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A B S T R A C T

Hepatocellular carcinoma (HCC) is a common and deadly cancer, often diagnosed at advanced stages, limiting 
surgical options. Transcatheter arterial chemoembolization (TACE) is a primary treatment for inoperable and 
involves the use of drug-eluting microspheres to slowly release chemotherapy drugs. However, patient responses 
to TACE vary, with some experiencing tumor progression and recurrence. Traditional TACE uses agents like oil- 
based drug emulsions and polyvinyl alcohol particles, which can permanently block blood vessels and increase 
tumor hypoxia. Additionally, TACE can suppress the immune system by reducing immune cell numbers and 
function, contributing to poor treatment outcomes. New approaches, like TACE using degradable starch mi-
crospheres and hydrogel-based materials, offer the potential to create different tumor environments that could 
improve both safety and efficacy. In our research, we developed a composite hydrogel (IF@Gel) made of 
Poloxamer-407 gel and Fe3O4 nanoparticles, loaded with idarubicin, to use as an embolic material for TACE in a 
rat model of orthotopic HCC. We observed promising therapeutic effects and investigated the impact on the 
tumor immune microenvironment, focusing on the role of immunogenic cell death (ICD). The composite 
hydrogel demonstrated excellent potential as an embolic material for TACE, and IF@Gel-based TACE demon-
strated significant efficacy in rat HCC. Furthermore, our findings highlight the potential synergistic effects of ICD 
with anti-PD-L1 therapy, providing new insights into HCC treatment strategies. This study aims to provide 
improved treatment options for HCC and to deepen our understanding of the mechanisms of TACE and tumor 
environment regulation.

Abbreviations: HCC, Hepatocellular carcinoma; TACE, Transcatheter arterial chemoembolization; c-TACE, conventional TACE; PVA, polyvinyl alcohol; DEB-TACE, 
drug-eluting beads-TACE; VEGF, vascular endothelial growth factor; DSM-TACE, degradable starch microspheres TACE; ICD, immunogenic cell death; SEM, scanning 
electron microscope; MRI, magnetic resonance imaging; DSA, digital subtraction angiography; DWI, diffusion-weighted imaging; T2WI, T2-weighted imaging; HE 
staining, hematoxylin-eosin staining; ALT, alanine aminotransferase; AST, aspartate transaminase; CREA, creatinine; BUN, blood urea nitrogen; TUNEL, terminal 
deoxynucleotidyl transferase dUTP Nick-End labeling; CTLs, cytotoxic T lymphocytes; NK, natural killer; GO, gene ontology; KEGG, kyoto encyclopedia of genes and 
genomes; DDR, DNA damage response; HMGB1, high mobility group box-1 protein; CRT, calreticulin; ICI, immune checkpoint inhibitor.
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1. Introduction

Hepatocellular carcinoma (HCC), as a clinically prevalent malignant 
tumor, has a consistently high incidence rate and has become one of the 
leading causes of cancer-related deaths worldwide [1]. Unfortunately, 
HCC is often diagnosed at advanced stages, depriving many patients of 
the optimal window for surgical resection [2]. To address this clinical 
challenge, transcatheter arterial chemoembolization (TACE) has 
emerged as a frontline therapeutic approach recommended for HCC 
patients ineligible for surgical resection [3]. By utilizing drug-eluting 
microspheres and other embolic agents, TACE achieves significant 
application in HCC treatment through the slow release of chemothera-
peutic drugs [4]. However, recent studies have highlighted variations in 
patient responses to TACE, with some experiencing tumor progression, 
recurrence, and metastasis post-treatment [5]. This highlights an urgent 
need for further research into the mechanisms contributing to poor 
prognoses following TACE, to develop more effective treatment 
strategies.

Common embolic agents used in clinical practice include conven-
tional TACE (c-TACE), which involves chemotherapeutic drug emul-
sions based on iodized oil, often supplemented with gelatin sponge 
particles, blank microspheres, or polyvinyl alcohol (PVA) particles [6]. 
Another method is drug-eluting beads-TACE (DEB-TACE) [7], both of 
which can lead to permanent occlusion of the embolized hepatic ar-
teries, worsening the tumor’s hypoxic environment after treatment [8]. 
While embolization-induced hypoxia can trigger apoptosis and necrosis 
in the majority of tumor cells, a subset of residual cells may exhibit 
heightened malignancy and resistance to conventional chemotherapy, 
thereby contributing to tumor progression post-TACE [9,10]. This effect 
is primarily due to prolonged ischemia, which can stimulate the pro-
duction of vascular endothelial growth factor (VEGF), promoting the 
development of new tumor vasculature [11]. In addition, poor outcomes 
following TACE may be related to the tumor immune 

microenvironment, which has been shown to play an important role in 
HCC recurrence [12]. Our team has demonstrated that conventional 
TACE embolic agents can reduce the number and function of immune 
cells, resulting in significant immunosuppression [13]. Therefore, 
addressing hypoxia and ameliorating the immunosuppressive microen-
vironment to eliminate residual tumor cells emerge as crucial avenues 
for advancing the development of high-performance TACE materials.

Recent research suggests that utilizing novel embolic materials or 
adjusting the intensity of embolization—such as with degradable starch 
microspheres TACE (DSM-TACE) and hydrogel-based TACE—not only 
ensures safety and efficacy but also creates tumor microenvironments 
distinct from those resulting from traditional TACE [14–16]. While these 
improvements are generally viewed positively, the precise mechanisms 
driving these microenvironmental changes require further investigation.

Moreover, the chemotherapeutic agents commonly used for HCC, 
primarily platinum-based and anthracycline-based drugs (e.g., cisplatin, 
oxaliplatin, doxorubicin, epirubicin, and idarubicin), are considered 
inducers of immunogenic cell death (ICD) [17,18]. ICD is believed to be 
a mechanism for activating the immune system, promoting the presen-
tation of tumor antigens, and activating immune cells, thus potentially 
playing a crucial role in enhancing the immune effects of TACE treat-
ment [19]. More encouragingly, a synergistic effect between ICD and 
anti-PD-L1 therapy has been reported, which may further decrease the 
formation of an immunosuppressive microenvironment and reduce the 
risk of tumor recurrence and metastasis [16,20–22].

Based on these findings, we have focused on exploring the potential 
of degradable hydrogels for treating HCC. We selected a facilely pre-
pared, degradable Poloxamer-407-based composite hydrogel, loaded 
with idarubicin, as the TACE treatment approach. In this study, we will 
evaluate the therapeutic efficacy of this treatment in an SD rat model of 
HCC and investigate changes in the tumor immune microenvironment 
following treatment. Additionally, we will study the potential mecha-
nisms of action involving ICD (Scheme 1). Through this research, we aim 

Scheme 1. Idarubicin-loaded degradable hydrogel for TACE therapy alleviates hypoxia-induced angiogenesis and exerts anti-immune effects on hepatocellular 
carcinoma by activating immunogenic cell death and synergizing with anti-PD-L1.
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to provide more effective treatment options for HCC patients while of-
fering new insights and theoretical foundations for understanding TACE 
mechanisms and tumor microenvironment regulation.

2. Materials and methods

2.1. Human tissue samples

From 2019 to 2021, surgical samples for transcriptome sequencing 
were collected from five treatment-naive primary patients (PT) and five 
patients (TT) who underwent TACE treatment at The First Affiliated 
Hospital of Sun Yat-sen University. PT samples were obtained via needle 
biopsy, while TT samples were obtained through surgical resection. All 
patients in the TT group received only DEB-TACE loaded with doxoru-
bicin, without any prior targeted therapy or immunotherapy. Informed 
consent was obtained from all patients for the collection of their clinical 
information and tissue samples. The research procedures were con-
ducted by protocols approved by the ethics committee of The First 
Affiliated Hospital of Sun Yat-sen University (2018 [43], 2021[204]). 
Specific patient information and the operational methods of tran-
scriptome sequencing have been detailed in the published article [13] 
and will not be reiterated here.

2.2. Preparation of hydrogels

Preparation of Poloxamer- 407 hydrogels: Weigh 2g of Poloxamer- 
407 particles and put them into a centrifuge tube containing 10 ml of 
sterilized deionized water. Mix thoroughly and refrigerate at 4 ◦C 
overnight to form a 20 % Poloxamer-407 hydrogel.

Preparation of Fe3O4@Gel composite hydrogel: Fe3O4@Gel was 
made by mixing 1 mL of Fe3O4 nanoparticles (1 mg/mL) with the 
Ploxamer-407 mentioned above hydrogel at a volume ratio of 1:10 with 
sufficient shaking.

Preparation of IF@Gel composite hydrogel: Dissolve Idarubicin hy-
drochloride powder in sterilized deionized water to make a storage so-
lution of 10 mg/mL and keep at 4 ◦C. Add this stock solution to 
Fe3O4@Gel composite hydrogel solution to bring the final drug con-
centration to 1 mg/mL.

2.3. Characterization of hydrogels

Poloxamer-407 hydrogel and IF@Gel composite hydrogel were 
placed in a rheometer (Thermo Fisher, USA) to assess their viscosity 
changes with temperature and compare the mechanical strengths of the 
two gels. The hydrogel samples, with a thickness of 1 mm, were placed 
between the rows of plates, with the gap adjusted to 1 mm. The rela-
tionship between the energy storage modulus (G’) and loss modulus (G”) 
with the temperature (10–45 ◦C) was determined, with the test con-
ducted at 37 ◦C.

The structures of Poloxamer-407 hydrogel and IF@Gel composite gel 
were examined using a scanning electron microscope (SEM) (Carl Zeiss, 
Germany), and the structures of Fe3O4 nanoparticles were analyzed 
using a transmission electron microscope (Carl Zeiss, Germany).

2.4. In vitro and in vivo degradation of hydrogels

In vitro, degradation experiments: Poloxamer-407 hydrogel and 
IF@Gel composite gel were placed into a specimen bottle filled with PBS 
at 37 ◦C. Their degradation over time was monitored, and photographs 
were taken to document the changes.

In vivo degradation experiment: IF@Gel composite gel was injected 
into the subcutaneous of C57BL/6 mice through a syringe. The mice 
were euthanized at 0 h, 4 h, 12 h, and 24 h post-injection. The skin was 
then removed to observe the diffusion and degradation of the subcu-
taneous gel, and photographs were taken for documentation.

2.5. Cell lines and cell culture

The rat hepatocellular carcinoma N1S1 cell line, a generous donation 
from Prof. Minhao Wu at Sun Yat-sen University, was used in this study. 
N1S1 cells were cultured in DMEM (Gibco, USA) containing 10 % fetal 
bovine and 1 % penicillin-streptomycin in culture flasks of 25 cm2 and 
maintained in a humidified incubator with 5 % CO2 at 37 ◦C.

2.6. Experimental animals

Twelve-week-old male SD rats (weight range 300~350g) and 4- 
week-old male C57BL/6 mice were purchased from the Laboratory 
Animal Center of Sun Yat-sen University. They passed the ethical 
application (approval number: 2021000985).

2.7. Animal model construction

Rat in orthotopic HCC model: SD rats were subjected to a 12-h fasting 
period followed by a 6-h water deprivation. Anesthesia was induced 
using 3 % isoflurane inhalation. Rats were immobilized in the supine 
position on the operating table, and a longitudinal incision approxi-
mately 1.5 cm in length was made in the midline of the abdomen, just 
below the xiphoid process. The abdominal wall was gently expanded 
using a retractor to expose the liver’s middle and left lateral lobes. A 200 
μL suspension of N1S1 cells (2 × 106 cells) was aspirated using an insulin 
needle and injected slowly into the hepatic parenchyma of the left 
lateral lobe, forming a transparent, rounded bulge at the injection site. 
The puncture site was pressed with a cotton swab to prevent bleeding 
and leakage of tumor cell suspension. After confirming the absence of 
active bleeding in the abdominal cavity, the abdominal wall was su-
tured, and anesthesia was discontinued following alcohol sterilization. 
After recovery, the rats were allowed to resume their regular diet, and 
intramuscular penicillin (200,000 units) was administered for three 
consecutive days post-surgery.

Rat model of in orthotopic HCC combined with abdominal metas-
tasis: Following the procedure above for constructing the in orthotopic 
HCC model, a 200 μL suspension of N1S1 cells (2 × 106 cells) was 
inoculated into the abdominal cavity to induce abdominal metastasis.

2.8. TAE/TACE therapy

SD rats harboring in orthotopic HCC underwent a 12-h fast and 6-h 
water deprivation before being anesthetized with 3 % isoflurane. Posi-
tioned supine on the operating table, their abdomen was incised to about 
4~5 cm and gently spread open to expose the entire abdominal cavity. 
Surgical procedures were performed using a microscope to lift the liver’s 
middle and left outer lobes and clip the hepatogastric ligament. The 
common hepatic artery was clamped, and the gastroduodenal artery was 
ligated. A microcatheter was inserted into the gastroduodenal artery, 
advanced to the hepatic artery, and connected to a syringe for therapy or 
contrast agent injection. After catheter removal, the incision was su-
tured, and postoperative penicillin was administered for three days to 
prevent infection.

TAE/TACE regimen for orthotopic HCC in rats. 25 rats were divided 
into 5 groups, (1) Control group: no treatment, (2) Poloxamer-407 TAE 
Group: 200 μL of 20 % Poloxamer-407 hydrogel was injected via TAE, 
(3) Fe3O4@Gel TAE group: 200 μL of Fe3O4@ Gel composite hydrogel 
injected via TAE, (4) IDA@Gel TACE Group: 200 μL of 20 % Poloxamer- 
407 hydrogel gel containing 0.2 mg IDA was injected via TACE, (5) 
IF@Gel TACE Group: 200 μL of Fe3O4@ Gel composite hydrogel con-
taining 0.2 mg IDA was injected via TACE.

Combination treatment for orthotopic HCC with abdominal metas-
tasis: We divided a total of 20 rats into four treatment groups according 
to 5 rats/group: (1) Control group: no treatment; (2) IDA@Gel TACE 
Group: On day 0, TACE was performed via the hepatic artery with an 
injection of 200 μL of Fe3O4@Gel composite hydrogel containing 0.2 mg 
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IDA; (3) anti-PD-L1 group: anti-PD-L1 (10 mg/kg, based on rat body 
weight) was injected via tail vein on day 0, 3, and 6; (4) TACE + anti-PD- 
L1 Group: TACE was performed via hepatic artery on day 0, and 200 μL 
of IF@Gel was injected, and anti-PD-L1(10 mg/kg, based on rat body 
weight) was injected via tail vein on day 0, 3, and 6. Magnetic resonance 
was scanned for tumor progression before the start of treatment and on 
day 10 at the end point of treatment. Then, the survival rate of rats was 
counted up to day 40, during which the rats were euthanized if they 
showed cessation of water or food intake, malignant disease, etc., and 
were counted as dead.

2.9. Statistical analysis

Data were analyzed and processed using GraphPad Prism software 
(version 9.0.0), and all experiments were performed with at least three 
biological replications. Data were expressed as mean ± standard devi-
ation (SD) and compared using one-way ANOVA, with p < 0.05 
considered statistically significant.

Fig. 1. Reduced CD8+ T cell counts indicate an immunosuppressive microenvironment in clinical TACE cases and orthotopic HCC models in SD rats. (A) Schematic 
representation of the experimental strategy. PT: primary tumor; TT: TACE tumor. (B) Digital subtraction angiography (DSA) images of two HCC patients pre- and 
post-TACE. The photos show the disease sites, with yellow circled arrows indicating residual tumors with blood supply. (C) Differential gene expression of CD8+ in 
HCC patient samples pre- and post-TACE sequencing. (D) Top 20 differentially expressed genes in HCC patient samples pre- and post-TACE sequencing. (E) Axial and 
coronal magnetic resonance imaging (MRI) scans were performed on SD rats with orthotopic HCC, using both diffusion-weighted imaging (DWI) and T2-weighted 
imaging (T2WI). (F) Construction process and results of the HCC rat model. A midline abdominal incision was made, and an insulin needle was used to puncture 
under the liver capsule, injecting N1S1 cell suspension into the liver. The incision was sutured, and tumor growth was re-examined by reopening the abdomen one 
week later. The yellow circle indicates the tumor. (G) DSA images of SD rats with orthotopic HCC pre- and post-TACE treatment. (H) Differential gene expression of 
CD8+ in SD rat with orthotopic HCC samples pre- and post-TACE sequencing. (I) Top 20 differentially expressed genes in SD rat with orthotopic HCC samples pre- and 
post-TACE sequencing.
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2.10. Materials, CCK-8 cytotoxicity assay, coagulation test, hemolysis 
assay, magnetic resonance imaging scan, HE staining, immunofluorescence 
staining, transcriptome sequencing, Western blotting, biochemical testing

The specifics of these procedures are outlined in the Supplementary 
Methods section.

3. Results and discussion

3.1. Reduced CD8+ T cell counts indicate an immunosuppressive 
microenvironment in both clinical TACE cases and orthotopic HCC models 
in SD rats

In our clinical practice, conventional embolic agents like c-TACE and 
DEB-TACE are routinely used for HCC therapy to achieve arterial oc-
clusion and induce ischemic necrosis in the tumor.However, TACE is 
significantly associated with a heightened probability of tumor recur-
rence and progression, with this unfavorable prognosis potentially 
attributable to the tumor immune microenvironment [12,23]. To 
explore this, we collected tumor samples from five untreated HCC pa-
tients and five patients treated with DEB-TACE (loaded with adria-
mycin) for transcriptome sequencing (Fig. 1A). The results revealed a 
differential expression of CD8+− related genes (Fig. 1C), with the top 20 
differentially expressed genes indicating a downregulation of CD8+

expression in post-DEB-TACE patient samples (Fig. 1D). Notably, digital 
subtraction angiography (DSA) results from post-TACE patients 
demonstrated tumor size reduction and decreased blood supply 
(Fig. 1B).

To further investigate the underlying mechanisms, we established a 
highly feasible, simple, and effective orthotopic HCC rat research model 
using N1S1 cells to investigate the potential mechanisms further. In this 
model, SD rats were subcutaneously injected with N1S1 cell suspension 
via insulin needle puncture under the liver capsule through a midline 
abdominal incision. One week later, upon re-opening the abdomen, 
well-developed liver tumors were observed as single nodules with clear 
boundaries from the surrounding liver tissue, and no intrahepatic or 
abdominal metastases were detected (Fig. 1F). MRI scans on the 8th day 
post-tumor implantation revealed heterogeneous high signal intensity 
on T2-weighted imaging (T2WI) sequences (Fig. 1E). Histological ex-
amination and HE staining showed that the tumors were nodular, well- 
demarcated, encapsulated, and composed of poorly differentiated tumor 
cells with irregular polygonal shapes, deeply stained nuclei, and evi-
dence of mitosis (Fig. S1). Arterial puncture and catheter insertion were 
successful when blood was aspirated from the syringe upon insertion or 
when the catheter was visibly filled with pulsatile blood, allowing a 
smooth infusion of physiological saline (Fig. S2). After injecting iodized 
oil through the syringe or microcatheter for embolization, partial liver 
lobes showed necrosis on the second-day post-procedure, indicating 
successful TAE intervention (Fig. S3).

Next, using the same method, we constructed an HCC rat model. Ten 
rats were divided into two groups: five untreated and five that under-
went TACE using iodized oil. DSA imaging confirmed effective tumor 
embolization in the TACE group (Fig. 1G), and transcriptome 
sequencing results (Fig. 1H and I) aligned with human data.

The poor prognosis following TACE treatment may be associated 
with the tumor immune microenvironment, which has been shown to 
play a critical role in HCC recurrence [24]. Our study found that in 
clinical practice and orthotopic HCC rat models, conventional emboli-
zation materials induced an immune microenvironment characterized 
by a reduction in CD8+ cells. The therapeutic efficacy of TACE is pri-
marily determined by vascular occlusion caused by the embolic agents, 
the blockade of tumor blood supply, and the cytotoxic effects of 
chemotherapeutic drugs [25]. Among these, embolization is the most 
critical factor. TACE has become the first-line treatment for unresectable 
intermediate-stage liver cancer, mainly thanks to continuous improve-
ments in embolization materials [26]. c-TACE employs super-liquid 

lipiodol as an embolic agent, supplemented with gelatin sponge parti-
cles. However, these materials have limitations. Lipiodol has weak 
embolization capabilities due to its rapid spread beyond the liver, while 
gelatin sponge particles are highly heterogeneous and handmade, 
leading to inconsistent embolization [27]. Additionally, the injection 
interval between lipiodol and the gelatin sponge can cause the spread of 
lipiodol and chemotherapeutic drugs beyond the liver, leading to sys-
temic toxicity and reduced patient tolerance to anticancer drugs, 
thereby impacting treatment efficacy [28]. The advent of drug-eluting 
beads has further advanced TACE technology. These beads offer better 
embolization precision and controlled drug release, enhancing treat-
ment safety and reducing adverse reactions [29]. However, their 
non-absorbable nature remains a limitation. Therefore, this study fo-
cuses on a critical aspect of TACE: the selection and improvement of 
pharmacological embolization materials and the mechanisms for 
improving immune microenvironmental suppression.

3.2. Preparation and characterization of biodegradable hydrogel IF@Gel

Given the immunomodulatory challenges posed by conventional 
embolic agents, we aim to design a biodegradable hydrogel and inves-
tigate whether its use leads to fewer immunological disruptions, thereby 
elucidating its mechanism of action.

To meet the criteria of easy preparation, biocompatibility, robust 
drug-loading, sustained drug release, and effective TACE embolization, 
we opted for Poloxamer-407 hydrogel as our carrier material (Fig. 2A). 
Poloxamer-407 is a polymeric nonionic surfactant composed of 70 % 
polyethylene oxide and 30 % polypropylene oxide. It exhibits 
temperature-sensitive behavior, transitioning from a sol to a gel state at 
its lower critical solution temperature (LCST), driven by hydrophobic- 
hydrophilic interactions between its components [30]. To enhance 
embolization duration and strength, we incorporated Fe3O4 nano-
particles (Fig. S4) into the hydrogel, forming Fe3O4@Gel. Idarubicin was 
chosen as the chemotherapeutic agent for incorporation into the 
hydrogel (IF@Gel) due to its higher cytotoxicity against HCC compared 
to other chemotherapeutic agents [31,32].

Characterization studies revealed that both Poloxamer-407 hydrogel 
and IF@Gel exhibited a flowing sol state at 4 ◦C but transitioned to a 
solid gel state at 37 ◦C and higher (Fig. 2B). The temperature-controlled 
phase transition process is remarkably smooth and rapid, with the sol-to- 
gel conversion occurring swiftly once the LCST was surpassed (Fig. 2C). 
Scanning electron microscopy (SEM) unveiled a highly porous and 
interconnected structure in IF@Gel (Fig. 2F and G), which was likely due 
to the increased cross-linking density from the Fe3O4 nanoparticles, 
resulting in reduced pore size and enhanced mechanical strength 
(Fig. 2D). In vitro degradation experiments demonstrated the degrada-
tion time of IF@Gel was significantly prolonged (Fig. S5). In vivo ex-
periments in mice revealed that the IF@Gel degraded slowly under the 
skin and gradually spread into surrounding tissues, effectively releasing 
the drug over time (Fig. S6). In rat orthotopic HCC models, DSA imaging 
revealed incomplete embolization with Poloxamer-407 hydrogel, while 
IF@Gel effectively achieved embolization targets immediately and 2 h 
post-surgery (Fig. 2E). A series of biocompatibility tests, including CCK- 
8 cytotoxicity assays (Fig. 2H and I), coagulation tests (Fig. S7), and 
hemolysis assays (Figs. S8 and S9), demonstrated the excellent 
biocompatibility of Poloxamer-407 hydrogel and Fe3O4 nanoparticles. 
The CCK-8 assay showed that idarubicin exhibited significant cytotox-
icity against rat N1S1 cells, with an IC50 value of 0.009 μg/mL after 24 h 
of exposure (Fig. 2J), consistent with previously reported values [31,
32].

In our previous studies, Poloxamer-407 hydrogel demonstrated a 
very short degradation time, ranging from 15 min to 2 h, depending on 
its concentration. This duration is insufficient for effective tumor 
embolization. To address this, we modified it by incorporating Fe₃O₄ 
nanoparticle, an operationally simple and highly feasible method. The 
results confirmed the success of this modification, extending the 
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Fig. 2. Poloxamer-407 hydrogel and IF@Gel preparation and characterization. (A) Schematic diagram of hydrogel preparation. (B) Morphology of Poloxamer-407 
hydrogel and IF@Gel at 4 ◦C, 37 ◦C, and 42 ◦C. (C) Frequency dependency of the elastic (G′) and viscous (G″) moduli of Poloxamer-407 hydrogel, its temperature- 
dependent rheological behavior. (D) Stress-strain curve of Poloxamer-407 hydrogel and IF@Gel. (E) TAE treatment of a rat orthotopic HCC model with DSA 
angiography (before TAE, immediately after TAE, and 2 h post-TAE) to observe embolization and degradation of Poloxamer-407 hydrogel and IF@Gel within the 
blood vessels. Yellow circles represent areas of embolization. (F) Scanning electron microscopy (SEM) observation of the morphology of Poloxamer-407 hydrogel. 
Scale bar 200 μm. (G) SEM observation of the morphology of IF@Gel. Scale bar 200 μm. (H ~ J) Co-culture of different concentration gradients of Poloxamer-407 
Hydrogel (H), Fe3O4 nanoparticles (I), and IDA(J) with rat N1S1 cell line for 24 h and 48 h, followed by cell viability assessment using the CCK-8 assay. Data are 
mean ± SD (n = 3).
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degradation time of the composite hydrogel to 6–12 h while enhancing 
its mechanical strength. This improvement brought the composite 
hydrogel closer to the ideal characteristics for biodegradable embolic 
materials. More importantly, Fe₃O₄ nanoparticles also provides excellent 
imaging assistance during imaging examinations, facilitating better 
tumor growth and treatment efficacy assessment.

Currently, there is no consensus on the optimal duration of emboli-
zation, defined as the time from embolic agent entry into the blood 
vessel to its degradation. Some embolic agents degrade in less than an 
hour [33], while others last for several months [34]. The former is 
inadequate for tumor treatment, while the latter can provoke substantial 
local inflammatory reactions and other adverse effects, disrupting the 
tumor microenvironment. Research suggests that a novel biodegradable 
microsphere that degrades within a few days can achieve ideal tumor 
treatment effects in animal models while inducing only mild local in-
flammatory reactions [35]. Most accepted biodegradable embolic ma-
terials degrade over several hours to days, a timeframe sufficient to 
induce tumor necrosis with minimal disturbance to the tumor micro-
environment [36]. Our new Poloxamer-407 composite hydrogel is 
readily available, accessible to modify, and possesses good biocompat-
ibility and drug release capabilities, achieving effective embolization. 
Therefore, our modification of the Poloxamer-407 hydrogel is relatively 
successful, and this composite material meets the requirements for 
further research.

3.3. In vivo experiments on the therapeutic effect of IF@Gel for TAE/ 
TACE in rats

To assess the therapeutic efficacy of IF@Gel in TACE for HCC, 25 SD 
rats successfully constructed as in orthotopic HCC models were ran-
domized into 5 groups and subjected to different treatments (refer to 
section 2.8 for details), followed by MRI monitoring of tumor growth 
and subsequent analysis of tumor tissues via histopathology, immuno-
fluorescence, and RNA sequencing (Fig. 3A). The MRI indicates that, on 
the 10th day post-treatment, the most effective therapy was observed in 
the IF@Gel TACE group compared to the control group. In contrast, the 
Poloxamer-407 hydrogel TAE group exhibited the least favorable 
outcome (Fig. 3B and C). Among the remaining groups, the Fe3O4@Gel 
TAE group showed slightly superior efficacy to the IDA@Gel TACE 
group, emphasizing the importance of thorough embolization over 
chemotherapy agents. Moreover, in the Fe3O4@Gel and IF@Gel groups 
containing Fe3O4 nanoparticles, post-treatment MRI imaging displayed 
extremely low signal intensity in rat HCC tumors, indicating effective 
drug delivery into the tumor tissues.

Compared to the control group, HE staining of tumor tissues revealed 
areas of necrosis in all four treatment groups, with the most pronounced 
necrotic regions observed in the IF@Gel group, followed by the 
Fe3O4@Gel group (Fig. 3D). Furthermore, terminal deoxynucleotidyl 
transferase dUTP Nick-End labeling (TUNEL) immunofluorescence 
staining indicated that the IF@Gel group exhibited the highest number 
of apoptotic-stained cells, with the most vigorous fluorescence intensity 
(Fig. 3D and S10). Gene expression analysis of tumor tissues demon-
strated significant differences in mRNA expression in all four treatment 
groups, indicating distinct molecular impacts of each treatment mo-
dality on the tumor (Fig. 3F).

Regarding safety, the biocompatibility and potential toxicity of 
IF@Gel were evaluated. There were no significant differences in body 
weight among the treatment groups of rats during the treatment period 
(Fig. 3E). Histopathological examination of major organs (heart, lungs, 
kidneys, intestines, and spleen) did not reveal any notable abnormalities 
(Fig. S11). Additionally, biochemical markers of liver and kidney func-
tion (alanine aminotransferase (ALT); aspartate transaminase (AST); 
creatinine (CREA); blood urea nitrogen (BUN)) remained within 
acceptable ranges (Fig. S12), indicating the favorable biocompatibility 
and absence of apparent toxicity of IF@Gel for TACE therapy.

Overall, the novel IDA-based Poloxamer-407 composite hydrogel 

TACE demonstrates significant therapeutic efficacy in treating ortho-
topic HCC in rats. Compared to the control group, tumor growth was 
inhibited in all treatment groups, with the most pronounced effect 
observed in the IF@Gel group. This indicates that our modifications to 
the Poloxamer-407 hydrogel were successful. The composite hydrogel 
effectively facilitated vascular embolization and sustained drug release, 
leading to apparent tumor suppression, apoptosis, and necrosis.

3.4. Composite hydrogel for TACE treatment facilitates the balance 
between hypoxia and angiogenesis in the tumor microenvironment and 
alleviates the tumor immune microenvironment

With the rapid growth of HCC cells, tumor tissues have an increased 
demand for nutrients and are in a hypoxic state. Vascular embolization 
therapy exacerbates this condition by restricting the blood supply, 
activating hypoxia-inducible factor (HIF-1α), which in turn triggers 
downstream responses such as angiogenesis, metabolism, autophagy, 
and apoptosis (Fig. 4A) [37,38]. These mechanisms create a risk of re-
sidual tumor cells, recurrence, and metastasis following TACE.

In our study, we explored the changes in hypoxia and angiogenesis 
within the tumor microenvironment after IF@Gel TACE treatment 
through genetic testing, Western blot, and immunofluorescence. We 
found that the higher the embolization intensity and the more severe the 
hypoxia, the more pronounced the activation of HIF- 1α (Fig. 4D and S 
13A). Immunofluorescence assays revealed an increased fluorescence 
intensity of the vascular endothelial markers CD31 and CD34 in the 
Fe₃O₄@Gel and IF@Gel groups, suggesting that neo-angiogenesis 
occurred within the remaining tumor tissue, reflecting a dynamic sta-
bilization of angiogenesis in response to embolization (Fig. 4D–S13B, 
and S13C). The expression of angiogenic factors (such as Pgf, Nrp1, Fgfr, 
Pdgfb, Pdgfc, Pdgfd, Pdgfra, and Pdgfrb) and anti-angiogenic factors 
(including Timp1, Notch1, Notch3, Notch4, Dll1, and Jag2) was also 
elevated, indicating activation of the angiogenic signaling pathway 
(Fig. 4C). Similarly, VEGF protein levels were upregulated (Fig. 4B). 
These findings suggest that angiogenic factor dynamics remained 
balanced at the current level of embolization intensity and duration.

This relatively mild response compared to traditional TACE is related 
to the shorter embolization time of the biodegradable hydrogel and the 
minimal foreign body reaction of the hydrogel within blood vessels and 
tumor tissues. Previous studies have confirmed that Poloxamer-407 
hydrogel does not cause significant local inflammatory responses in 
blood vessels [39]. Inflammation is a negative factor in the tumor 
microenvironment, as inflammatory cells form an immunosuppressive 
environment, leading to immune evasion of tumor cells and promoting 
tumor progression [40].

Overexpression of VEGF within tumors can contribute to an immu-
nosuppressive microenvironment by recruiting regulatory T cells, 
myeloid-derived suppressor cells, and immunosuppressive cytokines. 
This, in turn, inhibits dendritic cell maturation, suppresses T cell infil-
tration, and upregulates immune checkpoint expression on CD8+ T cells 
[41,42]. To better understand the changes in the tumor microenviron-
ment after IF@Gel TACE treatment, we conducted transcriptome 
sequencing to analyze the expression of immune-related genes. Our re-
sults showed that the expression of immune-related genes was upregu-
lated to varying degrees in the four treatment groups that underwent 
hydrogel embolization, with relatively more pronounced expression in 
the IDA@Gel and IF@Gel groups and most significantly in the IF@Gel 
group (Fig. 4E). This suggested enhanced activation of cytotoxic T 
lymphocytes (CTLs) and natural killer (NK) cells, along with indications 
of potential negative feedback regulation on the anti-tumor immune 
response. RNA sequencing of tumor tissues from the IF@Gel group 
showed that the top 20 enriched pathways from the GO and KEGG an-
alyses pointed to the activation of a complex anti-tumor immune 
response through multiple mechanisms (Fig. 4F and G). This immune 
response ultimately contributed to the attenuation of immunosuppres-
sion within the tumor microenvironment.
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Fig. 3. IDA-based Fe3O4@Gel composite hydrogel for TACE treatment significantly inhibits orthotopic HCC in rats. (A) Schematic diagram of the treatment regimen. 
(B) Tumor volume was monitored in rats after TAE/TACE treatment using different therapies. Data are mean ± SD (n = 5). (C) Tumor images of rats undergoing 
TAE/TACE treatment on days 0, 3, and 10, as observed through MRI scans with T2WI sequence. The photos chosen represent the slice with the largest tumor 
diameter. Yellow circles indicate the tumor. (D) HE-stained histopathological sections and TUNEL immunofluorescence staining of rats 10 days after receiving 
different TAE/TACE treatments. Scale bar: 50 μm. (E) The body weights of rats were monitored after TAE/TACE treatment using different therapies. Data are mean 
± SD (n = 5). (F) Transcriptome sequencing shows the expression of differentially expressed genes in treatment groups Gel (a), Fe3O4@Gel (b), IDA@Gel (c), and 
IF@Gel (d) compared to the control group.
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Fig. 4. Composite hydrogel for TACE treatment facilitates the balance between hypoxia and angiogenesis in the tumor microenvironment and alters the immune 
microenvironment. (A) Schematic diagram showing hypoxia, angiogenesis, and immune microenvironment changes in the tumor microenvironment after TACE 
treatment with IF@Gel. (B) Western blot analysis of VEGF expression in tumor tissues of orthotopic HCC rats from different groups after ten days of different TAE/ 
TACE treatments. (C) Transcriptome sequencing analysis of the expression of hypoxia-inducible factors and angiogenesis-related genes in tumor tissues of orthotopic 
HCC rats from different groups after ten days of different TAE/TACE treatments, with red indicating gene upregulation. (D) Fluorescence intensity of HIF-1α and 
endothelial cell markers CD31 and CD34 observed under a fluorescence microscope. Scale bar, 50 μm. (E) Transcriptome sequencing analysis of the expression of T/ 
NK cells, cytokines, and chemokines-related genes in tumor tissues of orthotopic HCC rats from different groups after ten days of different TAE/TACE treatments, 
with red indicating gene upregulation. (F, G) GO and KEGG enrichment analyses show the top 20 enriched pathways in tumor tissues of the IF@Gel treatment group, 
with immune-related pathways highlighted in red boxes.
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Some studies have reported that TAE results in the upregulation of 
only a limited number of immune cells, without triggering widespread 
immune activation [43,44]. The degradation of the hydrogel within the 
blood vessels, leading to partial restoration of blood supply, may facil-
itate immune cell infiltration. However, our research revealed that using 
hydrogel as an embolization material in TACE upregulated the expres-
sion of anti-tumor immune-related genes. Notably, the TACE group 
treated with IDA exhibited stronger immune activation compared to the 
drug-free TAE group. Therefore, we hypothesize that IDA, as a 

DNA-damaging agent, may induce ICD through DNA damage response 
(DDR), further activating and enhancing anti-tumor immunity [45].

3.5. IDA-loading hydrogels activate ICD and synergize with anti-PD-L1 
therapy for antitumor immunity

In the previous section, we found that IDA-loaded hydrogels were 
more effective in anti-tumor immune activation. Therefore, we specu-
late that IDA, as a DNA-damaging drug, may have induced ICD, which 

Fig. 5. IDA-loading hydrogels activate ICD and synergize with anti-PD-L1 therapy for antitumor immunity. (A) Schematic diagram illustrating the ICD effect of 
IF@Gel after TACE treatment. (B) Expression of autophagy marker genes in transcriptome sequencing of orthotopic HCC rats from different groups after ten days of 
different TAE/TACE treatments. n = 5 (C) Schematic diagram of the treatment regimen for orthotopic HCC rats with peritoneal metastasis of liver cancer cells using 
IF@Gel combined with anti-PD-L1 therapy. (D) Western blot analysis of autophagy-related protein expression in tumor tissues of orthotopic HCC rats from different 
groups after ten days of different TAE/TACE treatments. (E) Western blot analysis of the expression of immunogenic cell death marker proteins CRT and HMGB1 in 
tumor tissues of orthotopic HCC rats from different groups after ten days of different TAE/TACE treatments. (F) MRI monitoring of tumor progression in different 
treatment groups of IF@Gel combined with anti-PD-L1 after TACE treatment immediately and on the 10th day post-treatment. Red circles indicate tumor size. n = 5. 
(G) Western blot analysis of the expression of PD-1 and PD-L1 proteins in tumor tissues of orthotopic HCC rats from different groups after ten days of different TAE/ 
TACE treatments. (H) Evaluation of tumor and ascites status on the 40th day of TACE combined treatment with IF@Gel and anti-PD-L1 therapy in different treatment 
groups. (I) Survival analysis of rats treated with TACE combined with IF@Gel and anti-PD-L1 therapy. n = 5.
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further activated and enhanced anti-tumor immunity (Fig. 5A). High 
mobility group box-1 protein (HMGB1) release and calreticulin (CRT) 
exposure are the gold standard for accurately predicting the ability of 
chemotherapeutic agents to induce apoptosis [46]. To confirm this, we 
performed a Western blot assay, which revealed increased expression of 
both HMGB1 and CRT proteins (Fig. 5E), thereby validating ICD 
activation.

Another feature of the ICD response is the activation of autophagy 
[47]. Autophagy-driven ICD mechanisms may play a central role in 
regulating the secretion and degradation of HMGB1 [48]. We examined 
the expression of autophagy marker LC3 using protein blotting and 
found that autophagy activation was consistently observed at both the 
gene and protein levels (Fig. 5B and D). The up-regulation of autophagy 
levels after TACE, especially after adding IDA to the treatment, suggests 
a positive correlation between autophagy and the induction of ICD.

Additionally, we found that ICD activation was accompanied by 
upregulation of PD-1 and PD-L1 protein expression (Fig. 4E and 5G). As 
is well-known, PD-1/PD-L1 is an essential immune checkpoint molecule 
that plays a vital role in maintaining peripheral immune tolerance and 
suppressing the body’s anti-tumor immunity [4,49]. Given this, we 
hypothesized that combining anti-PD-L1 (BioXcell, BE0383), an immune 
checkpoint inhibitor (ICI), with ICD activation could lead to enhanced 
anti-tumor immune responses. To test this, we used a rat model of 
orthotopic HCC with abdominal metastasis and divided the animals into 
four treatment groups (see section 2.8 for details). Tumor progression 
was monitored via MRI, and the survival rate of the rats was tracked for 
40 days (Fig. 5C). By the 10th day, the control group exhibited the most 
severe primary tumor and abdominal metastasis, along with the most 
significant amount of ascites (Fig. 5H). In contrast, the group treated 
with TACE-loaded IDA composite hydrogel combined with anti-PD-L1 
injection displayed the best outcomes (Fig. 5H). MRI scans and lapa-
rotomies revealed no significant abdominal metastases and only a small 
amount of ascites (Fig. 5F). Within the observation period of 40 days for 
survival analysis, all rats in the combined treatment group survived, 
indicating the excellent efficacy of the combined treatment (Fig. 5I). 
These findings highlight the strong potential of this combined approach 
in enhancing anti-tumor immunity and improving treatment outcomes.

4. Conclusion

In conclusion, we employed TACE with a novel Poloxamer-407 
composite hydrogel loaded with IDA to evaluate its therapeutic effi-
cacy in an orthotopic HCC model in SD rats. We also explored the al-
terations in the tumor immune microenvironment following treatment 
and investigated the potential role of ICD in these processes. The 
Poloxamer-407 hydrogel, combined with Fe3O4 nanoparticles, demon-
strated an optimal degradation rate, suitable mechanical strength, high 
biocompatibility, effective drug-loading capacity, and sustained-release 
properties, making it a promising candidate for use as a TACE embolic 
material. Our findings showed that IF@Gel-based TACE provided strong 
therapeutic efficacy in the orthotopic HCC model, and ICD activation 
could synergize with anti-PD-L1 therapy by enhancing anti-tumor im-
munity. This study underscores the role of ICD in HCC, particularly 
within this treatment strategy, and sheds light on its potential mecha-
nisms—especially regarding modulation of the tumor immune micro-
environment following TACE. These insights offer a new perspective on 
the classification and precision treatment of HCC, as well as its combi-
nation with ICIs.
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