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a b s t r a c t

Colorectal cancer (CRC) is a lethal malignancy with a high mortality rate due to its low immunogenic-

ity, the strong immunosuppressive milieu and poor drug permeability. To overcome these obstacles, a

cascade synergistic nanosystem (denoted as R837/ICG@Lip) was developed via self-assembly of heater

indocyanine green (ICG) and toll-like receptor-7 agonist imiquimod (R837) into thermosensitive lipo-

some for simultaneous induction of immunogenic cell death (ICD) and reversing of suppressive tumor

microenvironment. The obtained nanoparticles exhibited NIR-triggered drug release, good photothermal

conversion efficiency and phototoxicity towards CT26 colorectal cancer cells. In vivo results reveal that the

R837/ICG@Lip could be effectively accumulated in CT26 subcutaneous tumors and the draining lymph

nodes. More importantly, R837/ICG@Lip-mediated low-temperature photothermal therapy triggers ICD,

promotes the maturation of host dendritic cells (DCs), and subsequently amplifies adaptive antitumor

T-cell responses, resulting in ‘Cold to Hot’ transition. Besides directly affecting immune cells, the secretion

of some immune-related cytokines further indirectly boosted anti-cancer immunity. After combining with

the indoleamine 2,3-dioxygenase (IDO) inhibitor, the systemic antitumor immune response was further

augmented, achieving best tumor inhibition effects. Thus, low-temperature mediated photoimmunother-

apy targeting multiple antitumor immune pathways boost synergistic antitumor immunity of tolerance

tumors.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Colorectal cancer (CRC) is the third most common malignant

tumor worldwide [1]. The antitumor cellular immunity is initiated

by the release of tumor-associated antigens (TAAs), then delivered

by antigen-presenting cells (APCs), resulting in T cell-mediated

cellular immunity [2]. Nanoparticle (NP)-assisted photothermal

therapy (PTT) is an effective treatment method by hyperthermia-

induced apoptosis or necrosis of cancer cells [3]. PTT induced

tumor cell residues could serve as endogenous tumor antigens and

elicit tumor-specific antigen-based responses [4,5], thus reducing

the large heterogeneity of individual tumors compared with tradi-

tional subunit vaccine. Unfortunately, high levels of hyperthermia
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(≥50 °C) induced undesirable local inflammation and thermal

damage to adjacent healthy cells and the immune antigens due

to unavoidable heat diffusion, resulting in less TAAs release and

inadequate APCs activation. Low-temperature (<50 °C) photother-

mal therapy (LT-PTT) was reported to not only directly damage

cancer cells with mild toxicity to normal tissues, but also improve

anti-tumor immunity by modulating the local tumor microen-

vironment such as the partial disruption of extracellular matrix,

the decrease of interstitial fluid pressure, and the increase of the

blood perfusion [6–8]. However, the antitumor immune response

caused by LT-PTT alone is not enough to reverse the immuno-

suppressive tumor microenvironment (ITM) [9,10]. Considering

that dysfunctional DCs would induce antigen-specific immuno-

tolerance [11], extensive works have been carried out to improve

maturation of DCs using immunoadjuvants such as toll-like
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receptor (TLR) agonists [6,7,12]. TLRs work as pattern recognition

receptors, and response to damage-associated molecular patterns

or pathogen-associated molecular patterns, inducing an innate

immune response [13]. As toll-like receptor-7 (TLR-7) agonist,

Imiquimod (R837) can significantly promote the DCs matura-

tion, elicit the initiation of tumor-specific T cells and upregulate

co-stimulating molecules [14–20]. Studies suggested R837 can

stimulate DC activation in PTT-synergized immuno-oncotherapy to

further strengthen the immunogenic cell death (ICD) response [21].

However, PTT-induced therapeutic efficacy of cold tumors severely

limited by immunosuppressive tumor microenvironment [2,22,23].

Indoleamine 2,3-dioxygenase (IDO) is an important immuno-

suppressive enzyme, which prevents CD8+ T cell priming by cat-

alyzing the oxidative catabolism of tryptophan (TRP) to kynure-

nine. IDO-induced ITM displays moderate tolerance to apoptotic

cells, thus weakens, the therapeutic effect of ICD [4]. In addition,

IDO-expressing cells deplete TRP and induce T-cell apoptosis. The

administration of R837 and simultaneous inhibition of IDO activity

promoted the tumor antigen-specific response and inhibited tumor

growth in vivo [24]. Immunotherapy based on immune checkpoint

inhibitors (ICIs), such as anti-PD-1 therapy, has been proven to be

a promising paradigm for cancer treatment [25]. However, it has

a limited therapeutic efficacy to the majority of CRC patients due

to insufficient T-cell infiltration of cold tumors [2,22,23]. In this

scenario, combination therapy to target both promotion of tumor

immunogenicity and induction of CD8+ T cell infiltration will be

required for maximal IDO blockade therapy [26]. So far, the indi-

vidual and combined impact of PTT, TLR activation, and IDO block-

ade in tumor-bearing mice has been shown to enhance antitumor

effect [11], while the impact of simultaneously targeting all three

pathways in tumor-bearing mice is less investigated until now [27].

Zhang et al. mixed photothermal agent IR820 loaded nanoparticles

(NPs) and 1-MT (IDO inhibitor)-R837 co-loaded ZIF-8 NPs, which

sharply suppressed the tumor growth [27]. It is highly desirable to

maximize PTT-based anticancer efficiency at a mild temperature.

To achieve better antitumor effect, our research focuses on a

low-temperature cancer combination treatment via simultaneously

targeting promotion of TAAs, DCs activation and induction of CD8+

T cell infiltration. We developed a multimodal nanotherapeutic

agents by the self-assembly of photothermal agent indocyanine

green (ICG) and TLR-7 agonist R837 into PEGylated thermosensitive

liposome for synergistic immune amplification in tumor-bearing

mice. Under NIR irradiation, local hyperthermia produced a pho-

tothermal ablation effect on tumor tissues and subsequently re-

leased TAAs, facilitating DC maturation with R837. Combined with

the IDO inhibitor NLG919, the systemic antitumor immune re-

sponse was further augmented, achieving best tumor inhibition ef-

fects.

Following the design above, thermosensitive R837/ICG@Lip li-

posomes were stably self-assembled via the thin-film dispersion

method, and then combined sonication and extrusion for a uni-

form size. The R837/ICG@Lip NPs were individually dispersed as

spherical vesicles with the size of 158.7±12.6 nm, as shown in

the transmission electron microscopy images (Figs. 1a and b). The

successful loading ICG was demonstrated by fluorescence and UV–

vis spectrum. Free ICG had characteristic absorption peaks at 714

and 778nm. Broad NIR absorbance was observed for R837/ICG@Lip

NPs at 700–900nm, and typical peaks were located at 718 and

782nm from ICG within the liposomes. The loading of R837 on

R837/ICG@Lip induced strong UV absorption at 230nm, which was

nearly three times higher than that of ICG due to the superposi-

tion of the absorption peaks (Figs. 1c and d). Liposomes are char-

acterized by their heat flux distribution in the range of 30–80 °C.
Bare liposome has two peaks at 45.7 and 68.7 °C (Fig. 1e), while

the phase transition temperature (Tm) of R837/ICG@Lip elevated

slightly to 47.8 °C. The loading efficiency of R837/ICG@Lip was 8.0%

for R837 and 8.8% for ICG, which was equivalent to an R837/ICG

molar ratio of 1:2.9 (Fig. 1f). When the R837/ICG@Lip was incu-

bated at 37 °C for 60min, only 25.50% of R837 was released, while

after treating with hyperthermia (48 °C), 70.59% of R837 was re-

leased within 60min (Fig. 1g), suggesting temperature sensitive re-

lease profile of R837 from liposome (Fig. 1g and Fig. S1 in Support-

ing information).

The photothermal profile of R837/ICG@Lip was investigated by

monitoring temperature changes during 808nm laser irradiation.

As shown in Fig. 1h, laser explosion induced temperature rising

by 20 °C due to photothermal effects of ICG, while as control,

a negligible temperature increase was observed for PBS solu-

tion within the same irradiation time. These results suggested

that photothermal conversion of ICG was successfully realized

under NIR irradiation, and the use of liposome vehicles did

not influence the inherent photothermal conversion efficiency

of ICG. Moreover, the temperature rate of increase and final

temperature of R837/ICG@Lip exhibited both concentration- and

time-dependencies (Fig. 1h). The rate of the temperature increase

slowed when the concentration decreased. Notably, R837 burst-like

release from R837/ICG@Lip could be repeatedly triggered by NIR

laser (Fig. 1i). It is suggesting its great potential in photothermal

triggered drug release and PTT based-combination therapy.

To investigate the effects of R837/ICG@Lip on cellular uptake,

CT26 cells were co-incubated with R837/ICG@Lip and free ICG for

4h, respectively. As shown in Figs. 2a and c, all cells displayed

bright red intracellular fluorescence. However, R837/ICG@Lip ex-

hibited more red fluorescence signals inside the cells, especially in

the nucleus region, indicating that R837/ICG@Lip can greatly pro-

mote CT26 cell uptake due to the good affinity of lipids for the

cytoplasmic membrane. Moreover, cell internalization was time-

dependence (Figs. 2b and d). Blue fluorescence from Hoechst

33342 for cell nucleus staining and red fluorescence from ICG were

simultaneously observed in CT26 cells at 0 h, suggesting the fast

diffusion and efficient initialization of R837/ICG@Lip into cells. Red

fluorescence signals inside the cells were gradually enhanced with

incubation, suggesting time-dependent uptake.

To investigate the photokilling effects, the cell viability was

evaluated after incubation with R837/ICG@Lip for 24h. Over

75% viability was maintained even at a high concentration of

100μg/mL, indicating good cytocompatibility without NIR irritation

(Fig. 2e). Upon exposure to the NIR laser, cell viability remarkably

decreased to 48.7%, which is a hallmark of PTT-induced cell death.

In contrast, free ICG exhibited approximately 50% cell viability at

high concentration of 100 μg/mL, which is consistent with previ-

ous reports [28,29]. The dark toxicity of ICG may be due that ICG

is unstable in aqueous medium of cytoplasm and decomposes into

toxic waste materials [29]. Moreover, slightly higher photothermal

killing (51.3%) of R837/ICG@Lip was observed compared to that of

free ICG (48.8%) in the laser group, which may be due to the high

accumulation of R837/ICG@Lip in CT26 cells. In addition, the PTT

efficacy of R837/ICG@Lip was dose dependent (Fig. 2f). At a con-

centration of 10μg/mL, 75.91% of the cells survived. In compari-

son, cell viability dropped significantly to 18.13% at the 200μg/mL

concentration. Therefore, R837/ICG@Lip was intrinsically cytocom-

patible and suitable for PTT. These results also indicated that a low

dose of photosensitizer loading had no obvious cytotoxicity to cells

[30].

In vivo photothermal effect of R837/ICG@Lip was assessed

in CT26 tumor-bearing BALB/c mice after 6h of administra-

tion (Fig. 3a). On 808nm laser irradiation, the NP-treated tumor

temperature rose rapidly and reached 45 °C within 6min at the

therapeutic site, higher than the damage threshold value (42 °C).
As control, temperature of PBS was almost unchanged (Fig. 3b).

These results confirmed that R837/ICG@Lip resulted in precise in

vivo photothermal effects.
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Fig. 1. (a) Transmission electron microscopy of R837/ICG@Lip Nps and its size distribution (inset). Scale bar: 100nm. (b) The size change curves of R837/ICG@Lip Nps and

bare Lip Nps in PBS. (c) UV analysis of R837/ICG@Lip, ICG and R837. (d) Fluorescence spectrum of bare Lip, free ICG and R837/ICG@Lip. (e) Differential scanning colorimeter

curve (DSC) of bare Lip, free ICG and R837/ICG@Lip. (f) Encapsulation rate and drug loading of ICG and R837 in R837/ICG@Lip Nps. Time-temperature curve of free ICG and

R837/ICG@Lip (g) and (h) R837/ICG@Lip solutions with different concentrations under laser irradiation (808nm, 1W/cm2). (i) R837 Release from R837/ICG@Lip dispersions

(100μg/mL) with or without NIR laser (808nm, 1W/cm2, 10min) at 30, 60min, respectively.

Fig. 2. Confocal images for different groups of CT26 tumor cells with different samples (a) and different time (b) indicated after NIR light irradiation. Scale bars: 25μm

(a), 50 μm (b). (c and d) represented statistical results of the mean fluorescent intensity of (a) and (b) respectively. Cell viability of CT26 cells in different treatment groups

indicated (e) with or without laser irradiation and (f) with different concentrations of R837/ICG@Lip under 808nm laser irradiation. The error bars indicate means ± SD and

n=5. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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Fig. 3. (a) Infrared thermal images tumor-bearing mice after 6min of injection with saline and R837/ICG@Lip and (b) corresponding temperature curves at tumor site. (c)

Biodistribution profiles and (d) blood circulation of R837/ICG@Lip and free ICG within 24h (Inset: blood clearance behaviors of R837/ICG@Lip and free ICG within 75min).

(e) ICG and R837/ICG@Lip in lymph nodes. (f) The percent of DC mature detected by FCM. The irradiation conditions are 6min, 808nm NIR, and 1W/cm2. The error bars

indicate means ± SD and n=3. ∗P < 0.05, ∗∗P < 0.01.

Distribution of nanoparticles in tumors is essential for spe-

cific cancer therapies. Owing to the imaging capability of ICG, the

biodistribution of R837/ICG@Lip was investigated by the quantita-

tive analysis of the ICG fluorescence signal. As shown in Fig. 3c,

the accumulation of R837/ICG@Lip in the tumor site at 24h post

injection significantly increased by 50.78% when 38.18‰ of in-

jected R837/ICG@Lip remained in vivo, 14.30% higher than that of

free ICG (32.72‰ of received doses). Moreover, the use of PEGy-

lated liposome significantly improved blood circulation behavior

of ICG. Half-life (t1/2) of ICG significantly prolonged from 8.4min

to 63.4min (Fig. 3d). Considering that fast blood clearance of free

ICG, data of the drug concentrations within 75min were extracted

and logarithm Ct/C0 was plot vs. time [31,32]. The extremely high

correlation coefficients (R2 > 0.997) showed clearance kinetics cor-

responded with the first-order kinetics (Fig. S2b in Supporting

information). Tissue accumulation concentrations of NPs was in

the order of liver > kidney > spleen > lung > tumor > heart

(Fig. 3c), indicating that the reticuloendothelial system may be in-

volved in the metabolism of R837/ICG@Lip. It is crucial for effec-

tive cancer vaccine efficacy to accumulate at lymph nodes (LN)

where the maturity of DCs, antigen presentation, and T-cell re-

sponses occur. Notably, R837/ICG@Lip exhibited a 1.7-fold higher

accumulation in draining lymph nodes than free ICG (Fig. 3e). To

verify the DC maturation, the lymph nodes cells were harvested

and analyzed. As shown in Fig. 3f, compared with PBS group,

R837 led to the improvement in the values of DC mature, con-

sistent with previous reports [33]. On explosion to NIR, the per-

centage of matured DCs could highly outperformed the counter-

parts from the case of utilizing a single PTT (ICG+L) or immune

activation (R837/ICG@Lip+anti-IDO), suggesting DCs activation

in vivo.

The in vivo therapeutic efficacy of R837/ICG@Lip was hetero-

geneity (Fig. 4a). Relevant animal experiments have been approved

by the Institutional Animal Care and Use Committee of Xiamen

University (No. XMULAC20180003). In addition, R837/ICG@Lip, to-

gether with TLR agonists (blue curve), showed an increase of 45.7%

in tumor ablation, which may be due to the increased secre-

tion of pro-inflammatory cytokines. As expected, LT-PTT based on

R837/ICG@Lip, together with TLR-7 agonists, showed the best inhi-

bition of tumor growth with small individual differences (Figs. 4b

and c, Fig. S3 in Supporting information). In addition, no signifi-

cant body weight loss was observed during therapy (Fig. S4 in Sup-

porting information), indicating low systemic toxicity of the differ-

ent formulations. The moderate weight gain observed in the mice

could be ascribed to tumor growth. To further confirm the ther-

apeutic effects and biosafety profile of R837/ICG@Lip in vivo, iso-

lated tumors and main organs in different treatment groups were

excised on day 14 post administration and examined by immuno-

histochemical analysis. As shown in Fig. 4d, no obvious organ dam-

age was observed. The highest apoptosis (TUNEL assay) and calreti-

culin (CRT) expression (CRT assay) occurred in mice treated with

R837/ICG@Lip+anti-IDO+L, demonstrating effective ICD in vivo in-

duced by NIR-mediated synergistic therapy (Fig. 4e and Fig. S5 in

Supporting information). Compared with the normal saline group,

significant increase in the densities of CD3+ T, CD45+ T and CD8+

T suggests that synergistic therapy could increase tumor lympho-

cyte infiltration and induce strong cellular immune response in

a mouse model (Fig. 4f and Fig. S6 in Supporting information).
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Fig. 4. (a) Administration diagram of R837/ICG@Lip in vivo. (b) Tumor growth curve in different treatment groups. (c) Tumor weight in different treatment groups after

sacrifice. (d) H&E sections in each treatment group (scale bar: 100 μm). (e) CRT and TUNEL expression in tumors by immunochemistry (scale bar: 100μm). (f) The mean

fluorescent intensity of immunochemistry staining of CD3+ T, CD8+ T cells and CD45+ T cells in tumors. (g) Intratumoural IL-6 and IFN-γ determined by ELISA. The

irradiation conditions are 6min, 808nm NIR, and 1W/cm2. The error bars indicate means ± SD and n=5. ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001.

Besides, the highest expression increment of the inflammatory

chemokines was observed (Fig. 4g). These findings clearly demon-

strated that R837/ICG@Lip-meditated LT-PTT efficiently and safely

boosted systemic immunity to destroy the remaining tumor cells,

due to the synergistic effects of TAAs generated from LT-PTT, ma-

ture DCs promoted by R837 adjuvant, and the immunoregulation

tailored via ICI, anti-IDO NLG919.

In conclusion, R837/ICG@Lip with a uniform particle size and

high entrapment efficiency was prepared for low-temperature

photothermal-immunotherapy. In vitro experiments showed that

R837/ICG@Lip had a good photothermal conversion effect and sig-

nificant photo-toxicity in CT26 cells. In vivo studies confirmed that

R837/ICG@Lip can effectively accumulate in the draining lymph

nodes and CT26 subcutaneous tumors, exhibiting a significant syn-

ergistic antitumor effect. More importantly, after combining with

IDO inhibitor, the systemic antitumor immune response was fur-

ther augmented, achieving best tumor inhibition effects. There-

fore, the R837/ICG@Lip has the therapeutic advantages of non-

invasiveness, high bioavailability, and synergistic gain and shows

great application potential in the treatment of CRC.
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