, dropping to 72%. Based on previous experimental 
results, this reduction in viability may be attributed to the slight tem
perature increase in the solution caused by laser irradiation, which ac
tivates the catalytic activity of the STO. In the SNPs group, a significant 
decrease in cell viability was observed, with viability reaching 29%, 
suggesting photoactivation upon laser exposure. Notably, although SNPs 
significantly affected cell viability under laser irradiation, their effect is 
still considerably less efficient at inducing cell death compared to 
STO@SNPs. This suggests that the heat generated by SNPs under laser 
irradiation effectively activates STO, enhancing its therapeutic 
potential.

Given that ROS generation is a key mechanism underlying catalytic 
therapy, intracellular ROS production was evaluated using DCFH-DA as 
a fluorescent probe. Confocal microscopy revealed strong green fluo
rescence in SNPs + L and STO@SNPs + L treated cells, indicating sub
stantial ROS production (Fig. 4d). To quantitatively validate these 
observations, flow cytometry was performed, which confirmed signifi
cantly higher ROS levels in the SNPs + L and STO@SNPs + L groups 
compared to controls (Fig. 4e). These results establish that STO@SNPs 
nanoparticles efficiently generate ROS under NIR-II irradiation, 
providing a mechanistic basis for their photodynamic cytotoxicity. 
Finally, to directly assess the functional consequences of ROS generation 
and photothermal effects, cell viability and apoptosis were evaluated 
using live/dead staining (Calcein AM/PI) and Annexin V-FITC assays. 
Consistently, these analyses revealed extensive cell death in SNPs + L 
and STO@SNPs + L groups, with late apoptosis rates reaching 55.69% 
and 58.63%, respectively (Fig. 4f, g). Together, these results demon
strate that STO@SNPs nanoparticles combine low inherent cytotoxicity 
with strong NIR-II-triggered photothermal and photodynamic effects, 
effectively inducing cancer cell death, and highlight their considerable 
potential as a photothermal–photodynamic–thermoelectric cascade en
ergy conversion catalytic therapeutic strategy.

γ-H2AX is used as a marker to assess DNA damage in CT26 cells 
induced by STO, SNPs, and STO@SNPs under 1064-nm laser irradiation. 
Confocal laser scanning microscopy images (Fig. 4h) show that no 
obvious green fluorescence was detected in control group, L group, 
STO@SNPs group, while there was weak green fluorescence on the cell 
nucleus surface in STO + L group. In contrast, in the SNPs + L, and 
STO@SNPs + L groups, there was a large amount of green fluorescence 
on the cell nucleus surface. Quantitative analysis of the green fluores
cence intensity further confirmed these results (Fig. S12), indicating that 
STO@SNPs can effectively induce DNA damage under laser irradiation.

Immunofluorescence staining showed that compared with the Con
trol, L, and STO@SNPs groups, HSP70 expression was markedly 
elevated in the laser-treated groups, with the strongest fluorescence 
intensity observed in the STO@SNPs + L and SNPs + L groups (Fig. S13). 

These results indicate that the heat-generating treatment effectively 
induces HSP70 upregulation, suggesting activation of cellular heat- 
stress responses and a potential contribution to subsequent antitumor 
immune regulation.

The penetration of the drug into the deep layer of the tumor is the key 
factor for the efficacy of the drug. The ability of STO@SNPs to penetrate 
tumors was evaluated using 3D spheroids of CT26 cells. The penetration 
of STO@SNPs into the spheroids was compared with that of the control 
group. The results presented in Fig. S14 demonstrate that STO@SNPs 
exhibited significantly superior permeability within the tumor spheroids 
compared to the control. This enhanced permeability is attributed to the 
presence of the folate (FA) molecule on the surface of STO@SNPs, which 
facilitates the targeted delivery of therapeutic agents deeper into the 
tumor core.

3.4. In vitro evaluation of DC maturation and T cell activation

Beyond direct cytotoxicity, phototherapy can induce immunogenic 
cell death (ICD), a process in which dying tumor cells release damage- 
associated molecular patterns (DAMPs) and tumor-associated antigens 
(TAAs). Among these, calreticulin (CRT) translocation from the endo
plasmic reticulum to the cell membrane serves as a hallmark of ICD, 
enhancing antigen presentation and activating tumor-specific immune 
responses. CLSM analysis revealed markedly higher CRT expression in 
SNPs+L and STO@SNPs + L groups compared with other treatments 
(red fluorescence, Fig. 5a), indicating that STO@SNPs nanoparticles 
effectively trigger ICD through synergistic photothermal, photody
namic, and thermoelectric effects. Furthermore, in these groups, the 
expression of HMGB1 on the nuclear surface was significantly reduced 
(Fig. 5b). These results indicate that the nanoparticles based on 
STO@SNPs, when excited by a 1064-nm laser, enhance oxidative stress 
by catalyzing the production of ROS and effectively induce the ICD of 
tumor cells.

ICD further promoted dendritic cell (DC) maturation and antigen 
presentation. CT26 cells from different treatment groups were co- 
cultured with bone marrow-derived dendritic cells (BMDCs) in a trans
well system for 24 h. Flow cytometry analysis showed that DC matura
tion (CD11c+CD80+CD86+) was significantly enhanced in STO + L, 
SNPs + L and STO@SNPs + L groups, reaching 24.4%, 28.9% and 
31.4%, respectively, compared with 14.6% in the control group (Fig. 5c- 
e). Dendritic cells (DCs) play a central role in antitumor immunity as 
primary antigen-presenting cells (APCs), capable of recognizing, 
capturing, and processing tumor antigens, which are then presented to T 
cells to initiate specific antitumor immune responses. Induction of ICD in 
tumor cells can further enhance DC maturation and antigen-presenting 
capacity, promoting T cell proliferation and activation, particularly 
CD8+ cytotoxic T lymphocytes. The subsequent activation of T cells was 
then assessed. CD4+ T cell activation reached 38.4%, 39.7% and 58.4% 
in the STO + L, SNPs + L and STO@SNPs + L groups, respectively, 
compared with 33.1% in the control group (Fig. 5f, g). CD8+ T cell 
activation was 16.1% in STO + L group, 25.9% in the SNPs+L group and 
increased to 34.5% in the SNPs + L group, over three times higher than 
the control group (10.6%) (Fig. 5h, i). These results demonstrate that 
under 1064 nm laser irradiation, STO@SNPs nanoparticles not only 
enhance DC maturation and upregulate co-stimulatory molecules 
(CD80/CD86), but also effectively activate both CD4+ and CD8+ cyto
toxic T cells, thereby significantly amplifying antitumor immune 
responses.

3.5. Evaluation of antitumor effects in vivo

STO@SNPs nanoparticles exhibit thermal-to-light conversion, pho
tothermal catalysis, and thermoelectric catalysis performance under 
1064 nm laser irradiation. Their tumor-targeting capability via the FA, 
EPR effect enables preferential accumulation in tumor tissues, thereby 
enhancing therapeutic efficacy while minimizing systemic toxicity. The 
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metabolism and release of STO@SNPs in a mouse model of colorectal 
cancer were first evaluated using fluorescent dyes. Small animal fluo
rescence imaging technology was employed to monitor the bio
distribution of the injected drug in real time. One hour after injection, a 
distinct fluorescence signal was observed in the liver of the mice, sug
gesting that the drug underwent hepatic metabolism. Subsequently, the 
fluorescence intensity in the intestinal tumor area gradually increased. 
Eight hours post-injection, the fluorescence signal in the tumor reached 
its peak, indicating effective delivery and retention of the drug in the 
tumor tissue. These results highlight the excellent targeting ability of 
STO@SNPs toward tumor tissue. After 24 h, the fluorescence signal in 
the tumor significantly diminished, suggesting that the drug had been 
metabolized and cleared from the body. This time-dependent meta
bolism further underscores the favorable safety profile of the drug 
(Fig. 6a, b).

Plasma pharmacokinetics of STO@SNPs after intravenous adminis
tration was evaluated by ICP-MS. After intravenous injection, the 
plasma concentration of STO@SNPs exhibited a rapid initial decline 
followed by a relatively slow elimination phase (Fig. S15). These results 
indicate that STO@SNPs were quickly distributed from the bloodstream 
into tissues and organs after administration, and then underwent 
gradual systemic clearance rather than immediate complete removal. 
Such pharmacokinetic behavior suggests that the nanoplatform retained 
a certain circulation time in vivo, which is favorable for continuous 
transport to the tumor site. Combined with the in vivo fluorescence 
imaging results showing that the tumor signal reached a high level at 8 h 
post-injection, it can be inferred that the blood circulation and tumor 
accumulation processes of STO@SNPs were well matched temporally.

The orthotopic colorectal tumors established in this study were 
located in the cecum. In mice, the cecum is positioned on the right side 
of the abdominal cavity in a relatively fixed anatomical location and lies 
close to the abdominal wall. Measurements indicated that the combined 
thickness of the overlying abdominal skin and peritoneum above the 
cecum was approximately 1 mm (Fig. S16), which is substantially 
smaller than the reported penetration depth of NIR-II light (>1 cm). [42]
Therefore, 1064 nm laser irradiation is sufficient to penetrate the 
overlying tissues and effectively activate STO@SNPs for the treatment of 
orthotopic colorectal tumors in mice.

To evaluate their antitumor performance, an orthotopic colorectal 
cancer model was established, and tumor progression was longitudinally 
monitored using IVIS imaging. Mice were randomly assigned to six 
groups (Control, L, STO@SNPs, STO + L, SNPs + L, and STO@SNPs + L) 
and treated via intravenous injection on Day 1 and Day 3. Eight hours 
post-injection, tumors were irradiated with a 1064 nm laser (0.7 W 
cm− 2, 8 min) (Fig. 6c). Infrared thermal imaging revealed a significant 
temperature increase in the tumor regions of the STO@SNPs+L group, 
reaching 52 ◦C (Fig. S17). By Day 9, IVIS imaging and tissue dissection 
revealed significant differences among treatment groups (Fig. 6d-f). In 
the SNPs + L group, four of five mice showed marked tumor regression, 
with one mouse achieving complete tumor eradication. Remarkably, 
STO@SNPs+L treatment resulted in near-complete tumor elimination in 
all mice, highlighting the synergistic effect of the STO@SNPs design. In 
contrast, STO + L and SNPs alone produced limited tumor inhibition, 
demonstrating that neither component alone is sufficient to achieve 
maximal therapeutic outcomes under laser irradiation. Importantly, no 

significant body weight changes were observed in any group, indicating 
favorable systemic biocompatibility (Fig. 6g).

Histological analysis further confirmed these findings. H&E staining 
revealed extensive tumor necrosis in the SNPs + L and STO@SNPs + L 
groups, characterized by nuclear condensation, cell lysis, and reduced 
cellular density (Fig. 6h). TUNEL assays confirmed widespread 
apoptosis within these tumor regions, consistent with the enhanced ROS 
generation and local hyperthermia induced by laser-activated 
STO@SNPs nanoparticles (Fig. 6i). The superior antitumor efficacy of 
STO@SNPs can be attributed to the cascade photothermal- 
thermoelectric energy conversion, which not only elevates tumor tem
perature to cytotoxic levels but also generates ROS through thermo
electric catalysis, collectively inducing apoptosis more efficiently than 
either component alone. Overall, these results demonstrate that 
STO@SNPs heterogeneous junction nanoparticles integrate multiple 
therapeutic modalities-photothermal, photocatalytic, and thermo
electrocatalytic effects-into a single platform. Their tumor-targeting 
capability, combined with synergistic energy conversion under NIR-II 
irradiation, enables effective tumor ablation while maintaining overall 
safety, highlighting strong potential for colon cancer treatment.

3.6. Enhanced immune response in vivo

Under 1064 nm irradiation, STO@SNPs nanoparticles generated a 
rapid burst of ROS, triggering ICD and the release of abundant tumor- 
associated antigens. To delineate the resulting immune cascade and its 
impact on the tumor immune microenvironment, we systematically 
analyzed DCs and T cells within the tumor, draining lymph nodes, and 
spleen (Fig. 7a).

Within the tumor, flow cytometry revealed a marked elevation in the 
population of mature DCs expressing co-stimulatory molecules CD80 
and CD86. The proportion of mature DCs (CD80+CD86+) reached 34.7% 
in the STO@SNPs + L group, compared to 26.2% in the SNPs + L group 
and only 7.86% in controls (Fig. 7b). This pronounced DC maturation 
suggests that the STO@SNPs-induced oxidative stress effectively pro
motes antigen capture and presentation, initiating a potent local im
mune activation. We next evaluated DC migration to secondary 
lymphoid organs. A significant increase in mature CD80+CD86+ DCs 
was detected in the draining lymph nodes of the STO@SNPs + L group, 
reaching 32.1%, the highest among all groups (Fig. 7c). This enhance
ment indicates that the photoactivated STO@SNPs system not only 
stimulates intratumoral antigen-presenting cells but also facilitates their 
trafficking to lymphoid tissues, thereby amplifying T-cell priming and 
immune propagation.

Concomitantly, STO@SNPs+L treatment induced a pronounced 
infiltration of effector T cells into the tumor microenvironment. The 
proportions of CD4+ helper T cells and CD8+ cytotoxic T lymphocytes 
(CTLs) were significantly increased to 37.25% and 33.63%, respectively, 
in the STO@SNPs+L group, compared with only 9.57% and 15.5% in 
the control group (Fig. 7d, e). This marked enrichment of tumor- 
infiltrating T cells indicates that the treatment effectively enhances 
tumor antigen presentation and promotes strong cellular immune acti
vation. Considering our previous findings that STO@SNPs+L induced 
ICD-related signals, including CRT exposure, HMGB1 release, and 
HSP70 upregulation, these results further suggest that the therapy 

Fig. 4. In vitro cytotoxicity and tumor cell killing evaluation of STO, SNPs, and STO@SNPs. This figure illustrates the impact of different treatments on cell viability, 
ROS production, and apoptosis in cancer and normal cells. (a) Dose-dependent effects of skop on CT26 cell viability (n = 5). (b) Dose-dependent effects of skop on 
NCM460 cell viability (n = 5). (c) Effects of 1064 nm laser irradiation with intensity of 1.0 W/cm2 combined with STO, SNPs, and STO@SNPs at different con
centrations on CT26 cell viability (n = 5). (d) Fluorescence microscopy images showing ROS generation in CT26 cells under various treatments. Scale bar = 400 μm. 
The concentration of STO, SNPs, and STO@SNPs was 50 μg/mL. For light-treated groups, cells were irradiated with a 1064 nm laser at 1.0 W/cm2 for 5 min. (e) Flow 
cytometry analysis of ROS generation in treated CT26 cells with the same treatment in (d). (f) Merged fluorescence microscopy images of live/dead cell staining in 
different treatment groups. Scale bar = 200 μm. The concentration of STO, SNPs, and STO@SNPs was 100 μg/mL. For light-treated groups, cells were irradiated with 
a 1064 nm laser at 1.0 W/cm2 for 5 min. (g) Flow cytometry analysis of apoptosis in treated CT26 cells with the same treatment in (f). (h) CLSM images showing DNA 
damage in CT26 cells marked by γ-H2AX under different treatments; Scale bar = 50 μm. The concentration of STO, SNPs, and STO@SNPs was 50 μg/mL. For light- 
treated groups, cells were irradiated with a 1064 nm laser at 1.0 W/cm2 for 5 min.
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facilitates the release and presentation of tumor-associated antigens, 
thereby creating favorable conditions for adaptive immune priming. To 
further verify whether the increased intratumoral T-cell infiltration was 
accompanied by functional immune activation, we additionally per
formed flow cytometric analysis of intratumoral cytokines. As shown in 

Fig. S18, the STO@SNPs + L group exhibited a significantly higher 
proportion of cytokine-positive immune cells in tumor tissues than the 
control groups, indicating that the infiltrating immune cells were not 
only increased in number, but were also functionally activated. Com
bined with the enhanced dendritic cell maturation observed in both 

Fig. 5. In vitro evaluation immunogenic cell death, and immune cell activation. (a) Representative CLSM images showing CRT exposure in cells after various 
treatments. Scale bar = 50 μm. The concentration of STO, SNPs, and STO@SNPs was 50 μg/mL. For light-treated groups, cells were irradiated with a 1064 nm laser at 
1.0 W/cm2 for 5 min. (b) Representative CLSM images showing HMGB1 exposure in cells after various treatments. Scale bar = 50 μm. The concentration of STO, 
SNPs, and STO@SNPs was 50 μg/mL. For light-treated groups, cells were irradiated with a 1064 nm laser at 1.0 W/cm2 for 5 min. (c) Schematic diagram of 
experimental design for in vitro CT26 cancer cell and BMDC co-culture assay using a transwell system. (d) FCM analysis of DC maturation under different treatment 
conditions. The concentration of STO, SNPs, and STO@SNPs was 50 μg/mL. For light-treated groups, cells were irradiated with a 1064 nm laser at 1.0 W/cm2 for 5 
min. (e) Quantification of DC maturation from (d). (f) FCM analysis of CD4+ T cells after various treatments. The concentration of STO, SNPs, and STO@SNPs was 50 
μg/mL. For light-treated groups, cells were irradiated with a 1064 nm laser at 1.0 W/cm2 for 5 min. (g) Quantification of CD4+ T cell data from (f). (h) FCM analysis 
of CD8+ T cells after different treatments. The concentration of STO, SNPs, and STO@SNPs was 50 μg/mL. For light-treated groups, cells were irradiated with a 1064 
nm laser at 1.0 W/cm2 for 5 min. (i) Quantification of CD8+ T cell data from (h).
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Fig. 6. In vivo evaluation of antitumor effects. (a) In vivo optical live imaging was conducted on orthotopic CRC mice at different time points after tail vein injection 
of ICG-labeled STO@SNPs. (b) Fluorescence images of major organs from mice at different time points. (c) Schematic illustration of the in vivo antitumor therapy 
protocol. All treatment groups received intravenous injections (200 μL total volume) of STO, SNPs, or STO@SNPs at a dose of 5 mg/kg. Mice in the laser-treated 
groups were irradiated at the tumor site with a 1064 nm laser (0.7 W/cm2) for 8 min. (d) Representative images of orthotopic ovarian cancer-bearing mice from 
different treatment groups. (e) Representative images of orthotopic ovarian tumors excised from mice in different treatment groups. (f) Quantitative analysis of 
fluorescence signals in the tumor regions from small animal images at the end of treatment (n = 5). (g) Body weight curves of mice during the treatment period. (h) 
Representative hematoxylin and eosin (H&E) staining images of tumor sections from different treatment groups. Scale bar = 200 μm. (i) Representative TUNEL 
staining images of tumor sections from different treatment groups, indicating apoptotic cells. Scale bar = 200 μm.
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tumor tissues and draining lymph nodes, these findings demonstrate 
that STO@SNPs + L not only triggers ICD-mediated antigen release, but 
also promotes antigen processing and presentation, T-cell recruitment, 
and cytokine-associated effector activation within the tumor microen
vironment. Therefore, the treatment establishes a more immunostimu
latory and functionally active antitumor immune microenvironment, 
which collectively contributes to its potent therapeutic efficacy.

Given that the spleen is a major peripheral immune organ involved in 

T-cell expansion, activation, and immune memory formation, we further 
analyzed splenic lymphocyte populations to evaluate whether the local 
therapeutic effect of STO@SNPs + L could translate into systemic anti
tumor immune activation. As shown in Fig. 7f, g, the percentages of both 
CD8+ T cells and CD4+ T cells in the spleen were markedly increased in 
the STO@SNPs + L group, reaching 31.83% and 62.13%, respectively, 
compared with 24.03% and 52.5% in the control group. These results 
indicate that the STO@SNPs-mediated treatment not only exerts local 

Fig. 7. In vivo analysis of immunological responses. (a) Schematic diagram of immune activation principle. (b) FCM analysis of intratumoral DC maturation, with 
corresponding quantitative data. (c) FCM analysis of DC maturation in lymphatic tissues, with corresponding quantitative data. (d) FCM analysis of intratumoral 
CD4+ T cells, with corresponding quantitative data. (e) FCM analysis of intratumoral CD8+ T cells, with corresponding quantitative data. (f) FCM analysis of CD4+ T 
cells in spleen tissue, with corresponding quantitative data. (g) FCM analysis of CD8+ T cells in spleen tissue, with corresponding quantitative data.
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tumoricidal effects, but also activates a broader systemic immune 
response. In particular, the expansion of CD4+ T cells is of special 
importance, as these cells can provide helper signals for antigen pre
sentation and immune amplification, promote the activation and pro
liferation of CD8+ cytotoxic T cells, and support the establishment of 
long-term immune surveillance. To further determine whether this 
systemic immune activation could be translated into durable antitumor 
immunity, we additionally performed flow cytometric analysis of 
memory T-cell populations in the spleen. As shown in Fig. S19, the 
STO@SNPs + L group exhibited significantly increased proportions of 
both CD4+ memory T cells and CD8+ memory T cells compared with the 
control groups. The elevation of these memory T-cell subsets suggests 
that the treatment not only triggers an acute immune response against 
tumors, but also facilitates the generation of long-term immunological 
memory. Combined with the observed enhancement of splenic CD4+

and CD8+ T-cell populations, these findings demonstrate that 
STO@SNPs + L can induce robust systemic adaptive immune activation 
beyond the local tumor site and promote the formation of lasting anti
tumor immune memory. Such immune remodeling is highly beneficial 
for maintaining sustained immune surveillance, thereby contributing to 
the overall antitumor immunotherapeutic efficacy and potentially 
reducing tumor recurrence and metastasis.

These findings demonstrate that STO@SNPs nanoparticles under 
NIR-II irradiation orchestrate a multilevel immune activation through 
photothermal-thermoelectric synergistic energy conversion. The treat
ment induces ROS-mediated ICD, drives DC maturation and migration, 
and activates both intratumoral and systemic T-cell responses. This co
ordinated immune modulation confers a potent and durable antitumor 
effect, underscoring the promise of STO@SNPs-based photo-thermo
electric nanoplatforms for the immunotherapeutic management of 
colorectal cancer.

3.7. In vivo biological safety analysis

In this study, we performed a comprehensive in vivo safety evalua
tion of STO@SNPs, with a focus on hematological parameters and his
topathological changes in major organs. Hematoxylin-eosin (HE) 
stained sections of the heart, liver, spleen, lung, and kidney exhibited 
intact tissue architecture, well-organized cellular arrangement, and no 
evidence of increased inflammatory responses or tissue injury compared 
with the control group. Detailed pathological examination revealed no 
significant abnormalities, including necrosis, hemorrhage, infarction, or 
fibrosis, in any of the examined organs (Fig. S20). The comprehensive 
analysis of hematological and biochemical parameters in mice demon
strated no significant differences between the treatment and control 
groups across key indicators, including white blood cell count, hemo
globin levels, platelet count, as well as markers of liver and kidney 
function. All measured values remained within established normal 
reference ranges (Fig. S21, S22). These results suggest that, under the 
administered dosage and treatment regimen, the compound does not 
elicit appreciable systemic toxicity. The absence of hematological or 
biochemical abnormalities further supports the favorable safety profile 
of the treatment, indicating its suitability for continued preclinical 
evaluation and potential translational applications.

4. Conclusion

In this study, the STO@SNPs nanoparticles demonstrated the syn
ergistic advantages of NIR-II-triggered photothermal, photodynamic, 
and thermoelectric cascade energy conversion. The unique accept
or–donor–acceptor (A-D-A) molecular structure of SKCN significantly 
enhances ICT, which improves light absorption and photothermal con
version efficiency within the NIR-II window, rendering it suitable for 
deep-seated tumor therapy. The formation of STO@SNPs with the 
thermoelectric material STO, combined with PEGylation, not only 
enhanced aqueous stability and prolonged systemic circulation but also 

facilitated tumor-targeted accumulation via the EPR effect, providing an 
effective platform for localized tumor therapy.

Under 1064 nm laser irradiation, STO@SNPs nanoparticles simul
taneously photothermal, photocatalytic, and thermoelectric catalytic 
effects, inducing efficient tumor cell apoptosis and exhibiting pro
nounced in vitro antitumor activity. Notably, ROS-mediated cellular 
stress and cell death-initiated ICD, promoting CRT exposure and the 
release of damage-associated molecular patterns (DAMPs). This, in turn, 
enhanced DC maturation and antigen presentation. In vivo, STO@SNPs 
treatment significantly increased DC maturation within tumors, 
elevated CD4+ and CD8+ T cell populations, and triggered systemic 
immune activation in both lymph nodes and spleen, indicating that the 
nanoparticles not only ablate primary tumors locally but also potentiate 
systemic antitumor immunity, potentially preventing recurrence and 
metastasis. Further in vivo studies confirmed that STO@SNPs effectively 
inhibited tumor growth and, in some cases, achieved complete tumor 
regression in an orthotopic colorectal cancer model, without observable 
toxicity or tissue damage in major organs, demonstrating favorable 
biosafety. This highlights the dual advantage of deep tumor-targeted 
therapy and systemic safety, establishing a solid foundation for poten
tial clinical translation.

The innovation of this work lies in the integration of photothermal, 
photocatalytic, and thermoelectric catalytic modalities within a single 
nanoparticle platform, enabling efficient energy conversion in deep 
tissues while concurrently activating antitumor immunity. This strategy 
overcomes the limitations of conventional monomodal phototherapy 
regarding tissue penetration and immune stimulation, providing a 
multifunctional nanoplatform capable of tumor-targeted therapy. 
Future investigations could further optimize nanoparticle biodegrad
ability and immunomodulatory capacity, and potentially combine this 
approach with immune checkpoint inhibitors to achieve more robust 
and durable antitumor responses. Overall, STO@SNPs nanoparticles 
exhibit exceptional cascade energy conversion efficiency, potent 
immunostimulatory effects, and favorable biocompatibility, under
scoring their promise as a multimodal photo
thermal–photodynamic–thermoelectric therapy strategy for deep-seated 
tumors.

In addition, for colorectal tumors located in the distal bowel and 
accessible through the anus, direct endoluminal light delivery represents 
a highly promising strategy. In such cases, insertion of an optical fiber 
via the anal route could substantially shorten the light propagation path, 
reduce attenuation caused by overlying tissues, and enable more precise 
and localized irradiation of the tumor lesion. This approach may 
enhance therapeutic efficiency while minimizing off-target exposure to 
surrounding normal tissues. In future investigations, we plan to sys
tematically evaluate fiber-assisted intraluminal laser delivery, to further 
improve translational feasibility and therapeutic performance in 
orthotopic colorectal cancer models.
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