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Immunotherapy has emerged as a promising strategy for combating tumor metastasis and recurrence,
however, its efficacy is often hampered by the immunosuppressive tumor microenvironment (TME). The
integration of nanomedicine-based photothermal therapy (PTT) with immunotherapy offers great poten-
tial to reshape the immune landscape, thereby enhancing immune responses and therapeutic outcomes.
Nevertheless, conventional hyperthermia may induce heat-related damage and excessive inflammation
in normal tissues. To address this challenge, we developed a novel therapeutic platform that combines
tumor-specific delivery of melittin (MLT) with mild PTT using two-dimensional palladium nanosheets
(Pd NSs). This approach allows for selective accumulation of MLT at tumor sites via the enhanced per-
meability and retention (EPR) effect and TME-responsive release, thereby maximizing antitumor efficacy
while minimizing off-target toxicity. The resulting nanocomposite, MLT@Pd@PEG, exhibits excellent bio-
compatibility and efficient photothermal conversion under 808 nm laser irradiation. The acidic pH and
localized heat in the TME synergistically trigger the controlled release of MLT, which disrupts cancer
cell membranes and promotes tumor cell apoptosis. Moreover, this treatment facilitates the release of
tumor-associated antigens and danger-associated molecular patterns (DAMPs), thereby activating cyto-
toxic T lymphocytes and natural killer (NK) cells. In vivo studies demonstrate that the combination of
immune checkpoint blockade and MLT@Pd@PEG not only eradicates primary and distant tumors in bilat-
eral tumor-bearing mouse models but also prevents tumor recurrence and metastasis by inducing durable
immune memory. This comprehensive strategy integrating precise MLT delivery with mild PTT holds sig-

nificant promise for advancing next-generation cancer immunotherapy.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Immunotherapy, a non-invasive strategy that leverages the in-
nate immune system to recognize and eliminate cancer cells, has
revolutionized cancer treatment in clinical settings [1,2]. Unlike
traditional therapies such as surgery, radiotherapy, or chemother-
apy, which directly target tumor cells, immunotherapy enhances
or modulates immune responses to achieve long-lasting antitumor
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effects [3]. Despite its remarkable clinical success, the therapeutic
efficacy of immunotherapy is often hindered by immune evasion,
tumor heterogeneity, delivery barriers, and the risk of immune-
related adverse events stemming from uncontrolled immune acti-
vation [4,5].

Melittin (MLT), a cationic host defense peptide derived from bee
venom, exhibits potent immunomodulatory and antitumor proper-
ties. It facilitates the release of tumor-associated antigens (TAAs),
activates cytotoxic T lymphocytes and natural killer (NK) cells, and
stimulates the secretion of proinflammatory cytokines, thereby po-
tentiating antitumor immunity [6-9]. Additionally, MLT reprograms
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tumor-associated macrophages (TAMs) toward an immunostimu-
latory M1 phenotype, helping to remodel the immunosuppres-
sive tumor microenvironment (TME) [10,11]. Mechanistically, MLT
induces cancer cell necrosis or apoptosis by disrupting the cell
membrane via pore formation [12,13]. Moreover, its mitochondria-
targeting ability leads to mitochondrial dysfunction and oxidative
stress through reactive oxygen species (ROS) generation, further
suppressing autophagy and promoting cell death [14,15]. However,
its clinical translation remains limited due to issues such as nar-
row therapeutic window, hemolytic activity, rapid clearance, and
systemic toxicity [16].

Photothermal therapy (PTT) has emerged as a promising com-
plementary strategy owing to its precision, efficiency, and minimal
invasiveness. Nanoparticle-assisted PTT not only ablates tumors
but also induces immunogenic cell death (ICD), thereby releas-
ing TAAs and damage-associated molecular patterns (DAMPSs) to
stimulate systemic antitumor immunity [17-20]. Nevertheless, the
immunosuppressive nature of the TME continues to compromise
therapeutic outcomes [21,22]. To address this, combining PTT
with immunoadjuvants or immunotherapies has shown potential
in amplifying immune responses, inhibiting tumor recurrence,
and improving treatment efficacy [23,24]. Notably, moderate PTT
can elicit immune responses while avoiding the detrimental ef-
fects of high-temperature hyperthermia, thereby preserving the
functionality of co-delivered biomolecules [25,26].

Among various nanomaterials, two-dimensional palladium
nanosheets (Pd NSs) have attracted considerable interest due to
their high photothermal conversion efficiency, favorable biocom-
patibility, and intrinsic EPR-based tumor-targeting ability [27-30].
Our previous studies revealed that Pd NSs with an edge length of
~41 nm exhibited a photothermal conversion efficiency of approx-
imately 27.6% under near-infrared (NIR) irradiation [31]. When
accumulated at tumor sites, Pd NSs effectively ablate tumors
and facilitate localized drug release under mild photothermal
conditions [32-34]. However, the instability of thermally sensitive
therapeutic agents like MLT under hyperthermic conditions poses
a challenge for effective delivery and retention of bioactivity. Mild
PTT has recently gained traction as it not only enhances drug
release but also reprograms the TME and induces pyroptosis,
thereby boosting the efficacy of gene therapy, radiotherapy, and
immunotherapy through hypoxia alleviation and immune stimu-
lation [35-38]. Intriguingly, recent studies have shown that mild
photothermal stimulation upregulates PD-L1 expression on cancer
cells, thereby enhancing the effectiveness of immune checkpoint
blockade (ICB) therapy [37-39].

In light of these insights, we developed a multifunctional
nanoplatform MLT@Pd@PEG via a straightforward self-assembly
method to enable targeted MLT delivery combined with mild
PTT. This formulation exhibits high MLT loading capacity and
excellent stability under physiological conditions, effectively
mitigating MLT-induced hemolysis and off-target toxicity. The
pH/temperature-responsive release mechanism ensures the selec-
tive release of MLT in the TME, thereby achieving efficient tumor
cell apoptosis and growth inhibition. Furthermore, MLT@Pd@PEG
induces ICD and promotes M2-to-M1 macrophage polarization,
enhancing cytokine secretion (e.g., interleukin-6 (IL-6), interferon-
y (IFN-y), tumor necrosis factor-a (TNF-«)) and upregulating
PD-L1 expression to potentiate ICB therapy. Most importantly, this
strategy triggers long-term immune memory, providing sustained
protection against tumor recurrence. Together, our MLT@Pd@PEG
system represents a promising approach to overcoming the lim-
itations of conventional immunotherapy and advancing cancer
photothermal-immunotherapy (Scheme 1).

Pd NSs were synthesized via the reduction of Pd(acac), un-
der a carbon monoxide atmosphere, as previously reported [27].
Subsequently, MLT was electrostatically grafted onto the surface
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Scheme 1. Schematic illustration showing the preparation of MLT@Pd@PEG
nanoformulations with the ability to controllably deliver MLT and induce moder-
ate PTT for enhanced tumor immunotherapy.
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Fig. 1. Structure and property characterizations of the MLT@Pd@PEG nanocom-
plexes. (a) TEM image of MLT@Pd@PEG nanocomplexes. The inset shown the
HR-TEM images of MLT@Pd@PEG nanocomplexes. (b) HAADF-TEM image of
MLT@Pd@PEG nanocomplexes. (c, d) Corresponding element (including C, O, N, and
Pd elements) mapping of MLT@Pd@PEG nanocomplexes. (e) The zeta potential of
the as-synthesized Pd, MLT, MLT@Pd, and MLT@Pd@PEG nanocomplexes. (f) Cumu-
lative MLT release profile of the MLT@Pd@PEG nanocomplexes in different con-
ditions at each time point. (g) Corresponding hemolysis rates of the red blood
cell (RBC) count. Data are presented as mean =+ standard deviation (SD) (n=3).
**P < 0.01. (h) Infrared thermal images of MLT@Pd@PEG nanocomplexes (200 pg/mL)
in 500 pL PBS under laser irradiation (808 nm, 0.5 W/cm?). (i) The photothermal sta-
bility of MLT@Pd@PEG nanocomplexes.

of Pd NSs at room temperature under stirring to form MLT@Pd
nanocomplexes. These were then surface-functionalized with thiol-
terminated polyethylene glycol (mPEG-SH) to yield the final
MLT@Pd@PEG nanocomplexes. Transmission electron microscopy
(TEM) analysis revealed that the resulting MLT@Pd@PEG nanocom-
plexes were monodisperse, with an average diameter of ~30nm
(Fig. 1a). High-angle annular dark-field scanning TEM (HAADF-
STEM) imaging, coupled with elemental mapping, confirmed the
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uniform distribution of C, N, O, and Pd elements throughout the
nanostructures (Figs. 1b-d). Zeta potential measurements illus-
trated distinct surface charges at each modification step. Both
free MLT and MLT@Pd nanocomplexes exhibited positive surface
charges, while Pd NSs and MLT@Pd@PEG nanocomplexes displayed
negative zeta potentials, suggesting successful MLT loading and PE-
Gylation (Fig. 1e). Dynamic light scattering (DLS) further revealed
slight increases in hydrodynamic size after sequential MLT and PEG
modification, corroborating effective surface engineering (Fig. S1 in
Supporting information). The pH-responsive drug release behavior
of MLT@Pd@PEG was evaluated in buffers of different pH values.
At pH 5.8, approximately 60 % of MLT was released within 8 h, and
over 80% was released after 12h, indicating sustained and pH-
sensitive release behavior under mildly acidic conditions mimick-
ing the TME (Fig. 1f). To confirm the stepwise fabrication process,
ultraviolet-visible (UV-vis) spectroscopy absorption spectra of Pd
NSs, MLT, MLT@Pd, and MLT@Pd@PEG were recorded (Fig. S2 in
Supporting information). Pd NSs exhibited broad absorption due to
surface plasmon resonance. After MLT loading, a slight red shift in
MLT’s characteristic peak was observed, suggesting 7 -metal inter-
actions. PEGylation led to a reduction in absorbance intensity and
broadening of the spectra, indicative of improved colloidal stability.

Hemolysis assays demonstrated that Pd NSs significantly miti-
gated the hemolytic activity of free MLT, which typically disrupts
red blood cell membranes (Fig. 1g and Fig. S3 in Supporting infor-
mation). The colloidal stability of MLT@Pd@PEG was systematically
evaluated in phosphate-buffered saline (PBS), DMEM, and fetal
bovine serum (FBS) using UV-vis, DLS, and zeta potential analyses.
Over 72h, no noticeable spectral changes or aggregation were
observed (Fig. S4 in Supporting information). The nanocomplexes
maintained stable hydrodynamic diameters (~80-90nm) and
moderately negative surface charges (-18.2 ~ -12.9mV) across all
media (Tables S1 and S2 in Supporting information), indicating
excellent dispersion and physicochemical stability suitable for
biological applications.

The photothermal performance of MLT@Pd@PEG nanocom-
plexes was evaluated under NIR laser irradiation (808 nm,
0.2W/cm?). Aqueous dispersions of MLT@Pd@PEG at varying con-
centrations (50-200pug/mL) exhibited rapid temperature increases
upon NIR exposure, with a 100pg/mL solution reaching 46.4°C
within 600s (Figs. S6a and b in Supporting information). Infrared
thermal imaging further confirmed their effective photothermal
conversion (Fig. 1h). Importantly, the nanocomplexes maintained
stable photothermal performance over four heating-cooling cycles
(Fig. 1i), indicating excellent photothermal durability. Furthermore,
MLT release from MLT@Pd@PEG nanocomplexes was significantly
accelerated upon NIR irradiation and decreased rapidly once the
laser was turned off (Fig. S7 in Supporting information), confirming
the feasibility of controlled release via mild photothermal heating.

Building upon the favorable properties of the nanocomplex, we
further investigated the cytotoxicity of MLT@Pd@PEG nanocom-
plexes in 4T1 cells. Prior to evaluating their cytotoxic and thera-
peutic efficacy, cellular uptake at various incubation time points
was assessed using confocal laser scanning microscopy (CLSM) and
flow cytometry. For fluorescence tracking, the nanocomplexes were
labeled with Cy5.5. As shown in Fig. 2a and Fig. S8 (Support-
ing information), cellular internalization of MLT@Pd-Cy5.5@PEG in-
creased over time, with substantial uptake observed after 6h of
incubation. The in vitro cytotoxicity of MLT@Pd@PEG nanocom-
plexes was determined using a cell counting kit-8 (CCK-8) as-
say. As shown in Figs. 2b and c, all groups displayed dose- and
time-dependent cytotoxicity. Notably, MLT@Pd exhibited a lower
half maximal inhibitory concentration (ICsy) (12.82+0.69 ng/mL)
compared to MLT@PA@PEG (21.79 4+ 0.30 ug/mL), likely due to PEG
shielding. Moreover, NIR laser irradiation significantly enhanced
the cytotoxicity of MLT@Pd@PEG, as evidenced by decreased cell
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Fig. 2. In vitro synergistic antitumor performance of MLT@Pd@PEG nanocomplexes
in 4T1 cells. (a) Confocal images of 4T1 cells after O, 1, and 4h incubation with
MLT@Pd-Cy5.5@PEG nanocomplexes were labeled by red fluorescence and cell nu-
clei were stained with 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride
(DAPI). Scale bar: 50um. (b) Viability of 4T1 cells treated with various materials.
(c) Viability of 4T1 cells treated with Pd@PEG and MLT@Pd@PEG nanocomplexes
for different time. (d) Viabilities of 4T1 cells with different treatments. (e) The re-
lease of LDH from 4T1 cells after co-incubated with MLT@Pd@PEG nanocomplexes
at different time points. (f) Flow cytometry analysis of 4T1 cell apoptosis from cells
after different treatments. Data are presented as mean & SD (n=3). **P <0.01.

viability (Figs. 2d and f), which declined further with prolonged
irradiation: 87.5% viability at 5min and 79.3% at 10min. These
results indicate a robust photothermal effect, confirmed by the
substantial temperature rise upon NIR exposure (Fig. S9a in Sup-
porting information). To evaluate biocompatibility, human normal
liver cells (L02) were incubated with various concentrations of
MLT@Pd@PEG for 12 h. As shown in Fig. S9b (Supporting informa-
tion), cell viability remained high (>91.2%) at ~12ng/mL, indicat-
ing negligible toxicity at therapeutic doses.

Cell apoptosis morphology was examined by CLSM and flow cy-
tometry following nanoparticle treatment. 4T1 cells were stained
with calcein AM and PI to distinguish live (green fluorescence) and
dead (red fluorescence) cells. As shown in Fig. S10 (Supporting in-
formation), the MLT@Pd@PEG ~+ laser group displayed significantly
more red fluorescence than the MLT@Pd@PEG or saline groups, in-
dicating a synergistic effect of photothermal and chemotherapeutic
mechanisms. ICD, marked by the release of DAMPs (e.g., surface-
exposed calreticulin (CRT), extracellular high mobility group box-1
protein (HMGB1), and ATP), was next evaluated (Fig. S11 in Sup-
porting information). Enzyme-linked immunosorbent assay (ELISA)
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results (Fig. S11a) showed significantly increased HMGB1 secre-
tion in the MLT@Pd@PEG group versus PBS and Pd@PEG groups,
with further enhancement upon NIR irradiation. CRT exposure
(Fig. S11b) and extracellular ATP release (Fig. S11c) also increased
significantly post-treatment, indicating robust ICD induction. The
release of MLT under NIR likely enhanced these effects.

To further confirm MLT-mediated membrane damage, CLSM
was used to observe 4T1 cell membranes. As shown in Fig. S12
(Supporting information), free MLT disrupted membrane integrity
more than MLT@Pd@PEG, though the latter still induced partial
membrane compromise. MLT acts via pore formation, causing
leakage of cytosolic contents such as lactate dehydrogenase (LDH).
LDH release increased over time with MLT@Pd@PEG exposure
(Fig. 2e), corroborating its membrane-disruptive activity. Lyso-
somal escape was assessed by CLSM (Fig. S13 in Supporting
information), revealing MLT@Pd@PEG escaped lysosomes over time
post-internalization. This was likely due to MLT’s lipid-lytic activity
within lysosomes, resulting in membrane rupture. ROS generation,
assessed via DCFH-DA staining (Fig. S14 in Supporting informa-
tion), was highest in the MLT@Pd@PEG group. ROS overproduction
disrupted mitochondrial membrane potential, promoted cy-
tochrome c release, and triggered caspase activation-key steps
in apoptosis (Fig. S15 in Supporting information). Intracellular
pH changes were measured using BCECF-AM, showing increased
acidity in MLT@Pd@PEG-treated cells, likely a downstream effect of
MLT action. JC-1 dye was used to assess mitochondrial membrane
potential (Fig. S16 in Supporting information), which was reduced
in MLT@Pd@PEG-treated cells, particularly after NIR irradiation,
suggesting MLT-induced mitochondrial dysfunction amplified by
hyperthermia.

Finally, we investigated the immunomodulatory effects of
MLT@Pd@PEG on the TME. TAMs contribute to immunosuppres-
sion, with the M2 phenotype supporting tumor progression. MLT
has been shown to repolarize M2 TAMs to the M1 phenotype. Our
results confirmed that MLT downregulated M2 marker CD206 in
[L-4-induced macrophages (Fig. S16), indicating successful repro-
gramming and potential reversal of the immunosuppressive TME).

Encouraged by the promising in vitro results, we further eval-
uated the pharmacokinetics, biodistribution, real-time imaging,
and antitumor efficacy of MLT@Pd@PEG nanocomplexes in vivo.
A 4T1 tumor-bearing mouse model was established via subcu-
taneous injection of 4T1 cells into female BALB/c mice. All ani-
mal experiments were performed according to a protocol approved
by the Animal Experimental Ethical Inspection of the First Affil-
iated Hospital, Zhejiang University School of Medicine (approval
No. 2023-428). Prior to therapy, the tumor-targeting capability of
MLT@Pd@PEG was investigated using fluorescence imaging. Fol-
lowing intravenous injection of MLT@Pd-Cy5.5@PEG, fluorescence
imaging revealed significant tumor accumulation after 12 h, with
peak fluorescence observed at 48h post-injection, attributed to
prolonged blood circulation and the enhanced permeability and re-
tention (EPR) effect (Fig. 3a). Ex vivo imaging of harvested major
organs and tumors at 48h further confirmed the selective accu-
mulation in tumor tissues (Fig. S18 in Supporting information).

Photothermal conversion efficacy in vivo was validated using
an infrared thermal imaging camera. Upon 808 nm laser irradia-
tion (0.3W/cm?2) for 5min at 6h post-injection, the tumor tem-
perature rapidly rose to 45.5°C, demonstrating efficient photother-
mal heating (Fig. S19 in Supporting information). To evaluate the
therapeutic efficacy, mice were divided into six groups: (1) PBS,
(2) PD-L1, (3) Pd@PEG, (4) MLT@Pd@PEG, (5) MLT@Pd@PEG + PD-
L1, and (6) MLT@Pd@PEG + PD-L1 + laser. The nanocomplexes were
intravenously administered three times every other day, and
PTT was applied 12h after each injection. Tumor volume anal-
ysis showed that MLT@PA@PEG significantly suppressed tumor
growth compared to the PBS and Pd@PEG groups, owing to the
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Fig. 3. In vivo antitumor efficacy and biodistribution of MLT@Pd@PEG nanocom-
plexes. Group 1: PBS; Group 2: anti-PD-L1; Group 3: Pd@PEG; Group 4:
MLT@Pd@PEG; Group 5: MLT@Pd@PEG + anti-PD-L1; Group 6: MLT@Pd@PEG + anti-
PD-L1 + laser. (a) In vivo fluorescence imaging of 4T1 tumor-bearing mice at differ-
ent time points post-intravenous injection of MLT@Pd-Cy5.5@PEG nanocomplexes.
(b) Tumor volume growth curves over 21 days and representative photographs of
treated mice and excised tumors on day 21 (n=5). (c) Quantitative analysis of
nanocomplex accumulation in major organs and tumor tissues at different time
points (n=3). (d) H&E staining images of dissected major organs (heart, liver,
spleen, lung, kidney) and tumor tissue of 4T1 tumor-bearing mice after various
treatments by intravenous administration. Scale bar: 50 um. Data are presented as
mean + SD. **P <0.01, ***P <0.001.

membrane-disrupting activity of MLT. Notably, the group receiv-
ing MLT@Pd@PEG + PD-L1 + laser exhibited the most substantial
tumor inhibition, confirming the synergistic effect of PTT and im-
munotherapy (Fig. 3B and Fig. S20 in Supporting information). No
notable body weight changes were observed during the treatments
(Fig. S21 in Supporting information), indicating minimal systemic
toxicity.

ICP-MS analysis revealed markedly higher Pd ion accumula-
tion in tumor tissues compared to other organs, confirming the
tumor-targeting ability of MLT@Pd@PEG and its prolonged circu-
lation (Fig. 3c). The elevated Pd levels in tumors over time implied
a favorable EPR effect and microenvironment-triggered retention.
Hematoxylin and eosin (H&E) staining of major organs indicated no
histopathological abnormalities (Fig. 3d). Blood biochemical anal-
ysis showed a slight increase in white blood cell count, likely
due to acute foreign body response induced by MLT@Pd@PEG,
yet all parameters remained within normal physiological ranges
(Fig. S22 in Supporting information), demonstrating good biocom-
patibility. Cytokine profiling by ELISA revealed elevated levels of
IL-6, IL-12, TNF-¢, and IFN-y, especially in the MLT@Pd@PEG + PD-
L1 + laser group, suggesting robust immune activation. Meanwhile,
IL-10 expression was suppressed, indicating a reduction in im-
munosuppressive signaling and a favorable immunostimulatory
profile (Fig. S23 in Supporting information). Furthermore, PD-L1
immunofluorescence staining confirmed upregulation of PD-L1 ex-
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Fig. 4. In vivo evaluation of antitumor immune responses induced by MLT@Pd@PEG

nanocomplexes in a bilateral 4T1 tumor model. Group A: Saline; Group B: Pd@PEG;

Group C: MLT@Pd@PEG; Group D: MLT@Pd@PEG + anti-PD-L1; Group E: MLT@Pd@PEG + anti-PD-L1 + laser. (a) Schematic illustration of the experimental design for assessing
therapeutic efficacy and immune activation in bilateral 4T1 tumor-bearing BALB/c mice. (b, ¢) Tumor growth curves of the primary (b) and distant (c) tumors following
various treatments. (d) Flow cytometric analysis of mature dendritic cells (CD11c*CD867) in the tumor-draining lymph nodes after treatment. (e) Quantitative analysis of
Foxp3* Treg cells in primary tumors from different treatment groups via flow cytometry. (f, g) Quantitative analysis of CD4* (f) and CD8* (g) T cells in spleen from different
treatment groups via flow cytometry. (h, i) Quantitative analysis of CD4* (h) and CD8" (i) T cells in primary tumors from different treatment groups via flow cytometry. (j)
Quantitative analysis of mouse memory T cells in spleen from different treatment groups via flow cytometry. Data are presented as mean + SD (n=3). **P <0.01.

pression in tumor tissues following mild photothermal treatment
(Fig. S24 in Supporting information), highlighting the role of mod-
erate PTT in enhancing tumor immunogenicity.

Building on the encouraging intravenous results, we further ex-
plored the synergistic effect of MLT@Pd@PEG and ICB for bilat-
eral tumor inhibition. Bilateral tumor models were established on
both flanks of the mice, representing primary and distant (absco-
pal) tumors. The treatment schedule is illustrated in Fig. 4a. Mice
were grouped as follows: (A) saline, (B) PA@PEG, (C) MLT@Pd@PEG,
(D) MLT@Pd@PEG + anti-PD-L1, and (E) MLT@Pd@PEG + anti-PD-
L1 +laser. Each group received intratumoral injections every five
days, repeated three times. Tumor growth was significantly inhib-
ited in the MLT@Pd@PEG + anti-PD-L1 + laser group for both pri-
mary and abscopal tumors (Figs. 4b and c, Fig. S25 in Supporting
information). This enhanced effect is partially attributed to moder-
ate PTT-induced upregulation of PD-L1, which increased the intra-
tumoral accumulation of anti-PD-L1 (Fig. 4d). In contrast, without
laser or anti-PD-L1, the inhibition was limited to primary tumors,
with distant tumors showing minimal response.

Mechanistically, MLT@Pd@PEG triggered ICD, promoting tumor
antigen release and dendritic cell (DC) activation. Flow cytom-
etry of tumor-draining lymph nodes showed a marked increase
in mature DCs (CD11c*CD86") after treatment, particularly in
the MLT@Pd@PEG + anti-PD-L1 + laser group (50.1%), compared to
13.6% in the PBS group (Fig. 4e and Fig. S26 in Supporting in-
formation). Tumor-infiltrating Tregs (CD4*Foxp3™) were signifi-
cantly reduced after treatment, alleviating immune suppression.
The proportion of Tregs among CD4" T cells dropped from 26.7 %

in the PBS group to 8.18% in the combination group (Figs. 4f
and g, Fig. S27 in Supporting information). Further, analysis of
CD4* and CD8* T cells showed elevated infiltration in spleens
and tumors, especially in the MLT@Pd@PEG + anti-PD-L1 + laser
group (Figs. 4h and i, Figs. S28 and S29 in Supporting informa-
tion), indicating potent systemic immune activation. Importantly,
memory T cells (CD3+CD8+CD62L—-CD44*) were also increased,
demonstrating long-term immune memory against tumor recur-
rence (Fig. 4j, Fig. S30 in Supporting information). Cytokine as-
says showed that IL-6, IL-12, TNF-c, and IFN-y levels followed the
trend: MLT@Pd@PEG + anti-PD-L1 +laser > MLT@Pd@PEG + anti-
PD-L1 > MLT@Pd@PEG > saline (Fig. S31 in Supporting informa-
tion), reinforcing the synergistic immunomodulatory effect.

In summary, we developed a multifunctional nanoplatform
based on Pd NSs for targeted MLT delivery, enabling syner-
gistic photothermal and immunotherapy. The MLT@Pd@PEG
nanocomplex exhibited excellent biocompatibility, efficient NIR
photothermal conversion, and tumor-targeted accumulation. Upon
irradiation, the nanocomplex induced localized hyperthermia,
dual-gated MLT release, and potent tumor cell ablation. Impor-
tantly, this strategy triggered ICD and promoted dendritic cell
maturation, leading to robust activation of cytotoxic and memory
T cells. When combined with anti-PD-L1 therapy, MLT@Pd@PEG
effectively reshaped the immunosuppressive TME, upregulated
PD-L1 expression, and enhanced immunotherapeutic efficacy. This
resulted in significant inhibition of both primary and abscopal
tumors, prevention of metastasis, and induction of long-term
immune memory. This work provides a promising approach for
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combinational nanomedicine-based cancer immunotherapy, of-
fering a potential pathway to improve clinical outcomes with
minimal systemic toxicity.
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