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A B S T R A C T

Immune checkpoint inhibitors (ICIs) have revolutionized cancer treatment, but their efficacy is limited in the 
immunosuppressive tumor microenvironment. Immunogenic cell death (ICD), characterized by the release of 
damage-associated molecular patterns (DAMPs), has the potential to augment anti-tumor immunity and enhance 
ICI efficacy. However, singular ICD inducers often fail to elicit robust immune responses. To address this limi
tation, we have developed a pH-sensitive nanomicelle, RPG NMs, co-delivering glucose oxidase (GOx) and 
resveratrol (Res) to induce ICD in tumor cells. Both Res and GOx retain their stability and bioactivity following 
encapsulation within the nanomicelles. Under acidic lysosomal conditions in tumor cells, protonated nano
micelles release GOx and Res. GOx lowers the pH, accelerating Res release and enhancing Res-induced ICD via 
reactive oxygen species (ROS) production. In vitro results indicate that RPG NMs not only consistently achieve 
starvation therapy (ST) and release ROS, but also effectively inhibit tumor cell activity. Moreover, the nano
cmicells significantly induced ICD formation in tumor cells and matured dendritic cells (DCs). RPG NMs in
tegrates ST and ICD to provide a new nano-delivery platform for cancer therapy with dual-strategy sensitizing 
immunotherapy.

1. Introduction

Malignant tumors pose a significant threat to human health, making 
the development of effective cancer treatments urgently needed. 
Immunotherapy with immune checkpoint inhibitors (ICIs), such as anti- 
PD-1/L1 antibodies, has revolutionized the paradigm of cancer treat
ment [1]. However, the low response rate of ICIs in immunosuppressive 
cancers impedes immunotherapy’s progress [2]. The immunogenic cell 
death (ICD) can activate the immune microenvironment, enhancing ICI 
efficacy by releasing damage-associated molecular patterns (DAMPs), 
boosting tumor antigenicity, and stimulating the anti-tumor immune 
system [3]. By activating innate immunity, increasing tumor immuno
genicity, and promoting T cell infiltration, ICD synergistically enhances 
the therapeutic effect of ICIs and helps overcome immune evasion [4]. 
Among them, anthracycline chemotherapy drugs can induce ICD but 

cause significant adverse reactions like cardiotoxicity and myelosup
pression, affecting patients’ quality of life [5]. A single ICD inducer 
struggles to elicit a robust immune response [6,7].

To address these challenges, various therapeutic strategies have been 
employed to enhance the tumor immune response [8]. Inducing ICD via 
endoplasmic reticulum (ER) stress is one such approach [9]. ICD in 
tumor cells can be induced by ER stress. Upon ER stress, Calreticulin 
(CRT) relocates to the tumor cell membrane, acting as an “eat me” signal 
to enhance phagocyte recognition and trigger ICD. Glucose oxidase 
(GOx)-mediated catalytic reactions generate substantial reactive oxygen 
species (ROS) and induce hypoxia, both of which are hallmarks of an 
effective starvation therapy (ST) strategy [10]. Importantly, hypoxia 
and ROS generation significantly augment ER stress, thereby inducing 
ICD [11]. Additionally, resveratrol (Res), which modulates mitochon
drial function to induce ER stress, has been confirmed to elicit ICD in 
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cancer cells [12].
GOx-mediated ST exerts antitumor effects not merely through 

nutrient deprivation-induced cytotoxicity, but more significantly by 
intensifying ER stress. When combined with Res, this approach syner
gistically triggers robust ICD. Importantly, this cooperative mechanism 
achieves potent immunostimulation without the DNA damage- 
associated immunosuppressive side effects characteristic of conven
tional ICD inducers [13,14]. Consequently, GOx-mediated ST can 
potentiate the Res-induced ICD effect, facilitating a synergistic 
dual-strategy treatment. However, Res exhibits poor stability and low 
bioavailability, while GOx, being a protein, is susceptible to degradation 
in harsh conditions.

Nanomicelles delivery systems address the aforementioned chal
lenges. For instance, nanomicelles like paclitaxel polymer micelles have 
been developed for clinical tumor treatment [15]. Nanomicelles with 
hydrophobic cores can effectively encapsulate drugs with poor solubil
ity, thereby solving the problem of Res in its in vivo delivery. GOx, with 
an isoelectric point of 4.9, carries a negative charge in healthy tissues, 
allowing it to be tightly adsorbed onto cationic micelles [16]. The 
pH-sensitive micelles can respond specifically to the acidity of lysosomes 
in tumor cells to achieve drug release in tumor cytoplasm. Moreover, 
GOx can reduce local acidity, facilitating the degradation of pH-sensitive 
micelles and the release of Res.

Herein, we developed co-loaded GOx and Res nanomicelles (RPG 
NMs) to induce ICD and enhance tumor immunogenicity (Scheme 1). 
The cationic and pH-sensitive PP copolymer nanocarrier facilitates 

encapsulation of Res via hydrophobic interactions and adsorption of 
negatively charged GOx, enabling co-delivery to tumors. RPG NMs 
exhibit satisfactory stability and biosafety. In the acidic tumor micro
environment, GOx catalysis accelerates Res release with high efficiency. 
RPG NMs significantly inhibit tumor cell growth, increase DAMPs 
release, and promote DCs maturation. Thus, RPG NMs could activate the 
immune response and serve as a novel ICD inducer for immunotherapy. 
Therefore, RPG NMs can initially activate the immune response, which 
has the potential of ST and ICD dual-strategy synergistic sensitization 
immunotherapy.

2. Materials

Res, GOx and 3500 kDa dialysis bag were from Yuanye (Shanghai, 
China). Coumarin 6 was from Luoen (Shanghai, China). Phosphate 
buffer (PBS) was from Saiweier (Shanghai, China). Pyrene probe was 
from Merk (Shanghai, China). H2O2 detection kits and BCA content 
determination kits were from BaiqiaoBio (Shanghai, China). Adenosine 
triphosphate (ATP) content activity assay kit was from Grace Biotech
nology Co., Ltd (Suzhou, China). Phosphotungstic acid negative staining 
solution was from Beijing Solarbio Science & Technology Co., Ltd 
(Beijing, China). 1640 medium was from BaiDi Biotechnology Co., Ltd. 
(BDBIO) (Hangzhou, China). The microwell plates were from CellPro 
Biotechnology Co., Ltd. (Suzhou, China). The CCK-8, ROS assay kit, 
H2O2 detection kit, BCA content determination kit and DAPI were from 
Biyuntian (Beijing, China). JC-1 mitochondrial membrane potential 

Scheme 1. RPG NMs were constructed by loading Res and GOx through self-assembly behavior. After entering tumor cells, RPG NMs consumed a large amount of 
glucose to achieve ST. Subsequently, RPG NMs triggered ICD in tumor cells and lead to the maturation of DCs.
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detection Kit was form Wanrui (Beijing, China). GM-CSF and IL-4 were 
from MCE (Shanghai, China). Cell cryopreservation solution was from 
Seven/Abcells (Beijing, China). The confocal culture dish (1050001) 
was from SAINING Biotechnology (Suzhou, China). Cell cryopreserva
tion tubes were from NEST Biotechnology Co. Ltd. (Wuxi, China). The 
Phosphate Buffered Saline (PBS) was from Saiweier Biotechnology 
(Wuhan, China). The Fetal bovine serum (FBS) was from Cellmax 
(SA311.02) (Beijing, China). The High Mobility Group Box 1 (HMGB1) 
Elisa kit (JL51819-96 T) was from JONLNBIO (Shanghai, China). Cal
retinin Rabbit pAb was from Zen bioscence (Chengdu, China). Goat anti- 
rabbit IgG (H + L) antibody was from Huamei (Shanghai, China). APC 
labled-CD11c, FITC labled-CD80 and PE labled-CD86 were from 
ABclonal (Shanghai, China).

The Bone Marrow-Derived Dendritic Cells (BMDCs) were obtained 
from mouse tibial bone marrow stem cells after induced differentiation. 
The culture conditions were as follows: the obtained bone marrow cells 
were spread into a 6-well culture plate, and 1640 medium containing 
GM-CSF (25 ng/mL) and IL-4 (10 ng/mL) was added. The cells were 
incubated at 37 ◦C in a 5 % CO2 incubator. The medium was partially 
changed on the second and fourth days and supplemented with cyto
kines in the culture medium.

CT26. WT cells were form Procell (Hubei, China). Cells were cultured 
in 1640 medium containing 10 % FBS. When the cells reached 80 % 
density, they were digested with trypsin and passaged. Some of the cells 
could be frozen by cryopreservation. The passaged cells should be 
exchanged for medium on the second day to ensure a clean growth 
environment.

3. Method

3.1. Preparation of micelles

The composite PP of polyβ-amino ester (PBAE) and poly
ethyleneimine (PEI) was previously prepared in our laboratory. In brief, 
the preparation method of RPP NMs employed the organic solvent 
evaporation method. 100 mg of the PP copolymer was dissolved 
completely in 1 mL of methanol using ultrasound. 20 mg of Res was 
weighed and dissolved in 1 mL methanol, and the above solution was 
mixed as the organic phase, which was then slowly dropped into 50 mL 
water at pH 7.4. At 25 ◦C and 1000 rpm, the sample was stirred for 3 h 
using the magnetic stirrer (MS-S, DLAB Scientific Co., Ltd, China). 
Finally, the solution was filtered through a 0.22 μm filter to remove 
impurities. Then, the RPP NMs solution was ready. For the cell uptake 
experiment, free C6 was used to replace Res, and C6/PP NMs were 
prepared under the same conditions.

Moreover, the loading mode of GOx is electrostatic adsorption. 10 
mg of GOx was dissolved in 2 mL of pH 7.4 PB S. It was added dropwise 
to the RPP NMs or PP NMs solution, and the RPG NMs or GPP NMs 
solution was obtained after being balanced at 25 ◦C with dark stirring for 
2 h. Among them, RPP is the micelle loaded solely with Res. GPP is the 
micelle loaded solely with GOx.

3.2. Characterization of the micelles

The 0.012 mg/mL solution of pyrene was prepared and placed in 
ampoules. The acetone in the bottles was then blown dry with nitrogen. 
50 mg PP was dissolved in 10 mL double steaming water, and gradient 
dilution was made into PP solutions of different concentrations. Each 
solution was placed in a bottle containing acetone and incubated at 
60 ◦C for 6 h. The samples were taken out and measured with a fluo
rescence spectrophotometer (RF-6000, SHIMADZU, Japan). The ratio of 
fluorescence intensity at 384 nm and 373 nm wavelengths (I384/I373) 
was calculated, and the ratio was plotted together with the concentra
tion of PP to determine the critical micelle concentration (CMC) value.

The average particle size, particle size distribution, polydispersion 
coefficient (PDI) and zeta potential of NMs were measured by Particle 

size instrument (Zetasizer Nano ZS90 instrument, Malvern, UK). The 
RPG NMs solution was diluted tenfold with double-distilled water, and 
subsequently, aliquots were introduced into the particle size cell and the 
zeta potential cell for the measurement of particle size and zeta poten
tial, respectively. The morphology was measured after the RPG NMs 
solution was stained negatively with 2 % phosphotungstic acid negative 
staining solution. The morphology of RPG NMs was characterized by 
transmission electron microscopy (TEM, JEM-1200EX, Hitachi, Japan).

The encapsulation rate (EE) and drug loading (LC) of Res in RPP NMs 
were determined by HPLC (LC-20AD, SHIMADZU, Japan). 5 mL RPP 
NMs solution was added to methanol and demulsified with ultrasonic 
crusher. The total content of Res in demulsification solution was 
determined by HPLC and recorded as M1. 5 mL of RPP NMs solution was 
taken and centrifuged in ultrafiltration centrifuge tube (3000 mw) at 
10,000 rpm for 30 min. The resulting supernatant was measured by 
HPLC for the amount of free Res M2. M3 is the mass of carrier PP. The 
encapsulation efficiency (EE) and loading capacity (LC) were calculated 
according to the formula: 

EE%=

(
M1 - M2

M1

)

× 100% 

LC%=

(
M1 - M2

M1 - M2 + M3

)

× 100% 

The loading rate of enzyme GOx was measured by BCA assay. The 
RPG NMs solution prepared by 10 mL was centrifuged at 15,000 rpm for 
1 h, and the concentration of free GOx was measured as Cf in the su
pernatant. Among them, Cf and Cs are the concentration of free GOx and 
the total concentration of GOx, respectively, and W1 is the mass of the 
carrier PP. The Loading Efficiency (LE) and Loading Faculty (LF) of GOx 
were calculated using the following formula: 

LE%=1 -
Cf

Cs 

LF%=
Cf

Cs + W1 

3.3. External release experiment

The release behavior of Res in RPG NMs was investigated by dialysis 
method. Typically, 10 mL of free Res and RPG NMs are added to a 3500 
kDa dialysis bag. The medium release conditions were pH 7.4, pH 5.5 +
glucose, and pH 5.5 - glucose, respectively. Then, the dialysis bag was 
placed in 100 mL dialysis medium prepared with PBS and oscillated in a 
constant temperature shaker at 37 ◦C and 80 rpm for 48 h. Each dialysis 
medium contains 1 % Tween 80 to facilitate the dissolution of Res. The 
Res content of the sampled solution was determined by HPLC.

The release behavior of GOx in RPG NMs was investigated by dial
ysis. The free GOx and RPG NMs were placed into centrifuge tubes under 
different conditions. The experiment was performed under the same 
conditions as above. Sample 1 mL at each time point and add equal 
volume of release medium. The sample solution was centrifuged at 
15,000 rpm for 10 min, and the supernatant was taken to determine the 
concentration of GOx with the BCA protein concentration kit. The cu
mulative release rate (Er) of the Res and GOx was calculated according 
to the formula: 

Er =

Ve
∑n-1

1
Ci + V0Cn

mdrug 

The meaning of each variable in this formula: Er: cumulative drug 
release; Ve: release medium displacement volume; V0: total volume of 
releasing medium; Ci: the concentration of the sample release at the i 
replacement; mdrug: total quality of drug input; n: the number of times of 
the replacement releases the medium.
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3.4. Stability of NMs in serum

RPG NMs was mixed with PBS containing 10 % bovine serum and 
incubated in a constant temperature shaking table at 37 ◦C for 48 h 1 mL 
was sampled from the solution at 0, 6, 12, 24, 36, 48 h, respectively, and 
the particle size and PDI values were determined by Particle size 
instrument.

3.5. Enzyme activity assay

The effects of catalytic reaction induced by GOx on tumor pH and 
H2O2 concentration were investigated. The RPG NMs solution contain
ing 1 mg/mL GOx was dropped into the pH 5.5 PB S solution containing 
glucose. Then, the pH of the solution was determined at different times. 
According to the H2O2 detection kit, the absorbance was measured at 
570 nm with the Microplate Reader (Varioskan ALF, Thermo Fisher 
Scientific, USA).

In order to compare the catalytic performance of RPG and free GOx, 
different concentrations of glucose were set for the study. 1 mL of 1 mg/ 
mL RPG NMs solution and 1 mg/mL of free GOx were dropped into PBS 
solution containing 0, 0.5, 1, 2, 3, and 4.5 mg/mL glucose at pH 5.5, 
respectively. After 2 h, the pH changes and H2O2 concentration were 
measured.

3.6. Determination of hemolysis

Blood was collected from the orbital venous plexus of mice and 
placed into an anticoagulant tube. Then, the precipitate was obtained by 
centrifugation at 4500 rpm for 10 min and washed three times with 
normal saline until the supernatant was clarified. The precipitate was 
diluted with normal saline to prepare erythrocyte suspension. 20 μL was 
added to a centrifuge tube containing 980 μL RPG NMs of different 
concentrations, distilled water (positive group), and normal saline 
(negative group). The samples were incubated at 37 ◦C for 2 h, centri
fuged, and photographed to observe the hemolysis, and the absorbance 
value at 570 nm was determined by microplate reader. The hemolysis 
rate of RPG NMs was calculated according to the formula: 

Hemolysis%=
Ax - An

Ap - An
× 100% 

where, Hemolysis is the RBC hemolysis rate, and Ax, An and Ap are the 
absorbance values of each preparation group, negative control group 
and positive control group, respectively.

3.7. Cellular uptake

To evaluate the ability of the PP to promote tumor cell uptake, C6 
was used as a fluorescent model drug. CT26 cells were incubated in 12- 
well plates at a density of 2.5 × 104 cells/well for 24 h. The medium 
diluted C6/PP NMs with free C6 solution were added and incubated for 
1 h, 2 h, and 3 h. The original supernatant was removed and washed 
three times with cold PBS. Then, cells were fixed with 4 % para
formaldehyde for 10 min and incubated with DAPI dye for 10 min. After 
washing three times with PBS, the cells were placed under a fluorescence 
microscope to observe the luminescence. Uptake behavior was quanti
fied by flow cytometry (FongCyte™, Challen Biotechnology, Beijing).

3.8. Cell viability

The cell viability was detected by CCK-8 method, and the cells were 
seeded into 96-well plate at a density of 5 × 103 cells/well and cultured 
for 24 h. In PP NMs group, 0, 100, 200, 400, 600, 800, and 1000 μg/mL 
PP were used to prepare blank medium and incubate cells, respectively. 
Res in the Free Res, RPP NMs and RPG NMs groups were prepared into 
drug containing medium with concentrations of 0, 53, 30, 22.5, 16.87, 

11.25 and 5.62 μg/mL. The GPP NMs group and RPG NMs group were 
prepared with drug-containing medium with GOx concentrations of 0, 
21.87, 43.75, 87.5,175, 350, and 700 ng/mL, which were divided into 
glucose free and glucose containing conditions. They were added to 
different culture Wells and incubated for 24 h. After that, the original 
drug containing medium was removed, and 20 μL of CCK8 solution was 
added and incubated for 1 h. The wavelength of the microplate reader 
was adjusted to 450 nm, the absorbance was measured, and the cell 
survival rate and IC50 value were calculated.

3.9. ROS

CT26 cells in logarithmic growth phase were cultured at a density of 
5 × 105/well in cell 6-well plates. After cell attachment, GPP NMs, RPP 
NMs, RPG NMs, and drug-free medium were added to each well. The 
content of GOx and Res in the single-drug micelle group was equivalent 
to that in the RPG NMs group. After the cells were treated with the above 
drugs for 6 h, the diluted DCFH-DA ROS fluorescent probe solution was 
added, and the ROS production was observed under a fluorescence mi
croscope immediately and quantitative analysis by flow cytometry after 
20 min of incubation.

3.10. Mitochondrial membrane potential (△Ψm)

CT26 cells were cultured at 2.5 × 104 cells/well in 12-well plates. 
Cells were incubated with medium, GPP NMs, RPP NMs, and RPG NMs 
for 24 h, respectively. The original medium was removed, and the JC-1 
staining working solution was added to the blank medium at a 1:1 ratio 
and incubated for 1 h at 37 ◦C. After washing three times with JC-1 
staining buffer, 1 mL of sterile PBS was added to each well, and the 
luminescence intensity of red and green was immediately observed 
under a fluorescence microscope. The Image-J software was used to 
semi-quantitatively analyze the experimental results.

3.11. ICD inducibility

3.11.1. The release of ATP and HMGB1
CT26 cells were cultured at 2.5 × 104 cells/well in 12-well plates and 

incubated for 24 h. Cells were incubated with medium, GPP NMs, RPP 
NMs, and RPG NMs for 24 h, respectively. After centrifugation at 3500 
rpm for 5 min, the supernatant was collected and placed into different 
tubes. The ATP content in the samples was determined according to the 
instructions in the ATP content determination kit. Similarly, the 
resulting samples were subjected to the determination of HMGB1 con
tent to determine the amount of HMGB1 released under different 
administration conditions. According to HMGB1 Elisa kit, the content of 
HMGB1 in different groups was determined by detecting OD value at 
450 nm with a microplate reader.

3.11.2. Expression of CRT and determination of DCs maturity
CT26 cells in logarithmic growth phase were cultured at a density of 

5 × 104/well in a cell confocal culture dish and incubated for 24 h at 
37 ◦C in an incubator with 5 % CO2. After washing three times with PBS, 
each well was added: GPP NMs, RPP NMs, RPG NMs, and drug-free 
medium served as control. After 12 h of incubation, the cells were 
washed using PBS. The plates were fixed with 4 % paraformaldehyde for 
10 min and washed three times with PBS. Goat serum was added for 
blocking for 30 min, and then without washing, the diluted CRT primary 
antibody was directly added by dropping and incubated overnight in a 
humidified 4 ◦C environment. After washing three times with PBST, the 
diluted secondary antibody with fluorescent labeling was added. 
Finally, the cells were incubated with DAPI for 10 min and the fluo
rescence expression was observed under Confocal laser scanning mi
croscope (CLSM) (SP8, Laica, Germany).

BMDCs were obtained from mouse tibial bone marrow stem cells 
after induced differentiation. CT26 cells were seeded in 12-well plates at 
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5 × 104 cells/well and cultured overnight. Cells were incubated with 
medium, GPP NMs, RPP NMs, and RPG NMs for 24 h, respectively. 
Subsequently, CT26 cell debris was collected by centrifugation. The 
collected cell debris was co-cultured with BMDCs for 12 h. The cells 
were stained with antibodies CD11c-APC, CD80-FITC and CD86-PE, and 
the maturation rate of DCs was analyzed by flow cytometry.

3.12. Statistical analyses

The mensuration was repeated 3 times and the data is reported as 
mean ± SD (standard deviation). The analysis of laboratory finding was 
made using GraphPad Prism 11. Statistical analysis was done with a 
One-way ANOVA analysis of variance, followed by Tukey’s post hoc 
tests for multiple comparisons. Significance at *p < 0.05, **p < 0.01 and 
***P < 0.001 were acceptable.

4. Result and discussion

4.1. Characterization of the micelles

CMC is a necessary parameter for the thermodynamic stability of 
micelle, and a smaller value indicates a stronger stability [17]. It also 
determines the anti-dilution ability of the micelles after injection to the 
circulation of blood. In Fig. 1a, the CMC of PP micelles was determined 
based on the inflection point of the ratio of PP concentration to fluo
rescence intensity (I384/I373). With the increase of PP concentration in 
solution, the ratio increased slowly, but an inflection point was observed 
at LogC = 0.4233 mg/L. The CMC of amphiphilic PP was calculated to be 
2.6503 mg/L. CMC values for micelles in the range of 1–5 mg/L ensure 
stability in the blood environment [18]. This showed the ability of PP 
micelles to resist fairly strong dilution and thus maintain colloidal 
stability.

The particle size distribution and TEM morphology of RPG NMs are 
shown in Fig. 1b and c. The particle size distribution is the distribution 

curve obtained from three parallel experiments, and the value was 99.32 
± 2.8 nm. The PDI of RPG NMs was 0.19 ± 0.07, and the zeta potential 
was 4.2 mV. TEM morphology showed that RPG NMs had a size of about 
90 nm in the dry state and presented a spheroid-like shape.

The particle size of tumor injection needs to meet certain physio
logical conditions, mainly the enhanced permeability and retention ef
fect (EPR) effect [19]. The abnormal distribution of blood vessels and 
cells in tumor tissues leads to enhanced vascular permeability, which 
promotes the aggregation of 100–800 nm particles in tumors. RPG NMs 
meet the requirements of EPR effect and have the ability to achieve 
passive targeting and substantial retention in tumor tissue. Although PEI 
in PP can carry an abundant positive charge, it is loaded with negatively 
charged GOx by electrostatic adsorption, resulting in a potential drop. 
The charge shielding effect of GOx reduces the coagulation of micelles 
and the occurrence of adverse reactions after the adsorption of a large 
amount of protein in the blood [20]. At the same time, RPG NMs have a 
low positive charge, which is conducive to the attraction and internal
ization of micelle by cancer cell membrane. In RPG NMs, the EE of Res 
was 13.97 ± 0.23 %, and the LC was 81.16 ± 0.66 %. The LE of GOx in 
micellar was 69.50 ± 1.21 %, and the LF was 12.20 ± 0.76 %. Therefore, 
RPG NMs show strong drug loading capacity, which is the basis for the 
excellent therapeutic effects.

4.2. External release experiment

The release behavior of RPG NMs under tumor simulated conditions 
(pH 5.5 and pH7.4) was measured. As shown in Fig. 1d, the release rate 
of free Res was the fastest, reaching 80 % within 12 h. In contrast, RPG 
NMs at pH 7.4 released an extremely low amount of Res, not exceeding 
50 % within 48 h, demonstrating the controlled release of the drug from 
the micelles. Notably, the release of Res from micelles in pH 5.5 +
glucose was faster than that of the group without glucose, with a cu
mulative release of about 80 % within 20 h. Since the isoelectric point of 
GOx is 4.2 and the charge of GOx is greatly changed in pH 5.5. The 

Fig. 1. (a) The experimental results of CMC determination, (b) particle size distribution diagram of RPG NMs, (c) morphological characterization of RPG NMs (scale 
bar = 100 nm), (d) cumulative release rate curves of Res under different conditions, and (e) cumulative release rate curves of GOx under different conditions. n = 3, 
the data are expressed as the mean ± SD.
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positive charge is distributed on the surface, then the electrostatic 
adsorption force is reduced [21]. Thus, GOx is then released by the 
micelles and catalyzed. Due to the release of large amounts of gluconic 
acid from the catalyzed reaction of GOx, the local pH can be rapidly 
reduced, inducing accelerated depolymerization of micelles and the 
release of Res. Therefore, GOx facilitated the release of Res from the core 
of the micelles and improved the efficiency of drug action.

As shown in Fig. 1e, free GOx can be completely released in a short 
time, but only less than 40 % can be released in pH 7.4. RPG NMs in pH 
5.5 conditions containing glucose had the fastest release rate, showing 
the ability of GOx to be released in large amounts at lysosomal acidity. 
This result is derived from the fact that PP carriers will be protonated at 
acidic conditions, showing abundant positive charges, repsing and 
releasing GOx. At the same time, GOx accelerates the protonation of the 
carrier and accelerates the release of GOx in the reaction of glucose. In 
summary, micellar delivery avoids the leakage of Res and GOx in normal 
tissues and ensures the rapid release of Res and GOx in tumor cells.

4.3. Stability of NMs in serum

Micelles are nano-sized particles formed by the self-assembly of 
amphiphilic polymers through hydrophobic forces. However, the 
composition of blood circulation in the body is complex, which is easy to 
affect the particle size and dispersion of the micelles [22]. Therefore, the 
stability of micelles in vivo determines the biological safety of the drug. 
As shown in Fig. 2a, RPG NMs showed small changes in particle size and 
PDI values within 48 h. The maximum PDI value did not exceed 0.35, 
indicating that the micelles maintained excellent dispersibility within 
48 h. After 24 h, the particle size and dispersibility increased slightly, 
which may be due to the trace coagulation of proteins and micelles in the 
serum [23]. Therefore, RPG NMs can maintain stability and safety in 
blood as an injection.

4.4. Enzyme activity assay

GOx can catalyze the oxidation of glucose to produce gluconic acid 
and H2O2. As shown in Fig. 2b, the catalytic progression of RPG NMs 
extended with time and reached a plateau around 2 h. To mimic the 
nutritional condition of tumor cells, 4.5 mg/mL glucose was used as the 
maximum response concentration. As shown in Fig. 2c, within 2 h, the 
pH decreased with increasing glucose concentration, and the H2O2 
concentration gradually increased. The results showed that RPG NMs 
and free GOx could achieve excellent catalytic effects at tumor cell 
acidity. Moreover, the rate of H2O2 produced by RPG NMs was similar to 
that produced by free GOx, and the pH change was similar. This result 
indicates that the delivery of GOx by gelatin micelles almost does not 
affect its catalytic activity, which is beneficial to the therapeutic effect. 
The catalytic activity of GOx is optimal at pH 5.5–5.8, which is in line 
with the acidity of lysosomes in tumor cells [24]. In addition, the most 
suitable catalytic temperature of GOx is 30 ◦C–35 ◦C, which is consistent 
with the human body temperature. Therefore, GOx is enough to main
tain initial activity and exert maximum catalytic effectiveness in micelle.

4.5. Determination of hemolysis

The hemolysis assay of nanomicelles is a key factor in evaluating the 
biological safety of the preparation. Hemolysis can cause the release of 
lipid membranes, enzymes, hemoglobin, bilirubin and other substances 
in erythrocyte, thus affecting the stability and drug activity of the 
preparation [25,26]. Moreover, an increase in the amount of free he
moglobin in plasma can cause toxic reactions or stress responses in the 
kidneys and other organs [27]. As shown in Fig. 2d, RPG NMs caused 
insignificant hemolysis, and the percentage of hemolysis was less than 5 
%. The saline and water groups were used as controls for negative and 
positive results, respectively. The excellent biosafety of RPG NMs was 
demonstrated by a hemolysis rate of less than 5 % even at a high con
centration (4 mg/mL).

Fig. 2. (a) Stability test results of RPG NMs, (b) H2O2 and pH changes of RPG NMs at different times, (c) catalytic efficiency of RPG NMs and free GOx at various 
glucose concentrations, and (d) hemolytic test results of RPG NMs. n = 3, the data are expressed as the mean ± SD.
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4.6. Cellular uptake

The efficiency of micelle uptake by cells is directly related to the 
therapeutic efficiency of drugs. Fig. 3 shows the phenomenon that the 
green fluorescence intensity in both Free C6 and C6/PP NMs increased 
with time. At the same time, the green fluorescence in the C6/PP NMs 
group was significantly stronger than that in the Free C6 group. As 
shown in Fig. 4a, at 1 h, 2 h and 3 h, the fluorescence intensity of free C6 
was significantly lower than that of NMs group (**p < 0.01 and ***p <
0.001), indicating the excellent delivery efficiency of NMs for hydro
phobic molecules. PP as a carrier could accelerate the process of drug 
entering cells and improve the efficiency of drug use. The fluorescence 
intensity of C6/PP NMs at 2 h was twofold greater than that at 1 h. At 3 
h, the uptake fluorescence intensity in the NMs group was 4 times higher 
than that at 1 h, showing rapid cellular internalization behavior. This 
result is due to the abundant positive charge on the surface of the PP, 
although some cations are screened by GOx. The membrane surface of 
cancer cells is thought to have a negative charge that favors the inter
nalization of cationic micelles [28].

4.7. Cell viability

The degree of inhibition of CT26 cells by PP blank micelles and RPG 
NMs under various conditions was verified. As shown in Fig. 4b, PP was 
weakly cytotoxic at concentrations from 0 to 1000 μg/mL. Even at a 
concentration of 800 μg/mL, cell viability remained above 80 %, indi
cating that PP is biosafe. Fig. 4c showed the activity of CT26 cells with 
free drug and micelle intervention at Res concentrations. With the in
crease of Res concentration, the toxicity of both free drugs and micelles 
increased.

As shown in Fig. 4d, the IC50 of free Res was 27.27 ± 2.63 μg/mL. 
RPP (17.27 ± 5.67 μg/mL) and RPG NMs (11.71 ± 4.46 μg/mL) were 
more effective in inhibiting tumor cell activity than free Res (*p < 0.05). 
RPG delivered by PP carrier exerts a more significant inhibitory effect 
than the free drug (21.50 ± 3.74 μg/mL) (*p < 0.05). The reason for this 
phenomenon is that the PP carrier could promote the process of cellular 
internalization, and more drugs can exert almost all efficacy. The cata
lytic process of GOx intensified the dissociation process of the PP carrier, 
accelerated the release of Res and GOx in tumor cells and tumor sup
pression. Fig. 4e and f showed the toxicity of GPP NMs and RPG NMs to 

CT26 cells. Under the culture conditions containing glucose, the activity 
of tumor cells was more likely to be inhibited by GPP or RPG. The IC50 
values for each group were 302.1 ± 16.28 ng/mL in the GPP + Glucose 
group, 686 ± 20.88 ng/mL in the GPP – Glucose group, 54.02 ± 3.17 
ng/mL in the RPG + Glucose group, and 86.31 ± 5.67 ng/mL in the RPG 
– Glucose group. This phenomenon can be explained by the following 
points: (1) GOx activity dependence: The activity of GOx is dependent 
on the presence of glucose. In the absence of glucose, GOx is unable to 
exert its catalytic effect, so the cytotoxicity of GPP is significantly 
reduced. (2) Cytotoxicity of Res: Res itself has a certain cytotoxicity, and 
Res can still have toxic effects on cells even under glucose-free condi
tions. Therefore, RGP still exhibits high cytotoxicity in the absence of 
glucose. This indicated that GOx could effectively suppress tumor cell 
proliferation.

Among them, the dose-dependent inhibitory trends among groups 
were further validated through IC50 analysis, with specific significant 
differences shown in Fig. 4d and f and the results section of the main 
text.

4.8. ROS

Although tumor cells have evolved metabolism to resist oxidative 
stress, they can still cause damage and death when ROS accumulates in 
large quantities [29]. The ROS surge can lead to misfolding and trans
location of endoplasmic reticulum proteins in tumor cells, which are the 
basis for induction of ICD. As shown in Fig. 5a, b and 5c, the qualitative 
and quantitative characterization of ROS generation in CT26 cells were 
induced by the control group, GPP NMs, RPP NMs and RPG NMs groups, 
respectively. The cells in the GPP NMs and RPP NMs groups produced 
significantly stronger ROS fluorescence than those in the control group. 
In addition, RPG NMs induced the strongest ROS fluorescence in tumor 
cells, which was significantly greater than that in the control group. In 
RPG NMs, Res promoted ROS generation through mitochondrial regu
lation. Res inhibits mitochondrial electron transport chain (ETC) Com
plexes I and III, increasing electron leakage and resulting in substantial 
accumulation of ROS, including superoxide anions (O2•

-) [30,31]. Also, 
GOx executed a catalytic reaction within cells, promoting additional 
H2O2 production. Therefore, RPG NMs could induce a large amount of 
ROS in tumor cells, providing a chemical basis for the occurrence of ICD.

Fig. 3. Uptake fluorescence images of Free C6 and C6/PP NMs at 1 h, 2 h and 3 h (scale bar = 100 μm).
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Fig. 4. (a) The uptake results of C6/PPNMs and Free C6 by CT26 cells, (b) the cytotoxicity of PP NMs as a blank carrier to CT26 cells, (c) the cell viability of Free Res, 
Free Res + GOx, RPP and RPG NMs groups, (d) the IC50 of CT26 cells, in the Res concentration, (e) cytotoxicity of each preparation group when GOx was used as the 
concentration, and (f) IC50 of CT26 cells when GOx was used as the concentration. n = 3, one way ANOVA. The data are expressed as the mean ± SD, *p < 0.05, **p 
< 0.01, ***p < 0.001.

Fig. 5. (a) ROS fluorescence images with different interventions, (b) and (c) are quantitative analyses of ROS generation, (d) ΔΨm fluorescence images with different 
interventions, and (e) semi-quantitative analysis of ΔΨm measurements. n = 3, one way ANOVA. The data are expressed as the mean ± SD, *p < 0.05, **p < 0.01, 
***p < 0.001.
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4.9. Mitochondrial membrane potential (△Ψm)

In mitochondria, the electron transport chain generates a proton 
gradient through a redox reaction that drives the synthesis of ATP [32]. 
The stability of ΔΨm is related to the energy supply of cells and their 
survival state. At high ΔΨm, JC-1 molecules aggregate in mitochondria 
and fluoresce red. However, at low ΔΨm, green fluorescence is emitted 
[33]. As shown in Fig. 5d and e, △Ψm was significantly lower in GPP, 
RPP and RPG NMs groups than in the control group. Among them, the 
decrease in ΔΨm was the strongest in the RPG NMs group, showing 
excellent potential for mitochondrial inhibition. The decrease in ΔΨm 
was followed by the RPP NMs group. Res can reduce mitochondrial DNA 
content by depleting the ATPase 8 in tumor cells, causing mitochondrial 
dysfunction and decreasing ΔΨm [34]. Therefore, the decrease in ΔΨm 
caused by RPP was more significant than GPP. Similarly, tumor cells 
intervened in the RPG NMs group could accumulate much ROS, 
achieving a significant decrease in ΔΨm and causing the death of a large 
number of tumor cells.

4.10. ICD inducibility

4.10.1. The release of ATP and HMGB1
ICD primarily rely on DAMPs such as ATP, CRT, and HMGB1 and 

significantly enhance the immunogenicity of these dying tumor cells 
[35]. ATP can be released by endocytosis of ATP-containing vesicles in 
the ANNexin channel when tumor cells develop ICD [36]. At this point, 
extracellular ATP recruit myeloid cells to the active ICD site by releasing 
a “Find-me” signal to DC precursor cells and macrophages via the 
purinergic receptor P2RY2 [37]. Moreover, ICD can release HMGB1, 
which further strengthens the immune response. In Fig. 6a, RPG NMs 

induced tumor cells with the largest release of ATP (671.0 ± 10.54 μM) 
compared to the control group. In Fig. 6b, RPG NMs contributed to the 
highest levels of HMGB1 release (4164 ± 75.45 pg/mL). Similarly, other 
studies have shown that Res can induce ICD effects in human and mouse 
ovarian cancer cells [38]. Also, GOx can induce ICD effects in tumor cells 
in vivo and improve immunogenicity [39]. Therefore, the RPG group 
has the potential to induce high levels of ICD in tumor cells and improve 
the immunogenicity of tumor tissues.

4.10.2. Expression of CRT and determination of DCs maturity
CRT is exposed to the surface of tumor cell membranes and as a “eat 

me” signal, promoting its phagocytosis by immune cells such as DCs 
[40]. Surface-exposed CRT can bind to CD91 on the surface of 
antigen-presenting cells, activating both innate and adaptive immunity. 
In Fig. 6c–d, the expression of CRT in the cell membrane of the RPP vs. 
GPP NMs group showed only a small amount of fluorescence. Compared 
with the GPP group, CRT expressed on the surface of tumor cell mem
brane reached the highest fluorescence intensity after RPG NMs 
intervention.

CRT as DAMPs can induce maturation of DCs. In Fig. 7a–b, CD80 and 
CD86 positive cells are markers of mature DCs. Compared with the 
control group (2.86 %), RPG NMs-induced tumor cell debris signifi
cantly increased the maturity of DCs, up to 57.8 %. The GPP and RPG 
NMs groups reached 35.5 % and 39.7 %, respectively. Intratumoral DCs 
can both provide survival signals to afferent T cells and drive effector 
differentiation, thereby enhancing local anti-tumor immunity [41]. 
However, the deficiency of DCs in vivo or the expression of their 
immunomodulatory molecules often limits the response of anti-tumor T 
cells [42]. RPG NMs can induce tumor cells to release DAMPs and an
tigen signals, activate and recruit more DCs. DCs play a central role in 

Fig. 6. (a) The levels of ATP released from tumor cells induced by different groups, (b) the levels of HMGB1 released from tumor cells induced by various preparation 
groups, (c) and (d) are the qualitative and quantitative analysis of CRT expression on CT26 cells induced by diverse groups. n = 3, one way ANOVA. The data are 
expressed as the mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001.
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the initiation and maintenance of anti-tumor T cell immunity. When the 
tumor cells are processed into DAMPs, the DC cells gradually mature and 
migrate to the lymph nodes. Thereafter, tumor antigens are processed 
and loaded onto histocompatibility complexes and presented to CD8+ T 
cells, ultimately destroying residual tumor cells [43–46]. Therefore, the 
ICD effect induced by RPG NMs can not only enhance the immunoge
nicity of tumor cells and make tumor cells a “therapeutic vaccine”, but 
also improve the efficacy of DCs-based tumor vaccines.

5. Conclusions

In conclusion, we have successfully designed RPG NMs for ICD in
duction in cancer cells by co-delivery of GOx and Res. Among them, PP 
copolymer can load hydrophobic Res and adsorb GOx by electrostatic 
interaction to achieve high drug loading and dimensional stability. RPG 
NMs have good monodispersity and concentrated particle size distri
bution, and qualified stability and biological safety. They can ensure the 
catalytic activity and stability of GOx and provide the basis for its 
function in cells. GOx in RPG NMs accelerated the rate of Res release 
from micelles at simulated tumor acidity. RPG NMs can significantly 
inhibit the viability of tumor cells. GOx can produce abundant ROS and 
assist Res to induce ICD in tumor cells, releasing HMGB1 and ATP. 
Meanwhile, RPG NMs can promote the translocation of CRT to the 
membrane surface of tumor cells, displaying the “eat me” signal. Inter
estingly, RPG NMs induced tumor cells and debris significantly 
enhanced the maturation of DCs. Therefore, this micelle may be a 
promising nanoplatform with the promise of activating tumor immune 
presentation functions and improving immunotherapy efficacy.
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