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a b s t r a c t

Cancer persists as a major global health challenge, marked by high recurrence rates in aggressive ma-

lignancies such as melanoma. While immunotherapy has emerged as a promising approach, its clin-

ical benefits are often limited by tumor immune escape mechanisms and an immunosuppressive tu-

mor microenvironment (TME). These hurdles have driven the exploration of integrated approaches,

with photothermal-immunotherapy gaining significant traction. In this study, we developed a mul-

tifunctional nanoadjuvant (MICN@PI) engineered with an acid-responsive calcium carbonate core, a

hypoxia-alleviating MnO2 component, a polydopamine shell for photothermal ablation, and co-loaded im-

munomodulators (imiquimod and indoximod). The MnO2 in the nanoadjuvant catalytically converted the

overexpressed H2O2 in the TME into O2. Concurrently, the combined action of imiquimod and indoximod

orchestrated a potent adaptive immune response. Upon near-infrared laser irradiation, MICN@PI achieved

significant tumor ablation, inhibited recurrence, and prolonged survival in a murine melanoma model,

offering a safe and effective synergistic photothermal-immunotherapy strategy for cancer treatment.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cancer remains a severe global health challenge, characterized

by high recurrence rates and metastatic potential [1,2]. This is

particularly prominent in aggressive malignancies like melanoma,

which accounts for the majority of skin cancer related deaths [3].

Melanoma is a lethal cutaneous malignancy driven by aberrant

melanocyte proliferation coupled with metabolic and immune dys-

regulation [4,5], posing significant treatment obstacles. Although

inhibitors targeting the indoleamine 2,3-dioxygenase (IDO) path-

way, such as indoximod (IND), have demonstrated survival benefits

in certain patient subgroups [6], the overall response rate remains

suboptimal. More than half of patients fail to respond positively,

and approximately one-third experience recurrence [7]. A central

challenge in melanoma therapy stems from its distinctive tumor

microenvironment (TME) [8,9], which features mild acidity [10],

hypoxia [11], and elevated H2O2 levels [12]. These conditions col-

lectively drive rapid tumor proliferation, disrupt metabolic home-

ostasis, and promote aberrant angiogenesis [13].
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This unique TME exacerbates hypoxia induced immune escape

and treatment resistance, hinders effective delivery of therapeutic

agents to tumor tissue, and establishes an immunosuppressive mi-

lieu that suppresses adaptive immunity [14]. Specifically, hypoxia

exacerbates acidosis within the TME [15] and directly impairs the

function of critical immune effector cells, including natural killer

(NK) cells, dendritic cells (DCs), CD8+ T cells, and CD4+ T cells, by

suppressing their activation or cytotoxic activity [16]. Concurrently,

it confers a survival advantage to regulatory T cells (Tregs) [17] and

promotes tumor invasion and metastasis [18,19]. While these ad-

verse properties challenge conventional therapies, they also pro-

vide opportunities for developing TME responsive nanoplatforms.

Therefore, designing combination strategies that catalytically con-

vert H2O2 to O2 within the TME to remodel immune homeostasis,

coupled with the use of immune adjuvants like IDO inhibitors, rep-

resents a promising approach to overcome the limitations of cur-

rent immunotherapies.

Furthermore, photothermal therapy (PTT) is a noninvasive

modality that achieves local thermal ablation of primary tumors

and releases tumor associated antigens (TAAs) [20,21]. However,

monotherapy often fails to effectively suppress metastasis or es-

tablish durable antitumor immunity [22]. In this context, the com-

bination of PTT with immunotherapy can activate a systemic T-cell
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Scheme 1. (a) The construction of multifunctional nanoadjuvant MICN@PI and (b)

the mechanism of photothermal-immunotherapy for enhanced B16F10 tumor treat-

ment.

response, ultimately inducing abscopal effects [23]. Recent studies

further demonstrate that such a combination markedly improves

therapeutic outcomes against distant tumors and lowers the risk

of recurrence by remodeling the immunosuppressive TME [24,25].

To overcome these TME barriers, we design a multifunctional

dual-modal nanoplatform (denoted MICN@PI). This platform com-

prises MnO2 driven hypoxia alleviation [26], polydopamine (PDA)

mediated photothermal ablation, and the synergistic codelivery of

immunomodulators imiquimod (IMQ, a Toll like receptor 7/8 ago-

nist) [27–29] and IND (an IDO inhibitor) (Scheme 1a). The mech-

anisms of the MICN@PI nanoplatform integrate multifunctional

components to enable synergistic antitumor effects (Scheme 1b):

(1) CaCO3 nanoparticles facilitate pH-responsive drug release at the

tumor site; (2) MnO2 catalytically decomposes excess H2O2 to gen-

erate O2, effectively alleviating hypoxia and reversing immunosup-

pression; (3) PDA mediates rapid hyperthermia under near-infrared

(NIR) laser irradiation, inducing immunogenic cell death (ICD); (4)

synergistic immune modulation is achieved through IMQ-activated

DC maturation and IND-mediated blockade of IDO-dependent tryp-

tophan catabolism, thereby converting immunologically “cold” tu-

mors into “hot” immunogenic tumors. This platform demonstrated

excellent performance in eradicating tumors, paving a new avenue

for next generation melanoma immunotherapy.

The MICN@PI nanoparticles were synthesized using a stepwise

approach. Firstly, in a closed ethanol system, CO2 released from

the decomposition of ammonium bicarbonate reacted with Ca2+

to form a pH responsive calcium carbonate core loaded with IND.

Subsequently, under alkaline conditions, Mn2+ was oxidized to de-

posit a catalytic MnO2 layer on the surface, resulting in MICN.

Finally, a PDA shell was formed via the self-polymerization of

dopamine under mild alkaline conditions, with simultaneous phys-

ical adsorption of IMQ, ultimately yielding the multifunctional

nanoadjuvant MICN@PI. As shown in Fig. 1a, the average hy-

drodynamic diameter of ICN was 137.4 nm. After MnO2 coating,

PDA modification, and IMQ encapsulation, the average sizes in-

creased to 213.6 nm (MICN), 255.4 nm (MICN@P), and 255.6 nm

(MICN@PI) (Figs. 1b-d), respectively. The corresponding zeta po-

tential values were measured as −3.59mV for ICN, −0.94mV for

MICN, −15.78mV for MICN@P, and −19.92mV for MICN@PI (Fig.

S1 in Supporting information). Transmission electron microscopy

(TEM) images revealed that MnO2 and the PDA layer were success-

fully coated onto the ICN nanoparticles, which displayed a spher-

ical morphology (Figs. 1e-g). In an acidic environment, the ICN

rapidly decomposed, accompanied by the generation of abundant

CO2 bubbles (Fig. 1h).

To verify the successful loading of the immunotherapeutic

agents IND and IMQ, we examined the fluorescence spectra and

ultraviolet visible (UV–vis) absorption spectra of different formu-

lations. Under an excitation wavelength of 246nm, both free IMQ

and MICN@PI nanoparticles exhibited a distinct absorption peak at

348nm (Fig. 1i). In contrast, no absorption signal was detected for

MICN@P, confirming the successful loading of IMQ onto MICN@PI.

Additionally, UV–vis absorption spectra showed that both free IND

and ICN nanoparticles exhibited a similar absorption peak, whereas

CN nanoparticles showed no absorption, further confirming the

successful encapsulation of IND within the ICN nanoparticles

(Fig. 1j).

The encapsulation efficiency of IND and IMQ was determined

to be 87.21% ± 0.60% and 90.29% ± 0.24%, respectively. We next

Fig. 1. Physicochemical characterization of multifunctional nanoadjuvants. Particle size distribution of (a) ICN, (b) MICN, (c) MICN@P, and (d) MICN@PI. TEM images of (e)

ICN, (f) MICN, and (g) MICN@PI. (h) Photograph of ICN dissolving in 1mol/L HCl producing CO2 bubbles. (i) Fluorescence absorption spectra of different formulations under

246nm excitation. (j) UV–vis absorption spectra of different formulations. (k) IMQ and (l) IND release curves from MICN@PI at pH 5.4 and 6.5. Data are presented as mean

± standard deviation (SD) (n=3).
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Fig. 2. In vitro photothermal studies and cytotoxicity assessment. (a) Temperature profiles of various formulations (ICN concentration 200μg/mL, power density 2.5W/cm2).

Temperature profiles of MICN@PI at (b) different power densities and (c) different concentrations. (d) Thermal images of PBS, ICN, MICN, MICN@P, and MICN@PI under

808nm laser irradiation at their maximum temperatures (ICN concentration 200μg/mL, power density 2.5W/cm2). Histograms showing the viability of (e) B16F10 cells and

(f) DC2.4 cells after 24h incubation with the formulations. (g) Live/dead staining images of B16F10 cells observed by confocal laser scanning microscopy after incubation

with various formulations (ICN concentration 200μg/mL, power density 2.5W/cm2). Scale bar: 100μm. Green: live cells; Red: dead cells.

evaluated the release profiles of IND and IMQ from MICN@PI un-

der different pH conditions. As shown in Fig. 1k, the release of

IMQ was relatively slow at pH 6.5 (28.8 % released). When the pH

decreased to 5.4, the cumulative release increased to 60% within

48h, indicating the acid-triggered sustained release capability of

the nanoadjuvant. In contrast, the release of IND from the core

structure was consistent at both pH 5.4 and 6.5, exceeding 40%

within 48h in both cases, suggesting that the presence of the PDA

and MnO2 layers influenced the release kinetics.

As depicted in Fig. S2a (Supporting information), MICN exhib-

ited a significant O2 generation effect in a H2O2 solution, pro-

ducing approximately 11mg/L of O2 within 2min. In contrast, the

phosphate-buffered saline (PBS) and ICN groups showed no notable

change in dissolved O2 concentration over 9min, indicating that

the MnO2 component in MICN effectively catalyzes the decompo-

sition of H2O2. Furthermore, as shown in Fig. S2b (Supporting in-

formation), cells co-incubated with MICN for 24h showed a sig-

nificant reduction in RDPP fluorescence intensity compared to the

PBS-treated group. This result demonstrates that MICN can catalyze

the conversion of intracellular H2O2 into O2, thereby alleviating tu-

mor hypoxia.

Studies have shown that IDO acts as an immunomodulatory

enzyme that suppresses T lymphocyte activity and induces im-

mune tolerance toward tumor cells [30]. IDO, overexpressed in

most tumors, facilitates immune escape by promoting the conver-

sion of tryptophan (Trp) to kynurenine (Kyn) and other metabo-

lites, thereby inhibiting effector T cell function. By inhibiting IDO

enzymatic activity, the IDO inhibitor IND exerts its antitumor effi-

cacy through reducing Trp degradation. As shown in Fig. S2c (Sup-

porting information), high IDO expression was observed in the

presence of interferon (IFN)-γ , but different concentrations of IND

did not significantly alter IDO expression levels. Cells treated with

ICN or MICN showed a significantly increased Trp/Kyn ratio in the

supernatant (Fig. S2d in Supporting information). It is worth not-

ing that due to the PDA coating, the release of IND was slower in

the MICN@P and MICN@PI groups, leading to a less pronounced in-

crease in the Trp/Kyn ratio compared to the ICN and MICN groups.

These results indicate that the action mechanism of IND is primar-

ily through inhibition of IDO enzyme activity rather than suppres-

sion of its expression.

To investigate the photothermal properties of the preformed

formulations, the temperature changes of different formulations

under 808nm laser irradiation over time were monitored using an

infrared thermal camera. Fig. 2a presented the temperature eleva-

tion profiles of different nanoparticles under identical power den-

sity and concentration. The results demonstrated that PBS and ICN

exhibited negligible temperature changes over 5min. In contrast,

PDA-containing formulations (MICN@P and MICN@PI) displayed

significant and cumulative photothermal effects, attributed to the

excellent photothermal conversion efficiency of PDA. Subsequent

analysis of MICN@PI’s thermal profiles at varying power densities

with fixed concentration (Fig. 2b) and different concentrations at

fixed power density (Fig. 2c) revealed that both higher power den-

sities and increased concentrations led to substantially elevated

maximum temperatures within the irradiation period. Representa-

tive thermal images of PBS, ICN, MICN, MICN@P, and MICN@PI (Fig.

2d) captured at their peak temperatures under 808nm laser irra-

diation provided direct visual evidence of the enhanced photother-

mal effect conferred by the PDA coating.

As shown in Figs. 2e and f, cell viability assays demonstrated

that the survival rates of both B16F10 melanoma cells and DC2.4

cells remained above 80% after incubation with various concentra-

tions of the formulations, confirming their good biocompatibility

in the absence of laser irradiation. However, after laser irradiation,

the viability of B16F10 cells treated with MICN@PI (200μg/mL)

dropped below 20%, demonstrating the potent tumor cell killing

effect induced by PTT. Live/dead staining (Fig. 2g) further con-

firmed that laser-induced PTT effectively killed tumor cells.

To assess the photothermal effect in mice, 808nm NIR laser

was performed after intratumoral administration. All animal ex-

periments were conducted in accordance with the guidelines for

the Animal Ethical and Welfare Committee of the Institute of Ra-
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Fig. 3. Therapeutic effect against tumors. (a) Local tumor temperature elevation curves (n=3) and (b) thermal images of mice after intratumoral injection of PBS, MICN,

MICN@P, and MICN@PI followed by laser irradiation (808nm, 0.3W/cm2, 5min). (c) Schematic diagram of the B16F10 tumor-bearing mouse model and the dosing schedule

for assessing antitumor efficacy. Growth curves of (d) primary tumors and (e) distal tumors in different treatment groups (n=5). (f) Survival curves and (g) body weight

changes of mice in different treatment groups (n=5). Data are presented as mean ± SD.

diation Medicine, Chinese Academy of Medical Sciences (approval

No IRM-DWLL-2021065). The local temperature changes of the tu-

mor were monitored using an NIR thermal imaging device. Figs. 3a

and b present the in vivo temperature elevation curves and repre-

sentative thermal images of C57BL/6 mice. Notably, MICN@P and

MICN@PI exhibited pronounced cumulative photothermal effects,

consistent with their in vitro performance. Based on the in vitro

and in vivo photothermal results, B16F10 bilateral tumor-bearing

mouse model was established to further evaluate the antitumor

efficacy (Fig. 3c). As shown in Figs. 3d and e, the tumor growth

curves for different treatment groups revealed no significant tu-

mor suppression without laser irradiation. Even with laser expo-

sure, the MICN group showed rapid tumor growth, with the pri-

mary tumor volume exceeding 2000mm3 by day 10. In contrast,

the MICN@P+ L and MICN@PI+ L groups displayed significant inhi-

bition of primary tumor growth, attributable to the photothermal

effect of PDA under laser irradiation. Importantly, the MICN@PI+ L

group showed markedly slower growth of both primary and dis-

tal tumors compared to the MICN@P+ L group. It may be due to

the enhanced immune response triggered by the loaded TLR ag-

onist IMQ. As depicted in Fig. 3f, all mice in the control groups

had succumbed by day 15. In contrast, the commencement of mor-

tality was delayed until day 15 in the MICN@P+ L group and day

20 in the MICN@PI+ L group, with one and two mice remaining

alive. Upon tumor rechallenge on day 30, both surviving mice in

the MICN@PI+ L group resisted tumor growth and survived for the

remainder of the study. Body weight data (Fig. 3g) indicated no

significant weight loss in any group during the observation pe-

riod, suggesting the treatments had no adverse effects on mouse

health. To evaluate the potential systemic toxicity of our nanoplat-

form, histopathological analysis of major organs was performed.

As shown in Fig. S3 (Supporting information), no significant le-

sions or signs of damage were observed in the heart, liver, spleen,

lung, or kidney across all treatment groups, confirming the favor-

able biosafety of MICN@PI.

On day 7 post-treatment, tumor-draining lymph nodes (TDLNs)

were harvested and processed into single-cell suspensions. Cells

were stained with anti-mouse CD40 and anti-mouse CD11c anti-

bodies followed by flow cytometry analyzation. As shown in Figs.

4a and e, the proportion of CD40-expressing DCs in the TDLNs was

significantly elevated in the MICN@PI+ L group (26.4%) compared

to the PBS group (7.41%). Specifically, laser-induced tumor disrup-

tion released TAAs in concert with the immunostimulant IMQ pro-

moted DC maturation. This finding suggests that MICN@PI+ L suc-

cessfully synergized PTT with immunotherapy.

To further evaluate the immune response, we collected the dis-

tal tumor tissues and prepared them into single-cell suspension

on the 7th day. The proportions of helper T cells (Ths) and cyto-

toxic T lymphocytes (CTLs) were detected by flow cytometry. The

results showed a significant increase in Th infiltration within the

distal tumors of MICN@PI+ L-treated mice (reaching 18.2%) com-

pared to the other groups (Figs. 4b and f). The CTL infiltration

rate in the MICN@PI+ L group was 9.4%, approximately 8 times

that of the PBS group (Figs. 4c and g). Flow cytometry analysis

further indicated a modest increase in the infiltration of NK cells

(CD3−NK1.1+) into distal tumors, from 4.69% in the PBS group to

a peak of 15.8 % in the MICN@PI+ L group (Figs. 4d and h).

On day 7 post-treatment, spleen tissues from each group

were also processed into single-cell suspensions. Flow cytome-

try analysis revealed that the proportion of Ths in the spleens

of MICN@PI+ L-treated mice (25.4%) was significantly higher than

that in other groups (Figs. S4a and e in Supporting informa-

tion). Similarly, the proportion of CD3+CD8+ T cells in the

MICN@PI+ L group (13.8%) was also markedly increased compared

to other treatment groups (Figs. S4b and f in Supporting infor-

mation). These results indicate that the combined photothermal-

immunotherapy successfully induced a systemic immune response,

further confirming the activation of Ths and CTLs, which are crucial

for effective antitumor immunity.

On day 7 post-treatment, splenocytes were stained with anti-

mouse antibodies to detect the levels of myeloid-derived sup-

pressor cell (MDSC) and macrophage subsets. The results showed

that the MDSC infiltration rate was 31.0 % in the PBS group (Figs.

S4c and g in Supporting information). Notably, the most pro-

nounced reduction observed in the MICN@PI+ L group, where

the proportion of MDSC decreased to 8.71%. Further analysis of

macrophage subsets revealed a significant decrease in the propor-

tion of M2 macrophages (F4/80+CD206+) in MICN@PI+ L group

(7.8%), demonstrating the polarization of macrophages from M2

type to M1 type (Figs. S4d and h in Supporting information).

On day 7 post-treatment, spleen tissues were harvested and

processed into single-cell suspensions to assess T cell activation. As
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Fig. 4. Induction of immune responses in TDLNs and distant tumors. (a) Representative flow cytometry histograms and (e) quantitative analysis of CD11c+CD40+ DCs in the

TDLNs of treated mice (n=3). (b) Flow cytometry dot plots and (f) quantitative analysis of CD3+CD4+ T cell infiltration in distant tumors (n=3). (c) Flow cytometry dot

plots and (g) quantitative analysis of CD3+CD8+ T cell infiltration in distant tumors (n=3). (d) Representative flow cytometry dot plots and (h) quantitative analysis of NK

cells in distant tumors (n=3). Data are presented as mean ± SD.

shown in Figs. S5a, b, e, and f (Supporting information), the expres-

sion levels of CD69 on the surface of CD3+CD4+ and CD3+CD8+

T cells were significantly elevated in the MICN@PI+ L treatment

group compared to the other groups, indicating that MICN@PI-

based PTT combined immunotherapy induced potent T cell acti-

vation.

Cytokines secreted by T cells, such as IFN-γ and tumor necrosis

factor (TNF)-α, play key roles in antitumor immunity. IFN-γ ex-

erts direct cytotoxicity on tumor cells, while TNF-α promotes cell

death and enhances immune responses. Flow cytometry analysis

showed that the MICN@PI+ L group exhibited the most prominent

IFN-γ and TNF-α secretion by CD3+CD8+ T cells, indicating that

the strategy effectively activated antigen-specific T cells and signif-

icantly enhanced the antitumor immune response (Figs. S5c, d, g,

and h in Supporting information).

This study developed a multifunctional nanoadjuvant

(MICN@PI) that addresses key bottlenecks in melanoma ther-

apy by integrating MnO2-driven hypoxia alleviation, photothermal

ablation, and synergistic immune activation mechanisms. The

nanoplatform reverses the immunosuppressive status of the TME

by catalytically converting overexpressed H2O2 into O2, while

simultaneously utilizing PDA-mediated PTT under NIR irradiation

to generate TAAs. The synergistic action elicits a robust systemic

antitumor immune response, which is characterized by enhanced

CTLs and Ths responses, increased secretion of IFN-γ and TNF-α,

and a reduction in MDSCs and M2-polarized macrophages. In vivo

experiments demonstrated primary tumor regression, significant

inhibition of distant metastasis, and prolonged survival (100% sur-

vival rate after rechallenge). Overall, MICN@PI provides a rationally

designed paradigm for synergistic photothermal-immunotherapy,

offering a translatable therapeutic strategy for tackling aggressive

malignancies beyond melanoma.
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