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Abstract
Immunotherapy, exemplified by immune checkpoint blockade (ICB), has been extensively employed in antitumor 
treatments. Nevertheless, its efficacy in addressing low-immunogenic tumors has not yielded satisfactory results, 
primarily due to the depletion and inadequate infiltration of effector T cells within the tumor microenvironment 
(TME). Here, we construct an injectable water-in-oil emulsion hydrogel to load clinically used Celastrol (Gel@
Cel), which addresses the limitations of Cel’s hydrophobicity. Cel can both inhibit tumor cell proliferation and 
promote tumor cell apoptosis, while simultaneously inducing immunogenic cell death, through activation of 
the AKT and MAPK pathways. In a model of clinically refractory hepatocellular carcinoma with malignant ascites, 
intraperitoneal administration of Gel@Cel significantly inhibits tumor progression and activates antitumor immune 
effects through lipase-controlled release of Cel, as compared to free Cel. Intriguingly, the Gel@Cel induces the 
activation of dendritic cells, resulting in the infiltration of cytotoxic T cells in the TME of ascites. Furthermore, the 
administration of Cel increases the expression of programmed cell death protein ligand-1 (PD-L1) in tumor cells. 
Moreover, combining the PD-1 antibody (αPD-1) with Gel@Cel further enhances the antitumor effect and amplifies 
the immune activation. In conclusion, Gel@Cel exhibits promising therapeutic potential in the treatment of low-
immunogenic tumors, especially when combined with ICB therapy.
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Introduction
In recent years, immunotherapy, represented by pro-
grammed cell death protein-1 (PD-1)/programmed cell 
death protein ligand-1 (PD-L1) immune checkpoint 
blockade (ICB), plays a pivotal role in the treatment of 
malignant tumors [1, 2]. However, ICB therapy has not 
demonstrated the expected clinical efficacy in low immu-
nogenic tumors (e.g., hepatocellular carcinoma, malig-
nant ascites, and pancreatic cancer) compared to high 
immunogenic tumors (e.g., non-small cell lung cancer 
and melanoma) [3–5]. The principal reason for the inef-
fectiveness of cancer in responding to ICB therapy is the 
immunosuppressive tumor microenvironment (TME). 
The low-immunogenic TME is characterized by the 
depletion and inadequate infiltration of effector T cells 
[3, 6]. Hence, it is therefore evident that enhancing T-cell 
trafficking at the tumor site represents a promising ave-
nue for cancer immunotherapy.

Given that the success of ICB therapy depends criti-
cally on the recruitment of effector T cells, a promising 
therapeutic model is to induce immunogenic cell death 
(ICD), such as using ICD inducers-oxaliplatin, mitoxan-
trone, celastrol (Cel) [7]. During the ICD, dying tumor 
cells release immunostimulatory danger signals, espe-
cially calreticulin (CRT), which activates dendritic cells 
(DCs), resulting in the accumulation of helper T cells and 
cytotoxic T cells. Cel, a naturally occurring proteasome 
inhibitor derived from Tripterygium wilfordii, has been 
demonstrated to possess the potential for remarkable 
tumor-suppressive efficacy through inhibiting tumor cell 
proliferation, promoting tumor cell apoptosis, and induc-
ing ICD [8–15]. However, the clinical application of Cel 
is hindered by its unsatisfactory characteristics, including 
hydrophobicity, low bioavailability, and systemic toxic-
ity [16]. Hence, it is necessary to develop novel delivery 
systems for Cel to overcome the afore-mentioned defi-
ciencies in applications while optimizing immune 
stimulation.

In this work, we constructed an injectable water-in-
oil emulsion hydrogel (EHG) to load an ICD inducer-
Cel in the continuous oil phase (Gel@Cel). The EHG 
drug delivery system was developed on the foundation 
of clinically established iodized oil, with the objective of 
enhancing its biocompatibility and facilitating its clinical 
translation. In addition, the EHG system was designed 
to demonstrate good shear-thinning viscoelastic proper-
ties and a high drug-loading capacity, while overcoming 
the hydrophobicity of Cel. The Gel@Cel demonstrated 
an exceptional lipase-regulated, sustained release of Cel, 
which in turn triggers an ICD effect. This subsequently 
facilitates DC maturation and the priming of effector 
T cells. Furthermore, considering the elevated PD-L1 
expression in tumor cells elicited by Cel, the utilization 
of anti-PD-1 antibodies (αPD-1) was contemplated as a 

means of augmenting antitumor immunity in low immu-
nogenic malignant ascites (Fig.  1A). Collectively, our 
results demonstrated the notable therapeutic efficacy of 
Gel@Cel-induced ICD and immune activation, offering 
a promising approach for the management of malignant 
ascites.

Materials and methods
Reagents
Shellac (wax free) was purchased from Sigma-Aldrich. 
Iodized oil was acquired from Jiangsu Hengrui Medicine 
Co., Ltd. Castor oil (USP) was purchased from Aladdin. 
FITC dextran (MW ~ 10000 Da) and lipase (20000 U/g) 
were purchased from Macklin. Nile red and phosphate 
buffered saline (PBS) were purchased from Shanghai 
Yuanye Bio-Technology Co., Ltd. α, ω-diamino function-
alized polystyrene (NH2-PS-NH2, MW ~ 9000 Da) was 
synthesized via atom transfer radical polymerization 
using a dibromo functionalized initiator and then nucleo-
philically substituted to yield diamino end groups. Cel 
was purchased from MCE. Mouse αPD-1 was purchased 
from Invitrogen. Deionized (DI) water was used through-
out the study.

Cell culture
The murine hepatocellular carcinoma cell line H22-luc 
and Hep1-6, the murine pancreatic cancer cell line KPC 
were purchased by Shanghai Institute for Biological Sci-
ence (Shanghai, China) and cultured with Dulbecco’s 
modified Eagle’s medium (DMEM, Gibco) containing 
10% Fetal Bovine Serum (FBS, Gibco) and 1% penicillin/
streptomycin (Meiluncell) in a cellular incubator (37  °C, 
5% CO2).

Preparation of carboxyl functionalized nanoparticles (NPs)
Shellac solution was prepared by dissolving 50 mg shel-
lac in 1 mL of ethanol. Then, 100 µL of the shellac solu-
tion was quickly injected into 3 mL of DI water using a 
1-200 µL hydrogel-loading pipet tip. Because ethanol 
quickly mixes with water, shellac precipitates, form-
ing shellac NPs. The particle size was measured using a 
Zetasizer (Nano series; Malvern). The size distribution 
of shellac NPs was shown in Figure S1 and the diame-
ter was ~ 120 nm. The shellac NPs contained many car-
boxyl groups on the surface and were naturally carboxyl 
functionalized.

Preparation of EHG and Gel@Cel
Emulsion hydrogel (EHG) was prepared. The oil phase 
consists of iodized oil and castor oil with NH2-PS-NH2 
at concentration of 10  mg/mL, the water phase con-
tained shellac NPs at concentration of 1.67 mg/mL, and 
the volume ratio of oil phase to water phase was 1:2. The 
oil phase and water phase were sheared into water-in-oil 
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Fig. 1  Construction and preparation of injectable Cel-loading emulsion hydrogel (EHG). (A) Schematic representation of the antitumor mechanism of 
Gel@Cel and αPD-1. (B) Preparation of EHG by bridging nanoparticle-stabilized water droplets using telechelic polymers via electrostatic complexation. 
(C) Size distribution of EHG at oil to water ratio of 1:2. Inset is the optical microscopic image of water droplets in the oil phase, scale bars represented as 
50 μm
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emulsions by vortexing, which form EHG after a couple 
of minutes in stationary. Cel was dissolved in oil phase 
to prepare Gel@Cel according to the above method. If 
not specified, the oil phase consists of iodized oil with 20 
vol% castor oil.

Confocal Laser Scanning Microscopy (CLSM)
To determine the emulsion type of the EHG systems, Cel 
in the oil phase as a fluorescent dye. The EHG was imaged 
using a fluorescent confocal microscope (LSM900, Zeiss) 
and fluorescence was excited by an Argon laser (405 nm), 
and red fluorescence emitted by Cel (wavelength 650–
800 nm) was detected.

In vitro degradation of EHG
In vitro degradation of EHG at 37  °C was performed by 
adding 0.45 mL EHG (150 µL oil phase and 300 µL water 
phase) to the bottom of a 3 mL glass bottle and 1 mL PBS 
or 1 mL lipase solution (1  mg/mL) on top of the EHG. 
The oil phases were consisted of iodized oil with differ-
ent castor oil (5 vol%, 10 vol%, 15 vol% and 20 vol%). To 
test the release of hydrophilic actives, hydrophilic FITC-
dextran was used as the model and loaded in the water 
droplets. The concentration of FITC-dextran released in 
the top buffer solution was determined by measuring the 
absorption peak at 492 nm using a UV-Vis spectrometer 
(UV-1800, Shimadzu). To test the release of hydropho-
bic actives, hydrophobic Nile red was used as the model 
and loaded in the oil phase. The concentration of Nile 
red released in the top buffer solution was determined by 
measuring the absorption peak at 550 nm. For every one 
day, 1 mL top buffer solution was removed for measure-
ment and replaced with 1 mL fresh top buffer solution.

Rheological measurements of EHG
The viscoelastic properties of EHG were measured by a 
rotating rheometer (MARS 60, HAAKE) equipped with 
two parallel flat plates (diameter = 20  mm). The EHG 
used for rheological measurements were prepared using 
1.67  mg/mL shellac NPs in water, 10  mg/mL NH2-PS-
NH2 in the oil phase and different oil-to-water ratio of 
1:2. The gap between the two plates was fixed at 1 mm. 
A solvent-trapping device was placed above the plates to 
avoid evaporation of the EHG systems. The strain sweeps 
were conducted from 0.1 to 100% at a constant frequency 
of 1  rad/s at 25  °C and 37  °C. Frequency sweeps were 
conducted from 0.1 rad/s to 100 rad/s at a constant strain 
of 1% at 25  °C and 37  °C. The temperature sweeps were 
conducted from 20 °C to 50 °C at a constant frequency of 
1 rad/s and a constant strain of 1%. The time sweeps were 
conducted at a constant frequency of 1 rad/s and a con-
stant strain of 1% at 25 °C.

Stability of EHG
The prepared EHG were placed at different temperatures 
(-20℃, 4℃ and 50℃) for 12 h to test their thermal sta-
bility. To test their stability against centrifugation, EHG 
were centrifuged at different rotational speeds for 5 min.

3D printing of EHG
A 3D printer (Z-603  S, JG AURORA) was modified to 
simultaneously control the position of the printing head 
and the infusion of a syringe pump (LSP01-1  A, Lon-
gerPump), 2D patterns or 3D models can be printed by 
EHG. 2D patterns and 3D models were designed and 
coded into continuous printing paths by a gcode. After 
the preparation of EHG, the EHG were transferred into 
a syringe, whose needle was connected to the printing 
head, and printed into 2D patterns and 3D models. The 
3D printing system can simultaneously control the print-
ing paths via the movement of the printing head and the 
extrusion of EHG along the printing paths via the infu-
sion of the syringe pump. For extrusion-based 3D print-
ing, it was important that the ink could be extruded out 
of the nozzle and its shape could be maintained after 
leaving the nozzle. Because of the shearing-thinning vis-
coelastic property and the water-in-oil emulsion type of 
the EHG systems, EHG could directly be printed in both 
air and water.

In vitro cytotoxicity
The cell toxicity of Cel was measured using Cell Count-
ing Kit-8 (CCK-8). H22-luc, Hep1-6, and KPC cells were 
separately cultured in a 96-well plate for 12 h. Different 
concentrations of Cel were prepared with 10% FBS-con-
taining DMEM media, and 100 µL solution were added 
to each culture plate and incubated for 48 h. 10ul CCK-8 
assay solution (BS350A, Biosharp) with serum-free 
DMEM (1:10) was then added to each well and the absor-
bance at 450 nm was tested after 1 h incubation.

Cell apoptosis detection in vitro
Two groups of H22-luc cells, Hep1-6 cells, and KPC cells 
were separately planted in six-well plates, and after 12 h, 
the old DMEM medium was removed, and cells were 
incubated with PBS, Gel, Cel, or Gel@Cel for 48  h in 
H22-luc cells and with PBS or Cel for 48 h in Hep1-6 cells 
and KPC cells. Finally, the cells were collected and incu-
bated with Annexin V-fluorescein isothiocyanate (FITC)/
propidium iodide (PI) (AT101, Multi sciences) for 15 min 
and detected immediately by flow cytometry (FCM, BD 
Fortessa X-20).

CRT expression in vitro
H22-luc cells, Hep1-6 cells, or KPC cells were sepa-
rately seeded in six-well plates and incubated with PBS 
or Cel for 48 h. After different treatments, the cells were 
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stained with CRT primary antibody (A00894, Boster, 
1:50, diluted in PBS) for 30 min, followed by incubation 
with donkey anti-rabbit IgG (Clone poly4064, Biolegend, 
1:200, diluted in PBS) for 30 min. Then, cells were rinsed 
and resuspended with 100ul PBS, analyzed using a flow 
cytometer (BD Fortessa X-20).

PD-L1 expression in vitro
To assess PD-L1 expression by flow cytometry, H22-luc, 
Hep1-6, or KPC cells were separately cultured in six-well 
plates overnight and then incubated with PBS, Gel, Cel, 
or Gel@Cel for 48 h in H22-luc cells and with PBS or Cel 
for 48 h in Hep1-6 cells and KPC cells. Cells were labeled 
with fluorescent dye-labeled antibodies against PD-L1 
(Clone 10  F.9G2, Biolegend, 1:200, diluted in PBS) for 
30 min. Finally, the cells were collected and analyzed by 
flow cytometry (BD Fortessa X-20).

RNA-seq analysis
KPC cells were treated with PBS or Cel. After 24 h, total 
RNA was extracted using Trizol according to the manu-
facturer’s instructions. RNA-seq was performed by OE 
Biotech Co., Ltd. (Shanghai, China).

Western blot assay
KPC cells were seeded on 6-well plates overnight, and 
then were treated with Cel for 0 h, 0.5 h, 2 h, 4 h, respec-
tively. Total proteins were extracted from treated KPC 
cells. Each protein sample was resolved by SDS-PAGE 
gel electrophoresis, and then transferred to PVDF mem-
branes (ISEQ00010, Millipore). After incubating with 
BSA blocking buffer for 1  h, the primary antibodies of 
p-P38 (4511T, CST, 1:1000), p-JNK (BM4380, Boster, 
1:1000), p-ERK (BM4156, Boster, 1:1000), p-AKT (4060T, 
CST, 1:1000), and β-actin were applied to these mem-
branes overnight at 4 °C. Subsequently, membranes were 
incubated with horseradish peroxidase-conjugated sec-
ondary antibodies for 1 h. Finally, immunoreactive bands 
of each group were observed by ECL western blotting 
detection system. The relative protein expression level 
was quantified using Image J V2 software.

Animal experiment
We purchased BALB/c mice (6 or 7 weeks old) from the 
Zhejiang of Laboratory Animals (ZJCLA). Mice were 
housed in a specific pathogen-free facility. All experimen-
tal protocols were approved by the Animal Experimental 
Ethical Inspection of the Institutional Animal Care and 
Use Committee (IACUC) and ZJCLA with the approval 
number ZJCLA-IACUC-20,010,637. We constructed 
a H22-luc hepatocarcinoma ascites model by implant-
ing intraperitoneally 2 × 105 H22-luc cells into BALB/c 
mice. After six days, tumor-bearing mice were randomly 
divided into six groups and intraperitoneally treated with 

50ul PBS, Cel, Gel, αPD-1, Gel@Cel, or Gel@Cel + αPD-1 
(Cel, 5  mg/kg; PD-1,10  mg/kg) every four days for two 
times. Tumor weights were measured at day 8/11/14. 
Tumor burden was observed by continuous biolumines-
cence imaging.

Flow cytometry
Ascites fluid was collected, prepared and labeled with 
related dyes and antibodies. Zombie NIR™ Fixable Via-
bility Kit (423105; 1:2000) was used to label dead cells. 
Related antibodies containing CD45-AF700 (Clone 
30-F11; 123114), CD86-PE (Clone A17199A; 159204), 
CD11c-BV510 (Clone N418; 117338), CD45-FITC (Clone 
QA17A26; 157608), CD3-BV605 (Clone 145-2C11; 
100351), CD4-PE (Clone GK1.5; 100408), CD8-BV421 
(Clone 53 − 6.7; 100738), and IFN-γ-PE-Cy7 (Clone 
XMG1.2; 505826) were obtained from Biolegend and 
diluted with PBS containing 2%FBS or permeabilization 
buffer at 1:600 ratio. Flow cytometry analyses were per-
formed on a BD Fortessa X-20 flow cytometer.

Quantitative and statistical analyses
All data are presented in figures as means ± SEM. Sta-
tistical analyses were performed using GraphPad Prism 
10.0 software. The flow cytometry data were analyzed by 
FlowJo V10 software (TreeStar). Unpaired two-tailed Stu-
dent’s t test was used to compare the difference between 
two groups of measurements. One-way analysis of vari-
ance (ANOVA) was used for comparing two groups 
in multi-group comparisons. Significant differences 
are expressed as follows: ns: not significant, *p < 0.05, 
**p < 0.01, and ***p < 0.001.

Results
Preparation and characterization of EHG
In this study, the oil phase and water phase were sheared 
into water-in-oil emulsions by vortexing, which form 
EHG after a couple of minutes in stationary. As the car-
boxyl groups of shellac NPs were negatively charged [17, 
18] and the amino end groups of NH2-PS-NH2 polymers 
were positively charged, during the emulsification pro-
cess, one amino end group can electrostatically bind to 
one carboxyl group and each NH2-PS-NH2 molecule with 
two amino end groups can simultaneously bind to two 
shellac NPs in two neighboring droplets, thus performing 
as a chelator to form emulsion hydrogels. The shellac NPs 
was essential for the formation of EHG, in the absence of 
shellac NPs in the water phase, no EHG could be formed, 
as shown in Figure S2. Hydrophobic Cel can be dissolved 
in the oil phase, shellac nanoparticles in the water phase, 
EHG was designed and prepared by emulsifying the water 
phase into droplets in the continuous oil phase, as shown 
in Fig. 1B. This approach facilitated the encapsulation of 
hydrophobic Cel in EHG and its subsequent delivery. The 
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Fig. 2 (See legend on next page.)
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droplets and size distribution of EHG prepared at oil to 
water ratio of 1:2 was shown in the Fig.  1C, the diame-
ter of droplet is 25  μm. Cel itself was red and has fluo-
rescent, which can be used as a fluorescent indicator in 
oil phase, as shown in Figure S3, it indicated that Cel was 
successfully loaded into the EHG. Fluorescent confocal 
microscopy imaging indicated successfully loading of 
hydrophobic therapeutics (Fig. 2A and S3), and the EHG 
was water-in-oil type. To observe the microstructure of 
EHG more directly, 3D reconstruction showing the EHG 
from z-scans of fluorescent confocal microscope images 
in Figure S4, from which dispersed spherical droplets can 
be seen. By adding a certain proportion of castor oil to 
the iodized oil, EHG can also be formed. To obtain bet-
ter slow-release effect, five different EHG with different 
castor oil (0 vol%, 5 vol%, 10 vol%, 15 vol% and 20 vol% 
castor oil) in oil phase were prepared and their release 
properties were tested. Release profiles of FITC-dextran 
and Nile Red in the presence of PBS (square) and lipase 
(upper triangle) were shown in Fig. 2B and C, FITC-dex-
tran and Nile Red can be released at the trigger of lipase 
at a linearly increasing and almost no release in PBS solu-
tion. The release of EHG was trigged by lipase, which 
can gradually decompose the continuous oil phase, thus 
releasing the encapsulated cargo in a sustained manner. 
The higher the proportion of castor oil in the oil phase, 
the slower the degradation of the gel in the lipase. The 
EHG showed slow release in 20 days when the castor oil 
was 20 vol% in oil phase, which showed the EHG systems 
can realize the control and slow release. To successfully 
prepare EHG, a minimum concentration of shellac-NPs 
(0.0016 mg/mL) and a minimum concentration of NH2-
PS-NH2 telechelic polymers (4 mg/mL) were required to 
ensure gelation (Fig. 2D).

EHG used for the test were prepared of oil phase con-
sisting of a mixture of 80 vol% iodized oil and 20 vol% 
castor oil, which showed excellent viscoelastic properties. 
The strain sweeps of EHG prepared at oil to water ratio 
of 1:2 at different temperatures was shown in Fig.  2E. 
When the strain was less than 10%, the elastic modulus 
G′ was larger than the viscous modulus G″ with little 
change, showing the EHG systems of a non-flowable 

characteristics. The yield point of strain ≈ 29% and 17% at 
25℃ and 37℃, respectively. When the strain larger than 
yield point, the viscous modulus G″ became larger than 
the elastic modulus G′ and the EHG became flowable, 
which was a characteristic shear-thinning behavior. The 
elastic modulus G′ and the viscous modulus G″ of EHG 
with angular frequency at 25℃ and 37℃ were shown 
in Fig.  2F, G′ and G″ increased with increasing angular 
frequency. The elastic modulus G′ of EHG was greater 
than viscous modulus G′′ at angular frequency, showing 
a solid-like characteristics. In addition, the elastic modu-
lus G′ and the viscous modulus G″ of EHG was hardly 
compromised over 1800s (Figure S5), suggesting the sta-
bility of the EHG. The elastic modulus G′ and the viscous 
modulus G″ decreased with the increase of temperature, 
which shown in Fig. 2G.

EHG was stable from 4℃ to 50℃, when the tempera-
ture below freezing point (e.g., -20℃), the structure of 
EHG was destroyed due to the crystallization of water. 
However, stable EHG can be retrieved at room temper-
ature by vortexing (Figure S6). The EHG was also stable 
against centrifugation speed less than 1000  rpm, when 
the centrifugation above 1500 rpm, a small amount of oil 
may release out by compressing the water droplets (Fig-
ure S7). The EHG with shear-thinning viscoelastic prop-
erties and excellent stability, which can be an ideal ink 
for 3D printing and can directly print patterns in air, as 
shown in Fig. 2H, I and J. As the EHG was water-in-oil 
type, so the EHG can print in water directly, as shown in 
Fig. 2K.

In vitro antitumor efficacy
To ascertain the antitumor efficacy of Cel in low-immu-
nogenic tumor cells, CCK-8 assays were employed to 
ascertain the cytotoxicity of Cel in H22-luc cells, Hep1-6 
cells and KPC cells. As shown in Fig. 3A and Figure S8, 
Cel exhibited similar potent toxicity to the above tumor 
cells in a dose-dependent manner. The half maximal 
inhibitory concentration (IC50) value of Cel was deter-
mined as 0.61  µg/mL, 0.75  µg/mL, and 1  µg/mL in 
H22-luc cells, Hep1-6 cells and KPC cells, respectively. 
Cell apoptosis was further evaluated by flow cytometry. 

(See figure on previous page.)
Fig. 2  Preparation and characterizations of EHG. (A) Fluorescent confocal microscopic images of EHG loaded with Cel in oil phase, scale bar represented 
as 20 μm. (B) Release profiles of FITC dextran-loaded droplets of EHG in the presence of PBS (square) and lipase (upper triangle), the EHG are prepared 
with different oil phase, the oil phase consists of iodized oil (I) with different 0 vol%, 5 vol%, 10 vol%, 15 vol% and 20 vol% castor oil (C). (C) Release profiles 
of Nile red-loaded in the oil phase of EHG in the presence of PBS (square) and lipase (upper triangle), the EHG are prepared with different oil phase, the 
oil phase consists of a mixture of iodized oil (I) and 0 vol%, 5 vol%, 10 vol%, 15 vol% and 20 vol% castor oil (C). (D) Phase diagram of EHG prepared at oil 
to water ratio of 1:2, with different concentrations of shellac-NPs in water phase and NH2-PS-NH2 telechelic polymers in oil phase. If not specified, the oil 
phase consists of a mixture of 80 vol% iodized oil and 20 vol% castor oil, and the NH2-PS-NH2 concentration in the oil phase is 10 mg/mL and the concen-
tration of shellac NPs in the water phase is 1.67 mg/mL. (E) Strain sweeps of elastic modulus G′ and viscous modulus G″ at oil to water ratio of 1:2, showing 
characteristic shear-thinning behaviors. The frequency is held constant at 1 rad/s. (F) Frequency sweeps of elastic modulus G′ and viscous modulus G″ at 
oil to water ratio of 1:2, showing characteristic shear-thinning behaviors. The strain is held constant at 1%. (G) Temperature sweeps of elastic modulus G′ 
and viscous modulus G″ at oil to water ratio of 1:2 from 20 to 50℃. The strain is held constant at 1% and the frequency is held constant at 1 rad/s. (H-J) 
3D printing of EHG in air. (K) 3D printing of EHG directly in water. Scale bars in H, I, J and K are 1 cm
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Fig. 3 (See legend on next page.)
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Consistent with CCK-8 results, Cel possessed the ability 
to significantly inhibit the proliferation of tumor cells, in 
which the killing of tumor cells mainly relies on apopto-
sis. In Hep1-6 cells and KPC cells, Cel induced 36.2% and 
31.7% apoptosis ratios (including early and late apoptosis 
states), respectively, which were 17.5-fold, and 8.3-fold 
increases compared with the control group (Fig.  3B-C 
and Figure S9). To further demonstrate that Gel@Cel 
has a therapeutic effect comparable to that of Cel, we 
included Gel and Gel@Cel treatment groups to assess 
cell apoptosis in H22-luc cells. As shown in Fig. 3B-C and 
Figure S10, both Cel and Gel@Cel induced tumor cell 
death via apoptosis, with apoptosis rates increasing 9.2-
fold and 10.6-fold, respectively, compared to the control 
group. This highlighted the effective therapeutic impact 
of Cel in the Gel state. Meanwhile, H22-luc cells treated 
with Gel alone showed no significant difference in apop-
tosis, indicating that the ability of Gel@Cel to induce 
apoptosis in H22-luc cells was primarily attributed to 
Cel. Collectively, the afore-mentioned data indicated that 
Cel exhibited a robust direct tumor-killing effect.

In vitro immune activation effect
Cel as a natural product isolated from Tripterygium 
wilfordii has considered to provoke antitumor immu-
nity responses by inducing ICD, which is typical of CRT 
exposure on the dying tumor cells surface [19]. Flow 
cytometry was performed to verify CRT expression in 
H22-luc cells, Hep1-6 cells and KPC cells. As shown in 
Fig.  3D, F-G and Figure S11, when the three cell lines 
mentioned above treated with appropriate concentra-
tions of Cel (0.8 µg/mL, 0.8 µg/mL, and 1.4 µg/mL), the 
percentage of CRT-positive cells increased 4.9-fold, 17.8-
fold, and 1.7-fold, respectively, compared with control 
groups. Therefore, the results demonstrated that Cel pos-
sessed the capacity to induce a substantial degree of CRT 
exposure in tumor cells.

Previous studies have demonstrated that ICD induc-
ers are capable of upregulating PD-L1 expression in 
tumor cells [20, 21]. Hence, we detected the expression 
of PD-L1 in H22-luc cells, Hep1-6 cells and KPC cells. 
As illustrated in Fig. 3E and I, compared with PBS group, 
the expression of PD-L1 increased by 41.8-fold in Hep1-6 
cells after Cel treatment, respectively. Similar results 
were also demonstrated in KPC cells (Figure S12). In 
addition, as shown in Fig. 3E and H and Figure S13, the 
percentage of PD-L1 positive cells increased by 7.5-fold 
and 10.2-fold, compared with control groups. Thus, these 

results indicated that Cel and Gel@Cel had the capac-
ity to upregulate the expression of PD-L1 in tumor cells, 
while PD-L1 needed to be blocked to achieve significant 
antitumor immunotherapeutic effects.

RNA-sequencing analysis
To explore the potential molecular mechanism of anti-
tumor efficacy induced by Cel, RNA-sequencing of KPC 
cells was performed that were either treated with PBS 
or Cel. As illustrated in Figs. 4A and 15,837 genes were 
detected, of which 428 genes were down-regulated and 
989 genes were up-regulated in KPC cells treated with 
Cel, compared with the control group. Subsequently, we 
observed that some differentially expressed genes (DEGs) 
were up-regulated expression in the Cel group, including 
Fos, Ikbkg, Gadd45a, Gadd45b, Gadd45g, which indi-
cated Cel caused intense cell apoptosis. Furthermore, the 
elevated mRNA levels of Hspa1a indicated the potential 
for Cel to induce ICD (Fig.  4B). To further access the 
underlying signaling pathways, Kyoto Encyclopedia of 
Genes and Genomes (KEGG) enrichment analysis was 
performed on the DEGs. KEGG analysis elucidated that 
a variety of antitumor related signaling pathways were 
changed in KPC cells after Cel treatment, such as TNF 
signaling pathway, NF-Kappa B signaling pathway, apop-
tosis, PI3K-AKT signaling pathway, and MAPK signaling 
pathway (Fig. 4C). Synchronously, Gene Ontology (GO) 
enrichment analysis of the DEGs revealed Cel-regulated 
pathways including apoptosis, programmed cell death 
and MAPK signaling pathway (Figure S14). Considering 
the correlation of cell apoptosis and ICD with PI3K-AKT 
and MAPK signaling pathway [22], we further verified the 
gene sets overall expression trends of the above signaling 
pathway by Gene Set Enrichment Analysis (GSEA). As 
shown in Figure S15, compared with the control group, 
GSEA revealed that the PI3K-AKT and MAPK signaling 
pathway genes were highly enriched in KPC cells treated 
with Cel and the above two signaling pathway were up-
regulated. We further evaluated the phosphorylation lev-
els of p-AKT protein of the PI3K-AKT pathway, as well 
as p-P38, p-JNK, and p-ERK proteins of the MAPK path-
way using western blotting. Cel treatment with different 
time (0 h, 0.5 h, 2 h, 4 h) significantly up-regulated p-P38, 
p-JNK, p-ERK, and p-AKT protein in KPC cells, particu-
larly after 0.5  h of Cel incubation (Fig.  4D, Figure S16). 
These findings suggested that Cel promoted tumor cell 
apoptosis and induced ICD via the activation of PI3K-
AKT and the MAPK signaling pathway.

(See figure on previous page.)
Fig. 3  Cytotoxicity and inducing immune activation of Cel in vitro. (A) Cell viability of H22-luc cells and Hep1-6 cells examined post 48 h incubation with 
different concentrations Cel. (B) Flow cytometry and (C) quantitative apoptotic cell analysis of H22-luc cells and Hep1-6 cells after treatment with PBS or 
Cel. (D) Expression of CRT was detected by flow cytometry and (F, G) corresponding quantification in H22-luc cells and Hep1-6 cells. (E) PD-L1 expression 
was detected by flow cytometry and (H, I) corresponding quantification in H22-luc cells and Hep1-6 cells. Statistical significance was calculated via t-test. 
Data represent means ± S.E.M. *p < 0.05, **p < 0.01, and ***p < 0.001
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In vivo antitumor effects
A luciferase-tagged H22 cells (H22-luc) tumor-bearing 
BALB/c malignant ascites mouse model was estab-
lished to evaluate the therapeutic potential of Gel@Cel. 
We verified the formation of H22-luc hepatoma ascites 
mice model using bioluminescence imaging and then the 
mice were randomly divided into five groups to receive 
various treatments (PBS, Cel, Gel, αPD-1, Gel@Cel, 

or Gel@Cel + αPD-1). Details of the treatment outline 
were shown in Fig.  5A. Furthermore, bioluminescence 
signals of H22-luc cells were monitored for purpose of 
tracking the progression of malignant ascites. Different 
treatment groups (Cel, Gel@Cel, and Gel@Cel + αPD-1) 
possessed the ability of retarding tumor growth to vary-
ing degrees in contrast to the control group. Overall, 
Gel@Cel + αPD-1 caused the highest degree of delaying 

Fig. 4  Genome-wide RNA-sequencing of KPC cells treated with Cel in vitro. (A) Volcano plots of the total differentially expressed genes (DEGs) between 
Cel-treated group and PBS group. (B) Heat map of the specific DEGs. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. 
(D) The expression levels of p-AKT, p-ERK, p-JNK, and p-P38 were detected in KPC cells treated with Cel at the 0 h, 0.5 h, 2 h, and 4 h by western blotting
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tumor growth. Compared with Gel@Cel monotherapy, 
Gel@Cel + αPD-1 was more effective in reducing tumor 
burden (Fig. 5B-C). These results suggested that combin-
ing the αPD-1 with Gel@Cel further amplified the anti-
tumor effect. Additionally, despite the administration of 
Cel in both the free Cel and Gel@Cel groups at identi-
cal doses, the Gel@Cel group exhibited a notable delay in 
tumor growth. This suggested that the improved release 
profile and enhanced therapeutic effect observed in the 
Gel@Cel group may be attributed to the utilization of 
EHG delivery systems.

In addition, the hematoxylin-eosin (H&E) staining 
images of normal tissues treated with different therapeu-
tic modalities revealed no evidence of systemic adverse 
effects on these normal organ systems, including the 
heart, liver, spleen, lung, and kidney (Figure S17). Sub-
sequently, compared with the PBS group, no significant 
changes in body weight were observed in mice under-
going different treatments in malignant ascites models 
(Figure S18). Collectively, these results indicated that our 
constructed EHG delivery systems demonstrated secure 
properties and therefore implied the biocompatibility of 
the EHG systems in vivo.

Evaluation of immune activation effect in vivo
Tumor-associated antigens are released from dying 
tumor cells undergoing ICD, following phagocytosis by 
antigen-presenting cells (APCs) such as DCs, and pre-
sented to T lymphocytes [23]. The gating strategy used 
to detect DC activation was shown in Fig. 6A. As illus-
trated in Fig.  6B, when compared with PBS treatment, 
Cel monotherapy, Gel@Cel and Gel@Cel + αPD-1 treat-
ments increased the infiltration of activated DCs (dead 
dye−CD45+CD11c+CD86+), while αPD-1 monotherapy 
had no significant difference. Notably, the percentage 
of activated DCs in Gel@Cel + αPD-1 group increased 
by 7.0-fold and 1.3-fold, in contrast to PBS or Gel@
Cel group respectively. In addition, the DC activation 
induced by Gel@Cel was observed to be 2-fold increase 
compared with free Cel, suggesting that the EHG sys-
tems employed as drug carriers had the capacity to 
enhance DC activation, which may be attributed to the 
slow-release property inherent to the EHG system. These 
results revealed that Gel@Cel has emerged as an effective 
approach for DC activation in vivo.

To evaluate the infiltration of T lymphocytes in the 
TME, FCM analysis revealed that the CD4+ T cell (dead 
dye-CD45+CD4+) proportion in the PBS group was only 
approximately 1.3%, meanwhile the proportion of CD4+ 
T cells was up to 8.7% in the Gel@Cel + αPD-1 group, 

Fig. 5  Therapeutic effects of different treatments in hepatoma ascites model. (A) Schematic illustration of various treatment modalities (PBS, Cel, Gel, 
αPD-1, Gel@Cel, Gel@Cel + αPD-1) based on a H22-luc hepatoma ascites mice model. (B)In vivo bioluminescence images of H22-luc hepatoma ascites 
mice after various treatments (n = 8). (C) Quantitative analysis of the tumor bioluminescence intensity in H22-luc hepatoma ascites mice under different 
treatment conditions (n = 8). Data represent means ± S.E.M. *p < 0.05, **p < 0.01, and ***p < 0.001
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Fig. 6  Immune Activation Effect of Gel@Cel + αPD-1 in vivo. (A) Flow cytometry gating strategy and (B) quantitation of the activated DC populations in 
the tumors after various treatments (n = 8). (C) Gating strategy for detecting CD4+ T cells, CD8+ T cells, Th1 cells and CTLs by flow cytometry. (D-G) Relative 
infiltration of CD4+ T cells (D), CD8+ T cells (E), Th1 cells (F), and CTLs (G) in the tumors under different treatments (n = 8). Data represent means ± S.E.M. ns: 
not significant, *p < 0.05, **p < 0.01, and ***p < 0.001
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increasing 6.6-fold (Fig.  6C and D). Compared with 
Gel@Cel, the infiltration of CD4+ T cells increased by 
4.7-fold in Gel@Cel + αPD-1 group. As shown in Fig. 6C 
and E, Gel@Cel + αPD-1 was the most therapeutic strat-
egy that increased the proportion of CD8+ T cells (dead 
dye-CD45+CD8+), a 6.4-fold increase compared to PBS 
or Gel@Cel treatment. These results indicated that Gel@
Cel + αPD-1 had the ability of potentiating therapeutic 
effect to relieve immunosuppression. In addition, the 
proportion of helper T lymphocyte 1 cells (Th1, dead 
dye-CD45+CD4+IFN-𝛾+) in the Gel@Cel + αPD-1 was ele-
vated 14.0-fold and 2.6-fold in comparison with PBS and 
Gel@Cel treated tumors, respectively (Fig. 6C and F). As 
presented in Fig. 6C and G, the percentage of cytotoxic 
T lymphocytes (CTLs, dead dye-CD45+CD8+IFN-𝛾+) in 
the Gel@Cel + αPD-1 treatment was increased by 9.0-
fold and 1.6-fold, compared with PBS and Gel@Cel treat-
ment, respectively. Moreover, the infiltration of CTLs in 
the TME was significantly increased by 1.5-fold in the 
Gel@Cel group compared to the free Cel group. Gener-
ally, the afore-mentioned findings corroborated the sub-
stantial therapeutic benefits associated with the delivery 
of Cel via EHG in conjunction with αPD-1 for the pur-
pose of facilitating T cell infiltration.

Discussion and conclusion
Drug delivery systems with the properties of excellent 
plasticity, high drug-loading efficacy, and controlled 
release has presented advantages for cancer immuno-
therapy [24–28]. Although previous research has shown 
that Cel as a promising Chinese herb exhibited effective 
antitumor efficacy against multiple tumors, its hydro-
phobicity, low bioavailability, and its narrow therapeutic 
window limited its clinical applications [12, 13, 29–31]. 
In comparison to conventional drug delivery systems, 
gel possesses satisfactory stability and bioavailability and 
provides aqueous environment to drugs of antitumor 
therapy which favors their dissolution [32–35]. Our EHG 
drug delivery system comprises water droplets dispersed 
in an oil phase, wherein the oil phase is based on clini-
cally used iodinated oils, which have been demonstrated 
to be biocompatible and facilitate clinical applications. 
Furthermore, the EHG system permitted the controlled 
and gradual release of Cel in the presence of lipase by 
adjusting the proportion of oil. When the castor oil con-
centration in the oil phase reached 20 vol%, the EHG sys-
tem demonstrated sustained stability, and Cel could be 
continuously released in response to lipase stimulation 
over the course of 20 days, resulting in an extended and 
sustained antitumor immune effect. However, in order 
to further enhance the clinical application of the EHG 
drug delivery system, future research should focus on the 
development of more effective biocompatibility cross-
linkers. In addition, further optimization of EHG systems 

to make them cost-effective and reliable preparation 
would represent a valuable avenue of enquiry.

Malignant ascites is a major clinical challenge in the 
treatment of advanced hepatocellular carcinoma. Cur-
rently, conventional chemotherapy drugs (e.g., cisplatin) 
and anti-angiogenic drugs (e.g., bevacizumab) are com-
monly used to control the progress of ascites, which can 
temporarily relieve symptoms but is prone to recurrence 
[36, 37]. Clinical insensitivity to ICB therapy in patients 
with ascites has been reported to be mainly due to the 
prevalent immunosuppressive microenvironment [38, 
39]. Despite the construction of multiple drug delivery 
systems to treat malignant ascites, the efficacy of the 
drugs remains limited to a short period, and repeated 
administration is often necessary [40]. Intraperitoneal 
administration of Gel@Cel to the TME of malignant 
ascites resulted in a gradual and controlled release of 
the drug due to lipase-mediated hydrolysis. In vitro and 
in vivo studies demonstrated that Gel@Cel inhibited 
tumor cell proliferation and promoted tumor cell apop-
tosis, while also stimulating the release of ICD signals 
through the activation of the AKT and MAPK pathways, 
thereby triggering the maturation and activation of DCs, 
which in turn leaded to the increased infiltration of effec-
tor T lymphocytes. Generally, Gel@Cel ameliorated the 
immunosuppressive TME of low-immunogenic tumors 
by stimulating the ICD effect. In addition, Cel, like most 
ICD inducers, upregulated PD-L1 expression in tumor 
cells [41, 42]. Hence, αPD-1 blocked the elevated PD-L1 
expression in tumor cells caused by Cel, thereby achiev-
ing amplified antitumor effects in low-immunogenic 
tumors.

In summary, we have developed a controlled release 
and excellent biocompatible EHG drug delivery system 
loading Cel combined with αPD-1 to induce amplifi-
catory antitumor immunity for low immunogenicity 
tumors. Cel effectively suppressed tumor cell prolifera-
tion while inducing the generation of ICD through the 
activation of the AKT and MAPK pathways, and αPD-1 
blocked the elevated PD-L1 expression in tumor cells 
caused by Cel. Therefore, the combination of Gel@Cel 
and αPD-1 represents a promising approach for the treat-
ment of tumors with low immunogenicity, offering the 
potential to enhance the efficacy of anticancer immu-
notherapy. Furthermore, further consideration could 
focus on optimization of our designed delivery system to 
enable batch preparation for clinical applications while 
ensuring its safety and efficacy.
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