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a b s t r a c t

Current immunotherapy for melanoma remains limited by low immunogenicity, immune-related toxic-

ity, and an immunosuppressive tumor microenvironment (TME), necessitating more effective strategies

to enhance treatment outcomes. Enhancing immunogenic cell death (ICD) induction with immune re-

modelling offers a promising approach to boost antitumor immunity. Here, we develop a transdermal

microneedle (MN) system co-delivering garlic-derived nanovesicles (Ve) and immunomodulatory garlic

polysaccharides (GP) to synergistically activate a self-reinforcing cell death pathway and reprogram the

immunosuppressive TME. The dissolving MN platform enables efficient intratumoral delivery of Ve-fused

thermosensitive liposomes (TSVL@PTX/ICG), loaded with paclitaxel (PTX) and the photosensitizer indo-

cyanine green (ICG). Upon near-infrared (NIR) irradiation, ICG-mediated photothermal heating triggers

rapid drug release, inducing pyroptosis via gasdermin E (GSDME) cleavage while amplifying photody-

namic therapy (PDT)-driven mitochondrial damage. This dual cell death mechanism elicits robust ICD,

releasing tumor antigens and damage-associated molecular patterns (DAMPs) to enhance dendritic cell

activation and cytotoxic T-cell infiltration. Concurrently, GP reprograms tumor-associated macrophages

(TAMs) from immunosuppressive M2 to pro-inflammatory M1 phenotypes, reshaping the TME into an im-

munostimulatory niche. This multi-modal approach, combining pyroptosis-driven ICD, PDT, and immune

remodelling achieves potent antitumor immunity and melanoma suppression, highlighting the potential

of plant-derived therapeutics in 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, such as immune checkpoint inhibitors (ICIs),

adoptive cellular immunotherapy (ACT), cancer vaccines has rev-

olutionized the treatment of melanoma [1,2]. However, low im-

munogenicity, immune toxicity and immunosuppressive tumor mi-

croenvironment (TME) limit its clinical application [3]. Generally,

many anticancer immunotherapies exploit immunogenic cell death

(ICD) to activate antitumor immune responses by triggering the re-

lease of tumor-associated antigens (TAAs) and damage-associated

molecular patterns (DAMPs) from dying tumor cells [4]. These sig-

nals promote antigen-presenting cell (APC) activation and subse-

quent cytotoxic T lymphocyte (CTL)-mediated tumor elimination.

Thus, inducing a robust ICD is the key to improving tumor im-

munogenicity.
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Pyroptosis is a lytic, pro-inflammatory form of programmed

cell death initiated when inflammatory caspases cleave gasdermin

(GSDM) proteins, generating N-terminal fragments that oligomer-

ize to form membrane pores. These pores disrupt cellular in-

tegrity, leading to the release of antigen and potent cytokines (e.g.,

interleukin-1 beta (IL-1β), IL-18), thereby eliciting a robust antitu-

mor immune response [5]. However, only certain cytotoxic drugs

or photosensitizers are pyroptosis inducers and they often fail to

achieve robust immunostimulation [6]. On one hand, their efficacy

is limited by drug resistance, leading to insufficient DAMPs re-

lease incomplete pyroptosis induction. On the other hand, uncon-

trollable pyroptosis activation can induce pathological inflamma-

tion and paradoxically promote an immunosuppressive TME [7,8].

Therefore, sufficient pyroptosis induction, by ensuing robust DAMP

release through combination therapies and adjuvant immunomod-

ulator, while maintaining precise control is critical for effective

cancer immunotherapy.

https://doi.org/10.1016/j.cclet.2025.111878
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Herbal plants have been used for centuries in traditional

medicine systems for their therapeutic properties, including im-

mune regulation and disease prevention. Garlic (Allium sativum

L.) is a globally recognized functional food and has been utilized

for millennia to treat ailments such as colds, influenza, dysentery,

and cancer [9]. Garlic-derived compounds have been found to

exhibit dual regulatory effects on pyroptosis, garlic oil and diallyl

trisulfide (DATS) suppress pyroptosis in inflammatory diseases like

lung injury and alcoholic liver disease by boosting H2S, while DATS

induce pyroptosis in lung cancer cells via reactive oxygen species

(ROS) production and NOD-like receptor family pyrin domain con-

taining 3 (NLRP3) inflammasome activation [10–12]. Beyond this,

modern research also reveals that garlic extracts exhibit significant

immunomodulatory activities. Garlic polysaccharides (GP) have

been reported to exert immunomodulatory effects through various

mechanisms, including the ability to repolarize tumor-associated

macrophages (TAMs) [13], which is crucial in regulating immune

and inflammatory responses [14]. With emerging biotechnology,

plant-derived extracellular vesicles (EVs) have shown great poten-

tial in disease treatment owing to their unique natural biological

characteristics. Previous study found that compared to fresh garlic

extract, garlic-derived nanoparticles was more capable of activat-

ing γ δ T cells, promoting IFN-γ secretion after oral administration

[15].

Despite these promising properties, the clinical translation of

garlic-based therapies for melanoma remains hindered by ineffi-

cient targeted delivery of its bioactive components. Conventional

oral administration fails to achieve sufficient tumor-site accumu-

lation, highlighting the need for advanced delivery strategies to

maximize the therapeutic potential of garlic-derived compounds in

melanoma treatment. Microneedles (MNs) represent an innovative

transdermal delivery platform that creates transient micropores in

the stratum corneum while avoiding stimulation of pain receptors

and blood vessels, thereby combining the efficacy of hypodermic

injection with the patient compliance of transdermal patches [16].

Recent advancements have highlighted the remarkable potential of

MN-based systems for precise and efficient drug delivery [17,18].

In this study, we developed a micro-nano immunomodulatory

system utilizing dissolving MNs for transdermal co-delivery of

garlic-derived components and cytotoxic agents to treat melanoma

(Scheme S1 in Supporting information). GP and garlic-derived

extracellular vesicles (Ve) were extracted from garlic. Ve was

fused with thermosensitive liposomes (TSL@PTX/ICG) containing

chemotherapeutic agent paclitaxel (PTX) and a photosensitizer in-

docyanine green (ICG), to form TSVL@PTX/ICG nanoparticles, which

were loaded in GP fabricated MNs. The thermo-sensitive liposomes

(TSL) can release contents at specific temperatures. By incorporat-

ing ICG, a photothermal conversion agent in TSL, fast release of

encapsulated components and PDT-induced tumor death can be

achieved upon exposure to near-infrared (NIR) irradiation [19,20].

Thus, the strategy involving membrane fusion of TSL@PTX/ICG

with Ve enables the content in Ve and PTX to be rapidly released

in the tumor site upon laser-induced heating, resulting in locally

high concentrations to activate pyroptosis, inducing strong ICD by

releasing DAMPs and inflammatory cytokines to recruit immune

cells in TME. Notably, pyroptotic GSDM protein amplified mito-

chondrial damage induced by PDT [21], by forming pores on the

mitochondrial membrane, creating a positive feedback loop that

potentiated ICD. Furthermore, GP reverses the immunosuppres-

sive TME by repolarization of M2-type TAM to pro-inflammatory

M1-type, which stimulates the secretion of pro-inflammatory

cytokines in TME, thereby converting the immunosuppressive

TME into an immunostimulatory niche that enhances T lympho-

cyte infiltration and tumor clearance. This report represents the

first study of a micro-nano immunomodulator fabricated from

garlic-derived components and provides a multi-modal approach

that achieves comprehensive tumor control through coordinated

cytotoxic, immunogenic, and immunomodulatory actions.

TSVL@PTX/ICG was prepared by physical co-extrusion of Ve

and TSL@PTX/ICG. The phase transition temperature (Tm) of TSL

was optimized to 41.8 °C using an 8:2 HSPC:PC-98T ratio to en-

sure thermosensitivity while minimizing thermal damage (Table

S1 in Supporting information). Ve was isolated via differential ul-

tracentrifugation. Lyophilized Ve presented as light-yellow solid,

and its solution showed the Tyndall effect (Fig. S1 in Supporting

information). Bicinchoninic acid (BCA) assay confirmed a protein

content of 0.30±0.03mg per 1mg of lyophilized Ve. As increas-

ing Ve protein concentration reduced the size of TSVL@PTX/ICG,

thus 1mg/mL was selected as the optimal concentration to prepare

TSVL@PTX/ICG (Fig. S2 in Supporting information).

Under transmission electron microscopy (TEM), TSL@PTX/ICG

displayed uniform spherical structures, while Ve exhibited "teacup-

like" morphology typical of plant-derived extracellular vesicles

[22]. The fused TSVL@PTX/ICG demonstrated enhanced mem-

brane definition compared to conventional liposomes (Fig. 1A).

Size distribution analysis by dynamic light scattering (DLS) and

nanoparticle tracking analysis (NTA) showed excellent consis-

tency, with diameters of TSL@PTX/ICG, Ve, and TSVL@PTX/ICG of

82.0±0.51, 138.3±4.53, and 118.4±6.34nm, all exhibiting narrow

polydispersity (PDI < 0.3) (Figs. 1B and C). To confirm successful

fusion, we employed dual-fluorescence labelling with coumarin-6

(C6, green) for TSL and DiI (red) for Ve. Confocal laser scanning

microscopy (CLSM) demonstrated complete colocalization of fluo-

rescence signals in TSVL@PTX/ICG, verifying membrane integration

(Fig. 1D) [23]. Zeta potential measurements revealed a moderate

increase in surface negative charge, with −7.93±0.104mV for

TSVL@PTX/ICG compared to TSL@PTX/ICG and Ve (Fig. 1E). Fourier

transform infrared (FTIR) spectrum analysis identified new vi-

brational bands at 1546.43 and 1529.18 cm−1 in TSVL@PTX/ICG,

absent in either component, confirming molecular-level inter-

actions during fusion. The preservation of characteristic peaks

indicated structural integrity of the constituent materials (Fig. 1F)

[24]. Notably, Tm increased from 41.8 °C to 44.6 °C post-fusion (Fig.

1G). This increase may be attributed to the modified membrane

packing density of TSVL@PTX/ICG due to fusion process. Photother-

mal evaluation under 808nm NIR irradiation demonstrated precise

temperature control, with TSVL@PTX/ICG reaching and maintaining

44 °C for 10min, which is ideal for mild photothermal therapy

while avoiding tissue damage (Fig. 1H and Fig. S3 in Supporting

information). This temperature profile, combined with excel-

lent photostability, highlights the system’s potential for precise

thermal-triggered drug release in cutaneous oncology application.

The drug loading capacity of TSVL@PTX/ICG was determined

to be 5.93% for PTX and 3.60% for ICG. Under 808nm irradia-

tion, TSVL@PTX/ICG exhibited temperature-responsive drug release,

achieving (95.03±3.08) % PTX release within 24h, with an ini-

tial burst release occurring within the first 2 h. In contrast, only

(76.48±2.28) % PTX was released without NIR irradiation (Fig. 1I).

A comparable release profile was observed for TSL@PTX/ICG (Fig.

1J), confirming that the presence of ICG significantly enhanced

both the rate and extent of PTX release through photothermal con-

version. These results demonstrate that TSVL@PTX/ICG maintains

excellent thermosensitivity after vesicle fusion while gaining en-

hanced drug release capabilities.

Following Ve isolation by ultracentrifugation, the supernatant

was processed for GP extraction. The characterization of GP can

be found in Supporting information. While GP demonstrated

considerable mechanical strength, its inherent brittleness posed

challenges for MN fabrication. To address this, we developed a

composite system by blending GP with hyaluronic acid (HA), which

significantly improved the material’s elasticity and structural in-

tegrity [25,26]. Through systematic optimization based on MN
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Fig. 1. Characterization. (A) Representative TEM image, (B) hydration diameter and (C) size distribution of TSL@PTX/ICG, Ve, and TSVL@PTX/ICG. Scale bar: 50, 50, 200nm,

respectively. (D) Fluorescence images of TSL@C6, Ve-DiI, and TSVL-DiI@C6. Scale bar: 20μm. (E) Zeta potentials. (F) FTIR spectra. (G) DSC analysis. (H) Thermographic images

under NIR irradiation of 808nm (2.75W/cm2, 15min). PTX release from (I) TSVL@PTX/ICG and (J) TSL@PTX/ICG upon NIR irradiation of 808nm (2.75W/cm2, 15min). (−)

indicates no NIR irradiation; (+) indicates NIR irradiation applied. All the quantitative data are means ± SD (n=3).

Fig. 2. Characterization of MN patch. (A) Appearance and (B) representative SEM

image of TSVL@PTX/ICG MNs. Scale bar: 200μm. (C) 3D reconstructed images of

TSVL@C6 loaded MNs. (D) Representative TEM image of TSVL@PTX/ICG dissolved in

MN tips. Scale bar: 50nm. (E) SDS-PAGE protein analysis. (F) Dissolution processes

of the MNs (magnification,×40). (G) Distribution of RhB fluorescence in mice skin

following treatment of TSVL@RhB or TSVL@RhB loaded MNs. Scale bar: 500μm.

performance criteria (Table S2 in Supporting information), a GP-

to-HA ratio of 3:2 (w/w) at a total concentration of 30% was used

to build MN tips for loading TSVL@PTX/ICG. The final MN base was

formulated with 20% HA (Table S3 in Supporting information).

The MN patch featured a 10×10 array of uniformly spaced nee-

dles (Fig. 2A). Representative scanning electron microscope (SEM)

images revealed well-defined, pencil-shaped needle tips with con-

sistent morphology and no structural deformations. The diameter

of each tip was 299.5μm, and the height was 870.3μm. The dis-

tance between the tips was 793.2μm (Fig. 2B). Fluorescence imag-

ing of TSVL@C6 MNs demonstrated homogeneous drug distribution

throughout the array, as uniform green fluorescence was observed

in 3D reconstructions (Fig. 2C). TEM and sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) analysis confirmed

TSVL@PTX/ICG maintained its spherical nanostructure and protein

contents within the MNs, indicating preservation of Ve integrity

during fabrication (Figs. 2D and E). The MN system exhibited op-

timal dissolution kinetics, completely dissolving within 5 min (Fig.

2F), showing the potential to rapidly release payloads in the der-

mal layers. To evaluate the penetration capability, MNs loaded with

rhodamine B-labelled TSVL (TSVL@RhB MNs) were inserted into

mice skin, and the penetration depth was monitored by tracking

the red fluorescence. Compared to TSVL@RhB smeared on the skin,

the fluorescence of TSVL@RhB MNs distributed much deeper into

the skin and released rapidly (Fig. 2G), suggesting MNs directly

delivered TSVL@RhB under the stratum corneum [27]. Moreover,

the pinholes from TSVL@RhB MNs were uniform in size (Fig. S7C

in Supporting information), and the pinhole shape was consistent

with the shape of tips, showing TSVL@RhB MNs maintained their

integrity during piercing process. The maximum penetration depth

was 400μm (Fig. S7D in Supporting information).

In the in vitro therapeutic efficacy assessment, Ve exhibited

no cytotoxicity below the concentration of 125μg/mL (Fig. S9A

in Supporting information). TSVL@PTX/ICG demonstrated dose-

dependent cytotoxicity. The half-maximal inhibitory concentra-

tion (IC50) of PTX contained in TSVL@PTX/ICG was 1.70μg/mL,

significantly lower than the free PTX (3.07μg/mL) and PTX in

TSL@PTX/ICG (4.37μg/mL) (Fig. 3A and Fig. S9B in Supporting

information). Given NIR-induced PTT’s ability to penetrate deep

tissues [28], we assessed TSVL@PTX/ICG’s depth-dependent effi-

cacy using 3D B16 melanoma spheroids. Live/dead staining showed

stronger red fluorescence (cell death) in the spheroid core for

TSVL@PTX/ICG (+), alongside reduced live-cell signal (Fig. 3B). An-

nexin V/PI staining revealed Ve induced apoptosis comparably to

free PTX (Figs. 3C and D), TSVL@PTX/ICG (−) showed 1.69- and

1.97-fold higher apoptosis than TSL@PTX/ICG and free PTX, demon-

strating Ve’s pro-apoptotic effect and synergy with PTX. NIR ir-

radiation further enhanced apoptosis rate to 39.7%, confirming

photothermal-chemotherapeutic synergy.

Emerging evidence suggests that some chemotherapeutic agents

can trigger caspase-3-dependent pyroptosis when gasdermin E

(GSDME) is expressed [29,30]. In B16 melanoma, a relatively

3



J. Li, J. Wang, B. Li et al. Chinese Chemical Letters 37 (2026) 111878

Fig. 3. In vitro evaluation of anti-tumor effects. (A) Cytotoxicity to B16 after 48-h incubation of TSVL, TSL@PTX/ICG and TSVL@PTX/ICG (n=5). (B) Live/dead staining of B16

tumor spheroids treated with different formulations. Scale bar: 200μm. (C) Apoptosis of B16 cells determined by Annexin V-FITC/PI staining. (D) Quantitative apoptosis rate

in Fig. 3C. (E) WB analysis of caspase-3, GSDME-FL and GSDME-N. β-Actin was used as a loading control. (F–H) Quantitative analysis of the expression of (F) GSDME-FL, (G)

GSDME-N, and (H) caspase-3 by ImageJ. (I) Expression of CD80+ and CD86+ on DC2.4 cells determined by flow cytometry. (J) Quantitative analysis of DC maturation rate in

Fig. 3I. (K) Expression of CD86+ and CD206+ on RAW264.7 macrophage cells determined by flow cytometry. (L) Quantitative analysis of macrophage repolarization rate in

Fig. 3K. All the quantitative data are means ± SD. ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001, ∗∗∗∗P<0.0001, ns, not significant.

high baseline expression of GSDME was observed in untreated

cells (Figs. 3E and F), providing a foundation for its cleavage

when caspase-3 is activated. After treatment, a decreased ex-

pression level of caspase-3 was observed. Both Ve and PTX in-

dependently promoted pyroptosis, evidenced by the decrease of

GSDME-FL (full length) and the increase of GSDME-N. Their com-

bination in TSVL@PTX/ICG (−) showed additive effects (Figs. 3E–

H). The significant amplification of pyroptotic markers in the

TSVL@PTX/ICG (+) group demonstrates that NIR irradiation po-

tentiates caspase-3-mediated pyroptosis. To investigate the mech-

anism, ROS levels showed NIR irradiation triggered significant ROS

in ICG (+) and TSVL@PTX/ICG (+) groups (Fig. S10 in Support-

ing information). Ve alone also induced ROS, revealing garlic com-

ponents’ oxidative properties. Recent studies reported GSDME-N

fragments exhibit dual targeting capacity, perforating both plasma

and mitochondrial membranes [31]. In JC-1 staining, untreated

cells showed intact mitochondria (red aggregates), while treat-

ments with different formulations caused green monomers (Fig.

S11 in Supporting information), with TSVL@PTX/ICG (+) demon-

strating the most pronounced mitochondrial depolarization, con-

firming severe mitochondrial dysfunction. Collectively, NIR irradia-

tion of TSVL@PTX/ICG induced pyroptosis enhanced mitochondrial

damage, creating a synergistic self-amplification cycle that orches-

trates programmed cell death by caspase-3 activation, maximizing

ICD efficiency.

Previous reports revealed plant polysaccharides exhibit dual im-

munomodulatory effects through dendritic cells (DC) maturation

and macrophage repolarization [32–34]. As depicted in Figs. 3I

and J, GP and Ve significantly upregulated DC2.4 maturation mark-

ers, showing fold increases of 1.3 to CD80 and 1.4 to CD86, re-

spectively. NIR-irradiated TSVL@ICG combinations resulted in even

higher CD80 and CD86 expressions, showing the maximal en-

hancement of DC2.4 maturation. Macrophages are highly adapt-

able immune cells capable of adopting distinct functional phe-

notypes in response to environmental cues. In chronic or ex-

cessive inflammation, macrophages tend to polarize toward the

M2 phenotype, which suppresses antitumor immunity and con-

tributes to immunosuppressive TME. In contrast, repolarizing M2-

type macrophages to the M1 phenotype can shift this immuno-

suppressive TME toward a more active, immune-stimulatory state

[35]. In our study, treatments induced a pronounced M2-to-M1

macrophage shift, as evidenced by increased CD86+ and decreased

CD206+ populations [36]. Notably, the GP+TSVL@ICG (+) combi-

nation reduced M2/M1 ratio from 3.4 to 0.8 (Figs. 3K and L), sug-

gesting potential immunomodulation on macrophage polarization.

Collectively, these findings indicate that GP+TSVL@ICG (+) pro-

motes an immunostimulatory phenotype through dual effects on

DC activation and macrophage repolarization. This immunomodu-

latory platform represents a promising strategy for melanoma im-

munotherapy with tumor-specific immunity potential.

The in vivo antitumor efficacy of TSVL@PTX/ICG MNs was sys-

tematically evaluated in B16 melanoma-bearing mice. All animal

procedures followed the guidelines set by the Regional Ethics Com-

mittee for Animal Experiments and adhered to the Care Regula-

tions approved by the Institutional Animal Care and Use Commit-

tee at Shanghai University of Traditional Chinese Medicine (No.
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Fig. 4. In vivo anti-tumor efficacy of TSVL@PTX/ICG MNs. (A) Photographs of collected tumors. (B) Tumor growth curves of B16 tumor-bearing mice (n=5). (C) Tumor

inhibition rate. (D) Survival curves of B16 tumor-bearing mice. WB analysis of (E) GSDME-FL, GSDME-N, caspase-3, Bcl-2, BAX and (F) NF-κB p65, p-NF-κB p65. β-Actin

was used as a loading control. (G) Immunofluorescence staining of tumor tissues collected on day 14 after treatments (scale bar: 50μm). (H) Levels of TGF-β , IL-18, TNF-

α, IL-1β , IL-6, and IFN-γ in mice serum collected from B16 tumor-bearing mice on day 14 after treatments, determined by ELISA (n=5). (I) Representative FCM plots of

F4/80+CD206+CD86+ macrophages in B16 tumors after different treatments. All the quantitative data are means ± SD. ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001, ∗∗∗∗P<0.0001.

PZSHUTCM2403200003). Following the treatment protocol (Fig.

S13 in Supporting information), mice were treated with different

formulations and NIR irradiation (808nm, 1.25W/cm2, 10min) was

applied 1h post-MN insertion to allow wound healing, with real-

time temperature monitoring to ensure temperature was main-

tained below the 45 °C safety threshold (Fig. S14 in Supporting

information). Blank MNs showed minimal effect, while Ve-MNs

and TSL@PTX/ICG MNs achieved the inhibition rate of 66.83% and

75.42%, respectively (Figs. 4A–C). TSVL@PTX/ICG MNs (+) exhib-

ited superior tumor suppression (94.17% inhibition) and extended

median survival to 45 days versus 3 weeks for controls (Fig. 4D).

All treatments maintained stable body weights, confirming pre-

liminary safety (Fig. S15 in Supporting information). The anti-

tumor activity was further studied in isolated tumors after the

treatment was completed. H&E staining revealed extensive necro-

sis in the TSVL@PTX/ICG MNs (+) group (Fig. S16 in Supporting

information). TUNEL assays confirmed massive apoptosis induc-

tion in PTX MNs, TSL@PTX/ICG MNs, TSVL@PTX/ICG MNs (−) and

TSVL@PTX/ICG MNs (+) treated groups, indicating PTX was the

main factor inducing apoptosis. The strongest green fluorescence

signal in TSVL@PTX/ICG MNs (+) suggested the incorporation of

PTX maximized the tumor apoptosis, showing the synergy between

each component. Ki-67 is a biomarker indicating cell proliferation.

Immunohistochemistry confirmed TSVL@PTX/ICG MNs (+) inhib-

ited Ki-67 more effectively than any single treatment or treatment

without NIR irradiation (Fig. S16 in Supporting information).

Western blot (WB) analysis revealed both PTX MNs and

TSL@PTX/ICG MNs activated the intrinsic apoptotic pathway, as

demonstrated by decreased Bcl-2 and caspase-3 expression along-

side increased Bax levels (Fig. 4E and Fig. S17 in Supporting in-

formation). These treatments also induced pyroptosis, evidenced

by elevated GSDME-N fragments. In TSVL@PTX/ICG MNs (−) treat-

ment, a significantly higher level of GSDME-N was observed. In

addition, the expression of Bcl-2 and caspase-3 decreased, while

Bax was markedly increased, suggesting the strong activation of

pyroptosis enhanced apoptosis by stimulating the intrinsic apop-

totic pathway. Bcl-2 is primarily known for its anti-apoptotic func-

tion which maintains mitochondrial integrity by blocking the ac-

tivity of pro-apoptotic proteins, such as Bax and cytostome C [37].

However, when GSDME-N is generated, it forms pores in the mito-

chondrial membrane, leading to the release of pro-apoptotic pro-

teins and disrupting the Bcl-2/Bax balance, thereby activating the
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Bcl-2-mediated apoptotic pathway. This crosstalk establishes a self-

reinforcing death cycle where pyroptosis potentiates apoptosis and

vice versa. Importantly, TSVL@PTX/ICG MNs (+) further enhanced

this loop, demonstrating photothermal and photodynamic effects

dramatically augment the ICD response.

The exposure of calreticulin (CRT) on tumor cell surfaces and

the extracellular release of high mobility group box 1 (HMGB1)

act as key DAMPs during ICD. HMGB1 is a non-histone nuclear

protein that normally binds chromatin to maintain DNA architec-

ture. During ICD, it is actively released from the nucleus [38]. Im-

munofluorescence analyses (Fig. 4G and Fig. S18A in Supporting

information) revealed HMGB1-associated red fluorescence in tu-

mor cells declined after each treatment, with the TSVL@PTX/ICG

(+) group showing a 7.02-fold reduction relative to the control,

confirming robust ICD induction. CRT functions as "eat-me" sig-

nals that facilitates DC recruitment and subsequent phagocytosis

of dying cells [39]. Immunofluorescence analysis revealed differ-

ential CRT expression patterns across treatment groups (Fig. 4G

and Fig. S18B in Supporting information). Blank MNs treatment

elicited only weak CRT fluorescence, indicating minimal ICD in-

duction primarily attributable to GP components. In contrast, the

TSVL@PTX/ICG MNs (-) group showed superior CRT expression

compared to TSL@PTX/ICG MNs, highlighting the synergistic ICD

induction by combined Ve and PTX delivery. Maximum CRT expo-

sure was achieved in the TSVL@PTX/ICG MNs (+) group, where NIR

irradiation further amplified ICD markers, demonstrating the criti-

cal role of photodynamic activation in potentiating ICD [40,41].

Nuclear factor kappa-B (NF-κB) p65, a phosphorylation-

regulated transcription factor subunit, is sequestered in the cyto-

plasm by inhibitor of κ-Bα (IκBα). Upon inflammatory or oxidative

stimuli, IκB kinase (IKK)-mediated IκBα degradation releases p65,

which undergoes phosphorylation-dependent nuclear translocation

and binds κB sites to activate pro-inflammatory signalling [42,43].

After treatment, a marked upregulation of the ratio of phospho-NF-

κB p65 (p-NF-κB p65) to total NF-κB p65 was observed (Fig. 4F

and Fig. S19 in Supporting information), indicating robust activa-

tion of pro-inflammatory pathways within TME [44]. This inflam-

matory response triggers immune cv ell activation and subsequent

cytokine release, including IL-18, tumor necrosis factor-α (TNF-α),

IL-1β , and IL-6 [45]. These cytokines, in turn, amplify the inflam-

matory cascade by promoting the recruitment of immune cells to

the site of inflammation, thereby influencing immunotherapeutic

response. Cytokine profiling by enzyme-linked immunosorbent as-

say (ELISA) revealed Ve-containing formulations elicited stronger

inflammatory responses compared to PTX-based treatments, as evi-

denced by significantly higher levels of IL-18, TNF-α, IL-1β , and IL-

6 (Fig. 4H). Following TSVL@PTX/ICG (+) treatment, levels of IL-18,

TNF-α, IL-1β , IL-6, and interferon-γ (IFN-γ ) were significantly el-

evated in mouse serum, while transforming growth factor-β (TGF-

β) level sharply decreased. The increased cytokine levels foster an

immune-active environment that is conducive to DC maturation,

macrophage repolarization, and T lymphocyte infiltration.

Building upon the demonstrated efficacy in inducing ICD and

inflammatory responses, we further evaluated the immunomodula-

tory effects of TSVL@PTX/ICG (+). Immunofluorescence analysis of

key immune markers revealed TSVL@PTX/ICG MNs (+) significantly

enhanced co-expression of CD80/CD86 with CD11c+ DCs, indicat-

ing robust DC maturation into functional APCs (Fig. 4G). Moreover,

flow-cytometric quantification revealed the M1/M2 macrophage ra-

tio rose from 0.46 to 4.70 after TSVL@PTX/ICG MN (+) treatment

(Fig. 4I and Fig. S20 in Supporting information). Therefore, the dual

modulation of DC maturation and macrophage repolarization es-

tablishes TSVL@PTX/ICG MNs (+) as a potent strategy for overcom-

ing tumor-associated immunosuppression.

Unlike many cancers characterized by "cold" tumors with low

immunogenicity, melanoma is classified as a "hot" tumor, often

exhibiting a high density of tumor-infiltrating lymphocytes (TILs)

within its TME. This property increases the detectability of the tu-

mor by the immune system, potentially enhancing the immune re-

sponse. Nevertheless, despite the presence of TILs in melanoma,

the high clinical mortality rate suggests that these lymphocytes

are either numerically inadequate or functionally deficient, imped-

ing full tumor elimination [46,47]. Therefore, a key challenge in

achieving comprehensive tumor eradication is to enhance both the

quantity and functionality of TILs. CD8+ T cells are key lympho-

cytes to attack tumor cells [48]. Our results demonstrated that

TSVL@PTX/ICG MNs significantly enhanced CD8+ CTL infiltration,

with the NIR (−) group showing 177-fold greater CD8+ T cell

density compared to controls. The NIR (+) treatment group ex-

hibited even more robust CTL activation with 213-fold increase,

as quantified by fluorescence intensity analysis (Fig. 4G and Fig.

S18C in Supporting information). Therefore, the above results in-

dicate that TSVL@PTX/ICG MNs (+) can facilitate the maturation of

DCs, promote the repolarizing of M2-type macrophages to M1-type

macrophages, reprogram the immunosuppressive TME, and acti-

vate T cells, thereby eliciting full immune effector function.

In summary, we developed a novel micro-nano immunomodu-

latory system based on Ve and GP delivered via dissolving MNs for

enhanced melanoma immunotherapy. This strategy synergistically

combines pyroptosis-mediated ICD with tumor TME remodelling

to overcome the limitations of conventional immunotherapy. The

system’s unique immunomodulatory capacity stems from its abil-

ity to establish a self-reinforcing pyroptosis/apoptosis loop through

mitochondrial targeting, where pyroptotic pore formation amplifies

the signalling. This dual death mechanism not only enhances APCs

maturation but also effectively reprograms the immunosuppres-

sive TME through the secretion of inflammatory cytokines, leading

to significantly improved cytotoxic T lymphocyte infiltration and

function. By harnessing the natural immunostimulatory properties

of garlic components within an advanced drug delivery platform,

we achieved superior therapeutic efficacy while maintaining an ex-

cellent safety profile. This study represents a significant advance-

ment in herbal medicine adjuvanted cancer immunotherapy, of-

fering a promising green approach for the treatment of cutaneous

melanoma.
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