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A B S T R A C T

Cold exposure therapy (CE), as an inexpensive method, has shown great potential in cancer therapy. Exploring 
the combined anti-tumor mechanism of CE and traditional therapies (such as photodynamic therapy (PDT)) is 
exciting and promising. Here, a bionic aggregation-induced emission photosensitizer system (named THL) is 
designed for combined CE to enhance anti-tumor immunotherapy. THL inherits the homologous targeting ability 
of tumor derived exosomes, promoting the enrichment of THL at the tumor site. Under external illumination, 
THL generates hydroxyl radicals and superoxide anions through type I PDT. In addition, mice are pretreated with 
cold exposure, which promotes THL mediated PDT and reactive oxygen species (ROS) generation by reducing the 
production of ATP and GSH in tumor tissue. This combination therapy increases production of ROS within the 
tumor, inhibits the growth of distant tumors, recurrent and rechallenged tumors and increases the number of 
cytotoxic CD8+T cells and memory T cells. Compared to PDT alone, combination therapy shows greater ad-
vantages in tumor immunotherapy. The combination therapy strategy provides new ideas for cancer 
immunotherapy.

1. Introduction

Previous studies show that tumors have unique metabolic charac-
teristics, which can produce adenosine triphosphate (ATP) through and 
provide energy for cellular activities [1]. For this reason, tumor cells are 
extremely dependent on glucose and will consume a large amount of 
glucose from the body, providing energy for their growth and metastasis 
[2,3]. Glucose is an accomplice to the rampant proliferation of tumor 
cells in the body, but it can also become a breakthrough point for people 
to explore anti-cancer strategies. Recently, Cao et al. revealed a novel 
strategy to activate brown fat and inhibit solid tumor growth through 
cold stimulation [4]. This study found that cold exposure therapy (CE) 
activates brown adipose tissue (BAT) in mice, thereby promoting 

glucose uptake by brown adipose tissue, while inhibiting glucose uptake 
by tumor cells. Cold activated brown adipose tissue effectively inhibits 
tumor growth by limiting the source of glucose and weakening the tu-
mor’s ability to uptake glucose through a blood glucose competition 
mechanism and has been validated in various mouse tumor models. This 
CE strategy opens a new mode of tumor treatment, and the treatment 
results show that the hypoxia situation at the tumor site is alleviated, 
and the production of ATP in tumor neovascularization and cancer cells 
is reduced. This leads us to think of combining cold exposure therapy 
with type I photodynamic therapy (PDT) to produce a therapeutic effect 
of “1 + 1>2”. Exploring the combined anti-tumor mechanism of CE and 
traditional therapies (such as photodynamic therapy) is exciting.

In recent years, nanotechnology, nanomedicine and PDT has 
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received extensive research [5–14]. Especially for PDT based on 
aggregation-induced emission (AIE) photosensitizers. AIE molecules can 
resist photobleaching, and have significant advantages over traditional 
aggregation cause quenching (ACQ) photosensitizers [15–23]. In addi-
tion, type I AIE photosensitizers can generate reactive oxygen species 
(ROS) such as hydroxyl radicals (•OH) and superoxide anions (•O2

− ) 
under hypoxic conditions, overcoming the limitations of the tumor 
hypoxic microenvironment [24]. However, reducing substances such as 
glutathione, which are highly expressed in the tumor microenviron-
ment, can clear reactive oxygen species and protect tumor cells from 
damage [25]. Currently, a large number of researchers conduct tumor 
treatment by combining PDT and glutathione (GSH) consumption stra-
tegies [26]. GSH is formed by peptide bond condensation of glutamic 
acid, cysteine, and glycine. L-glutamic acid and L-cysteine are catalysed 
by γ-glutamylcysteine synthase to produce γ-glutamylcysteine (γ-GC) 
which is then condensed with glycine by GSH synthase to form GSH 
[27]. Both synthesis steps require the involvement of ATP [28]. Based on 
this, we come up with the idea of combining CE with type I AIE pho-
tosensitizers to achieve efficient tumor treatment.

Here, we construct a bionic aggregation-induced emission photo-
sensitizer system (named THL) for combined CE therapy to explore the 
mechanism of combined therapy and enhance anti-tumor immune 
research (Scheme 1). We firstly prepared an AIE photosensitizer TTMN, 
and then prepared TTMN loaded liposome nanoparticles (TL) through 
thin film hydration method. Finally, tumor derived exosomes (EXO) and 
TL are co-extruded to obtain THL. THL inherits the homologous tar-
geting ability of tumor derived exosomes [29,30], promoting the 
enrichment of THL at the tumor site. Under external illumination, THL 
can generate •OH, •O2

− and singlet oxygen (1O2). In addition, mice were 
pretreated with CE, which reduced the levels of glucose, ATP, and GSH 
at the tumor site and enhanced THL mediated PDT and reactive oxygen 
species generation. We validated the therapeutic effect of THL combined 
with CE using bilateral tumor mouse models and recurrence tumor 
models. The results showed that this combination therapy inhibited the 
growth of distant tumors, recurrent and rechallenge tumors, enhanced 
tumor immunogenic cell death (ICD), promoted dendritic cells (DCs) 
maturation, and increased the number of cytotoxic CD8+T cells and 
memory T cells. Compared to THL mediated PDT therapy alone, 

combination therapy has shown greater advantages in tumor immuno-
therapy. CE is an inexpensive tumor treatment model with good clinical 
application prospects. The combination therapy strategy we designed 
opens a new paradigm of PDT and provided new ideas for tumor 
immunotherapy.

2. Results and discussion

2.1. Preparation and characterization of THL

The aggregation-induced emission (AIE) molecule TTMN was pre-
pared according to the literature [31]. The relevant characterizations 
were shown in Figs. S1–S3. TTMN showed obvious AIE characteristics 
(Fig. S4) and little change in absorption before and after illumination 
(Fig. S5), which can prevent it from being bleached by light. TTMN 
loaded liposomes (TL) and TTMN loaded exosomes fused liposomes 
(THL) were prepared by thin film hydration method. As shown in 
Fig. 1A, TL showed a distinct liposome vesicle structure, with relatively 
uniform sizes. The morphological structure of THL was like that of li-
posomes. As shown in Fig. 1B, the zeta potential of THL was approxi-
mately − 14.8 mV, which is lower than the zeta potential of TL 
(approximately − 10.1 mV), possibly due to the introduction of EXO 
membrane protein. The PDI of TL and THL are 0.162 and 0.187, 
respectively. THL can stably exist in PBS and FBS (Fig. 1C) and has good 
stability. The western blot experiment indicates that both CD63 and CD9 
proteins both exist in THL (Fig. 1D). The proteins on exosomes can 
directly target tumor cells [18,32], so THL may have good tumor cell 
targeting ability. The UV visible absorption spectrum of THL shows the 
appearance of an absorption peak for TTMN, indicating that TTMN has 
been successfully loaded. The drug loading efficiency of TTMN and EXO 
protein are determined to be 85.32 ± 3.26 % and 97.03 ± 2.26 % by the 
standard curve and BCA Protein Assay Kit. Laser confocal scanning 
microscopy (CLSM) is used to observe the phagocytosis of tumor cells 
towards TL and THL. After incubation with tumor cells for 1 h, the 
fluorescence intensity of DiO in the THL group was stronger than that in 
the TL group (Fig. 1F and G)., indicating that THL can adhere to tumor 
cells in a short period of time. We tested the ability of TTMN and THL to 
produce reactive oxygen species (ROS) under light irradiation using 

Scheme 1. Schematic illustration of bionic aggregation-induced emission photosensitizer for enhanced immunotherapy of breast cancer.
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Fig. 1. Preparation and characterization of THL. (A) TEM images of TL, EXO and THL. (B) The hydrodynamic diameter and zeta potential of different formulations 
suspended in PBS. Data are displayed as the mean ± SD (n = 3). (C) Stability of THL in PBS or PBS containing 10 % FBS. Data are displayed as the mean ± SD (n = 3). 
(D) EXO markers, including CD63 and CD9, were detected using western blotting. (E) Absorption spectra of chloroperoxidase (in PBS), THL (in PBS), blank EXO 
hybrid liposomes (HL, in PBS) and TTMN (DMSO). (F) CLSM images of cancer cells incubated with DiO labelled TL or THL for 1h. Blue: DAPI; Green: DiO. (G) The 
frequency of different DiO fluorescence intensities appearing in Fig. 1F (measured by Zen software). (H) Relative changes in fluorescence intensity of HPF, (I) 
DHR123 and (J) SOSG after indicated treatments under white light irradiation. Light power: 10 mW/cm2. (K) Generation of •OH, (L) •O2

− and (M) 1O2 by the THL 
was determined by ESR. L: White Light, 10 mW/cm2.

Z. Chen et al.                                                                                                                                                                                                                                    Materials Today Bio 28 (2024) 101217 

3 



HPF, DHR123, SOSG and Electron Paramagnetic Resonance (EPR). As 
shown in Fig. 1H–M, TTMN and THL produced •OH, •O2

− and 1O2 under 
light irradiation, indicating the existence of type I and type II properties. 
Overall, we have successfully prepared THL, which can target tumor 
cells well and have good ability to produce ROS.

2.2. In vitro anti-tumor ability of THL

In view of the excellent photophysical properties of THL, we further 
explored the killing effect of THL on 4T1 breast cancer cells in vitro. To 
simulate the glucose reduction in tumor tissue induced by cold exposure 
therapy, we cultured tumor cells in vitro using a low-glucose treatment 
(LG). Firstly, DCFH-DA fluorescent probe was used to detect the ROS 
levels in 4T1 cells after different treatments. As shown in Fig. 2A and B, 
under normoxic conditions, compared to the PBS + L group, the LG 
group only showed weak green fluorescence. In contrast, the THL + L 
and TL + L + LG groups showed bright intracellular green fluorescence, 
while the THL + L + LG group exhibited the most significant fluores-
cence. These results indicated that THL mediated PDT and low glucose 
can induce ROS generation. As is well known, hypoxia is a major 
characteristic of the malignant tumor microenvironment [23,33]. Most 
existing PDT systems are highly dependent on oxygen concentration, 
and type I photosensitizers have relatively low oxygen dependence and 
can maintain ROS production ability in severely hypoxic tumor sites [17,
34]. Subsequently, we investigated the tumor killing effect of the THL 
system under hypoxic conditions. As shown in Fig. 2C and D, under 
hypoxic conditions, compared to other control groups, the THL + L + LG 
group exhibited the brightest green fluorescence, further indicating that 
THL mediated PDT and low glucose combined therapy can also ensure 
higher ROS production under hypoxic conditions. Subsequently, further 
research was conducted on how THL affects glucose metabolism within 
tumor cells. As shown in Fig. 2E and F, THL + L + LG reduced intra-
cellular ATP and GSH production. As mentioned earlier, the synthesis of 
GSH requires the involvement of ATP, which is also the main reason why 
LG led to the downregulation of GSH.

Given the excellent ROS production ability and ATP inhibition of the 
THL, we next investigated the killing ability of THL on 4T1 cells. As 
shown in Fig. 2G, compared to the PBS group, LG therapy caused partial 
tumor cell killing, which was due to low glucose therapy causing 
intracellular ATP consumption. The killing effect of THL + L group 
reached about 40 %, which was due to THL mediated PDT and damage 
to tumor cells. Compared to TL + L + LG, THL + L + LG had a more 
significant killing effect, with a cell survival rate of less than 10 %. The 
combination of PDT and LG resulted in a therapeutic effect of “1 + 1>2". 
These results indicated that THL + L + LG had a good tumor cell killing 
effect, and the killing effect is concentration dependent (Fig. 2H). The 
results of flow cytometry apoptosis shows that THL + L + LG led to 
earlier and late-stage apoptosis (Fig. 2I). In addition, THL had low 
toxicity to macrophage cells, demonstrating good safety (Fig. S6).

2.3. In vitro induction of immunogenic cell death (ICD)

ICD is considered a special form of cell death that can release tumor 
associated antigens, including apoptotic body, damaged DNA fragments, 
and damage associated molecular patterns (DAMPs), and help trigger 
specific immune responses in hosts with strong immunity [5,35–37]. 
According to reports, ICD effects can promote the release of DAMPs in 
dying tumor cells, including endoplasmic reticulum chaperone calcium 
reticulum protein (CRT), adenosine triphosphate (ATP), and high 
mobility cassette 1 (HMGB1) [38–40]. Subsequently, antigen-presenting 
cells (APCs), including DC, will be activated to present tumor antigens 
and ultimately stimulate immune responses against the tumor [41]. 
Next, we investigated whether the synergistic therapeutic effect of THL 
can induce immunogenic cell death (ICD) in 4T1 cells. As shown in 
Fig. 3A and B, compared to the PBS + L group and LG group, the cells 
treated with TL + L show slight expression of CRT, while TL + L + LG 

show moderate expression. THL + L + LG treatment significantly pro-
moted the expression of CRT. In addition, as shown in Fig. 3C and D, the 
cancer cells treated with THL + L + LG release the highest amount of 
HMGB1. This indicated THL mediated PDT combined with LG treatment 
can induce effective ICD in cancer cells, which is beneficial for tumor 
immunotherapy. As shown in Fig. S7, combination therapy significantly 
induced lipid peroxidation in tumor cells, indicating the occurrence of 
ferroptosis. There are many studies indicating that the iron death 
pathway can induce ICD and release DAMPs [42–44]. Therefore, the 
combination therapy induced ICD may be achieved through ferroptosis. 
The therapeutic mechanism of THL + L + LG was further studied by 
detecting dendritic cells (DCs) through Transwell experiments and flow 
cytometry. DCs plays a crucial role in immune response [45]. T lym-
phocytes can bind to co-stimulatory molecules to induce T cell-mediated 
immune responses [40]. As shown in Fig. 3E and F, the percentage of 
mature DCs in the THL + L + LG group was 57.6 %, which was 1.32 
times higher than that in the TL + L + LG group and increased by 2.76 
times compared to the control group. In summary, our experimental 
results indicated that THL mediated type I PDT combined with LG in-
duces the occurrence of ICD in tumor cells.

2.4. In vivo anti-tumor ability of THL

Next, further studies were conducted on the in vivo therapeutic 
outcomes of the system. Prior to this, the pharmacokinetics and bio-
logical distribution of TL and THL were measured by HPLC method 
(Fig. 4A and B). THL has longer blood circulation time and better tumor 
targeting than TL. Then, we investigated the changes in adipose tissue 
after CE treatment. Brown adipose tissue (BAT) was dissected and 
stained with Uncoupling protein 1 (UCP1) after CE treatment. UCP1 is a 
mitochondrial carrier protein located in the inner membrane of mito-
chondria and a key protein in non-shivering thermogenesis (NST) [46]. 
The results indicated an increased UCP1 expression in BAT, suggesting 
an increased heat production in BAT (Fig. 4c and D). In warm envi-
ronments, the main function of white adipose tissue (WAT) is to store 
energy and expand and contract according to metabolic conditions [47]. 
Under environmental stimuli, WAT undergoes phenotype and metabolic 
reprogramming to become brown like tissue [46]. The BAT in the 
xenograft tumour-bearing mice exhibited highly dense structures under 
CE, which appeared as smaller multilocular structures (Fig. 4E), a 
typical morphological phenotype for BAT activation. Glucose-tolerance 
tests showed a quick glucose clearance under cold exposure in the 
xenograft tumour models (Fig. S8). These experiments demonstrated 
that cold exposure significantly decreases blood glucose levels in 
tumour-bearing mice. The ATP content in BAT significantly increased 
(Fig. S9).

Next, we conducted an anti-tumor study of THL. We found through 
preliminary experiments that the optimal treatment combination was 
TTMN dose of 5 mg/kg and CE treatment time from day 0 to day 5 
(Figs. S10A and S10B). Moreover, injection of 4T1 cells derived exo-
somes (EXO) or THL alone had no inhibitory effect on tumor growth, and 
there was no significant difference in tumor infiltration of CD8+ T cells 
(Figs. S10C and S10D). These results indicated that there is no potential 
immune response for EXO or THL alone. As shown in Fig. 5A, we 
inoculated 4T1 cells into the right leg of mice as the primary tumor. 
When the tumor on the right side reached about 100 mm3, the mice were 
randomly divided into 5 groups (5 in each group) and subjected to the 
following treatments at a specified time: (1) PBS + L; (2) CE; (3) THL +
L; (4) TL + L + CE; (5) THL + L + CE. The environmental temperature 
for CE treatment is 4 ◦C, and mice that have not been treated with CE are 
placed at 25 ◦C. After the end of treatment on the 5th day, 4T1 cells were 
implanted on the opposite side as distal tumors. Another group of mice 
were euthanized on the 8th day and the glucose, ATP and GSH contents 
in the tumor tissues of each group of mice were measured (Fig. 5B and C 
and S11).The results showed a partial decrease in glucose and GSH 
content in the tumor tissue of the CE group, which most intuitively 
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Fig. 2. In vitro anti-tumor evaluation. (A) Fluorescence images of ROS generation in normoxic 4T1 cells pretreated with indicated formulations, and (B) the cor-
responding 2.5D images of different DCFH-DA (DCF) intensities appearing in Fig. 2A (measured by Zen software). LG: low-glucose treatment. L: 0.01 W/cm2, 5 min. 
The TTMN concentration was 30 μg/mL. (C) Fluorescence image of ROS generation in hypoxic 4T1 cells pretreated with indicated formulations, and (D) the cor-
responding 2.5D images of different DCFH-DA (DCF) intensities appearing in Fig. 2C (measured by Zen software). L: 0.01 W/cm2, 5 min. The concentration of TTMN 
is 0.03 mg/mL. (E) Intracellular ATP and (F) GSH levels after indicated therapy. The concentration of TTMN is 0.03 mg/mL. (G) Cell viability of 4T1 cells after 
different treatments (n = 3). L: 0.01 W/cm2, 5 min. The concentration of TTMN is 0.03 mg/mL. (H) Cell viability of 4T1 cells after THL + L treatments with different 
TTMN concentration (n = 3). L: 0.01 W/cm2, 5 min. (I) Annexin V/PI assy by flow cytometry after various treatments in 4T1 cells. The concentration of TTMN is 0.03 
mg/mL. Statistical significance was calculated via one-way ANOVA with Tukey’s test: **p < 0.01, ***p < 0.001.

Z. Chen et al.                                                                                                                                                                                                                                    Materials Today Bio 28 (2024) 101217 

5 



demonstrated the effect of CE on glucose in tumor tissue. The glucose 
concentration and GSH content in the THL + L + CE group significantly 
decreased, possibly due to further exacerbation of cell metabolism in-
hibition caused by photodynamic therapy. In addition, the production of 
ROS in tumor tissue was shown in Fig. S12. THL mediated type I PDT 
combined with CE had the strongest DCF fluorescence, indicating that 
the THL system induced ROS generation in vivo. The primary and distant 
tumors in the PBS + L group produced rapidly, and on the 21st day after 
treatment, the tumor volume expanded to 843.6 mm3 and 332.6 mm3, 
respectively (Fig. 5D and E). As shown in Fig. 5F and Fig. S13, the TL + L 
+ CE group had an inhibitory effect on the growth of both primary and 
distance tumors. It was worth noting that TL + L + CE cannot target 
tumor cells, which greatly limited its anti-tumor effect in tumor tissue. 
In addition, we also monitored the survival rate of mice. The PBS + L 
group, CE group, TL + L + CE group, and THL + L group mice all died 
within 60 days (Fig. 5G), while the THL + L + CE group extended the 
lifespan of mice, achieving a survival rate of 80 % at 60 days, demon-
strating good therapeutic effects.

To further evaluated the induction of tumor tissue ICD and DCs 
maturation by the THL + L + CE group, we collected mouse tumor tis-
sue. The results of tumor immunofluorescence staining analysis showed 

that the THL + L + CE group had the highest proportion of CRT 
expression (Fig. 5H). The DCs in the lymph node and primary tumors 
were co-stained with CD80 and CD86 antibodies, and the proportion of 
mature DCs was detected using flow cytometry. Consistent with previ-
ous in vitro experimental results, the proportion of mature DCs in the 
THL + L + CE group was higher than that in the THL + L group 
(Fig. 5I–S14 and S15). The HE staining results showed significant 
damage to the distal tumor tissue treated with THL + L + CE group 
(Fig. 5J). Since no direct treatment was performed on the distal tumor, 
the damage to the distal tumor tissue largely represented the immune 
system’s killing effect on the tumor tissue. Enzyme-linked immunosor-
bent assay (ELISA) was used to determine the concentration of cytokines 
in serum and evaluate the systemic immune response. Compared with 
TL + L + CE group and THL + L, the THL + L + CE treatment sustainably 
promoted TNF- α and IFN- γ secretion (Fig. 5K and L). In addition, tissue 
immunofluorescence showed an increase in CD8+T lymphocyte infil-
tration in the distant tumor tissues of mice treated with THL + L + CE 
group (Fig. 5M). These results indicated that THL + L + CE treatment 
effectively promoted the infiltration and killing of CD8+T lymphocytes. 
Further detection of CD4+ and CD8+T lymphocyte ratio in distant tumor 
tissue using flow cytometry revealed that the THL + L + CE group had a 

Fig. 3. Inducing immunogenic cell death (ICD) in vitro. (A) Fluorescence images of calreticulin (CRT) in 4T1 cells treated with indicated formulations, and the 
corresponding 2.5D images of different CRT intensities appearing in Fig. 3A (measured by Zen software). LG: low-glucose treatment. L: 0.01 W/cm2, 5 min. The 
TTMN concentration was 30 μg/mL. (B) The corresponding CRT fluorescence intensity in Fig. 3A (measured by FlowJo software). (C) Immunofluorescence staining 
(Red: HMGB1, Blue: DAPI) in 4T1 cells after various treatments. (D) Quantitative examination of released HMGB1 from 4T1 cells after various treatments (n = 3). (E) 
Matured DCs (CD80+CD86+) measured by flow cytometry and (F) quantitative analysis (n = 3). Data are shown as the mean ± SD. The concentration of TTMN in 
above experiments is 0.03 mg/mL. Statistical significance was calculated via one-way ANOVA with Tukey’s test: ***p < 0.001.
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CD8+T lymphocyte ratio of 28.1 % in distant tumors, which was higher 
than the THL + L group (19.8 %; Fig. 5N and O). During the treatment 
cycle, the weight of mice steadily increased (as shown in Fig. S16), and 
there was no significant damage to liver and kidney function and organs 
in the experimental and control groups of mice (as shown in Figs. S17 
and S18), indicating that the treatment system has good biosafety.

2.5. In vivo anti-tumor recurrence and rechallenge

The immune memory effect is one of the important mechanisms for 
inhibiting tumor recurrence and treatment [48]. To investigate the 
anti-tumor immune memory effect induced by THL + L + CE, we 
established another mouse model. After the treatment group mentioned 
above, the primary tumor on the right side of the mice was removed, and 
4T1 cells were re inoculated into the left hind leg (Fig. 6A). As shown in 
Fig. 6B, the THL + L + CE group of mice still had the longest survival 
time in this model. The results of tumor volume monitoring (Fig. 6C, D 
and 6G) showed that the PBS + L group of mice experienced rapid tumor 
recurrence, while the THL + L + CE group of mice showed an inhibition 

of tumor recurrence rate. As shown in Fig. 6E and S6, after treatment, 
the tumor weight in the THL + L + CE group significantly decreased. 
After tumor surgery, memory T cells can survive for a long time and 
differentiate and proliferate into killer T cells under the stimulation of 
new tumor antigens [5]. To evaluate the long-term anti-tumor effect, we 
investigated the proportion of central memory T cells (TCM) in the pe-
ripheral blood of mice in each treatment group. As shown in Fig. 6F and 
H, the proportion of TCM in the blood after THL + L + CE treatment was 
about 1.88 times that of the THL + L group and 1.73 times that of the TL 
+ L + CE group. Tissue fluorescence slice analysis showed that after 
THL + L + CE treatment, the infiltration of CD8+T cells (represented by 
green fluorescence) increased in rechallenged tumor tissue (Fig. 6I). This 
indicated that THL + L + CE triggered a strong immune memory 
response. In summary, we have cleverly designed an anti-tumor system 
that combines CE. And achieved good therapeutic effects in vivo. THL 
mediated type I PDT combined with CE can effectively stimulate tumor 
immunity, promote the maturation of lymph node dendritic cells and the 
infiltration of T lymphocytes. In addition, it effectively inhibited post-
operative tumor stimulation and recurrence in mice receiving THL + L 

Fig. 4. Tumor targeting and BAT analysis in vivo. (A) In vivo pharmacokinetic profile of indicated treatment. The dose of TTMN was 5 mg/kg. (B) Biodistribution 
profile of THL and TL in the main organs and tumor tissues at 12-h post-injection. The dose of TTMN was 5 mg/kg. (C) Immunofluorescence staining of BAT for UCP1 
and perilipin, followed by counterstaining with DAPI (blue) in 4T1 tumor-bearing mice under the 25 ◦C (PBS + L) and 4 ◦C (CE) conditions. (D) Western blot was 
used to detect the expression of UCP1 expression in BAT after different treatments. (E) H&E histological staining of BAT after different treatments. Statistical sig-
nificance was calculated via one-way ANOVA with Tukey’s test: **p < 0.01.
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+ CE. This system has laid a theoretical foundation for clinical appli-
cation and has great potential for clinical application.

3. Conclusions

In summary, a biomimetic aggregation induced emission photosen-
sitizer system called THL has been successfully prepared. Surprisingly, 
the homologous targeting ability of THL enabled it to be specifically 
delivered to tumor tissue and internalized by tumor cells after intrave-
nous injection. Subsequently, under laser irradiation, type I and type II 

PDT were activated, which had cytotoxic effects on cancer cells. In 
addition, combined with CE therapy, it not only inhibited glucose up-
take by tumor cells and reduced ATP production cancer cells, but also 
consumed glutathione in tumor cells, thereby enhancing THL mediated 
PDT and reactive oxygen species (ROS) production. The experimental 
results indicated that this combination therapy increases the production 
of ROS within the tumor, inhibits the growth of distant, recurrent, and 
rechallenged tumors, and increases the number of cytotoxic CD8+T and 
memory T cells. Compared with PDT alone, combination therapy has 
shown greater advantages in tumor immunotherapy. This combination 

Fig. 5. (A) Schematic illustration of the studies of 4T1 tumor therapy. (B) Detection of glucose and (C) GSH levels in tumors after different treatments. (D) Growth 
profile of the primary and (E) distant tumor volume after various treatments. (F) Tumor weight of primary and distant tumors. (G) Survival curves after treatment. 
(H) CRT, staining analyses of primary tumor tissues treated with various treatments. (I) Flow cytometry analysis of treatment-induced dendritic cell maturation in the 
lymph nodes. (J) HE staining analyses of distant tumor tissues treated with various treatments. (K) ELISA analysis of the levels of proinflammatory cytokines IFN-γ 
and (L) TNF-⍺ in serum of mice isolated at the end of treatments (n = 5). (M) Immunofluorescence staining of CD8 (green) from distant tumors in different treatment 
groups. (N) Quantitative analysis and (O) Flow cytometry analysis of CD4+ CD8+ T lymphocytes in distant tumors. The TTMN and EXO protein dosage used in above 
experimental is 5 mg/kg. Data are shown as the mean ± SD. Statistical significance was calculated via one-way ANOVA with Tukey’s test: **p < 0.01, ***p < 0.001.
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Fig. 6. (A)Schematic illustration of the studies of 4T1 tumor rechallenge and recurrence. (B) Survival curves after treatment. (C) Recurrence of 4T1 tumor growth (n 
= 5). (D) Rechallenge of 4T1 tumor growth (n = 5). (E) The tumor weight of mice was recorded for various treatments (n = 5). (F) Quantitative statistics of 
proportion of central memory T cells (TCM cells; CD62L + CD44+) in blood on day 21 after the treatment (n = 5). (G) Growth curve of rechallenge tumor in each 
mouse. (H) Proportion of central memory T cells (TCM cells; CD62L + CD44+) in blood on day 21 after the treatment measured by flow cytometry. (I) Immuno-
fluorescence staining analyses of CD8+ T cells and the corresponding 2.5D images (measured by Zen software) in rechallenged tumor tissues treated with various 
treatments. The TTMN and EXO protein dosage used in above experimental is 5 mg/kg. Data are shown as the mean ± SD. Statistical significance was calculated via 
one-way ANOVA with Tukey’s test: ***p < 0.001.
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therapy strategy provided new possibilities for advancing clinical cancer 
immunotherapy.

In the future, we will further explore the anti-tumor effects of CE 
combined with traditional radiotherapy and chemotherapy. In addition, 
a temperature of 4 ◦C still has high requirements for clinical treatment 
and may cause discomfort to patients. Therefore, we will focus on 
solving the key issue of how to increase the temperature limit of CE 
therapy to achieve therapeutic effects while reducing side effects.
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