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Background: A successful immune response against tumors depends on various cellular processes. Hence, there is an urgent need to 
construct a proficient nanoplatform for immunotherapy that can concurrently regulate the activities of various cells participating in the 
immune process. We have developed zeolitic imidazolate framework-8 (ZIF-8) formula, with good pH sensitivity, which is conducive 
to the release of drugs in the tumor site (acidic environment) and significantly improves immunotherapy. This is achieved through the 
coordinated action of different therapeutic agents, such as the photothermal agent polydopamine (PDA), the chemodrug camptothecin 
(CPT), and the immunomodulator 1-methyl-D-tryptophan (1-MT).
Materials and Methods: In this study, we evaluated the antitumor effect of PDA/(CPT + 1-MT) @ZIF-8 (PCMZ) nanoparticles 
(NPs) in vitro and in vivo and investigated the molecular mechanism of PCMZ NPs in tumor suppression via photothermal-chemo- 
immunotherapy.
Results: MTT and Annexin V-FITC/PI double staining apoptosis test showed that PCMZ NPs could induce apoptosis of 4T1 cell, and 
PCMZ NPs could cause 4T1 cell necrosis under 808 nm laser irradiation. The objective is to establish a unilateral breast cancer model 
in mice and investigate the effect of PCMZ NPs on tumor growth and tumor suppression in tumor bearing mice. The results showed 
that PCMZ NPs showed good heating effect in vivo and effectively inhibited tumor growth under 808 nm laser irradiation. In addition, 
PCMZ NPs could induce the immunogenic death of tumor cells, promote the maturation of DCs, inhibit IDO pathway, and finally 
differentiate T cells into cytotoxic T cells and helper T cells, so as to effectively activate the anti-tumor immune response.
Conclusion: The PCMZ NPs, possessing good photothermal conversion capabilities due to join of PDA, effectively overcome two 
main challenges in immunotherapy: insufficient stimulation of the immune response and evasion of the immune system. This provides 
a robust platform against invasive cancer and recurrent tumors.
Keywords: zeolitic imidazolate framework-8, photothermal agent polydopamine, 1-methyl-D-tryptophan, photoluminescence, 
camptothecin

Introduction
Over the past few years, there has been a rise in the use of antitumor immunotherapy, which involves stimulating the 
body’s natural immune response, as a potential treatment for tumors.1 Immunotherapy was anticipated to achieve 
comprehensive antitumor effects throughout the body, inhibiting abscopal tumors that are difficult to access with local 
treatments. Additionally, it was expected to establish robust immunological memory to combat rechallenged tumors 
following the eradication of primary tumors.2 Nevertheless, the intricate antitumor immune reaction encompassed 
various cells, leading to the unsatisfactory outcome of clinical immunotherapy.3,4 DCs are carried out around the immune 
cells.5 During the maturation process, DCs move from the outer tissues where they come into contact with the antigen to 
the secondary lymphoid organs. There, they interact with T cells and trigger an immune response.6 As the most powerful 
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APC found so far, DCs can induce the production of specific cytotoxic T lymphocytes.7 Tumors’ occurrence and 
development are closely linked to DCs.8

Nevertheless, these mechanisms proved insufficient in controlling every aspect of the immune process required to 
trigger a robust cellular immune response against tumors. Numerous published works have attempted to combine various 
therapeutic substances within a framework in order to amplify the immune response against tumors. However, the 
designated function of each element in these compositions has not been optimized for an appropriate location, resulting 
in a significant decrease in their respective therapeutic effectiveness. The initiation of the body’s antitumor immunity was 
anticipated through the release of damage-associated molecular patterns (DAMPs) and the production of tumor- 
associated antigens (TAAs) during the process of immunogenic cell death (ICD) in tumor cells.9 DCs, the most proficient 
cells for presenting antigens, have the capability to internalize, process, and display antigens, thus initiating an immune 
response that leads to the subsequent generation of a powerful antitumor T cell response.10,11 Hence, the crucial factor in 
triggering effective immunity was the strategic focus on nanoplatform design.

Photothermal therapy (PTT) is an innovative approach to combat tumors by efficiently eliminating cancer cells 
through the emission of thermal energy, along with the release of DAMPs and TAAs from the remnants of tumor 
cells.12,13 In comparison to conventional subunit vaccines, the immunogenicity of cell residues after thermal ablation is 
enhanced. This enhanced immunogenicity fully triggers the immune response, leading to the development of antitumor 
antigen-specific immunity. Additionally, it can conquer the significant heterogeneity of tumors by releasing endogenous 
specific antigens.14 In addition to insufficient antigen-specific activation, the clinical efficacy of immunotherapy is also 
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limited by the evolution of immune evasion caused by the tumor immunosuppressive microenvironment.15,16 

Indoleamine 2,3-dioxygenase (IDO), a modulatory enzyme mainly found in DCs, metabolizes tryptophan into kynur-
enine, resulting in the depletion of tryptophan and the elevation of immunosuppressive kynurenine.17,18 To boost T-cell- 
mediated antitumor immunity and prevent immune evasion, 1-MT, widely recognized as the commonly employed IDO 
inhibitor.19–21

PDA is a favorable photothermal agent with good water solubility and biocompatibility. ZIF-8 NPs is a subtype of 
MOFs, a highly promising carrier, can use zinc ions and 2-methyl imidazole synthetic. With the advantages of good 
dispersion, large specific surface area, high porosity, and easy synthesis, ZIF-8 nanoparticles have been widely used in 
drug delivery, antibacterial therapy, and other fields.22 Herein, we used ZIF-8 NPs with pH-sensitivity produced PDA/ 
(1-MT+CPT) @ZIF-8 (PCMZ). The characterization of PCMZ NPs were measured by XRD, FTIR, TEM and DLS. The 
cytotoxicity and acute toxicity on mice were also measured. After that, anti-tumor activity was measured both in vivo and 
in vitro. Our formula, combination of PTT and immunotherapy, has the potential to eliminate not only the primary tumors 
but also hinder the growth of abscopal tumors. Additionally, it offers protection to the treated mice against the formation 
of rechallenged tumors.

Methods
Materials
Sinopharm Chemical Reagent Co., Ltd (Beijing, China) provided Zn(NO3)2·6H2O, 2-methylimidazole, and eosin. CPT, 
PDA, 1-MT, and kynurenine were obtained from Sigma-Aldrich located in Saint Louis, USA. Thermo Fisher Scientific 
(Waltham, USA) provided Dulbecco’s modified eagle medium (DMEM), fetal bovine serum (FBS), and trypsin. The 
Annexin V-FITC kit, ROS assay kit, and DAPI were acquired from Beyotime Biotechnology Co., Ltd located in 
Shanghai, China. The Hematoxylin, HMGB1 kit, and ATP kit were acquired from Solarbio Biotechnology Co., Ltd 
located in Beijing, China. Abcam (Cambridge, MA, USA) was the source of the purchased antibodies for CAT, CD11c- 
FITC, CD80-APC, CD86-PE, CD8-PR, CD4-FITC, and CD3-APC proteins.

Vital River Laboratories (Beijing, China) supplied female BALB/c mice (6–8 weeks old), C57BL/6 mice (6–8 weeks 
old), and New Zealand rabbits (1-month old). The 4T1 and Vero cell lines were purchased Shanghai Gaining 
Biotechnology Co., Ltd (Shanghai, China) (Supplementary Materials).

Characterization of NPs
The morphology of NPs was examined using TEM (HT7700, Hitachi, Japan). The hydrodynamic particle size distribu-
tion and zeta potential of the NPs were determined using a Zetasizer (ZS90; Malvern Panalytical, Malvern, UK). The 
functional groups of NPs were characterized using a Fourier-transform infrared spectrometer (Excalibur HE 3100, 
Varian, USA). The crystal structure of the prepared nanoparticles was detected by X-ray diffraction (XRD). Cu Kα 
rays were used with a detection range of 5–50°.

Cell Culture
The culture medium for cells consisted of DMEM, 10% FBS, and antibiotics (100 U/mL penicillin and 100 μg/mL 
streptomycin). Cells were cultured at 37 °C using an incubator containing 5% CO2. Prior to utilizing cells, they were 
collected through trypsinization and subsequently reconstituted in a new solution.

In vitro Drug Release
The flask was filled with 10 mg of PCMZ NPs suspended in PBS buffer (pH 7.4, 6.5, and 5.6) supplemented with 
5% v/v DMSO. Samples were collected by centrifuging at regular intervals and collecting the resulting super-
natants. The absorbance of supernatants at 366 nm and 287 nm (Different concentrations of CPT solution and 1-MT 
solution (methanol as solvent) were precisely prepared, and their absorption profiles at 200–800 nm were measured. 
The standard curves of the two drugs were plotted.) was measured to estimate the release of CPT and 1-MT, 
respectively.
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Cellular Uptake and Location
The 24-well plates were applied to culture 4T1 cells. Then, the FITC encapsulated PCMZ at various concentrations were 
introduced into the plates for 4 h incubation. Then, the cells were washed with PBS twice and were fixed by 1% 
glutaraldehyde and 10% formaldehyde for 0.5 h. Fluorescence imaging was performed with a fluorescence microscope to 
monitor the cellular uptake of the NPs. The cell membrane imaging was performed with the DID. Briefly, after the cell 
incubation with PCMZ NPs for indicated time (0.5 h, 1 h, 2 h, and 4 h), the cells were washed twice with PBS and treated 
with DID for 30 min for lysosome staining.

Photothermal Effects in vitro
To investigate the photothermal effects of PCMZ NPs in a laboratory setting, we exposed NPs with varying concentra-
tions (0, 100, 200, 300, 400, 500 μg/mL) to 808 nm near-infrared light for a duration of 5 minutes at an intensity of 1W/ 
cm2. The solution’s temperature was analyzed and thermal images were captured using a thermal imager during the 
irradiation process.

In vitro Antitumor Study
4T1 cells were spread on 6-well plates at the concentration of 106 cells/well for 24 h, after which the medium was 
discarded, the medium containing NPs was added for a certain period of time, and the medium containing NPs was 
discarded and replaced with fresh maintenance medium. The cells were irradiated with 808 nm laser light at a power of 1 
W/cm2 for 3 min. The laser-treated cells were stained using Annexin V-FITC/PI double staining apoptosis detection kit, 
and the nuclei were labeled with DAPI and photographed under an inverted fluorescence microscope. In addition, the 
treated cells were washed and digested and re-hung in the buffer according to the kit instructions. Annexin V-FITC and 
PI staining were performed, respectively. After incubation, the cells were analyzed by flow cytometry.

Immunogenic Cell Death (ICD)
In order to investigate the PTT-induced ICD of 4T1 cells, we analyzed the in vitro expression of CRT, HMGB1, and ATP. 
In order to examine the presence of CRT on the surface of cells, 4T1 cells were placed in six-well microplates at a density 
of 3 × 105 cells per well and left to grow overnight. The following day, ZIF-8, CMZ, and PCMZ were administered to the 
cells. After one hour, the medium was substituted with a new maintenance medium, subsequently accompanied by the 
application or omission of an extra laser exposure at 808 nm (1 W/cm2, 3 min). After applying various treatments, the 
cells were rinsed with PBS and then subjected to staining with Hoechst 33342. Next, the cells were immobilized using 
a fixative solution for 10 minutes at ambient temperature in preparation for the following staining with anti-CRT antibody 
and secondary antibody labeled with Alexa Fluor 488. In the end, a microscope was utilized to observe and capture 
images. Furthermore, the levels of HMGB1 and ATP in the supernatant were assessed following the guidelines provided 
with the kit.

In vitro DC Stimulation Experiments
BMDCs were derived from the bone marrow of C57BL/6 mice using previously described techniques and subsequently 
stained with anti-CD11c-FITC antibodies. Cells expressing CD11c were incubated with PCMZ and 1-MT for a duration 
of 24 hours. The concentration of 1-MT remained constant in all formulations. Following the incubation period, the cells 
were gathered and subjected to staining using antibodies against CD80-APC and CD86-PE. Flow cytometry was used to 
analyze cells that had been stained.

Cultured CD11C-positive cells were spread in the lower part of transwell chamber, and 4T1 tumor cells were spread 
in the upper part of transwell chamber. Culture medium containing 1-MT and PCMZ NPs was added for 1 h and then 
replaced with fresh maintenance medium. 4T1 cells were stimulated for 3 min by laser irradiation with the excitation 
wavelength of 808 nm and the power of 1 W/cm2. Following 24 hours of uninterrupted cultivation, the culture medium 
was discarded, and subsequently, the underlying DCs were collected and purified using PBS. Fluorescent antibodies 
labeled cells were added and analyzed by flow cytometry.
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Detection of IDO Activity on a Cellular Level
A previously described method, with minor modifications, was used to detect the inhibitory effects of 1-MT on the IDO 
pathway.23 4T1 cells were incubated onto 96-well dishes for one night. The next day, the cells were placed in a new 
solution with a certain concentration of L-tryptophan, interferon-γ, and with varying amounts of 1-MT (2, 5, 10, 20μg/ 
mL). After 72 hours, 140 μL of the medium’s supernatants were collected and subsequently mixed with 15 μL of 30% 
trichloroacetic acid at a temperature of 50 °C for 30 minutes to precipitate proteins. Following that, centrifugal force was 
utilized to eliminate precipitation. A volume of 100 μL of the supernatant was moved to a separate 96-well plate and 
combined with a 100 μL solution of acetic acid containing p-dimethylaminobenzaldehyde. Using a microplate reader, the 
absorbance at 480 nm was determined, and after constructing a standard curve for kyn, the concentration was calculated.

Antitumor Capacity in vivo Study
In order to assess the effectiveness of mixture against tumors, we injected 4T1 cells into the armpit of the right forelimb 
of BALB/c mice, resulting in the development of tumor-bearing mice. The mice with the tumor volume about 50– 
100 mm3 were divided into four groups in a random manner. Subsequently, they were administered various samples 
through intravenous injection, including (1) saline; (2) CPT; (3) CMZ; (4) PCMZ (CPT (1 mg/kg) and 1-MT (1 mg/kg)). 
Following the administration, the groups of mice with tumors were subjected to an extra laser exposure of 808 nm after 
24 hours of injection (1 W/cm2, 5 min). While being exposed to radiation, a thermal imager captured infrared thermal 
images of mice with tumors. Every other day, tumor volume and body weight of each mouse were measured to calculate 
tumor inhibition ratio. The formula for calculating tumor volume is L multiplied by the square of W divided by 2. 
L refers to the longest diameter of tumors and W refers to the shortest diameter of tumors. The tumor inhibition ratio can 
be calculated by subtracting Wt from Wc, dividing the result by Wc, and then multiplying by 100%. The tumor weights 
of mice in the control group and the tumor weights of mice in the treated group are represented by Wc and Wt, 
respectively. Mice were sacrificed after 21 days. For histopathological assessment, tumors and major organs were 
separated, preserved in 10% formalin solution, and did H&E staining.

Abscopal Antitumor Effects
Mice with tumors on both sides were created by injecting 4T1 cells under the skin of the right armpit and then injecting 
4T1 cells under the skin of the left armpit after 3 days. When the volumes of primary tumors reached 100 mm3, mice 
were randomly divided into five groups, and then every 3 days treated with mixtures: (1) saline; (2) 1-MT; (3) CMZ; (4) 
PCMZ (CPT (1 mg/kg) and 1-MT (1 mg/kg)). At 6 h post-injection, the primary tumors in all groups were exposed to 
additional laser irradiation. Every 2 days, the sizes of initial tumors and distant tumors, along with the weights, were 
documented. After a period of 21 days, the mice were euthanized. Flow cytometry was used to analyze the CD3+/CD8+ 

T cells, CD3+/CD4+ T cells, and Tregs after collecting and homogenizing the spleens into single-cell suspension and 
staining them with corresponding antibodies.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism 8.0 software. Data were analyzed by the two-sided t test. The 
levels of statistical significance are denoted as *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

Results and Discussion
Characterization of PCMZ
Both CPT and 1-MT were loaded in ZIF-8 NPs by “one pot” method like previous work.22 Figure S1 showed the 
coordination modification of PDA on the surface of (CPT + 1-MT) @ ZIF-8 NPs, resulting in the formation of PDA/ 
(CPT + 1-MT) @ ZIF-8 nanoparticles. Figure 1A illustrates the measurement of zeta potential for ZIF-8, (CPT+1-MT) 
@ZIF-8, and PDA/(CPT+1-MT) @ZIF-8. The zeta potential of ZIF-8 was determined to be 21.9 ± 4.65 mV, while (CPT 
+1-MT) @ZIF-8 exhibited a zeta potential of 19.6 ± 6.61 mV. On the other hand, PDA/(CPT+1-MT) @ZIF-8 displayed 
a zeta potential of −23.4 ± 4.83 mV. Due to the existence of loading with drug, part of drug was adsorbed on the surface 
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through strong adsorption, and the potential after loading was lower than that of simple ZIF-8 NPs. The zeta potential of 
PDA modified NPs turned negative. The findings suggested that the negative charge exhibited increased stability and 
reduced biological toxicity following the successful modification of PDA and the NPs. The hydrated particle sizes of 
CMZ NPs and PCMZ NPs were 128.4 nm (polydispersity index = 0.126) and 132.6 nm (polydispersity index = 0.101), 
respectively (Figure 1B–C). The sizes did not vary significantly, and both CMZ NPs and PCMZ NPs exhibited the 
distinct hexahedral structure with well-defined edges and corners observed through TEM. This indicated that the 
morphology of ZIF-8 NPs remained unaffected by the modification of PDA, showing no significant impact. The CMZ 
NPs and PCMZ NPs acquired were effectively dispersed in water, remaining stable without any noticeable precipitation 
at 4 °C in darkness for a duration of 1 week (Figure 1D). Furthermore, the powder X-ray diffraction (XRD) technique 
was employed to assess the crystal structure of NPs. The peaks observed in Figure 1E for the synthesized ZIF-8 NPs and 
CMZ matched those of the standard ZIF-8, indicating that the synthesized particles possessed an identical crystal 
structure to the standard ZIF-8. While the PCMZ had no obvious peak due to the modification of PDA, it further 
confirmed the successful modification of PDA. The FTIR spectra of 1-MT, CPT, ZIF-8 NPs, CMZ and PCMZ are shown 
in Figure 1F; the PCMZ and CMZ had both absorption peaks of 1-MT, CPT and ZIF-8 NPS, which means the successful 
synthesized of PCMZ NPs as designed.

Figure 1G-H demonstrates that the CPT and 1-MT exhibited the highest absorption within the range of 200–400 nm. 
Consequently, a standard curve was constructed through linear regression analysis, utilizing drug concentration as the 

Figure 1 (A) The zeta potential of NPs, the TEM images and hydrodynamic size of (B) CMZ and (C) PCMZ, (D) The pictures of NPs on 0 day (left) and 7 days (right), ZIF-8, 
CMZ and PCMZ NPs respectively, (E) XRD and (F) FTIR spectra of NPs, (G) Ultraviolet-visible absorption spectra of 1-MT, (H) Ultraviolet-visible absorption spectra of 
CPT, (I) Drug release of PDA/(CPT+1-MT) @ZIF-8 NPs in different pH (5.6, 6.5 and 7.4).
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x-axis and the absorbance at 280 nm for 1-MT and 360 nm for CPT as the y-axis. The standard of 1-MT and CPT was 
obtained (1-MT: y = 0.02634x - 0.00467, R2 = 0.99639, CPT: y = 0.05056x - 0.057, R2 = 0.9915). The measured 
quantity was the total volume of the solution obtained after the NPs process. The measurement of the UV absorbance of 
the liquid above was conducted. After replacing the data in the regression equation of the standard curve, the 
concentration of drugs in the supernatant was computed. The formula was used to calculate the entrapment efficiency 
(EE) and drug loading (DL). The EE of PCMZ NPs were 83.42% for 1-MT and 86.77% for CPT, respectively, which was 
similar to the drug encapsulation rate of previous studies.24 The ZIF-8 NPs were regarded as the most promising drug 
carriers due to its excellent performance of pH-sensitivity. The drug release of different pH of PCMZ NPs were measured 
and 5.6, 6.5 and 7.4 of pH were elected. According to the illustration in Figure 1I, the initial 12 hours witnessed a swift 
drug release, which subsequently transitioned into a more consistent pattern. The drug release of 6.5 and 7.4 was 
basically the same, while a significant growth appeared of 5.6. This indicated a large release of drugs at tumor sites 
(acidic environment) and small release of drug at normal sites (neutral environment).

The Toxicity of PCMZ
The cell viability results were shown in Figure S2A. From the concentration of 0–200 μg/mL, only very low concentra-
tion (1.5625 μg/mL), the cell viabilities of ZIF-8, CMZ were up to 80%. However, after modification of PDA, even at the 
concentration of 200 μg/mL, the NPs also showed excellent cytocompatibility. The findings suggest that PCMZ NPs 
exhibit favorable biocompatibility when used as materials for drug delivery. The ROS produced by cells was further 
detected. DCFH was used to be a marker of ROS. In Figure S2B, blue fluorescence represents living cells, green 
fluorescence represents the production of ROS. There was no green fluorescence signal of the control group and PDA/ 
(1-MT+CPT) @ZIF-8 group, while there was different strength of green fluorescent signal of the two groups treated with 
irradiation. This indicated that PDA/(1-MT+CPT) @ZIF-8 alone could not induce ROS production. As shown in Figure 
S2C, Triton-X 100 was set as positive group and normal saline was set as negative group, and the hemolysis of ZIF-8, 
CMZ and PCMZ was measured. At the concentration of 200 μg/mL and below, all NPs showed no hemolysis (<5%), and 
when 250 μg/mL, PCMZ still showed no hemolysis, but the hemolysis rates of ZIF-8 and CMZ were more than 5%. 
Overall, PCMZ has good hemolytic safety to meet the requirements of hemolysis testing.

In a previous report, the toxicity of ZIF-8 NPs was investigated, and the target organs of toxicity were liver and 
lung.25 Therefore, the toxicity of PCMZ was further studied in vivo. All mice in the experimental group showed no 
abnormal performance. Pathological sections of main organs showed no obvious lesions (Figure S2D), which showed the 
modification of PDA reduced ZIF-8 toxicity.

The Photothermal Performance of PCMZ in vitro
The photo-sensitivity of the PCMZ NPs was confirmed by irradiated with 808 nm laser with an intensity of 1 W/cm2. 
The correlation of temperature rise with concentration and time was verified. Figure 2A–B displays the temperature trend 
of PCMZ NPs. The control group consisted of pure water (ΔT = 1.1°C). Under irradiation, at a concentration of 500 μg/ 
mL, the temperature rose to 62.3°C within 15 minutes (ΔT = 37.3°C). At the beginning of irradiation, the temperature 
raised rapidly and tended to be stable at about 8 min. Once removed the irradiation, the temperature decreased rapidly, 
the irradiation continued to provide, and the temperature repeated to high (Figure 2C). The fluorescence spectrum of ZIF- 
8, CMZ, and PCMZ is displayed in Figure 2D. Among them, only PCMZ NPs exhibited a significant absorption within 
the 600–850 nm range, which falls within the “phototherapy window”. These findings suggest that PCMZ NPs possessed 
excellent photothermal capabilities, primarily attributed to PDA.

Cellular Uptake Behavior and the Effects on Apoptosis of 4T1 Cells
The PCMZ-FITC was synthesized to measure the cellular uptake. DID and DAPI staining were used to label the cells, 
and the green fluorescent signal of FITC was used to be a marker of NPs. The green fluorescence signal appeared at 30 
min and reached the maximum at 1h, gradually attenuated in the following 4h (Figure 3). To identify the deceased and 
viable cells, the Annexin-V-FITC/PI dual-staining method was employed. As shown in Figure 4A, Q4 means the living 
cells, Q3 means the early apoptotic cells, Q2 means the advanced apoptotic cells, and Q1 means the necrotic cells. The 
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Figure 2 (A) The optical photographs and (B) thermal image of PDA/(CPT+1-MT) @ZIF-8 NPs at different concentrations in water after 808nm laser irradiation, (C) The 
temperature variations of PDA/(CPT+1-MT) @ZIF-8 NPs at 200 μg/mL under 808 nm laser irradiation for 4 cycles, (D) Ultraviolet-visible absorption spectra of ZIF-8, (CPT 
+1-MT) @ZIF-8 NPs and PDA/(CPT+1-MT) @ZIF-8 NPs.

Figure 3 The cellular uptake capacity of PDA/(CPT+1-MT) @ZIF-8.
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application of PCMZ resulted in an increase in apoptotic cells compared to the control group, as did the control group 
that underwent irradiation treatment. Meanwhile, the cell treated with both PCMZ and irradiation showed a large number 
of necrotic cells. To identify the deceased and viable cells, the Annexin-V-FITC/PI dual-staining technique was 
employed. Figure 4B–C displays the findings. Blue staining indicated living cells, green staining indicated early 
apoptotic cells, both green and red staining indicated advanced apoptotic cells, and red staining indicated necrotic 
cells. After laser irradiation alone, a small amount of apoptosis was observed in 4T1 cells, and large amounts of apoptotic 
cells in group treated with PCMZ. Moreover, when laser irradiation was added, the necrosis rate of 4T1 cells increased 

Figure 4 (A) Flow cytometry analysis about the apoptosis and necrosis of 4T1 cells of different treatment, (B) Quantitative of fluorescent images of 4T1 cells treated with 
PCMZ NPs under 808 nm laser irradiation, *, P < 0.05, **, P < 0.01, (C) Fluorescent images of 4T1 cells treated with PCMZ NPs under 808 nm laser irradiation.
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remarkably. Those results showed PCMZ nanomaterials under 808 nm laser irradiation had strong ability to kill tumor 
cells. Photothermal therapy is a minimally invasive therapy for tumor developed in recent years, which mainly converts 
light energy into heat energy through photothermal conversion agents, so as to achieve thermal ablation of tumor and 
finally achieve the purpose of tumor treatment.26

The Effect of PCMZ NPs on IDO Activity and DC Stimulation in vitro
Evidence indicated that immature DCs can undergo maturation when exposed to antigens and adjuvants, resulting in the 
presentation of antigens on their surface, subsequent activation of T cells, and the initiation of an immune response.27,28 

The immunostimulatory effects of PCMZ were examined by flow cytometry (Figure 5A) to analyze the expression of 
CD80/CD86 on BMDCs. The discovery revealed that one metric ton could greatly increase the expression of CD80/ 
CD86. Significantly, PCMZ has the potential to induce further maturation of BMDCs. The flow cytometry results of 
BMDCs maturation stimulated by 4T1 cells in different treatments are shown in Figure 5B. The 1-MT group showed 
a significant increase compared to the control group. And CD80+/CD86+ DCs in PCMZ nanoparticle group and PMCZ 
nanoparticle + laser group were significantly further increased, which were 25.15%±1.69% and 35.78%±1.82%, 
respectively. The findings from DC stimulation experiments indicated that the remnants of tumor cells, which were 
a result of PTT and PCMZ NPs, collaborated to augment the DCs’ activation and maturation, thereby bolstering the 
robust immune response. Currently, dendritic cells are the most potent cells for presenting antigens and they have 
a crucial function in the immune response against tumors.29 Mature DCs highly expressed MHC II class molecules, 
CD40, CD80, CD86 and other adhesion molecules, so mature DCs had strong antigen presentation ability. Immature DCs 
cannot activate T cells and can only activate T cells when differentiated into mature DCs. Some scholars believe that DC 
is the only antigen-presenting cell that can effectively activate initial cytotoxic T cell nucleus initial helper T cells.30,31 

The discovery revealed that one metric ton could greatly increase the expression of CD80 and CD86. Significantly, the 
ZIF-8 encapsulation and PDA modification could additionally induce maturation of BMDCs.

By examining the IDO marker expression, the immunostimulatory impacts of PCMZ were investigated. IDO 
catalyzed tryptophan to produce kynurenine, which had the capability to inhibit the immune response against tumors. 
Consequently, the inhibitory capacity of the IDO pathway was evaluated in BMDCs that exhibited a high expression of 
IDO. As depicted in Figure 6A, the suppression of kyn was intensified as the levels of 1-MT rose within the examined 
range of concentrations. Presently, the concepts of “tryptophan deprivation” and “toxic effects of metabolites” are widely 
employed to elucidate the role of IDO in evading the immune system.32 In tumor cells, the high expression of IDO leads 
to the depletion of tryptophan in the tumor microenvironment, which inhibits T cells in G1 phase, thus inducing the 

Figure 5 (A) Flow cytometric results of mature BMDCs simulated by 1-MT and PCMZ NPs, (B) Flow cytometric results of mature BMDCs simulated by 4T1 cells treated 
with 1-MT and PCMZ NPs.
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apoptosis of T cells and further generating immune escape. Compared with 1-MT, the kyn content in 4T1 cells treated 
with PCMZ NPs at the same concentration was lower. The effectiveness of PCMZ NPs in inhibiting the IDO pathway 
was demonstrated, highlighting the remarkable inhibitory capability of PCMZ on the IDO pathway. The trend was 
generally in line with previous reports.15,33

The initiation of the immune response against tumors was associated with the manner in which cancer cells 
underwent cell death.34 The activation of immune response was anticipated when ICD, triggered by intense cellular 
stress responses like PTT, caused the release of DAMPs.35 Li et al designed to load IR-7 into liposomes and graft 
immune preparation CpG on the surface of liposomes. After intravenous injection of the liposomes, the liposomes were 
enriched at the tumor site. At the same time, it promotes the release of DAMPs from tumor cells, which in combination 
with CpG, promotes antigen presentation and activates the immune system of the body to achieve effective inhibition of 
metastatic tumor cells.36 Hence, the investigation of high mobility group box 1 (HMGB1) was conducted to assess the 
presence of ICD indicators. The presentation of calreticulin (CRT) on the surface of cells, a protein associated with ICD, 
may lead to the generation of a signal indicating “consume me”, which can activate the immune response against tumors. 
According to reports, HMGB1 has been identified as a signal of danger that promotes the phagocytosis of dying tumor 
cells by DCs.37

As shown in Figure 6B-C, the levels of HMGB1 and ATP were measured, the cells treated with PCMZ and irradiation 
show a raise on both HMGB1 and ATP, which means the treatment induced the ICD of cells. The immunofluorescence 
staining of CRT shown in Figure 6D also proved it. The study utilized immunofluorescence staining to identify the CRT 
signal. The results revealed that solely the PCMZ + laser group exhibited the CRT signal, suggesting that only the 
successful photothermal effect facilitated by PCMZ particles could trigger immunogenic death of 4T1 cells. The 

Figure 6 (A) The concentration of kyn on 4T1 cells treated with 1-MT and PCMZ NPs, level of (B) HMGB and (C) ATP of supernatant 4T1 cells treated with NPs under 
808 nm laser irradiation, (D) Immunofluorescence pictures of CRT on 4T1 cells treated with mixtures.
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increased HMGB1 and ATP in the cell supernatant of PCMZ + laser group further proved that the effective photothermal 
effect mediated by PCMZ NPs could induce immunogenic death of 4T1 cells.

In vivo Anti-Tumor Study
In the previously mentioned in vitro tests, the tumor cell remnants generated by the PCMZ-facilitated PTT could 
significantly enhance the maturation of DCs in the presence of 1-MT adjuvants within PCMZ. Afterwards, fully 
developed DCs were capable of effectively stimulating T cell growth, and the presence of 1-MT in PCMZ could disrupt 
the suppressive kynurenine pathway, thereby enhancing the robust immune response in a synergistic manner. The 
combination of potent PTT and robust immune response showed great potential for the revolutionary anti-cancer 
treatment. We conducted a study to examine the effectiveness of tumor-bearing mice models in inhibiting tumor growth 
in living organisms (Figure 7A). After PCMZ administration, the tumor regions of mice were exposed to an 808 nm laser 
for a duration of 8 minutes. The curves depicting the rise in temperature and the infrared thermal images (Figure 7B-C) 
demonstrated that the tumor temperature in mice treated with these compounds could elevate by around 34.1 °C and 
reach 61.8 °C (ΔT = 27.7°C). This temperature increase was sufficient to eradicate tumor cells and hinder the malignant 
growth of tumors. The enhanced survival rate of mice with tumors (Figure 7D) can be attributed to the inhibited 
advancement of the tumor and minimal adverse reactions caused by our formulations. As shown in Figure 7E–G, the 

Figure 7 (A) Schematic illustration of therapy in an tumor-bearing model, (B) Thermal imaging of tumor in tumor-bearing mice treated with PCMZ under 808 nm laser irradiation, 
(C) Temperature curve of PCMZ in tumor-bearing mice under 808 nm laser irradiation, (D) The survival rate, (E) The volumes of tumor, (F) The inhibition ratio, (G) The weight of 
tumor of mice after different treatments (1: Control group, 2: CPT groups, 3: PCMZ groups, 4: Control + laser groups, 5: PCMZ + laser groups). *, P < 0.05, **, P < 0.01.
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tumor volumes of mice treated with PCMZ and irradiation were 111.65 ± 74.98 cm3, while the control groups were 
612.34 ± 166.34 cm3. All data proved the treatment were good behaved in tumor inhibition effect in vivo.

Furthermore, main organs and tumors collected were subjected to histopathological examination using hematoxylin 
and eosin (H&E) staining. The organs isolated from the mice in the treatment groups showed no noticeable morpholo-
gical changes compared to those in the control group (Figure 8), indicating a low level of toxicity on normal tissues. 
Interestingly, the tumors treated with PCMZ exhibited more pronounced cell damage (as shown by the arrow), 
particularly severe in nature. The results strongly indicated that our formula has an antitumor synergy under the 
combined action of PTT and immunotherapy with low toxicity and side effects, which is expected to be further applied 
in clinical antitumor therapy.

The Effects of Abscopal Antitumor Therapy
Given the above experimental results, bilateral tumor models were established in mice by inoculating 4T1 cells in both 
the left and right axilla. The left tumor served as the primary tumor, while the right tumor acted as the metastatic tumor 
(Figure 9A). The inhibitory effect of PCMZ + laser on the primary and metastatic tumor of mice was evaluated. The 
examination of the tumor sizes, tumor masses, and tumor suppression rates (Figure 9B–G) revealed swift tumor 
expansion in the control group treated with normal saline, whereas tumors displayed somewhat slowed growth rate 
following the administration of PCMZ group due to the systemic immunotherapy. For the primary tumor, the tumor 
inhibitory rate of PCMZ NPs was 61.42%±3.11%, and that of PCMZ + laser group was 82.61%±5.65%. The inhibitory 

Figure 8 H&E staining results of major organs (heart, liver, spleen, lung and kidney) and tumors for all tested groups in tumor-bearing mice (more pronounced cell damage 
as shown by the arrow).
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effect of PCMZ NPs on the primary tumor was mainly due to the photothermal effect of CPT and PDA. When combined 
with tumor volume, tumor weight, and tumor inhibitory rate, the photothermal group did not show any impact on 
metastatic tumors. On the other hand, the 1-MT group exhibited a slight inhibition in tumor growth, while the PCMZ 
nanoparticle group effectively suppressed the growth of metastatic tumors. The PCMZ + laser group demonstrated the 
most potent inhibitory effect on metastatic tumors. The results showed that laser radiation by itself did not have any 
inhibitory impact on metastatic tumors. However, the PCMZ NPs exhibited a suppressive effect on metastatic tumors, 
primarily due to the presence of 1-MT. Additionally, the application of photothermal therapy increased the inhibitory 
effect of PCMZ NPs on tumors. As shown in Figure S3, no significant pathological changes were observed in other major 
organs in each group, but extensive necrosis was observed in the primary and metastatic tumor cells in PCMZ and PCMZ 
+ laser group (as pointed by the arrow).

In order to elucidate the process of enhanced antitumor cellular immunity induced by our preparations, we gathered 
the untreated distant tumors and analyzed the T lymphocytes in the spleen using flow cytometry. The proportions of 
CD3+/CD4+ T cells and CD3+/CD8+ T cells significantly enhanced after the 1-MT treatment. Furthermore, the propor-
tions of CD4+ T lymphocytes and CD8+ T lymphocytes also demonstrated a significant rise in the spleen of mice 
subjected to PCMZ treatment and a combination of PCMZ treatment with irradiation (Figure 10A–B). The strong cellular 
immunity, primarily caused by the inclination of T lymphocytes, effectively inhibited abscopal tumors. Recent findings 

Figure 9 (A) Schematic illustration of therapy in a bilateral tumor-bearing mice model, The volumes of (B) primary tumor and (C) metastatic tumor, the inhibition ratio of 
(D) primary tumor and (E) metastatic tumor, The weight of (F) primary tumor and (G) metastatic tumor in mice after different treatments (1: Control group, 2: CPT 
groups, 3: PCMZ groups, 4: Control + laser groups, 5: PCMZ + laser groups).
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have elucidated that CD8+ T cells possess the ability to directly target cancerous cells by releasing cytotoxins.38 

Conversely, CD4+ T cells assumed crucial functions in governing an adaptive immune response.39

To summarize, PCMZ NPs have the ability to trigger immunogenic cell death in tumor cells, promote the maturation 
of DCs, drive the differentiation of T cells into both helper T cells and cytotoxic T cells, and suppress the IDO pathway to 
overcome the inhibitory effect of IDO on T cells, ultimately leading to the eradication of tumor cells.

Conclusion
Herein, a novel immunotherapeutic nanoplatform was developed and built, in which camptothecin and 1-MT were 
successfully loaded into ZIF-8 NPs by one-pot method. In this study, chemotherapy, photothermal and immunotherapy 
were integrated into a nano-material, and the construction of a multifunctional carrier was realized. The combination of 
chemotherapy-induced apoptosis, PDA-mediated photothermal and nano-particle-mediated T cell activation provides 
a novel anti-tumor mechanism. The findings indicated the PCMZ effectively enhanced the development of DCs in vitro, 
which collaborated with 1-MT to enhance T cell growth. The findings in vivo showed the PCMZ NPs induced 
a remarkable systemic immune reaction and generated effects of immunological memory to combat metastatic and 
rechallenged tumors. Consequently, our approach focused on the collaboration of different therapeutic agents in terms of 
space and time, shows immense potential in overcoming challenges faced by antitumor immunotherapy. It provides 
a powerful framework for tumor immunotherapy. Although this study has proved that, under 808 nm laser irradiation 
PCMZ NPs can induce apoptosis of tumor, but the metabolic distribution of CPT in animals is still unclear, nanoparticles 
in the apoptosis of CPT in what is the function of the unknown need to be further in-depth study.
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Figure 10 Flow cytometric results of (A) CD3+/CD4+T cells and (B) CD3+/CD8+T cells in spleen from bilateral tumor-bearing mice model. *P < 0.05, **P < 0.01.
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