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a b s t r a c t

Due to the heterogeneity of tumors, single phototherapy cannot completely ablate tumors and inhibit tu-

mor metastasis. To overcome these, we formulated targeted and multifunctional polymersomes ABC@ICG-

IMQ-LHRH (AIRL) that encapsulated Toll-like receptor (TLR) 7/8 agonist imiquimod (IMQ) and photosen-

sitizer indocyanine green (ICG) in the hydrophobic layer as well as bubble-generator NH4HCO3 in the

hydrophilic cavity to inhibit the growth of primary and distant tumors, and prevent tumor metastasis

through synergistic photoimmunotherapy. The AIRL polymersomes exhibited uniform and stable size, and

high drug encapsulation efficiency, acid/reduction/laser responsiveness, excellent photothermal conver-

sion efficiency, effective reactive oxygen species generation, high tumor accumulation. AIRL could be ef-

fectively internalized by dendritic cells (DCs), achieve lysosome escape and enhance DCs maturation. The

synergistic photoimmunotherapy via AIRL polymersomes remarkably promoted the differentiation and

activation of T cells, elevated strong systemic immune response to eradicate primary tumors and inhibit

the growth of distant tumors. Simultaneously, the endurable immunological memory prevented tumor

metastasis, which provided a promising nanoplatform for the combination therapy of cancer.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Compared with the traditional cancer treatments, phototherapy,

including photothermal therapy (PTT) and photodynamic therapy

(PDT), has been extensively studied in recent years due to some

certain advantages such as spatiotemporal controllability, negligi-

ble drug resistance, low cumulative toxicity, and non-invasiveness

[1,2]. PTT makes use of photosensitizers to generate hyperther-

mia from near-infrared (NIR) laser cause tumor cell damage [3,4].

Previous studies have proved that tumor tissues are more sensi-

tive for hyperthermia and easier to cause irreversible damage than

normal tissues. And PDT can transduce light energy into reactive

oxygen species (ROS), which induces tumor cell apoptosis directly

[5]. With outstanding biocompatibility, potential biodegradability,

strong NIR absorption and excellent photothermal conversion effi-

ciency, organic photosensitizers are widely researched in the field

of PTT and PDT [6,7]. However, the poor water solubility and light

stability hamper the clinical application of organic photosensitiz-

ers. The nanocarriers [8–10] can effectively encapsulate the organic

photosensitizers and improve its stability in the body, thus enhanc-

ing the accumulation in tumor cells. Polymer is a common compo-
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nent of nanocarriers, which can form micelles, polymersomes and

other nanocarriers through self-assembly method, showing a wide

potential in tumor therapy [11,12].

Nanocarrier-mediated PTT/PDT has superior efficacy for primary

tumor ablation, but there is low efficacy in inhibiting tumor metas-

tasis and recurrence [9,13,14]. Notably, researches have indicated

that PTT/PDT can stimulate weak immune response via releasing

tumor-associated antigen (TAA) and the introduction of immune

adjuvants can amplify the antitumor immunity, which is funda-

mental for suppression of tumor metastasis and recurrence [15,16].

Imiquimod (IMQ) as Toll-like receptor (TLR) 7/8 agonist has been

approved by Food and Drug Administration (FDA), which can in-

duce dendritic cells (DCs) maturation and augment migration abil-

ity of DCs via myeloid differentiation factor 88 (MyD88)-dependent

pathways as well as further promote TAA presentation, thus stim-

ulating the proliferation and differentiation of CD8+/CD4+ T cells

[17–20]. Lysosomal escape can promote the cross-presentation of

antigens and thus enhance the activation of cytotoxic T cells (CTLs),

which is crucial to trigger powerful immune effect. Studies have

shown that the release of gases or ions in the endosomal environ-

ment can destroy the lysosomal membrane and promote the re-

lease of drugs into the cytoplasm [21–23], showing a positive ef-

fect on immune response.
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Fig. 1. Schematic illustration of multifunctional polymersomes AIRL for combined

phototherapy and immunotherapy against colon tumor.

Herein, we developed an acid/glutathione (GSH)-responsive

gas-generating polymersomes to co-deliver photosensitizer indo-

cyanine green (ICG) and TLR 7/8 agonist IMQ for the realiza-

tion of combined phototherapy and immunotherapy, which can

effectively inhibit primary and distant tumor growth and pre-

vent tumor metastasis (Fig. 1). In brief, we constructed poly-

mersomes ABC@ICG-IMQ (AIR) based on poly(ε-caprolactone)-ss-
poly(ethylene glycol)-ss-poly(ε-caprolactone) (PCL-ss-PEG-ss-PCL)

using thin-film hydration and ultrasonic dispersion method. The

hydrophobic film layer was loaded with IMQ and ICG, and the

hydrophilic inner cavity was encapsulated with the bubble form-

ing agent NH4HCO3, which could accelerate drug release under

the acidic environment or NIR irradiation. In addition, the sur-

face of the AIR polymersomes was modified with LHRH peptides

to enhance the recognition and binding ability on tumor cells

[24,25], thus improving the stability and biological distribution

of AIRL in vivo, further enhancing the therapeutic effect. AIRL-

mediated phototherapy plus immunotherapy not only significantly

inhibited the growth of primary and distant tumors, but also pre-

vented tumor metastasis by inducing potent immune memory.

Therefore, the multifunctional polymersomes AIRL-mediated syn-

ergistic photoimmunotherapy may be a promising treatment for

cancer.

The multifunctional polymersomes ABC@ICG-IMQ-LHRH (AIRL)

were self-assembled from PCL7500-ss-PEG7500-ss-PCL7500, ICG, IMQ,

NH4HCO3, and LHRH by the thin-film hydration and sonication

method, which ICG and IMQ were encapsulated in the hydropho-

bic layer while NH4HCO3 was loaded in the hydrophilic core. The

prepared AIRL was dark green, homogeneous solution with appar-

ent Tyndall effect (Fig. 2A). The particle size of AIRL was between

100 nm and 150 nm and kept stable within a week, which could

achieve high accumulation into the tumor site through enhanced

permeability and retention (EPR) effect (Fig. 2B) [26,27]. Then, the

responsiveness of AIRL was evaluated by detecting the size changes

in different conditions. As shown in Fig. 2C, the size of AIRL dis-

tributed with a narrow peak in phosphate buffer solution (PBS,

pH 7.4) and the peak became broadened in PBS (pH 5.5). Disul-

fide bonds cleaved under the condition of reduction resulting in

polyethylene glycol (PEG) shedding from the nanoparticles, caus-

ing a small peak appeared. In addition, the structure of AIRL was

further broken under the condition of irradiation and exhibited

two broad peaks, demonstrating AIRL with acid/reduction/laser

sensitivity. AIRL with high negative charge (−23.37 ± 0.75 mV)

could prolong circulating half-lives [28]. The encapsulation effi-

ciencies of ICG and IMQ in AIRL were 88.19% ± 1.90% and 78.51%

± 1.44%, respectively. Fig. 2D showed that the ultraviolet–visible

(UV–vis) absorption spectrum of free ICG decreased rapidly within

7 days. While the absorbance of AIRL remained constant, indicat-

ing the polymersomes improved the stability of ICG (Fig. 2E). 1,3-

Diphenylisobenzofuran (DPBF) was utilized to evaluate the gen-

erated ROS level and the absorbance values of DPBF in AIRL

and free ICG solutions gradually decreased within 5 min under

the irradiation of 808 nm laser (1.5 W/cm2), demonstrating ICG-

encapsulated polymersomes had a good PDT effect (Fig. 2F). AIRL

polymersomes exhibited concentration and laser irradiation power-

dependent temperature elevation abilities (Fig. S1 in Supporting in-

formation). The temperature variation curves of different formula-

tions under 808 nm laser (1.5 W/cm2) were shown in Fig. 2G. Due

to irreversible photobleaching of ICG exposed to laser irradiation,

ICG-encapsulated polymersomes exhibited higher temperature el-

evation than free ICG [29]. The PTT stability of AIRL was evalu-

ated by three laser irradiation on/off cycles (Fig. 2H), during the

three cycles, the maximum temperatures of AIRL were 57.0, 53.9,

and 44.0 °C, while those of free ICG were 47.6, 36.5, and 36.3 °C,
respectively.

The cellular uptake was visualized by confocal laser scanning

microscope (CLSM). As shown in Fig. S2 (Supporting information),

free ICG exhibited the most inferior red fluorescence intensity

compared to polymersomes-treated group. AIRL showed more su-

perior intracellular accumulation than AIR whether with or with-

out laser irradiation, suggesting that LHRH-modified polymersomes

had higher CT26 tumor selectivity. The polymersomes with laser

irradiation significantly enhanced the uptake of ICG in CT26 cells

compared to non-laser groups, probably attributing to that the

laser-caused hyperthermia could improve cytomembrane perme-

ability and fluidity, and disrupt polymersomes into smaller pieces,

thus increasing the drug accumulation in tumor cells and pro-

moting ICG release from polymersomes [30]. Generation of ROS in

CT26 cells was detected using carboxy-H2DCFDA. Without laser ir-

radiation, fluorescence signal was not observed in all the treatment

groups (Fig. S3 in Supporting information). While laser irradiation

was carried out, the groups of free ICG, AIR, and AIRL all exhibited

enhanced fluorescence signals, indicating cytotoxic ROS was pro-

duced. Moreover, due to the active-targeting effect of LHRH, AIRL

increased the ROS level in CT26 cells, illustrating that AIRL en-

hanced the PDT effect.

Biodistribution behavior of polymersomes was investigated in

CT26 tumor-bearing mice after intravenous (i.v.) injection. All an-

imal experiments were conducted in accordance with the guide-

lines for the Animal Ethical and Welfare Committee of the Institute

of Radiation Medicine, Chinese Academy of Medical Sciences, with

approval number IRM-DWLL-2019167. As shown in Fig. S4 (Sup-

porting information), fluorescence signals of all groups at tumor

site progressively strengthened over time and reached a peak at

24 h post-injection. Compared with free ICG and AIR groups, much

stronger ICG fluorescence in the tumor was observed in mice i.v.

injection with AIRL of 72 h, which indicated that polymersomes

effectively prevented ICG from degradation and clearance and fur-

ther prolonged blood circulation in the body [31]. The results also

showed that AIRL achieved excellent accumulation in the tumor

site through active targeting effect of LHRH. To further discover

the generation of ROS in vivo, 2′,7′-dichlorodihydrofluorescein di-

acetate (DCFH-DA) probe was utilized. As shown in Fig. S5 (Sup-

porting information), AIRL group generated more ROS (green fluo-

rescence) under NIR laser irradiation as a result of higher tumor-

targeting efficiency. Due to aggregation and degradation in vivo and

poor photostability, free ICG was difficult to accumulate in tumor

and produced negligible ROS.

DCs as the most potent antigen-presenting cells (APCs) are re-

sponsible for initiating and regulating adaptive immunities, which
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Fig. 2. Preparation and characterization of AIRL. (A) Tyndall effect of AIRL solution. (B) Particle size stability of AIRL in PBS (pH 7.4) over 7 days. (C) Size changes of AIRL in

different conditions. UV–vis spectra of (D) free ICG and (E) AIRL over 7 days. (F) Relative absorbance of DPBF in AIRL, ARL, free ICG, and PBS solutions under NIR irradiation

over 5 min. (G) Photothermal effect of AIRL, AIL, AIR, IRL, PBS, and free ICG under NIR irradiation (808 nm, 1.5 W/cm2). (H) Photothermal stability test of AIRL and free ICG

under three laser irradiation on/off cycles (808 nm, 1.5 W/cm2).

could express high levels of antigen bound MHC І and MHC II

molecules and costimulatory molecules (CD40, CD80, CD86) on the

surface of cells, as well as secret immunostimulatory cytokines

with the help of TLR 7/8 agonists [32–34]. We first studied the po-

tential cytotoxicity of polymersomes on DCs in vitro by using APC

Annexin V Apoptosis Detection Kit with 7-AAD. The result demon-

strated that polymersomes and free ICG + IMQ did not affect the

survival of bone marrow-derived dendritic cells (BMDCs) (Fig. S6A

in Supporting information). Besides, cellular uptake of AIRL was

evaluated on DCs. The uptake efficiency of free ICG + IMQ was

24.7%, while this of IRL and AIRL were 27.7% and 39.7%, respec-

tively, which illustrated that gas generation function could pro-

mote the uptake of nanocarrier by DCs (Figs. S6B and C in Sup-

porting information). The CLSM images showed the green fluores-

cence of ICG overlapped with the red fluorescence of lysosome in

free ICG + IMQ group, suggesting free ICG + IMQ colocalized with

lysosome in DCs (Fig. S6D in Supporting information). The colocal-

ization level of AIRL group was less than that of IRL group, prob-

ably due to that NH4HCO3 reacted with H+ in the acidic environ-

ment of lysosome and generated CO2 bubble, leading to lysosome

escape.

Next, the effects of AIRL polymersomes toward DCs maturation

in vitro were analyzed. As shown in Figs. S7 and S8 (Supporting in-

formation), compared with free IMQ + ICG, IRL and AIRL polymer-

somes both upregulated the expression of CD80, CD86, CD40, MHC

I and MHC Ⅱ molecules on the surface of DCs as well as promoted

the secretion of tumor necrosis factor (TNF)-α. Necrotic or apop-

totic tumor cells after phototherapy treatment can act as TAA to

stimulate DCs maturation and further activate tumor-specific im-

mune responses. Therefore, a transwell system was applied to in-

vestigate if AIRL-mediated phototherapy could induce the matura-

tion of BMDCs (Fig. S9A in Supporting information). As shown in

Figs. S9B–G and S10 (Supporting information), we found that CT26

cells cocultured with AIL polymersomes under laser irradiation

could induce DCs maturation slightly. While the CT26 cells cocul-

tured with AIRL and IRL polymersomes under laser irradiation pro-

moted DCs maturation with the help of IMQ [17]. Notably, AIRL sig-

nificantly stimulated DCs maturation compared with IRL as a result

of gas-induced lysosome escape. These results demonstrated that

bubble generator- and IMQ-encapsulated polymersomes could sig-

nificantly promote BMDCs maturation and further trigger antigen-

specific immune responses through TAA from necrotic or apoptotic

tumor cells post phototherapy.

To explore the mechanism of antitumor immune responses trig-

gered by AIRL polymersomes-based photoimmunotherapy in vivo,

the splenocytes of mice were collected on the 15th day after

first administration (Fig. 3A). CTLs (CD3+CD8+) kill tumor cells

by secreting inflammatory cytokines, while T helper cells (Ths,

CD3+CD4+) can control cellular immunity and activate effector

immune cells against tumor [35,36]. Notably, the populations of

CD4+ and CD8+ T cells in mice treated with AIRL + laser were

25.9% and 16.2%, which increased over 2-fold compared with those

in the mice treated with PBS + laser (Figs. 3B–E). The percent-

ages of Ths and CTLs also increased in mice treated with free

ICG + IMQ + laser, IRL + laser and AIR + laser. Additionally, no

significant improvement in the populations of CD4+ and CD8+ T

cells was found in AIL + laser because of the absence of im-

mune adjuvant IMQ. As an activation molecule of cell surface,

CD69 reflects the activation of effector immune cells [37]. As dis-

played in Figs. 3F and G and Fig. S11 (Supporting information),

AIRL + laser treatment appreciably upregulated the percentages

of both CD8+CD69+ and CD4+CD69+ T cells in the spleen com-

pared with other groups, demonstrating that photoimmunother-

apy mediated by AIRL polymersomes with the ability of active-

targeting and bubble-generating could stimulate robust tumor-

specific immune responses. The populations of both CD8+CD69+

and CD4+CD69+ effector T cells greatly increased after the treat-

ment with AIRL + laser compared to AIL + laser treatment, which

indicated that immune adjuvant-loaded polymersomes-assisted

phototherapy treatment played a crucial role in promoting T cell

activation. Moreover, free ICG + IMQ and AIRL groups without

laser irradiation treatment hardly activated CD8+ and CD4+ T cells.

The AIRL polymersomes-based treatment schedule was shown

in Fig. 4A. Representative thermographic images indicated that the

maximum temperature of PBS + laser, free ICG + IMQ + laser,

AIL + laser, IRL + laser, AIR + laser, AIRL + laser group at 24 h

post-administration was 40.6, 44.5, 56.6, 51.9, 50.4, 56.0 °C, re-

spectively (Fig. 4B). Free ICG + IMQ + laser exhibited moderate

temperature elevation, while for ICG-loaded polymersomes + laser

groups, the temperature was over 50 °C, which could lead to irre-

versible damage of tumor cells. Meanwhile, as a result of bubble-

generating of NH4HCO3 promoted the release of ICG and active-

targeting of LHRH enhanced the accumulation of polymersomes in

tumor cells, the PTT effect of AIRL was better than IRL and AIR.

The maximum temperature of PBS + laser, free ICG + IMQ + laser,

AIL + laser, IRL + laser, AIR + laser, AIRL + laser group at 48 h
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Fig. 3. Analysis of immune effect induced by combination therapy. (A) Schematic illustration of treatment and analysis of immune response. Representative flow cytometry

images of (B) CD3+CD4+ T lymphocytes (Ths) and (C) CD3+CD8+ T lymphocytes (CTLs) in spleens from the mice treated PBS + laser, free ICG + IMQ + laser (“Free + laser”

group), AIL + laser, IRL + laser, AIR + laser, AIRL + laser, PBS, free ICG + IMQ (“Free” group), and AIRL. Analysis of (D) Ths and (E) CTLs in splenocytes (n = 3). Proportions

of CD69+ cells among (F) CD3+CD4+and (G) CD3+CD8+ T lymphocytes in splenocytes (n = 3). Data were expressed as mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001,
∗∗∗∗P < 0.0001.

post-administration were 38.7, 41.8, 51.4, 46.8, 45.5, 50.4 °C, re-

spectively. The primary and distant tumors grew rapidly after the

treatment with PBS or PBS + laser, suggesting that only NIR laser

irradiation had no inhibitory effect on CT26 tumors (Fig. 4C and

Fig. S12A in Supporting information). Free ICG + IMQ + laser

group could slightly delay the growth of primary tumors, while

the free ICG + IMQ group showed no obvious effect on the

growth of primary tumors. AIRL group exhibited no inhibitory ef-

fect on primary and distant tumors, suggesting that AIRL poly-

mersomes without laser irradiation could not exert sufficient an-

titumor efficacy. In contrast, AIL + laser, IRL + laser, AIR + laser,

AIRL + laser groups completely eliminated the primary tumors, ex-

hibited appreciably stronger antitumor efficacy compared with free

ICG + IMQ + laser group. Notably, the treatment of AIL + laser,

IRL + laser, AIR + laser group showed only a certain delay for

the growth of distant tumors, while AIRL + laser group had a bet-

ter effect for suppressing the growth of distant tumors (Fig. 4D,

Fig. S12B in Supporting information). These results indicated that

the active targeting of LHRH and the bubble-generating function of

NH4HCO3 could promote the release of ICG and IMQ in the tumor

site and display a remarkable antitumor efficacy for both primary

and distant tumors by photoimmunotherapy. During the treatment

period, compared with PBS, PBS + laser, free ICG + IMQ, free

ICG + IMQ + laser and AIRL groups, the treatment of AIL + laser,

IRL + laser and AIR + laser groups remarkably prolonged survival

time of mice (Fig. 4E). Notably, the AIRL + laser treatment group

displayed the highest survival percentage of mice, with none of the

mice dead until day 38. As shown in Fig. 4F, there was no signif-

icant weight loss in all groups. And no apparent histomorphology

and pathological changes in the major organs of all the groups (Fig.

S13 in Supporting information). These results demonstrated that

photoimmunotherapy based on AIRL polymersomes with good bio-
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Fig. 4. Antitumor effects of AIRL-mediated phototherapy plus immunotherapy against CT26 tumor. (A) Schematic illustration of establishing CT26 tumor-bearing mice model

for antitumor effect. (B) Thermal imaging of tumor-bearing mice treated with PBS, free ICG + IMQ (“Free” group), AIL, IRL, AIR, and AIRL, respectively, and irradiated with

NIR laser (808 nm, 1.5 W/cm2). The volume curves of (C) primary and (D) distant tumor in mice treated with PBS + laser, free ICG + IMQ + laser (“Free + laser” group),

AIL + laser, IRL + laser, AIR + laser, AIRL + laser, PBS, free ICG + IMQ (“Free” group), and AIRL (n = 5). (E) The percent survival of mice treated with different groups (n = 5).

(F) Body weight change curves of mice in different groups (n = 5). Data were expressed as mean ± SEM.

compatibility could successfully eradicate primary tumor, delay the

growth of distant tumor and prolong survival time of CT26 tumor-

bearing mice.

In addition to inhibiting tumor growth, the ability of produc-

ing long-term immunity is crucial for hampering tumor relapse or

metastasis [38]. Memory T cells can protect the organisms from

the second attack with the same pathogens and tumor cells as well

as play a critical role in preventing recurrence, metastasis of tu-

mor and strengthening immune response [39,40]. Memory T cell is

classified into effector-memory T cells (TEM, CD44hiCD62Llow) and

central-memory T cells (TCM, CD44hiCD62Lhi) [41,42]. To assess the

potential of AIRL + laser treatment for inducing immune memory

effect, we rechallenged the mice with i.v. injection of CT26 cells on

the 21st day post-administration and collected the spleens to ana-

lyze memory T cells on the 22nd day (Fig. S14A in Supporting in-

formation). The percentages of CD4+ TCM and CD4+ TEM were en-

hanced in AIRL, AIR, IRL and AIL polymersomes plus laser groups

(Figs. S14B, D and E in Supporting information). As shown in Figs.

S14C, F and G (Supporting information), similarly, the frequencies

of TCM and TEM among CD8+ T cells in AIRL + laser group were

strikingly stronger than other groups, indicating that the combi-

nation therapy of PTT/PDT and immunotherapy based on AIRL in-

duced the strongest immune memory. Based on the above results,

we further investigated the anti-metastatic effect of AIRL-mediated

photoimmunotherapy. The lungs of various groups were dissected

at the 14th day post i.v. injection of CT26 cells. As shown in Fig.

S15 (Supporting information), the photos of lung tissues fixed by

Bouin’s solution and hematoxylin-eosin (H&E) staining images of

lung sections both revealed that no evident tumor nodules were

observed in the mice treated with AIRL + laser, AIR + laser and

IRL + laser. However, in the other groups, the mice appeared mul-

tiple extensive tumor metastasis. These results suggested that pho-
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toimmunotherapy based on AIRL polymersomes triggered robust

immune memory and significantly inhibited tumor metastasis.

In summary, we developed a targeted and multifunctional poly-

mersomes that co-encapsulated photosensitizer ICG, TLR 7/8 ag-

onist IMQ and bubble-generator NH4HCO3 to achieve enhanced

photoimmunotherapy against colon tumor. The fabricated polymer-

somes AIRL with acid/reduction/laser sensitivity could effectively

deliver drugs to tumor site and exhibited excellent PTT/PDT effect

to kill tumor cells directly under 808 nm laser exposure. Further-

more, AIRL polymersomes dramatically promoted DCs uptake, en-

hanced lysosomal escape and triggered DCs maturation. The pho-

toimmunotherapy based on AIRL polymersomes significantly in-

creased the activation and differentiation of T cells, and CD8+ CTLs

and CD4+ Ths-mediated strong immunity response inhibited pri-

mary and distant tumors growth. In addition, the long-term im-

mune memory prevented the mice from tumor metastasis. There-

fore, AIRL-mediated photoimmunotherapy showed great potential

in suppressing primary tumor growth, metastasis and abscopal ef-

fect, which may guide the clinical treatment of cancer.
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