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A B S T R A C T

Transarterial chemoembolization is a preferred medical intervention for unresectable advanced liver tumor 
patients. Its clinical efficacy is, nevertheless, undermined by poor control over drug release and immunosup
pressed tumor microenvironment. In this work, we report on absorbable microspheres with excellent loading and 
controlled release of epirubicin and imiquimod, a toll-like receptor 7 agonist (EPI/IMQ@Asphere) for trans
arterial chemo-immuno-embolization (TACIE) in liver tumors. EPI/IMQ@Asphere while stable during storage 
steadily releases EPI in 4 weeks and IMQ in one week, continuously inducing immunogenic cell death and im
mune activation, respectively. Strikingly, one single injection of EPI/IMQ@Asphere into subcutaneous H22 
murine liver tumor achieves complete regression in 5 out of 7 mice, all of which show complete resistance to 
tumor rechallenge, in line with robust and durable anti-cancer immune response. TACIE in orthotopic VX2 rabbit 
model reveals significant shrinkage of primary liver tumor and complete prevention of pulmonary metastasis, in 
which TACIE not only occludes tumor arteries and kills tumor cells but also amplifies tumoral CD8+/CD4+ T cell 
infiltration. Overall, TACIE based on EPI/IMQ@Asphere offers a highly appealing therapeutic strategy for 
advanced liver cancers.

1. Introduction

Hepatocellular carcinoma (HCC) stays as one of the most prevalent 
and high-mortality cancers globally [1,2]. A large body of HCC patients 
are diagnosed or will progress to advanced stages, in which tumors 
typically become unresectable and metastasis takes place [3]. Trans
arterial chemoembolization (TACE), which not only induces tumor 
arterial occlusion and cuts blood supply but also locally releases che
motherapeutics to the tumor site, is a preferred medical intervention for 
unresectable liver tumor patients [4–6]. Currently, several microspheres 
such as DC Bead®, HepaSphere®, and CalliSpheres® have entered the 
clinical practice to treat HCC, non-small cell lung cancer, renal cell 
carcinoma, etc. The therapeutic efficacy of existing TACE microspheres 
is, nevertheless, undermined by poor control over drug release, subop
timal embolization efficiency attributable to broad size distribution, and 
immunosuppressive tumor microenvironment, leading to progression 

and recurrence of residual tumors [7,8].
Cancer immunotherapy involving the activation of immune response 

against neoplasms has revolutionized clinical practices [9–14]. In 
advanced HCC management, monotherapy with immune checkpoint 
inhibitors (ICIs) typically confers objective response rates of 15–20 %. 
This therapeutic efficacy can be modestly promoted through strategic 
combinations with anti-angiogenic agents, dual ICI regimens, or tyro
sine kinase inhibitors [15–19]. Recently, TACE has been shown to 
induce immune responses by induction of immunogenic cell death, 
stimulation of pro-inflammatory cytokine production, and reduction of 
exhausted effector cytotoxic T lymphocytes alongside regulatory T cell 
populations within tumor microenvironments [20–23]. Nevertheless, 
TACE monotherapy demonstrates inadequate capacity to sustain robust 
antitumor immunity against disease progression and relapse, strength
ening the imperative for developing combinational immunotherapy 
alongside TACE [24,25].
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Herein, absorbable microspheres with excellent loading and 
controlled release of epirubicin and imiquimod, a toll-like receptor 7 
agonist (EPI/IMQ@Asphere) have been designed for transarterial 
chemo-immuno-embolization (TACIE) in advanced liver tumors 
(Scheme 1). Epirubicin (EPI) is selected as the chemotherapeutic agent 
due to its clinical prevalence in TACE for HCC, while additionally 
demonstrating induction capabilities of immunogenic cell death (ICD) to 
elicit antitumor immunity [26–28]. Imiquimod (IMQ), a potent Toll-like 
receptor 7 agonist with established clinical efficacy in condyloma acu
minatum treatment, is strategically introduced to improve innate and 
adaptive immune responses through dendritic cell activation [29–31]. 
The formulation leverages hyaluronic acid-based microspheres that 
exploit strong electrostatic and hydrogen-bond interactions for efficient 
encapsulation and sustained release of both EPI and IMQ. In rabbits 
bearing orthotopic VX2 liver tumors, TACIE with EPI/IMQ@Asphere 
reveals significant shrinkage of primary liver tumor and complete pre
vention of pulmonary metastasis, in which TACIE not only occludes 
tumor arteries and kills tumor cells but also amplifies tumoral CD8+/ 
CD4+ T cell infiltration. TACIE based on EPI/IMQ@Asphere establishes 
a robust platform for orchestrating TACE and immunotherapy, holding 
marvelous clinical potential for managing advanced liver tumors.

2. Experimental section

2.1. Preparation and characterization of EPI@Asphere and 
IMQ@Asphere

Asphere was prepared from hyaluronic acid-2-aminoethyl methac
rylate derivative (HA-AMA, HA molecular weight: 9.0 kDa) via micro
fluidic and UV-initiated free radical polymerization (365 nm, 30 mW/ 
cm2) according to previous reports [19,32,44]. Briefly, the water phase 
was formulated by dissolving HA-g-MA (400 mg), I2959 (24 mg), and 
VA086 (4 mg) in 4 mL of PB (10 mM, pH 8.5), while the oil phage 
consisted of mineral oil containing 10 wt.% Span 80. Following filtration 
through a filter tip (450 nm), microdroplets were generated via hydro
dynamic focusing in a microfluidic channel, and crosslinked under UV 

irradiation (365 nm, 30 mW/cm2) for 20 min to obtain Asphere. Asphere 
was purified by sequential wash with isopropanol/n-hexane/PBS (2:3:1, 
v/v/v), isopropanol/PBS (1:1, v/v), and excessive PB. EPI@Asphere was 
obtained by direct mixing an Asphere suspension (25 mg/mL) with an 
equivalent volume of EPI solution to achieve theoretical DLC ranging 
from 10 wt.% to 20 wt.%. At predetermined time points, the unloaded 
EPI in the supernatant was quantified using a multifunctional microplate 
reader. The DLE and DLC were calculated according to the following 
formulations.

DLE (%) = Weight of drug loaded/Total weight of feed drug ×100.
DLC (wt.%) = Weight of drug loaded/Weight of drug and dried 

Asphere ×100.
IMQ@Asphere was prepared in a similar way, with additional sta

bilization achieved through the introduction of a tannic acid solution 
(2.0 mg/mL) following IMQ encapsulation. The unloaded IMQ in the 
supernatant was quantified using high-performance liquid chromatog
raphy (HPLC).

2.2. In vivo antitumor therapeutic efficacy and immunomodulation

H22 hepatoma murine model was established by subcutaneous in
jection of 2 × 107 H22 cells into the right hind leg of female Balb/c mice. 
When the tumor volume exceeded 100 mm3, mice were randomly 
divided into 5 groups (n = 7) for one intratumoral administration with 
(1) PBS, (2) EPI/IMQ, (3) EPI@Asphere, (4) IMQ@Asphere, or (5) EPI/ 
IMQ@Asphere (EPI: 5.0 mg/kg, IMQ: 2.5 mg/kg). Tumor volume and 
body weight were measured every 3 days. Tumor volume was calculated 
according to the formula V=W2 × L/2, where W and L represent lengths 
on the minor and long axes, respectively.

To explore the therapeutic mechanism of immunotherapy, tumor- 
bearing mice treated with different formulations for 10 d underwent 
systematic analysis. PBMCs were first isolated from blood collected via 
retro-orbital bleeding. Then, mice were sacrificed to extract tumors, 
spleens and tumor-draining lymph nodes (TDLNs). The tissues were 
processed into single-cell suspensions, blocked with CD16/32 anti
bodies, and stained with murine antibodies: PC5.5 CD45, FITC CD11b, 

Scheme 1. Schematic illustration of absorbable microspheres with excellent loading and controlled release of epirubicin and imiquimod (EPI/IMQ@Asphere) for 
transarterial chemo-immuno-embolization (TACIE) in advanced liver tumors. In rabbits bearing orthotopic VX2 liver tumors, intraarterial administration of EPI/ 
IMQ@Asphere demonstrated robust embolization of tumor arteries and significant infiltration of CD8+/CD4+ T lymphocytes within the tumors, leading to striking 
tumor regression and complete inhibition of tumor metastasis.
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PE F4/80, AF647 CD206, PE-Cy7 CD86, FITC CD11c, PE MHC I, FITC 
CD3, PE CD4, PE-Cy7 CD8, PE-Cy7 CD25, AF647 Foxp3, and PE-Cy7 
Gr1. Flow cytometry data were acquired on a flow cytometer (FACS 
Verse, BD Biosciences). and analyzed using FlowJo software. Immuno
histochemical staining was used to analyze the infiltration of immune 
cells in distant tumors. Serum cytokines including interleukin-6 (IL-6), 
tumor necrosis factor-α (TNF-α), and interferon-γ (IFN-γ) were measured 
using an ELISA kit according to the manufacturer's protocol. Absorbance 
at 450 nm was measured using a microplate reader.

2.3. TACIE in orthotopic VX2 liver tumors

New Zealand white rabbits (2.5–3.0 kg) were used to establish an 
orthotopic VX2 liver tumor model. Briefly, rabbits were anesthetized 
and implanted with prepared VX2 tumor fragments (approximately 1.0 
mm3) into the left hepatic lobe. Tumor progression was monitored using 
CT and MRI imaging. When the tumor volume reaches approximately 
800 mm3, rabbits were randomly divided (n = 3), underwent trans
hepatic arterial catheterization, and administered with PBS, EPI@
CalliSpheres (200 μL, EPI: 0.2 mg/kg), EPI@Asphere (200 μL, EPI: 0.2 
mg/kg), and EPI/IMQ@Asphere (200 μL, EPI: 0.2 mg/kg, IMQ: 0.1 mg/ 
kg) under the guidance with digital subtraction angiography (DSA). 
Tumor volume assessments were conducted weekly via CT imaging. 
Peripheral blood samples were obtained from auricular marginal veins 
on days 0, 3, 7, and 15. On day 14, rabbits were sacrificed for histo
pathological evaluation of tumors and major organs (heart, liver, spleen, 
lung, and kidney). Tumor necrosis was assessed through H&E staining, 
while CD4+, CD8+, CD86+ and Foxp3+ infiltration in tumors was 
analyzed via immunofluorescence staining. Tumor metastasis in the 
lung was quantified following paraformaldehyde fixation and histolog
ical processing. In addition, the blood samples (1.0 mL/rabbit) collected 
in procoagulant tubes underwent centrifugation (4 ◦C, 3000 rpm, 5 min) 
to isolate serum. Hepatic and renal function parameters including 
alanine aminotransferase (ALT), aspartate aminotransferase (AST), 
creatinine (Cr), and blood urea nitrogen (BUN) were measured via blood 
biochemical assays.

2.4. Statistical analysis

All results were presented as mean ± standard deviation (SD) and 
analyzed by using GraphPad Prism version 8.0. Multi-group compari
sons were performed using one-way ANOVA. Statistical significance was 
set as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and 
ns denoted no significant difference.

3. Results and discussion

3.1. Construction of therapeutic Asphere

Asphere with decent absorbability and biocompatibility was con
structed from 2-aminoethyl methacrylate-functionalized hyaluronic 
acid using microfluidic and radical polymerization techniques as our 
previous report [32]. Asphere exhibited a highly uniform size of 90 μm 
with a coefficient of variation (CV) below 2 % and exceptional batch-to- 
batch reproducibility (Fig. S1). In contrast, most clinically used embolic 
spheres fabricated through conventional emulsion polymerization 
methods presented broader size distribution (CV > 20 %) and significant 
batch difference [32]. Notably, the scalable manufacturing of Asphere 
can be readily attained using multichannel microfluidic chip technology 
[33]. Under 20 U/mL HAase treatment, Asphere was progressively 
degraded, with the degradation mass of approximately 4 % in the first 
week and increasing to 23 % after 6 weeks (Fig. S2A). Moreover, obvious 
decrease of molecular weight was observed over time (Fig. S2B), further 
corroborating the decent degradability of Asphere.

Chemotherapeutics and immunoregulators were encapsulated into 
Asphere by direct blending of drugs with microsphere suspension, and 

additional tannic acid (TA) coating was applied for IMQ encapsulation. 
Notably, near-quantitative EPI loading in Asphere was achieved within 
20 s even when the theoretical drug loading content (DLC) increased to 
20 wt.% (Fig. 1A). Over 95 % drug loading efficiency (DLE) was ob
tained for EPI and IMQ when the theoretical DLC ranged from 10 to 20 
wt.% (Fig. 1B-C). Both NaCl (disrupting electrostatic forces) and urea 
(interfering with hydrogen bonds) caused marked reductions in drug 
loading capacity (Fig. S3), highlighting the critical role of these inter
molecular interactions in drug encapsulation. Notably, IMQ exhibited 
substantially higher sensitivity to NaCl and urea perturbations 
compared to EPI, which might be attributed to the fact that EPI was 
more prone to protonation and could provide abundant hydroxyl groups 
for multiple hydrogen bonds. The drug loading caused little influence on 
the size and morphology of Aspheres, with drug-loaded formulations 
(EPI@Asphere and IMQ@Asphere) maintaining uniform size distribu
tion, spherical morphology, and smooth surfaces (Fig. 1D-E). In vitro 
release studies showed that sustained drug release from Asphere was 
attained in simulated tumor conditions (pH 6.5 + hyaluronidase 
(HAase)), in which EPI@Asphere exhibited prolonged release kinetics 
extending over 4 weeks (Fig. 1F). TA coating markedly modulated IMQ 
release behaviors, with increasing TA concentration to 2.0 mg/mL 
prolonging IMQ release to 1 week. Further increase of TA concentrations 
resulted in slight regulatory effect on drug release profiles while 
concurrently elevated microsphere viscosity (Fig. S4). Therefore, TA 
coating at 2.0 mg/mL was utilized for IMQ@Asphere formulation. 
Notably, EPI@Asphere and IMQ@Asphere following 90-d storage at 
4 ◦C in PB at pH 7.4 exhibited little drug leakage (Fig. 1G), signifying 
their high stability. Compared to clinically used EPI@CalliSpheres, 
Asphere formulations displayed superior in vitro embolization in glass 
capillary tubes with less void fraction (Fig. S5).

3.2. In vitro antitumor effect and immunoactivation

The blank Asphere demonstrated favorable biocompatibility, main
taining over 95 % cell viability in L929 fibroblasts and H22 hepatoma 
cells after 24 h incubation at concentrations up to 1.0 mg/mL (Fig. 1H). 
As a commonly used chemotherapeutic agent in TACE treatment, EPI 
exerts cytotoxicity by directly intercalating with DNA base pairs and 
binding to DNA-associated enzymes [34,35]. Both EPI and EPI@Asphere 
showed dose-dependent cytotoxicity in H22 cells (Fig. 1I), confirming 
preserved antitumor efficacy post-microgel encapsulation. The compa
rable cytotoxicity between EPI@Asphere and free EPI was primarily 
attributed to the presence of NaCl in the cell culture media as well as 
extensive dilution (Fig. S6). Consistently, EPI@Asphere induced equiv
alent cell apoptosis to free drug, with over 20 % undergoing early-stage 
apoptosis and approximately 20 % progressing to late-stage apoptosis 
(Fig. 1J). The incorporation of immune microspheres (IMQ@Asphere) 
induced little influence on cytotoxicity and cell apoptosis.

Confocal laser scanning microscopy (CLSM) imaging revealed that 
H22 cells treated with EPI@Asphere for 24 h presented apparent surface 
exposure of calreticulin (CRT) and marked signal decrease of high 
mobility group box 1 (HMGB1) (Fig. 2A-B) owing to the translocation 
from the nucleus to cytoplasm, which are typically observed during 
immunogenic cell death (ICD) [36–38]. Quantitative analysis showed 
that EPI@Asphere caused approximately 4-fold upregulation of CRT 
expression, 3-fold elevation in HSP70 levels, 1.9-fold elevation of ATP 
release, and significant depletion of intracellular HMGB1 (Fig. 2C-E and 
Fig. S7). Compared to EPI@Asphere group, EPI/IMQ@Asphere revealed 
similar levels of CRT, HMGB1, ATP, and HSP70, signifying the little 
influence on ICD production of IMQ@Asphere. CRT exposure and 
HMGB1 translocation during ICD are known to drive the maturation of 
dendritic cells (DCs) [39,40]. IMQ as a TLR7 pathway agonist has been 
proved to assist antitumor immune responses through upregulation of 
co-stimulatory molecules, promotion of pro-inflammatory cytokine 
secretion, and augmentation of antigen presentation capacity [41]. 
Theimmunoactivation effects of EPI/IMQ@Asphere on bone marrow- 
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Fig. 1. Construction and characterization of chemoembolization microspheres loaded with epirubicin (EPI@Asphere) and immune microspheres loaded with imi
quimod (IMQ@Asphere), n = 3. (A) EPI loading in Asphere over time. (B) IMQ loading in Asphere over time. (C) Drug loading efficiency (DLE) and drug loading 
content (DLC) of EPI and IMQ in Asphere. (D) Size distribution and microscope images of Asphere, EPI@Asphere, and IMQ@Asphere. Scale bars, 200 μm. (E) 
Scanning electron microscopy (SEM) images of EPI@Asphere and IMQ@Asphere. Scale bars, 100 μm. (F) In vitro release curves of EPI and IMQ from Asphere at pH 
7.4, pH 6.5, and pH 6.5 + hyaluronidase (HAase). (G) Storage stability of EPI@Asphere and IMQ@Asphere in PB at pH 7.4. (H) Cytocompatibility of Asphere toward 
L929 and H22 cells after 24 h incubation. (I) Cytotoxicity of EPI@Asphere toward H22 cells after 24 h incubation. (J) Representative flow cytometry graphs and 
quantitative apoptosis analysis in H22 cells. Data are presented as the mean ± SD. Statistical significance was analyzed by one-way ANOVA using Tukey's posttest. p 
value: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 2. Immunogenic cell death (ICD) and immunoactivation effects on bone marrow-derived dendritic cells (BMDCs) and macrophages (BMDMs), n = 3. (A-B) CLSM 
images of H22 cells stained with APC-labeled CRT (A) and HMGB1 (B) antibodies. The cells were incubated with different formulations for 24 h. Scale bars, 50 μm. 
(C-E) Flow cytometry analysis of CRT (C), HMGB-1 (D), and HSP70 (E) expression in H22 cells. The cells were treated with different formulations for 24 h, and then 
the supernatant was added into BMDCs or BMDMs for another 24 h incubation. (F) Quantification analysis of the mature DCs (CD80+CD86+). (G) Representative flow 
cytometry graphs of CD80+CD86+ cells in BMDCs. (H) Schematic diagram of sustained DC activation. (I) Quantification of CD80+CD86+ cells in BMDCs. H22 cells 
were treated with EPI/IMQ@Asphere for 24 h on days 1 through 5, and then the supernatant was added into BMDCs for another 24 h incubation. The results are 
expressed as the fold change relative to the corresponding level in PBS group. (J-K) Cytokine secretion of TNF-α (J) and IL-6 (K) in BMDCs. (L) Quantification analysis 
of M1 macrophages. (M) Quantification analysis of M1/M2 ratios. Data are presented as the mean ± SD. Statistical significance was analyzed by one-way ANOVA 
using Tukey's posttest. p value: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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derived dendritic cells. (BMDCs) and macrophages (BMDMs) were 
further investigated by treating the cells with the supernatant from H22 
cells incubated with different formulations for 24 h. Notably, EPI@A
sphere, IMQ@Asphere, and EPI/IMQ@Asphere all induced significant 
increase of CD80+CD86+ BMDCs, in which EPI/IMQ@Asphere demon
strated the highest and persistent BMDC activation for 5 days (Fig. 2F-I). 
Compared to PBS group, all treatment groups revealed higher secretion 
levels of immunostimulatory factors including interleukin-6 (IL-6) and 
tumor necrosis factor-α (TNF-α) (Fig. 2J-K), corroborating the dual 
regulatory mechanism in amplifying antitumor immunity through co
ordinated ICD signaling and TLR pathway activation by EPI/IMQ@A
sphere. Notably, EPI/IMQ, IMQ@Asphere, and EPI/IMQ@Asphere 
markedly elevate M1 macrophage subsets and the M1/M2 ratio (Fig. 2L- 
M and Fig. S8), signifying their capacity to polarize macrophage toward 
a pro-inflammatory phenotype.

3.3. In vivo antitumor efficacy and immune regulation of EPI/ 
IMQ@Asphere

In vivo pharmacokinetic studies in subcutaneous H22 hepatoma- 
bearing mice revealed that EPI/IMQ@Asphere group exhibited drug 
concentrations below 100 ng/mL in the plasma throughout the whole 
experimental period, suggesting minimal systemic drug exposure and 
related adverse toxicity. In contrast, the administration of free EPI/IMQ 
led to rapid systemic absorption, achieving peak plasma concentrations 
of 170 ng/mL EPI and 130 ng/mL IMQ within 30 min post-injection, 
which were over 2-fold higher than those in EPI/IMQ@Asphere group 
(Fig. S9). In vivo biodistribution studies revealed that mice treated with 
EPI/IMQ@Asphere showed minimal drug deposition in vital organs over 
24 h, while free drug injection caused discernable EPI accumulation in 
healthy organs including the kidney, lung, and spleen particularly 1 h 
post-administration (Fig. S10). Notably, EPI/IMQ@Asphere group 

Fig. 3. Antitumor efficacy and tumor rechallenge in subcutaneous H22 tumor model. (A) Schematic diagram of the treatment of H22 tumor model, n = 7. (B) 
Average tumor growth curves. (C) Individual tumor growth curves. (D) Survival curves. (E) Body weight. (F) Schematic diagram of rechallenge and immunomemory 
analysis of H22 tumor model, n = 5. (G) Tumor growth curves following the rechallenge with H22 cells. (H) Survival curves. (I) Representative flow cytometry graphs 
of TEM cells (CD44+CD62L− ) among CD3+CD8+ T cells in peripheral blood (PB) on day 20 post-rechallenge. (J) Quantitative analysis of TEM cells in CD3+CD8+ T 
cells in PB. Data are presented as the mean ± SD. Statistical significance was analyzed by one-way ANOVA using Tukey's posttest. p value: *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001.
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demonstrated much higher drug enrichment in tumor tissues than the 
free EPI/IMQ formulation, indicating enhanced and sustained thera
peutic efficacy.

The in vivo antitumor efficacy of drug-loaded microspheres was 
systematically evaluated using subcutaneous H22 hepatoma-bearing 
mice (Fig. 3A). A single intratumoral administration of EPI/IMQ@A
sphere at an EPI dose of 5.0 mg/kg revealed that increasing IMQ from 
1.25 mg/kg to 2.5 mg/kg markedly improved tumor suppression, while 
further elevating IMQ yielded no additional benefit (Fig. S11). 
Conversely, when IMQ was fixed at 2.5 mg/kg, raising EPI from 2.5 mg/ 
kg to 5.0 mg/kg significantly enhanced therapeutic efficacy. Thus, 5.0 
mg/kg EPI, 2.5 mg/kg IMQ, and EPI/IMQ ratio of 2 were utilized in 
subsequent in vivo evaluation. Intratumoral injection of free drugs 
served as the control group to ensure tumor drug concentrations 
equivalent to those achieved with Asphere formulations, enabling an 
accurate assessment of the therapeutic advantages conferred by Asphere 
delivery systems. EPI@Asphere and IMQ@Asphere were administered 
at the same total microsphere dosage as the combination group to 
eliminate the potential influence on embolization efficacy due to vari
ations in microsphere quantity. In sharp contrast to swift tumor growth 
in PBS and free EPI/IMQ groups, one single intratumoral injection of 
EPI@Asphere, IMQ@Asphere, or EPI/IMQ@Asphere elicited significant 
tumor growth suppression (Fig. 3B-D), signifying the critical role of 
sustained drug release from the microspheres. Strikingly, EPI/IMQ@A
sphere induced complete tumor regression in 5/7 mice within 80 day 
observation, demonstrating robust and durable antitumor immunity. 
Besides, the combination of EPI@Asphere + free IMQ although effi
ciently suppressed the tumor progression, it failed to induce complete 
remission in any treated mice and merely extended the median survival 
by 36 days (Fig. S12), highlighting the necessity of sustained release of 
both drugs to realize the synergistic potential. Importantly, no obvious 
body weight reduction was observed in microparticle-based formulation 
throughout the study period, whereas mice receiving free EPI/IMQ 
combination showed progressive weight decline (Fig. 3E). Thus, EPI/ 
IMQ@Asphere with significantly therapeutic efficacy and favorable 
safety profile holds great potential for combination immunotherapy.

Encouraged by the exceptional antitumor performance of EPI/ 
IMQ@Asphere, we further assessed the immune memory establishment 
by re-attacking cured mice with H22 tumor cells on day 80 post- 
treatment (Fig. 3F). Healthy mice inoculated with tumor cells served 
as a control group. Strikingly, cured mice exhibited complete abrogation 
of tumor progression accompanied by 100 % survival rates, in contrast 
with the aggressive tumor growth observed in the control group 
(Fig. 3G-H). Effector memory T (TEM) cells, known to mount rapid re
sponses upon antigen re-exposure [29,42], were quantified in peripheral 
blood 20 days post-rechallenge to elucidate immune memory mecha
nisms. As shown in Fig. 3I-J, EPI/IMQ@Asphere-treated mice exhibited 
a 2.8-fold increase in CD8+ TEM cell frequency compared to the control 
group, demonstrating strong T cell memory responses by EPI/IMQ@A
sphere for sustained antitumor immunity and recurrence prevention.

To explore the antitumor mechanism, the lymph nodes, spleen and 
tumor tissues were collected for immune profiling on day 12 post- 
administration (Fig. 4A). Flow cytometry analysis revealed that EPI/ 
IMQ@Asphere induced higher proportion of mature DCs in lymph nodes 
than monotherapeutic EPI@Asphere and IMQ@Asphere (Fig. 4B). 
Mature DCs play a pivotal role in antigen presentation and T cell acti
vation, a critical process for priming antitumor immunity as highlighted 
in prior studies [43]. Strikingly, EPI/IMQ@Asphere treatment induced a 
7.0-fold increase in tumor-infiltrating cytotoxic CD8+ T cells versus PBS 
group, substantially outperforming both EPI@Asphere (2.5-fold) and 
IMQ@Asphere (4.4-fold) monotherapies (Fig. 4C). Moreover, the 
expression levels of exhaustion markers (PD-1, TIM-3, LAG-3) on the 
tumor-infiltrating CD8+ T cells in EPI/IMQ@Asphere cohort remained 
comparable to those in PBS group (Fig. S13), indicating that the infil
trating CD8+ T cell remained functional and were not in an exhausted 
state. Additionally, increased M1 macrophage infiltration was observed 

in EPI/IMQ@Asphere-treated tumors, correlating with improved 
tumoricidal activity (Fig. 4D-E). Myeloid-derived suppressor cell 
(MDSCs) populations showed marked reduction following EPI/ 
IMQ@Asphere treatment compared to PBS group (Fig. 4F and Fig. S14), 
indicating attenuated immunosuppressive tumor microenvironment. 
Meanwhile, the significant activation of DCs in the tumors as well as the 
marked reduction of MDSCs and Tregs in the spleens further verified the 
enhanced antitumor immune response of EPI/IMQ@Asphere treatment 
(Fig. 4G-I). Systemic immune activation was corroborated by elevated 
serum levels of proinflammatory cytokines including TNF-α, IL-6, and 
interferon-γ (IFN-γ) (Fig. 4J-L), consistent with established immune 
activation markers [19,44]. T cell depletion experiments demonstrated 
that the administration of anti-CD8 antibody substantially compromised 
the antitumor efficacy of EPI/IMQ@Asphere (Fig. S15), corroborating 
the critical role of adaptive antitumor immunity. These multifaceted 
immunomodulatory effects collectively underpin the superior tumor 
inhibition efficacy of EPI/IMQ@Asphere. Importantly, mice treated 
with EPI/IMQ@Asphere exhibited comparable counts of white blood 
cells, monocytes, and neutrophils to those in PBS group (Fig. S16). H&E- 
stained images revealed drug-loaded Asphere induced negligible dam
age in the vital organ tissues (Fig. S17). Moreover, no clinical signs 
(fever, lethargy, etc.) related to immune-related adverse events (irAE) 
were observed during the whole treatment period. These findings along 
with observed modest levels of pro-inflammatory cytokines indicate that 
EPI/IMQ@Asphere induce little immune-related adverse effects, likely 
attributable to the minimal drug deposition in the blood and major 
organs.

3.4. TACIE therapy with EPI/IMQ@Asphere for orthotopic liver tumors

Orthotopic VX2 liver cancer established by injecting VX2 tumor 
fragments into the liver parenchyma of rabbits [32,45], was employed to 
evaluate the TACIE therapy of EPI/IMQ@Asphere. Upon the tumor 
volume reaching around 800 mm3 (day 0), the rabbits underwent 
transarterial embolization with EPI@CalliSpheres, EPI@Asphere, or 
EPI/IMQ@Asphere. In accordance with prior research findings 
[32,46,47], a low EPI dosage of 0.2 mg/kg was employed to attain 
optimal therapeutic efficacy while maintaining safety. As shown in 
Fig. 5A, EPI/IMQ@Asphere induced nearly complete vascular occlusion, 
signifying effective tumor-feeding artery blockade. CT and MRI imaging 
revealed rapid tumor progression in the PBS group, while all treatment 
groups displayed significant tumor growth suppression (Fig. 5B, and 
Fig. S18). Notably, EPI/IMQ@Asphere demonstrated the most pro
nounced therapeutic efficacy, showing marked tumor regression during 
treatment (Fig. 5C). H&E staining confirmed extensive necrosis across 
treatment groups, with EPI/IMQ@Asphere showing the largest necrotic 
areas (Fig. 5D). Immunofluorescence analysis revealed enhanced infil
tration of CD4+/CD8+ T lymphocytes in all therapeutic groups, in which 
EPI/IMQ@Asphere generated over 4-fold increase of T cells compared to 
PBS group (Fig. 5 D–F), indicating robust activation of antitumor im
munity. The tumor metastasis in the lung was monitored by CT imaging, 
the results showed that plenty of metastatic nodes in PBS group was 
significantly suppressed by all treatment groups, and EPI/IMQ@Asphere 
revealed superior metastasis control with few detectable lung nodules 
(Fig. 5I and Fig. S19). The efficient lung metastasis in EPI/ 
IMQ@Asphere-treated mice was further verified by H&E staining 
(Fig. 5J-K), indicative of systemic antitumor effects against both primary 
tumors and distant metastases. The combination of TACE and immu
notherapy has garnered considerable attention in recent research 
[6,48,49]. Clinical and preclinical evidence indicates that adjunctive 
intravenous administration of immune regulators such as checkpoint 
inhibitors during TACE markedly improves therapeutic outcomes. 
Despite improved antitumor activity, sustained tumor regression re
mains inconsistent, underscoring the need for refined therapeutic stra
tegies to optimize outcomes.

The in vivo safety of embolic microspheres was assessed using H&E 
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Fig. 4. In vivo immune activation in subcutaneous H22 tumor model. (A) Schematic diagram of the chemoimmunotherapy process, n = 5. (B) Representative flow 
cytometry graphs and quantification of Mature DCs cells in lymph. (C) Representative flow cytometry graphs and quantification of CD3+CD8+ T cells in tumors. (D) 
Representative flow cytometry graphs and quantification of the ratio of M1 to M2 macrophages in tumors. (E) Proportions of M1 macrophages (CD11b+CD86+) in 
tumors. (F-G) Proportions of CD11b+Gr1+ MDSCs cells (F) and mature DCs cells (G) in tumors. (H–I) Proportions of CD11b+Gr1+ MDSCs cells (H), 
CD3+CD4+CD25+Foxp3+ Treg cells (I) in spleens. (J-L) Expression levels of proinflammatory factors including IFN-γ (J), TNF-α (K), and IL-6 (L) in the serum 
analyzed by ELISA. Data are presented as the mean ± SD. Statistical significance was analyzed by one-way ANOVA using Tukey's posttest. p value: *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 5. TACIE therapy in orthotopic VX2 liver tumor-bearing rabbits. (A) Arterial angiography of tumors before and after TACIE using EPI/IMQ@Asphere. (B) 
Representative CT images of tumors on days 0, 7 and 14. (C) Tumor growth curves. (D) Representative H&E staining and CD4/CD8 immunofluorescent staining. Scale 
bar, 200 μm. (E-H) Statistical analysis of the average fluorescence intensity for CD8 (E), CD4 (F), CD86 (G), and FoxP3 (H) immunofluorescence staining, respectively 
(n = 3 biological samples). (I) Representative CT images of lung tissue on days 0 and 14. (J) Quantitative analysis of lung metastases. (K) Representative H&E staining 
slices of lung tissue on day 14. Scale bar, 500 μm. Data are presented as the mean ± SD. Statistical significance was analyzed by one-way ANOVA using Tukey's 
posttest. p value: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Y. Wang et al.                                                                                                                                                                                                                                   Journal of Controlled Release 390 (2026) 114576 

9 



staining and biochemical analysis. Compared to the PBS group, no 
obvious organ toxicity and damage were found in all treatment groups 
(EPI@CalliSpheres, EPI@Asphere, and EPI/IMQ@Asphere) (Fig. S20). 
Quantitative biochemical monitoring exhibited transient elevation of 
hepatic enzymes (ALT and AST) across all embolic treatment groups on 
day 3 post-treatment, followed by normalization to baseline levels. The 
transient hepatic function response aligns with established clinical 
manifestation of transarterial embolization procedures, which charac
teristically induce limited and reversible hepatocellular stress without 
persistent functional impairment [50]. Moreover, the levels of creati
nine (Cr) and blood urea nitrogen (BUN) remained comparable across all 
experimental groups (Fig. S21), suggesting preserved renal function 
following treatment. These results illustrate that EPI/IMQ@Asphere- 
mediated interventional embolization shows decent biosafety profiles 
with negligible impacts on vital organ functions.

4. Conclusions

In summary, we have demonstrated that EPI/IMQ@Asphere comb
ing efficient tumor vascular blockade, chemotherapy, and immuno
therapy (TACIE) achieves potent suppression on tumor growth and 
metastasis in liver tumors. EPI/IMQ@Asphere exhibites nearly complete 
drug loading, superb stability, and sustained release of EPI (> 4 weeks) 
and IMQ. With continuous ICD generation and TLR7 stimulation, EPI/ 
IMQ@Asphere induces persisting and marked DC activation, macro
phage polarization, and proinflammatory cytokine secretion. In a sub
cutaneous H22 murine liver tumor model, one single administration of 
EPI/IMQ@Asphere confers potent tumor suppression, with complete 
regression in 5 out of 7 mice and complete resistance to tumor rechal
lenge. In orthotopic VX2 tumor-bearing rabbits, TACIE using EPI/ 
IMQ@Asphere not only occludes tumor arteries and kills tumor cells but 
also amplifies tumoral CD8+/CD4+ T cell infiltration, achieving signif
icant shrinkage of primary liver tumor and effective prevention of pul
monary metastasis. Therefore, EPI/IMQ@Asphere provides a potent 
therapeutic strategy for TACIE of advanced liver cancers.
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