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Abstract: Nanomedicine in combination with immunotherapy has shown great potential in 

the cancer treatment, but phototherapeutic nanomaterials that specifically activate the 

immunopharmacological effects in deep tumors have rarely been developed due to limited 

laser penetration depth and tumor immune microenvironment. Herein we report a newly 
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synthesized semiconducting polymer grafted with imiquimod R837 and indoxmid 

encapsulated micelle (SPRIN-micelle) with strong absorption in the second near infrared 

window (NIR-II) that can relieve tumor immunosuppression and enhance the photothermal 

immunotherapy and catabolic modulation on tumors. Immune agonists (Imiquimod R837) 

and immunometabolic modulators (Indoxmid) were covalently attached to NIR-II 

semiconducting polymer (SP) sensors via a glutathione (GSH)-responsive self-immolation 

linker and then loaded into Pluronic F127 (F127) micelles by a temperature-sensitive critical 

micelle concentration (CMC)-switching method. Using this method, photothermal effect of 

SPRIN-micelles in deep-seated tumors could be activated, leading to effective tumor ablation 

and immunogenic cell death. Meanwhile, imiquimod and indoxmid were tracelessly released 

in response to the tumor microenvironment, resulting in DC maturation by imiquimod R837 

and inhibition of both indoleamine 2,3-dioxygenase (IDO) activity and Treg cell expression 

by indoxmid. Ultimately, cytotoxic T lymphocyte infiltration and tumor metastasis inhibition 

in deep solid tumors (9 mm) were achieved. In summary, this work demonstrates a new 

strategy for the combination of photothermal immunotherapy and metabolic modulation by 

developing a dual functional polymer system including activable SP and temperature-

sensitive F127 for the treatment of deep solid tumors. 

Introduction 

Immunotherapy has revolutionized cancer treatment by harnessing the host immune system 

for innate and acquired immunity against tumors[1, 2]. However, the clinical success of 
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cancer immunotherapy is hindered by tumor immunosuppressive microenvironment (TiME) 

featuring inferior T cell infiltration, inactivation of the interferon pathway, and defective 

antigen presentation[3, 4]. Therefore, other therapeutic modalities are complementarily used 

with cancer immunotherapy to enhance the treatment efficacy[5], such as chemotherapy[6, 

7], phototherapy[8, 9], radiotherapy[10, 11] and corresponding nanomedicines with improved 

therapeutic efficacy and reduced side effect hold great potential for seamless integration of 

these treatment paradigms. 

Photothermal therapy (PTT) using phototransducers for the generation of heat has evolved 

as an important therapeutic approach for cancer ablation[12, 13]. PTT can also lead to 

immunogenic cell death (ICD) that enables activation of immune responses[14, 15]. 

However, the treatment of orthotopic and deep-seated tumors by phototherapy is challenging 

due to the limitation of laser penetration depth. As such, laser with maximum wavelength in 

the second near infrared window (NIR-II, 1000–1300 nm) that possesses better biological 

transparency, lower maximum allowable exposure limits and deeper penetration depth has 

been focused. Inorganic NIR-II photothermal agents include copper sulfide[16, 17], gold 

nanoparticle[18, 19], quantum dot[20, 21] and carbon nanotubes[22, 23]. Organic materials 

with strong absorption in the NIR-II window such as porphyrins[24, 25], phthalocyanines[26, 

27], cyanine dyes[28, 29] and semiconducting polymers (SPs) have also emerged with better 

biocompatibility. Among them, SPs with donor-acceptor (D-A) structure has the advantages 

of good photostability and high extinction coefficient, holding potential for use of 
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photoimmunotherapy[30-32]. For instance, semiconductor polymer and toll-like adjuvant 

(R848) encapsulated thermo-responsive liposome has been developed that could release R848 

and induce ICD on demand in tumors upon NIR-II light irradiation, ultimately giving rise to 

the inhibition of tumor growth and metastasis[33]. Another approach to increase penetration 

depth is rational design of ultraconcentrated photothermal agents. We have reported a series 

of micellar photothermal agent of high concentration (absorption over 100-1000) made by a 

surfactant-stripping method that can achieve a tissue penetration depth over 13 cm, allowing 

for deep tissue photothermal therapy[34-36] and photoacoustic (PA) imaging[37-40].  

Moreover, to overcome off-target and toxicity issues[41-43], stimulus-responsive 

nanoparticles that specifically release antigens and adjuvants in a controllable fashion have 

been explored in responsive to various stimuli such as pH[44, 45], temperature[46, 47], redox 

conditions[48, 49], and enzymes[50, 51]. For instance, Liang et al. designed a pH-sensitive 

nanovaccine for the formation of nanosheets that can disrupt endosomes to allow antigenic 

peptides to effectively undergo endosomal escape and activate the immune system[52]. In 

addition, given the high redox environment and abundant enzymes in tumor 

microenvironment, endeavors have been focused on design of redox-responsive or enzyme-

responsive subunit vaccines to improve the tumor targeting and significantly enhance the 

immunotherapeutic effect but with less systemic toxicity[53, 54]. 

To boost immune responses, immunoadjuvants including toll-like receptor (TLR)-

agonists[55], inorganic adjuvants such as alum[56], plant derivatives such as saponin[57], 
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bacterial membrane[58], endogenous proteins[59] and synthesized compounds[60] have been 

used for cancer immunotherapy. However, studies for the alleviation of TiME by 

immunometabolic modulators have been relatively rarely reported. Immune cells activated by 

immune adjuvants release interferon and other cytokines which also stimulate the expression 

of genes encoding enzymes promoting tryptophan (Trp) and arginine (Arg) catabolism, 

including indoleamine 2,3 dioxygenase (IDO), arginase 1 (ARG1) and inducible nitric oxide 

synthetase (iNOS)[61]. Persistent Trp catabolism suppresses the immune response at the 

tumor sites and impairs the immunotherapeutic effect[62]. Therefore, one strategy to achieve 

synergistic immunotherapeutic effects is the combination of activation immune responses by 

adjuvants and regulation of immune metabolism to reprogram the TiME. Some clinically 

used immune metabolism modulators for TiME regulation include Indoximod (IND), 

Navoximod (NLG919), Epacadostat (INCB024360)[63, 64] 

Taking the afore-mentioned points together, we herein report a GSH-responsive 

nanotherapeutic micelle (SPRIN-micelle) for photothermal immunotherapy of deep-seated 

tumors using a laser in the NIR-II window (Figure 1). SPRIN-micelle consists of a NIR-II 

semiconducting polymer (SP) backbone as a phototransducer in conjugation with the potent 

TLR7 agonist (imiquimod, R837) as an immune agonist and an indoleamine 2,3-dioxygenase 

(IDO) inhibitor (indoximod, IND) via a GSH-responsive self-immolative linker (SL) (Figure 

1A). R837 mainly acts on antigen-presenting cells (APCs) such as dendritic cells (DCs) to 

stimulate the secretion of key pro-inflammatory cytokines and to promote DC maturation, 
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ultimately resulting in T-lymphocyte differentiation and proliferation[65]. IND alleviates 

IDO-induced Trp catabolism within cancer cells and DCs, and then relieving 

immunosuppression caused by the Trp metabolite Kyn[66]. Under NIR-II light radiation, the 

photothermal effect and ICD induced by SPRIN-micelle directly ablate tumors and promote 

antitumor immunity. R837 and IND are responsively released in the presence of high levels 

of intracellular GSH in tumors, that induce immune activation and relieve 

immunosuppression (Figure 1B). Using temperature-sensitive Pluronic micelles, 

concentrated SPRIN-micelle with strong absorption in the NIR-II window enables laser 

penetration in deep tissues and photothermal immunotherapy. Ultimately, primary tumors are 

completely eradicated in deep tissues and distant tumors are also effectively suppressed 

without causing significant systemic toxicity. 
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Figure 1. Schematic illustration of SPRIN-micelle-mediated for co-therapy of cancer 

photoimmunotherapy. A)  Structure of SPRIN and SPRIN-micelle. B) SPRIN-micelle-

mediated activatable photo-immune co-therapy consists of two processes: (i) deep 

photothermal therapy triggers a series of cancer immune responses, including immunogenic 

cell death (ICD), tumor-associated antigen release, and promotion of DC maturation; (ii) the 

specific release of immune adjuvants (R837) and immunometabolic modulators(IND) from 

SPRIN-micelle in the presence of high intracellular GSH levels that promotes DC maturation, 

inhibits IDO-induced Trp hypermetabolism, subsequently resulting in immunosuppression 

alleviation and immune responses activation. 

   

Result and discussion 

Synthesis and in vitro characterization 

Hereinafter, SPR, SPIN and SPRIN mean SP conjugated with R837, IND, and both, 

respectively. And their F127 micellar forms was denoted as SPR-micelles, SPIN-micelles and 

SPRIN-micelles, respectively. To synthesize the NIR-II-absorbing semiconductor polymer 

precursor SPRIN, three backbone monomers were copolymerized by Stille polycondensation 

including 4,4-dioctyl-2,6-bis-(trimethylstannyl)-4H-cyclopenta[2,1-b:3,4-

b]dithiophene(CDT), 4,9-Dibromo-6,7-bis(4-methylphenyl)[1,2,5]thiadiazolo[3,4-

g]quinoxaline (DDTQ) and 2,5-bis(6-bromohexyl)-3,6-bis(5-bromo thiophen-2-
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yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (DPP-Br) (Figure 2A and Figure S1C). In order 

to conjugate amine-containing R837 (as an immune agonist) and IND (as an 

immunometabolic modulator) to SP, an amine-reactive and glutathione (GSH)-labile self 

immolative linker (SL) was first connected to amines on R837 or IND, followed by reaction 

with thioglycolic acid. Next, the carboxyl groups were activated with oxalyl chloride by 

chlorination to obtain SL-R837 / IND-Cl so that R837 and IND could be tracelessly released 

in tumor microenvironment overexpressing GSH (Figure S1A). SP-TBSO was converted to 

SP-OH after deprotection by TBAF to restore the hydroxyl group on the branched chain. 

Finally, SP-IR was obtained by esterification reaction between SP-OH and SL-R837 or SL-

IND (Figure S1B, C). To improve the solubility, SP-IR were encapsulated in Pluronic F127 

(F127) micelles, followed by stripping away excess F127 by ultrafiltration at low 

temperature, generating concentrated and purified SPRIN-micelles that enable laser 

penetration in deep seated tumors[34, 38-40]. Gel permeation chromatography (GPC) 

analysis demonstrated that the average molecular weight (MW) of SP-OH was 5052 (Figure 

S2). All the intermediates were characterized by 1H/ 13C NMR and ESI-MS as shown in 

Figure S3–24. 

 

Optical and colloidal properties of SP as well as SPRIN-micelles were also investigated. 

Dynamic light scattering (DLS) and transmission electron microscopic (TEM) image showed 

that the size of SPRIN-micelles (68 nm) is slightly larger than that of SP-micelles (58 nm) 
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(Figure 2B), presumably owing to the presence of hydrophobic linkers. Negligible size 

variation was observed for both SP-micelles and SPRIN-micelles during storage in PBS 

solution and FBS solution (10%) for 3 days (Figure S25), indicating their favorable colloidal 

stability. SP and SPRIN-micelle have similar absorption spectra with a maximum at 940 nm 

in the NIR-II window (Figure 2C), suggesting that conjugation of R837 and IND to the SP 

backbone did not affect its optical properties. In addition, the molar extinction coefficient of 

SRPIN-micelles in F127 aqueous solution was calculated to be 4.82 mL (mg.cm) −1, which is 

almost the same as that in organic solvent such as tetrahydrofuran (THF) (Figure S26). 

 

As demonstrated in Figure 2D, upon the 940 nm laser irradiation for 10 min, similar to SP, 

the temperature of SPRIN-micelles (50μg mL-1) increased up to 56°C. In contrast, the 

temperature of the PBS solution was almost unchanged under the same irradiation conditions 

(Figure S27). In addition, the photothermal stability of SPRIN-micelles (100 μg mL-1) was 

evaluated under continuous NIR-II (940 nm) photoirradiation. Five temperature change 

cycles of SPRIN-micelle solution were obtained by controlling laser on and off. Induced a 

significant temperature rise in the aqueous solution (Figure 2E). After irradiation for 10 min, 

the maximum temperature of SPRIN-micelle solution was 68°C and negligible changes in the 

maximum temperature of SPRIN-micelle were observed during the five heating and cooling 

cycles, indicating its good photostability. In addition, SPRIN-micelles has a high 
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photothermal conversion efficiency of about 49.2% at 940 nm (Figure S28) and about 53% 

at 1064 nm, respectively (Figure S29). 

 

The GSH-responsive traceless release properties of SPRIN-micelles were evaluated and 

analyzed by high performance liquid chromatography (HPLC) (Figure 2F, G, Figure S30). 

The release of free R837 and IND by SPRIN-micelles as well as SPR-micelles (or SPIN-

micelles) could not be detected in the absence of GSH, whereas in a PBS solution containing 

10 mM GSH, release of R837 and IND was observed and reached a plateau close to 100% at 

about 4 h.  
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Figure 2. Preparation and characterization of SPRIN-micelles. A) Synthesis route of SPRIN-

micelles, see supporting information for more details. I) 3,6-dithiophen-2-yl-2,5-

dihydropyrrolo [3,4-c]pyrrole-1,4-dione, 1-bromo-6-hexanol (DPP), N,N-dimethylformamide 

(DMF), 120°C, 12 h. ii) Tert-butyldimethylsilyl chloride, Dichloromethane (DCM), 25°C, 12 

h; N-Bromosuccinimide, Trichloromethane, 0 °C, 12 h iii) 4,4-dioctyl-2,6-bis-

(trimethylstannyl)-4H-cyclopenta[2,1-b:3,4-b′]dithiophene (CDT), 4,9-Dibromo-6,7-bis(4-

methylphenyl)[1,2,5]thiadiazolo[3,4-g]quinoxaline (DDTQ), tris-(o-tolyl)phosphine , Tris 
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(dibenzylideneacetone) dipalladium (Pd2(dba3)), Chlorobenzene, 110 °C, 24 h; 

Tetrabutylammonium fluoride (TBAF), tetrahydrofuran(THF), 25°C, 12 h; Cl-SL-R837, Cl-

SL-IND, DCM, N,N-Diisopropylethylamine (DIPEA). B) Size distribution using DLS 

measurement and TEM image of SP-micelles and SPRIN-micelles (scale bar = 100 nm). C) 

Absorption spectra of SP-micelles and SPRIN-micelles in PBS buffer. D) Photothermal effect 

of PBS, SP-micelles and SPRIN-micelles under 940 nm laser irradiation at 1 W cm−2. 

Concentration of SP and SPRIN are both 50 µg mL−1. E) Photostability of SPRIN-micelles 

([SP or SPRIN] = 100 µg mL−1) investigated by five photothermal heating (940 nm 

photoirradiation, 1 W cm−2, 6 min) and cooling (natural cooling with laser off for 6 min) 

cycles. Release kinetics of F) R837 and G) IND from SPRIN-micelles, SPIN-micelles or 

SPR-micelles with or without GSH (10 mM) in PBS buffer. 

 

 

Photothermal immunotherapy and catabolic modulation 

Next, the photothermal effect of SPRIN-micelles was investigated using CT26 tumor cells. 

Without shedding laser, the cytotoxicity of SPRIN-micelles on CT26 cells was negligible 

whereas SPRIN-micelles with 940 nm laser induced significant cell death (Figure 3A). For 

instance, the cell viability after treatment of 50 and 100 μg mL-1 SPRIN-micelles with 940 

nm laser decreased to 48% and 25%, respectively. We next evaluated the cellular uptake of 

SPRIN-micelles by CT26 cancer cells. SPRIN-micelle was fluorescently labelled by 
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fluorescein 5-isothiocyanate (FITC) using amine-modified F127 instead of hydroxyl-

terminated F127 for micelle preparation. Cellular uptake of SPRIN-micelles reached 

saturation at about 4 h (Figure S31). As shown in Figure 3B, evident green fluorescence was 

observed in cytoplasm after CT26 cells were treated by fluorescently labelled SPRIN-

micelles, indicating efficacious endocytosis of SPRIN-micelle in CT26 cells. Notably, the 

cell death of should be ascribed to both photothermal and photodynamic effect although the 

focus of this work was put on the former. As shown in Figure S32, SPRIN-micelle could also 

generate singlet oxygen via a photodynamic effect upon exposure to laser irradiation, 

indicated by using 2`,7`-dichlorodihydrofluorescein (DCFH) as a ROS probe.  

To evaluate the immunogenic cell death (ICD) by SPRIN-micelles, exposure or release of 

important damage associated molecular patterns (DAMPs) in dying tumor cells upon laser 

irradiation were examined including calreticulin (CRT), high mobility group box 1 

(HMGB1), and adenosine triphosphate (ATP). After treatment by SPRIN-micelles for 24 

hours, CT26 cancer cells were incubated for additional 4 hours after 940 nm photoirradiation 

for 10 minutes. A significant upregulation of CRT was found in CT26 cells after treatment 

with SP-micelles and SPRIN-micelles under 940 nm photoirradiation, which was evidenced 

by fluorescence microscopic images of CRT on the cell surface after treatment by SP-

micelles or SRPIN-micelles, which was also confirmed by elevated MFI of APC-labeled anti-

CRT antibodies (10.1-fold) (Figure 3C,S33). Meanwhile, the difference in CRT exposure 

with and without photoirradiation was also analyzed by flow cytometry and a 3.4 to 3.6-fold 
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increase in fluorescence was observed (Figure S34). The release of HMGB1 from the SP-

micelles, SPIN-micelles, SPR-micelles or SPRIN-micelles groups with laser irradiation 

groups was 1.9- to 2.6-fold higher than without photoirradiation (Figure 3E). Similarly, the 

release of ATP induced by laser was 6- to 9.2-fold higher than that in control groups without 

laser irradiation. 

The potential of use of SPRIN-micelles for immunotherapy against cancer cells was 

assessed using bone marrow-derived dendritic cells (BMDCs). Dendritic cells are crucial in 

antigen presentation, linking innate and adaptive immunity. Enhanced DC maturation 

initiates T cell activation and generations of CD8+ T cells killing tumor cells[67, 68]. 

However, IDO expressed in tumor cells promotes tryptophan hypermetabolism, which in turn 

yields an immunosuppressive effect[62, 69]. To verify the reversal effect immunosuppression 

microenvironment by SPRIN-micelles, we pretreated CT26 cells with SPRIN-micelles for 12 

h, followed by photoirradiation with 940 nm laser for 10 minutes. After incubation for 

additional 24 h, DCs were added and co-cultured with CT26 cells for 48 h. DC maturation 

was characterized by quantifying the expression of CD40 and CD86 by flow cytometry. The 

expression of mature DC receptors (CD40+, CD80+, CD86+) is significantly higher in the 

light-irradiated group than the groups with no laser treated (Figure 3G, Figure S35, S36, 

S37). Then to verify the capability of SPRIN-micelles to directly induce DC maturation, we 

co-incubated SPRIN-micelles with DCs for 24 h. The expression of receptors CD40+ 

CD80+and CD86+ was also examined using flow cytometry. We identified significantly 
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higher expression of mature dendritic cell receptors (CD40+, CD86+ and CD80+, CD86+) in 

the SPRIN-micelles group (75.3% and 51.9%) than in the other control groups including SP-

micelles, SPR-micelles and SPIN-micelles (Figure S38, S39). It may be that DCs also 

express IDO to promote tryptophan hypermetabolism and cause immunosuppression[70]. In 

addition, the cytokine levels in the cell supernatant in the experiments above were also 

investigated. SPRIN-micelles, SPIN-micelles, and SPR-micelles significantly promoted the 

secretion of cytokines from DCs after treatment, and SPRIN-micelles induced more secretion 

of IFN-γ and TNF-α from DCs than SPIN-micelles and SPR-micelles (Figure S40). This 

demonstrates that R837 and IND can synergistically boost immune response. Also, the 

cytokine levels in the cell supernatant in the light- irradiated groups were significantly higher 

than those without laser irradiation (Figure S41), which further demonstrates the immune 

effect induced by ICD. 

Indoleamine-2,3-dioxygenase 1 (IDO-1) was shown to suppress T cell responses by 

activation of regulatory T (Treg) cells. Transition of tryptophan (Trp) into kynurenine (Kyn) 

as downstream of IDO-1 involves in suppression of immune cells via the formation of 

immunosuppressive catabolites. Here, IND was used as an immunomodulator to inhibit the 

Trp metabolism, ultimately resulting in inhibition of Treg and promotion of immune 

response. Therefore, we next evaluated the immunomodulation IND-grafted SPRIN-micelles 

by first pre-treatment of CT26 cells with IFN-γ (100 ng mL-1) to induce intracellular IDO 

overexpression, followed by incubation with SPRIN-micelles and then measurement of the 
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downstream product Kyn in the cell culture medium by high performance liquid 

chromatography (HPLC). As shown in Figure 3H, SPRIN-micelles and SPIN-micelles 

induced a 2-fold reduction of Kyn content in the cell culture medium in comparison to that of 

control groups. This suggests that IND released by SPRIN-micelles and SPIN-micelles 

effectively inhibited IDO activity in CT26 cells, which in turn inhibits Kyn production. 

Western blotting assay was then performed to further verify the expression of IDO-1. 

Similarly, CT26 cells were first pretreated with IFN-γ to induce intracellular IDO 

overexpression, and then SPRIN-micelles was co-incubated with CT26 cells for 24 h. After 

940 nm laser irradiation, CT26 cells were collected for total protein extraction. As shown in 

Figure 3I, after irradiation, IDO1 expression was significantly downregulated by both 

SPRIN-micelles and SPIN-micelles. 
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Figure 3. Photothermal immunotherapy and catabolic modulation by SPRIN-micelles A) 

Viability of CT26 cells at 12 h after treatment with SPRIN-micelles at different 

concentrations with or without 940 nm photoirradiation. (1 W cm−2, 6 min) (n = 3). B) 

Fluorescence images of cellular internalization (24 h) of SPRIN-micelles ([SP] = 50 µg 

mL−1) in CT26 cancer cells. SPRIN-micelles were labeled with fluorescein 5-isothiocyanate 

(FITC) (Scale bar=200 µm). Blue, green and red fluorescence indicate nuclei staining by 4’, 

6-diamidine-2’-phenylindole dihydrochloride (DAPI), FITC fluorescently labelled SPRIN-

micelles and cell membrane staining by DiD, respectively. C) Fluorescence images of cells 

after treatment by SPIRN-micelles and staining by AF594-labeled CRT antibody. Blue 

fluorescence shows the cell nucleus stained with DAPI, red signals show the cell surface 

expression of CRT from AF594-labeled CRT antibody, and green fluorescence shows the cell 

membrane stained with DiO (Scale bar=200 µm). D) Representative flow cytometric plots of 

CRT exposure on cell surface of CT26 cancer cells following treatment by various 

formulations as indicated (n = 3). HMGB1 extracellular release (E) and ATP extracellular 

secretion (F) after CT26 cells treated by different formulations as indicated using the 

HMGB1 ELISA kit and chemiluminescence ATP determination kit, respectively (n = 3). G) 

BMDCs were treated by different SP formulations for 24 h, followed by analysis of CD40 

and CD86 expression by flow cytometry. H)  Relative Kyn content in the cell culture medium 

after CT26 cells were treated by different formulations for 12 h, quantified by HPLC (n=3) 

([SP]=50 μg mL−1). I) IDO1 protein expression in CT26 cells evaluated by western blotting 
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assay ([SP]=50 μg mL−1) after treatment by different formulations as indicated. Statistical 

significance was calculated via one-way ANOVA with Tukey’s test: *p < 0.05; **p < 0.01; 

***p < 0.001; ****p < 0.0001. 

 

SPRIN-micelles enable photothermal activation and immunogenicity of deep-seated tumors using laser 

in the second near infrared (NIR) windows 

Next, we investigated SPRIN-micelle-mediated photothermal immunotherapy at different 

tumor tissue depths upon laser irradiation of different wavelengths (Figure 4A). Although the 

immunogenicity of PTT has been studied and applied in many studies, the photothermal 

immunotherapy effect at different tissue penetration depths in tumors has not been seldomly 

investigated. Given that SPRIN-micelles have similar optical absorption at near 860 nm and 

1064 nm (Figure 4B), we chosen two different light sources of 860 nm or 1064 nm for the 

next comparative study. In addition, owing to the temperature-sensitivity of F127, CMC 

switching technology was enabled to strip away excess free surfactant by ultrafiltration at low 

temperature, generating concentrated SPRIN-micelles with calculated absorbance up to 60, 

which is about over 60-folds higher than that made by regular preparation methods. (Figure 

4C). Thus, concentrated SPRIN-micelles with high absorption intensity could be more 

favorable for photothermal immunotherapy of deep tissues. The SPRIN-micelle aqueous 

solution was irradiated in vitro by 860 nm and 1064 nm and the temperature of samples shed 

with 1064 laser was significantly higher than that with 860 nm laser (Figure 4D). Next the 
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temperature increase comparison was conducted again in vivo on tumor-bearing mice treated 

SPRIN-micelles and 860 nm or 1064 nm laser irradiation for 10 min. The tumor surface 

temperature (Figure 4E) and the intratumoral temperature at different tissue depths (Figure 

4F and 4G) were monitored. The maximum tumor surface temperature in the 1064 nm group 

was consistently higher than that in the 860 nm group. Also, the intratumoral temperature 

gradually decreased as the tissue depth increased, but the temperature in the 1064 nm group 

was significantly higher than that in the 860 nm group, and could still reach 40°C in the 

tumor at depth of 9 mm (Figure 4F, G), demonstrating the stronger tissue penetration ability 

of NIR-II light with higher wavelength. To further assess the photothermal immunotherapy at 

different penetration depths, the tumors were harvested and sectioned from tumor-bearing 

mice after various treatments as indicated. Firstly, Hematoxylin and eosin (H&E) staining 

was conducted on tumor sections, and we found that tumor tissues in the 1064 nm group 

showed significant tissue dissociation and cell apoptosis at 9 mm, whereas the PBS and 860 

nm groups showed no significant changes at the same depth (Figure S42). In addition, the 

expression levels of representative biomarkers of apoptosis (Cas-3), ICD (HMGB1) and DC 

maturation (CD86) were evaluated by immunofluorescent staining of tumor sections (Figure 

4H). The expression levels of all three biomarkers were downregulated with increasing 

photothermal depth in both groups treated by the 860 nm and 1064 nm lasers (Figure S43). 

Particularly, in deep tumor tissues (6 mm or 8 mm), the 1064 nm group exhibited a more 

pronounced biomarker upregulation compared to the 860 nm group, which demonstrates that 
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NIR-II photothermal therapy can induce enhanced ICD and immune activation in deep tumor 

tissues, which is more difficult to be realized by NIR-I light. 
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Figure 4. Comparative study of photothermal effect and immunogenicity of deep tumors at 

different penetration depths in tumors induced by 1064 nm laser and 860 nm laser. A) 

Scheme of photothermal effect after tumors were irradiated with different light sources and 

comparative study of the immunogenic response at each tumor depth. B) The SPRIN-

micelles have similar absorbance around 860 nm and 1064 nm. C) The absorption of SPRIN-

micelles before and after stripping away excess surfactant by CMC-switching method. As 

such, ultraconcentrated SPRIN-micelles were generated, enabling deep tissue penetration by 

laser. (n = 3). D) Temperature change of SPRIN-micelle aqueous solutions (SP= 2 mg mL-1) 

under irradiation by different light sources. E) Maximum temperature on tumor surface of 

CT26 tumor bearing mice during photoirradiation (n = 3). F) Temperature change and G) 

thermal image of the tumor at different depths under irradiation of different lasers (n = 3). H) 

Immunofluorescent images of HMGB1, Cas-3 and CD86 in tumor sections at different depths 

after SPRIN-micelles-mediated photothermal immunotherapy with different laser treatments. 

Cas-3, HMGB1 and CD86 are all indicated by red colors. Blue fluorescence indicated nuclei 

staining by DAPI (Scale bar: 20 µm). 

In vivo photothermal immunotherapy. 

SPRIN-micelle-mediated photoimmunotherapy was further investigated in vivo using 

CT26 tumor-bearing BALB/c mice. CT26 cells were inoculated subcutaneously on the right 

side of the mice as primary tumors; 10 days later, CT26 cells were inoculated subcutaneously 

on the left side of the mice as distant tumors (Figure 5A). After 3 days, CT26 tumor-bearing 
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mice were intravenously administered 20 mg/kg SP-micelles, SPRIN-micelles, SPIN-

micelles and SPR-micelles, subsequently the primary tumor was irradiated by a NIR-II laser 

(940 nm). The tumor surface temperature in the SP-micelle, SPRIN-micelle, SPIN-micelle 

and SPR-micelle groups consistently increased to 60°C (Figure S44). Afterwards, the growth 

of primary and distant tumors was monitored for 14 days. Photothermal immunotherapy was 

assessed by irradiating the primary tumor with NIR light after 24 hours of nanoparticle 

injection. After treatment, the growth of primary tumors in the SP-micelle, SPRIN-micelle, 

SPIN-micelle and SPR-micelle groups were all delayed compared to the PBS control group. 

In particular, the primary tumors in the SPRIN-micelle-treated group were completely 

inhibited without no noticeable growth. The distant tumors were also completely irradiated 

only in the SPRIN-micelle-treated group and for other groups the growth of tumors was only 

delayed, but not inhibited (Figure 5B, C, F, G, S45). In addition, the survival curve and 

individual tumor growth of each mouse were shown in Figure 5D, F-G. To verify the 

suppression of tumor cell growth by the immune effect induced by the SPRIN-micelles, 

survived mice in the treatment group were rechallenged by injection of CT26 cells on day 60 

and no tumor regrowth was observed for another 30 days (Figure 5E, S51). 

To assess the biocompatibility of SPRIN-micelles, body weight and histological analysis of 

major organs of mice treated by PBS or SPRIN-micelles were recorded and investigated. No 

significant difference in body weight was observed in mice injected with PBS, SP-micelles, 

SPRIN-micelles, SPIN-micelles and SPR-micelles during 14 days (Figure S46). Afterwards, 
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H&E-stained images of the major organs (heart, liver, spleen, lungs and kidneys) of mice 

injected with SP-micelles, SPRIN-micelles, SPIN-micelles and SPR-micelles showed similar 

physiological morphology compared to mice injected with PBS (Figure 5H, Figure S47). In 

addition, we performed tissue sections and H&E staining of primary and distant tumors in 

controls including PBS, SP, SPR-micelle, and SPIN-micelle groups and found no significant 

tissue dissociation or cell death (Figure S48). Furthermore, the biodistribution analysis 

showed that SPRIN-micelle exhibited the highest accumulation in the liver among major 

organs (Figure S49). As shown in Figure S50, the serum chemistry profiles of mice treated 

with SPRIN-micelles or PBS showed no difference, indicating that intravenous injection of 

SPRIN-micelles and laser irradiation induced no overt acute toxicity in vivo. 
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Figure 5. In vivo photothermal immunotherapy by SPRIN-micelles with NIR-II laser. A) 

Schematic illustration of in vivo anti-cancer therapy. B–C) Tumor growth curves of B) 

primary and C) distant tumor in living mice after various treatments as indicated (14 days, 

n = 5). D) Survival curves of CT26-tumor-bearing mice after various treatments as indicated 

(n = 5). E) Tumor growth curves of CT-26 tumor in surviving mice (n=3). F) Primary tumor 

and G) distant growth was monitored every other day after treatments as indicated (30 days 

n=5). H) Hematoxylin and eosin analysis of major organs after systemic injections of 

different formulations as indicated, Scale bars = 50 μm. Statistical significance of tumor 

growth and survival rate was analyzed via two-way ANOVA with Tukey’s test and log-rank 

test, respectively. 

 

Mechanism of activation of immune responses by SPRIN-micelles.  

To further investigate the mechanism of immune response by photothermal immunotherapy 

of SPRIN-micelles, the activation of DCs in the primary and distant TDLNs was assessed by 

flow cytometry. In agreement with the trend of in vitro results (Figure 3G), SPRIN micelle-

mediated photothermal immunotherapy elicited the highest levels of DC maturation in both 

primary (61.3%) and distant tumors (54.8%) (Figure 6A, B). Among them, the maturation of 

DCs in the draining lymph nodes from the primary tumor was 1.4-fold, 1.4-fold, 2.4-fold and 

3.1-fold higher than that in SPIN-micelle (44.6%), SPR-micelle (44.4%), SP-micelle (25.7%) 

and PBS group (19.8%), respectively, while the maturation of DCs in the draining lymph 
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nodes from the distal tumor was 1.4-fold, 1.6-fold, 2.2-fold and 2.9-fold higher than that in 

SPIN-micelle  (38.4%), SPR-micelle (34.3%), SP-micelle (25.3%) and PBS group (18.6%), 

respectively. This demonstrates the superior photothermal effect and maturation of DCs 

induced by SPRIN-micelles and mediated by immune adjuvants (R837) and 

immunometabolic modulators (IND). 

To evaluate the effect of IDO inhibitors and immune adjuvants on photothermal 

immunotherapy, tumor-infiltrating lymphocytes, including CD4+, CD8+ and Treg cells, were 

measured by flow cytometry. Among them, the infiltration of CD4+ and CD8+ T cells in 

primary and distant tumors play a crucial role in killing primary and distant tumors, while 

Treg cells are responsible for immunosuppression. In the spleen, the SPRIN-micelle group 

had the highest level of CD4+ (54.2%) and CD8+ (30.2%) T-cell infiltration and the lowest 

level of Treg cell differentiation (12.5%). In addition, the CD8+/Treg ratio (2.23%) in the 

SPRIN-micelle group was also significantly lower than that in all other groups, representing 

1.78-fold, 2.7-fold, 4.9-fold and 6.4-fold higher than that in the SPIN-micelle (1.25%), SPR-

micelle (0.82%), SP-micelle (0.45%) and PBS (0.35%) groups, respectively (Figure 6C-D). 

In contrast, the SPRIN-micelle group had the highest level of CD8+ T cell infiltration and the 

lowest level of resident Treg in both primary and distant tumors as well. The infiltration rate 

of CD8+ T cells in the SPRIN-micelle group reached 65.5% and 53.1% in the primary and 

distal tumors, respectively, which was at least 1.2 times higher than in all other groups 

(Figure 6F, S52). In contrast, the rate of Treg cells in primary and distal tumors in the 
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SPRIN-micelle group was only 17.7% and 18%, which was significantly lower than the rate 

of Treg cells in all other groups (Figure 6G, S52). In addition, the ratio of CD8+ cells to 

Treg cells in primary and distal tumors in the SPRIN-micelle group was 3.6% and 2.92%, 

respectively, which was at least 1.34 and 1.45 times higher than that in other control groups 

(Figure 6H-I). In addition, we collected blood from mice for the detection of immune cell-

derived cytokines such as IL-6, TNF-α, and IFN-γ. We found that SPRIN-micelle mediated 

photothermal immunotherapy produced the highest levels of immune cell-derived cytokines 

(IL-6, TNF-α, and IFN-γ) (Figure 6J-L). These data suggest that SPRIN-micelle-induced 

ICD lead to activation of immune responses by generation of cytokines and promotion of 

CD8+ T cell infiltration with the assistance of R837. Meanwhile, IDO1 inhibitors interference 

the metabolism of tryptophan, which in turn inhibits the differentiation of Treg cells, 

demonstrating the immunosuppression reprogramming capability of SRPIN-micelles owing 

to the presence of IND. 
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Figure 6. In vivo immune responses after photothermal immunotherapy with SPRIN-

micelles. DC maturation measured by flow cytometry after cells in primary A) and B) distant 

tumor-draining lymph nodes were collected and stained with CD11c, CD40 and CD86 on day 

3 (n = 3). C) Representative flow analysis of CD8+ and CD4+ cells and CD4+FOXP3+ cells 
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gating on CD3+ cells in the spleen with different treatments on day 7 (n = 3). The value of D) 

CD8+ and CD4+ and E) CD8+/Treg in spleen after different treatments (n = 3). F) 

Representative flow cytometry plots and quantitative analysis of F) CD8+ T cells and G) 

CD4+ T cells (gated on CD3+ T cells) in the primary tumor and distant tumor on day 7 after 

treatment by different formulations as indicated (n = 3). The value of CD8+/Treg in the H) 

primary tumor and I) distant tumor after different treatments (n = 3). Cytokine levels of IL-6, 

IFN-ɣ, TNF-α in serum (pg mL−1) from mice at day 3 after treatment by different 

formulations as indicated (n = 3). Statistical significance was calculated via one-way 

ANOVA with Tukey’s test: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 

Immune activation in simulated deep-seated tumor model. 

In order to investigate the immune activation effect of the SPRIN-micelle on deep-seated 

tumors, we simulated the deep tumors by superimposing a layer of 1.5 cm chicken breast 

meat in thickness onto the tumor tissue of mice bearing tumors (Figure 7A). Subsequently, 

lymphocytes were extracted from treated lymph nodes, and T cells from both spleen and 

tumor tissue were analyzed. The temperature near the tumor tissue reached approximately 42

℃ when covered with chicken breast (Figure 7B). To further investigate the mechanism of 

immune activation effect of the SPRIN-micelle on deep-seated tumors, the activation of DCs 

in the TDLNs was assessed by flow cytometry. The expression of mature DC receptors 

(CD40+, CD86+) is significantly higher in the light-irradiated group than the groups with no 
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laser treated, representing 3.7-fold higher than that in the no laser treatment group (Figure 

7C, D). 

 To evaluate the effect of IDO inhibitors and immune adjuvants on photothermal 

immunotherapy of deep-seated tumor, tumor-infiltrating lymphocytes, including CD4+, 

CD8+, were measured by flow cytometry. In spleens, the light-irradiated group had higher 

level of CD4+ (42.7%) and CD8+ (12.1%) T-cell infiltration than the group with no laser 

treatment. In contrast, the SPRIN-micelle group had the higher level of CD4+ (37.8%) and 

CD8+ (23.3%) T cell infiltration than the group with no laser treatment as well. (Figure 7E, 

D, F). Furthermore, we collected serum from the post-treatment mice and subjected to 

cytokine analysis. We found that the level of cytokine (HMGB1, TNF-α) was significantly 

higher in the light-irradiated group than the groups with no laser treated, representing 2.84-

fold and 1.5-fold higher than that in the no laser group (Figure S53). 
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Figure 7. Immunomodulatory effect of SPRIN-micelle in simulated deep-seated tumor 

model. A) Illustration of experimental setup of deep-seated tumor model. B) Thermal images 

of CT26 tumor-bearing mice during 940 nm photoirradiation (1 W cm−2) at 24 h post-

injection of SPRIN-micelle. C, D) DC maturation measured by flow cytometry after cells in 

tumor-draining lymph nodes were collected and stained with CD11c, CD40 and CD86 on day 

3 (n = 3). E) Representative flow analysis of CD8+ and CD4+ cells gating on CD3+ cells in 
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the spleen and tumor with different treatments on day 3 (n = 3). The value of CD8+ and CD4+ 

in spleen and tumor after different treatments (n = 3). Statistical significance was calculated 

via one-way ANOVA with Tukey’s test: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 

0.0001 

 

Conclusion 

In summary, we developed a dual polymeric photothermal immunomic nanomicelle for the 

combined photothermal immunotherapy of cold tumors featuring TiME. This work not only 

illustrates the effective treatment of primary tumors and the inhibition of tumor metastasis by 

photothermal immunotherapy, but also reveals the synergistic enhancement of immune 

response by combination of different immunotherapeutic pathways. In addition, the efficacy 

of photothermal immunotherapy using laser with different wavelengths were also compared, 

demonstrating that a NIR-II laser with longer wavelength and higher concentrations induced 

more pronounced photothermal immunotherapy for solid tumor ablation and anti-tumor 

immune activation owing to the rational design of this new SP and CMC-switching 

technology. Taken together, SPRIN-micelles represent a promising biomaterial that enables 

thermal immunotherapy and metabolic modulation for the treatment of deep-seated tumors.  

Statistical Analysis 
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Data are given as mean ± standard deviation (SD). Flow cytometry results were analyzed 

with FlowJo v10. The statistical significance of tumor growth and survival rates was 

calculated via two-way ANOVA with Tukey’s test and log-rank test, respectively. For 

multiple comparisons, one-way analysis of variance (ANOVA) with Tukey’s post hoc test 

was used. The level of significance was defined as *p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001. All statistical analyses were performed using GraphPad Prism 8.0 software. 
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SPRIN-micelles induce a cascade of cancer immune responses via deep photothermal therapy. In 

the presence of elevated intracellular GSH levels, micelles specifically release immune adjuvants 

(R837) and immune metabolic modulators (IND), thereby promoting dendritic cell maturation and 

inhibiting IDO-induced hypermetabolism of tryptophan leads to diminished immunosuppression and 

activation of immune responses. 
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