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Abstract
Background: Transcatheter arterial chemoembolization (TACE) is extensively used in the treatment of
advanced hepatocellular carcinoma (HCC). However, the e�cacy of TACE is usually limited to secondary
tumor hypoxia and hypoxia-related tumor angiogenesis.

Methods: In this study, poly(lactic-co-glycolic acid) (PLGA) microspheres ( SO R-CAT-PLGA MSs)
encapsulating sorafenib (SOR) and catalase (CAT) were prepared by double-emulsion solvent diffusion
method. Sorafenib inhibits tumor angiogenesis, and catalase decomposes hydrogen peroxide (H 2 O 2 )
to generate oxygen in the tumor.

Results: In vitro and in vivo , SOR -CAT-PLGA MSs could signi�cantly improve the e�cacy of hepatic
artery embolization in the treatment of rabbit VX2 liver tumors, regulate tumor hypoxia and
immunosuppressive microenvironment, then achieved near-complete and rapid necrosis of liver tumors.

Conclusions: The application of new SOR -CAT-PLGA MSs in hepatic artery chemoembolization of rabbit
VX2 liver tumor is a promising approach to improve the therapeutic effect of liver tumors and has a broad
clinical application prospect.

Background
Hepatocellular carcinoma (HCC) is one of the most common cancers in East Asian countries. It is also the
third leading cause of cancer-related death worldwide[1, 2]. Transcatheter arterial chemoembolization
(TACE) can block tumor vessels by injecting embolic agents and chemotherapeutic drugs into hepatic
arteries, ultimately leading to tumor necrosis[3, 4]. Consequently, TACE has become the preferred therapy
for unresectable advanced HCC[5, 6]. The liver receives a dual blood supply from the portal vein (70%)
and the hepatic artery (25%)[7], but the blood supply of most liver tumors comes from the hepatic artery.
The embolic agent is injected into the hepatic artery, blocking the blood supply to the liver tumors without
causing ischemia to the normal liver[8]. Therefore, hepatic artery embolization is especially suitable in the
treatment of HCC. However, due to the heterogeneity of blood vessels in liver tumors, the embolization of
tumor-feeding arteries usually leads to different degrees of hypoxia and ischemia in tumor tissues, which
in turn enhances the transcriptional activity of hypoxia-inducible factor1α (HIF-1α) and promotes the
progression of liver tumors[9]. If tumor cells cannot be completely killed after hepatic artery embolization,
the tumor vascular system will regenerate, and the remaining tumor cells will recur and thrive[10].

Therefore, it is urgent to inhibit tumor angiogenesis in the treatment of TACE. Sorafenib (SOR), a multi-
target tyrosine kinase inhibitor with the ability to inhibit angiogenesis and tumor proliferation, and is the
only Food and Drug Administration (FDA) approved drug for the treatment of advanced HCC[11].
However, due to the lack of tumor speci�city, oral-systemic administration of sorafenib often leads to
high toxicity and severe side effects[12]. Therefore, local administration through TACE may reduce the
side effects of sorafenib[13]. Catalase (CAT) is an enzyme that removes hydrogen peroxide (H2O2) and
neutralizes the overexpression of H2O2 in tumor tissue to produce the oxygen[14]. At present, the union
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application of SOR and CAT in TACE has not been reported, whether CAT can enhance the function of
SOR in inhibiting tumor angiogenesis and improve tumor hypoxic microenvironment is worth further
study.

Clinically available hepatic embolic agents include liquids, particles and hydrogels, etc.[10]. Lipiodol is a
type of embolic agent extracted from poppy seeds. It has been applied in TACE for over 30 years[15].
Lipiodol can be combined with hydrophilic chemotherapy drugs through a water-in-oil (W/O) mode, but
the drug release spectrum is short and the embolization is incomplete[16]. Recently, microspheres (MSs)
composed of the biodegradable polymer poly(lactic-co-glycolic acid) (PLGA) have been developed for
TACE in the treatment of liver tumors[17]. PLGA has excellent biocompatibility and biodegradability, and
has been widely applied in bone tissue engineering[18]. As a drug carrier, PLGA has been approved by the
FDA for some clinical treatments[19]. In this study, SOR and CAT were encapsulated in PLGA MSs, and
the SOR-CAT-PLGA MS sustained-release system was established. SOR-CAT-PLGA MSs can effectively
accumulate in tumor tissues via TACE.

The purpose of this study was to construct SOR-CAT-PLGA MSs containing sorafenib and catalase, then
to study its application in cancer cells and rabbit VX2 liver tumor models through cell culture, Western
blot analysis of protein expression, angiography analysis of the tumor vascular system, and
immunohistochemical analysis. Meanwhile, the e�cacy of hepatic artery embolization SOR-CAT-PLGA
MSs in inhibiting tumor angiogenesis and improving tumor immunosuppressive microenvironment was
evaluated.

Materials And Methods
Materials

The poly(lactic-co-glycolic acid) (PLGA, MW 7−17K), catalase (CAT) and Cell Counting Kit-8 (CCK-8) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Sorafenib (SOR) was obtained from LC Laboratories
(Woburn, MA, USA). Polyvinyl alcohol (PVA) was obtained from Aladdin (Shanghai, China). An Annexin-V-
FLUOS Staining Kit was obtained from Roche Applied Science (Indianapolis, IN, USA). A Cell Death
Detection Kit for the terminal deoxynucleotidyl transferase mediated dUTP nick end labeling (TUNEL)
assay and a Ki-67 Cell Proliferation Detection Kit were purchased from Roche Applied Science
(Indianapolis, IN, USA). DAPI (4′,6-diamidino-2-phenylindole) was obtained from Beyotime Biotechnology
(Wuhan, China). All other chemical reagents were analytically pure and were used directly without further
puri�cation.

New Zealand White rabbits (2.5−3 kg in weight, both sexes) were supplied by the Laboratory Animal
Research Center, Medical School of Nanjing University. All procedures conformed to the provisions of the
China National Animal Law on the use of laboratory animals (license no. SYXK-2018040002).

The preparation of microspheres (MSs)
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SOR-CAT-PLGA MSs were prepared by the solid-in-oil-in-water (S/O/W) method. First, PLGA (40 mg) was
dissolved in 0.8 ml of dichloromethane (DCM), and SOR (2 mg) was melted in 0.2 ml of dimethyl
sulfoxide (DMSO). CAT (2 mg) was dissolved in 0.2 ml of PBS. Then, the SOR and CAT solutions were
added to the PLGA solution and thoroughly mixed. The mixture was incubated at room temperature to
form a uniformly distributed organic phase (O). Then, the emulsion was added to a 2% polyvinyl alcohol
(PVA) solution to form an external aqueous phase. The emulsion became homogeneous at 500 rpm.
After the organic phase was removed by stirring for 3 hours, the MSs were collected by centrifugation at
2,000 rpm for 10 minutes and stored at -20 ℃ after freeze-drying. The blank MSs, MSs containing only
SOR and MSs containing only CAT were prepared via the same method.

The morphology of the SOR-CAT-PLGA MSs was analyzed by transmission electron microscopy (TEM) on
a JEM-200CX electron microscope (JEOL Ltd., Tokyo, Japan) and by scanning electron microscopy
(SEM) on an S-3400  scanning electron microscope (Hitachi Ltd., Tokyo, Japan). The size distribution of
the SOR-CAT-PLGA MSs was determined using a laser particle size analyzer (Malvern Instruments Inc.,
Malvern, UK).

The encapsulation e�ciency of SOR and CAT

The encapsulation e�ciency of SOR and CAT in MSs was determined by the indirect method. After
centrifugation, the concentration of SOR in the supernatant was measured at 265 nm by ultraviolet
spectrophotometry on a Hitachi U4100 spectrophotometer. Micro CAT Assay kit was used to analyze the
content of the unencapsulated catalase in the supernatant. The encapsulation e�ciency was determined
by dividing the actual amount of drug loaded by the total amount added to the emulsion preparation. All
experiments were performed three times.

Release of SOR and CAT from MSs

We measured the release of SOR and CAT from MSs in 1.5-ml centrifuge tubes by ultraviolet
spectrophotometry at 265 nm and 240 nm. Exactly 5 mg of MSs were resuspended in 5 ml of PBS.
Triplicate samples were shaken at 37 ℃ for seven days. At the indicated time points, 1 ml of release
buffer was collected and replaced with a new buffer. We also measured the oxygen generation of MSs in
0.5 mM H2O2 solution by the oxygen probe.

Cell viability and apoptosis assay

The cytotoxicity of the different MSs to HepG2 cells was measured by a CCK-8 assay. Cells (1 × 104

cells/ml) were seeded in 96-well plates. The different MSs were added to the cells and cultured at 37 ℃
for 4 hours. Then, the culture medium was removed, and the cells were washed three times with PBS and
cultured in fresh medium for twenty hours. The culture medium was aspirated, and the cells were
incubated with fresh serum-free medium containing CCK-8 reagent at 37℃ for two hours. Then, the
viability of the cells was determined by assuming that the formazan dye produced by dehydrogenase
activity in the cells was proportional to the number of viable cells, and the absorbance at 450 nm was
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assessed on a Thermo Scienti�c Varioskan Flash multimode plate reader (Thermo Fisher Scienti�c,
Waltham, MA, USA). All measurements were performed in triplicate.

An annexin V-FITC/PI apoptosis detection kit was used to detect cell apoptosis. Cells (1 × 105) were
placed in 12-well plates and cultured. When the cells reached 80% con�uence, different MSs were added
and incubated for 24 hours. Annexin V-FITC-stained apoptotic cells were detected by �ow cytometry
following the manufacturer’s instructions, and the data were analyzed using FlowJo software (Tree Star,
Inc., San Carlos, CA, USA).

TACE therapy on VX2 liver tumors in rabbits

To evaluate the therapeutic effect of SOR-CAT-PLGA MSs, we established a rabbit VX2 liver tumor model.
The �owchart of the experiment is shown in Fig. 1A. The rabbit VX2 liver tumor model was established
following the method reported by Chen et al.[20]. Rabbits were anesthetized with an intravenous injection
of pentobarbital sodium solution (2 wt%, 1 ml/kg) after fasting for 12 hours. After anesthesia, the
abdominal wall of the rabbits was cut open, and VX2 tumor particles (1.0 mm3) were implanted in the left
liver lobe. The growth of the VX2 tumor in the liver lobe of the rabbits was evaluated by measuring the
size of the rabbit liver tumors by computed tomography (CT) on a GE Discovery CT750 HD system (GE
Healthcare, Medical Systems, Chicago, IL, USA). Perfusion CT imaging was performed with a 90 mA tube
current, a 120 kVp tube voltage, a 1.25 mm slice thickness and a 25 cm �eld of view. The perfusion
images were transferred to an Advantage imaging workstation (GE Healthcare Medical Systems) for
perfusion analysis. The absolute values of blood volume (BV), blood �ow (BF), permeability surface (PS)
area product and mean transit time (MTT) were measured by CT perfusion software. TACE was
performed 14 days after implantation of the VX2 tumors. Thirty rabbits were randomly divided into 5
groups of six rabbits per group. A radio-opaque short guidewire and sheath (Terumo Corp., Tokyo, Japan)
were placed in the right femoral artery of the rabbits via an operative incision, and selective
catheterization of the left hepatic artery feeding the VX2 liver tumor was accomplished using a 2.7 Fr
Progreat microcatheter (Terumo Corp.) under �uoroscopy. Hepatic angiography was performed with a
hand injection of 2 ml of Omnipaque 300 contrast medium (GE Healthcare), which was injected at a rate
of approximately 0.5 ml/s. Subsequently, 50 mg of MSs were slowly injected into the tumor-feeding artery
through a microcatheter at a speed of 0.5 ml/min; each group was injected as follows: group A (0.5 ml
normal saline solution), group B (0.5 ml PLGA MSs solution), group C (0.5 ml SOR-PLGA MSs solution),
group D (0.5 ml CAT-PLGA MSs solution) and group E (0.5 ml SOR-CAT-PLGA MSs solution). Digital
subtraction angiography (DSA) images were recorded before and after embolization. After all images
were acquired, all guides, sheaths and catheters were removed. The femoral artery was ligated, and the
muscle, subcutaneous tissue and skin were sutured with absorbable sutures. Postoperative CT images
were used to measure the degree of tumor necrosis and calculate the volume of liver tumors: V =
(length×width2) / 2[21]. Last, three rabbits were randomly chosen from each group and sacri�ced on the
14th day after TACE for bioinformatics analysis and histopathological examination. The remaining three
rabbits in each group were used for survival analysis.
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Histopathology and immunohistochemistry

On the 14th day after the operation, liver tumors and various organs, such as the heart, lungs and kidneys,
were harvested. Tissue was dissected and snap-frozen with optimum cutting temperature (O.C.T.)
compound (Sakura Finetek USA Inc., Torrance, USA) for cryostat sectioning into 6-μm slices. Slices were
stained with hematoxylin and eosin (H&E) for routine microscopy examination and were stained with Ki-
67 and subjected to a TUNEL assay to detect proliferation and apoptosis, respectively, following the
manufacturer’s guidelines. Ki-67-stained slides and slides from the TUNEL assay were analyzed by
�uorescence microscopy using a Nikon TS100 �uorescence microscope (Nikon Corp., Tokyo, Japan).

Tumor specimens were �xed in acetone at −20℃ for 5 minutes and washed 3 times with PBS after air-
drying. Specimens were then placed in a 3% BSA PBS solution in a sealed container and incubated at
room temperature for one hour. An anti-vascular endothelial growth factor (VEGF) antibody for VEGF
staining was used at a 1:200 dilution, and an anti-HIF-1α antibody for HIF-1α staining was used at a
1:200 dilution. After incubation at room temperature for three hours, slides were washed three times.
Alexa Fluor 488-conjugated goat anti-rat IgG and Alexa Fluor 555-conjugated goat anti-mouse IgG were
added and incubated at room temperature for two hours, and slides were then washed and �xed.
Fluorescence images were acquired by laser scanning confocal microscopy (LSCM) using a Zeiss LSM
710 �uorescence microscope (Carl Zeiss Microscopy GmbH, Jena, Germany). PD-L1 and CD8 antibody
were used to detect the expression of PD-L1 and  CD8+ T cell in�ltration in tumor tissues after TACE. In
addition, serum interferon IFN-γwas detected by enzyme-linked immunosorbent assay (ELISA).

Biochemical Assay

Rabbit serum was collected before treatment and on days 1, 3, 7, and 14 after treatment for biochemical
examination. The levels of alanine transaminase (ALT), aspartate aminotransferase (AST), creatinine (Cr),
blood urea nitrogen (BUN) and total bilirubin (TBIL) were measured on an Olympus AU5421 automatic
biochemical analyzer (Olympus Corp., Tokyo, Japan). TBIL is an indicator of hepatocyte damage,
including damage due to hepatocellular carcinoma and hepatitis.

Statistical analysis

The experiments were repeated at least 3 times in each group, and all data are expressed as the means ±
standard deviations (SDs). SPSS 19.0 software (IBM Corp., Armonk, NY, USA) was used for statistical
analysis. Data for different groups were compared by one-way ANOVA test, Student’s t-test and Kaplan–
Meier method. P < 0.05 was considered statistically signi�cant.

Results
Preparation and characterization of SOR-CAT-PLGA MSs
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We use an improved S/O/W emulsion method to prepare the SOR-CAT-PLGA MSs for TACE therapy (Fig.
1A). PLGA MSs, SOR-PLGA MSs and CAT-PLGA MSs were prepared by the same method. To evaluate the
formation of the MSs, we examined the morphology of the MSs containing SOR and CAT by SEM and
TEM (Fig. 1B (SEM) and 1C (TEM)). The images reveal that SOR-CAT-PLGA MSs have a smooth surface
and regular spherical shape. In addition, the size of the MSs was relatively uniform. The particle size was
determined using a laser particle size analyzer (Fig. 1D). The average diameter of the PLGA MSs and
SOR-CAT-PLGA MSs was 75.7 ± 7.9 μm and 73.5 ± 8.3, respectively. Thus, the addition of SOR and CAT
did not interfere with the formation of traditional PLGA MSs.

The drug encapsulation e�ciency plays an important role in the drug delivery system, directly in�uencing
the therapeutic effect of encapsulated drugs. We used ultraviolet-visible spectrophotometry to determine
the entrapment e�ciency of SOR and CAT. The encapsulation e�ciency of SOR and CAT was 68.7% and
76.5%, respectively. Each mg of MSs contains approximately 22.5 μg SOR and 25.3 μg CAT.

The in vitro release of SOR-CAT-PLGA MSs was assessed in PBS at 37℃. As shown in Fig. 1E, SOR-CAT-
PLGA MSs exhibited a two-phase release mode. In the �rst 12 hours, SOR and CAT were released rapidly
from the MSs, and the initial release rate was ∼40%. After that, SOR showed relatively slow continuous
release, and within 7 days, approximately 80% of the loaded SOR had been released into the surrounding
medium. CAT also showed slow release; the release rate of CAT was 90% after 7 days. Patients with HCC
usually receive TACE once every 1 or 2 months. Therefore, we anticipate that the degradation rate of the
embolic agent will be slow and that the long-term release of the chemotherapeutic drugs carried by
embolic agents is achievable. These results indicate that SOR-CAT-PLGA MSs may allow slow release of
SOR and CAT.

As shown in Fig. 1F, PLGA MSs and SOR-PLGA MSs had no signi�cant effect on the generation of O2 in
the H2O2 solution. However, when the CAT-PLGA MSs and SOR-CAT-PLGA MSs were incubated with H2O2

solution, O2 was rapidly generated and the concentration of O2 increased steadily over time. There was
no signi�cant difference in O2 production between CAT-PLGA MSs and SOR-CAT-PLGA MSs, indicating
that SOR loading did not affect the activity of CAT.

Antitumor activity of the SOR-CAT-PLGA MSs in vitro

The therapeutic effect of SOR-CAT-PLGA MSs was evaluated by the CCK-8 assay in vitro. HepG2 cells
were incubated with PBS, PLGA MSs, SOR-PLGA MSs, CAT-PLGA MSs and SOR-CAT-PLGA MSs for 4
hours. Then, cells were incubated in regular medium for 20 hours, and cell viability was evaluated (Fig.
2A). As expected, the viability of HepG2 cells in the SOR-CAT-PLGA MSs group was found to be decreased
as MSs concentration was increased. After 24 h, viability rates were 42% and 31% for 5μg/well and
10μg/well of SOR-CAT-PLGA MSs, whereas the cells remained viable in the negative control and PLGA
MSs-treated wells.

The improved proapoptotic activity of SOR-CAT-PLGA MSs was further con�rmed by annexin V staining.
Necrotic cells, late apoptotic cells, viable cells and early apoptotic cells were represented by Q1, Q2, Q3
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and Q4, respectively. The results showed that SOR combined with CAT had a signi�cant proapoptotic
synergistic effect on tumor cells (Fig. 2B and 2C). Compared with the control treatment, the SOR-CAT-
PLGA MSs combined treatment signi�cantly increased the apoptosis rate and reduced the percentage of
viable cells. The percentage of apoptotic cells in the PBS, PLGA MSs, SOR-PLGA MSs, CAT-PLGA MSs and
SOR-CAT-PLGA MSs groups were 0.9, 1, 18.5, 13 and 24.1%, respectively. In addition, the MSs developed
in this study did not cause severe necrosis, which minimized peripheral cell damage.

TACE Treatment Process Using SOR-CAT-PLGA MSs

The TACE �owchart (Fig. 3) and intra-arterial injection of SOR-CAT-PLGA MSs via the hepatic artery are
presented (Fig. 4A and 4B). The TACE process was performed using a digital subtraction angiography
system (DSA, Philips, BV Pulsera) according to clinical regulations. The angiography showed that the
tumor was surrounded by abundant blood capillaries, especially at the edge (Fig. 4C). Notably, blood
vessels of its neighboring normal hepatic parenchyma were swollen after embolization, which indicates
that MSs were deposited in the area of the lesion to a signi�cant extend and consequently blocked the
feeding routes (Fig. 4D). CT was used to measure the changes in the tumor volume before and after
TACE. CT was also used to quantify the perfusion of tumors (Fig. 5A and 5B). The BF (blood �ow), BV
(blood volume), PS (permeability surface) area and MTT (mean transit time) values were determined
before and after the operation. The BF, BV and PSA values of tumors in the SOR-PLGA MSs and CAT-
PLGA MSs groups were signi�cantly lower than control groups and PLGA MSs groups, but those in the
SOR-CAT-PLGA MSs groups were the lowest. The MTT values of tumors in the SOR-CAT-PLGA MSs were
also signi�cantly higher than those in the other groups, which su�ciently indicated that the angiogenesis
of tumors was signi�cantly inhibited in the SOR-CAT-PLGA MSs groups.

Evaluation of the antitumor e�cacy of SOR-CAT-PLGA MSs in vivo

Three rabbits were randomly selected from each group and sacri�ced on the 14th day after TACE. The
resected tumors were photographed and weighed. Analysis of the data con�rmed that tumor growth
inhibition was most effective in the SOR-CAT-PLGA MSs group (Fig. 6A). The images of the pathological
specimens shown in Fig. 6A also reveals obvious necrosis of the left lobe tumors in the SOR-CAT-PLGA
MSs, SOR-PLGA MSs and CAT-PLGA MSs groups. However, the extent of local necrosis at the center of
the tumors in the control group and PLGA MSs group was small, and the cavernous vessels were obvious,
which was closely related to the degree of malignancy of the tumors. We also evaluated the potential
toxicity of SOR-CAT-PLGA MSs to the heart, kidneys and lungs of rabbits. The results revealed that there
was no signi�cant change in these organs after treatment, and lung metastasis was detected only in the
untreated control group (Fig. 6A).

The volume of tumors in the control group increased signi�cantly, from 1.69 ± 0.24 cm3 before treatment
to 10.98± 1.35 cm3 after treatment (Fig. 6B). In contrast, the tumor volume in rabbits treated with SOR-
CAT-PLGA MSs decreased signi�cantly after treatment (1.73 ± 0.32 cm3 vs. 0.62± 0.13 cm3; Fig. 6B),
indicating that the tumors were signi�cantly smaller after treatment. As shown in Fig. 6B, the growth rate
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of tumors in the untreated control group was rapid, while SOR-PLGA MSs and CAT-PLGA MSs moderately
inhibited the growth of tumors. We observed that SOR-CAT-PLGA MSs had the strongest antitumor effect.
The synergistic effect of SOR and CAT signi�cantly inhibited orthotopic tumor growth. The superiority of
the SOR-CAT-PLGA MSs therapy further con�rmed that the drug combination had better e�cacy than
single drug-containing microspheres.

There was a signi�cant difference in the weight of tumors among the different treatment groups (Fig.
6C). The weight of tumors in the control group was signi�cantly increased. In contrast, the weight of
tumors in the SOR-CAT-PLGA MSs treatment group was signi�cantly lower after treatment than before
treatment, further con�rming that the tumors were signi�cantly reduced. SOR-PLGA MSs and CAT-PLGA
MSs moderately inhibited the growth of tumors, but the growth rate of tumors in the untreated control
group was increased.

In addition, histological examination of rabbit VX2 liver tumors was carried out to further assess the
antitumor effect of various MSs combined with TACE. As shown in Fig. 7A, histopathological sections of
rabbit VX2 liver tumors showed that SOR-CAT-PLGA MSs administered via TACE could thoroughly �ll the
tumor vessels. Additionally, infarction was observed in tumor tissues, accompanied by necrosis and
degeneration of tumor cells. Compared with the control group, the SOR-CAT-PLGA MSs treated group
showed nearly complete tumor necrosis, while the SOR-PLGA MSs and CAT-PLGA MSs groups showed
moderate tumor necrosis. Notably, H&E staining of the main organs (heart, liver, kidneys, and lungs), as
shown in Fig. 7A, revealed no clear histopathological abnormalities (tissue injury or in�ammation).

We also studied the hypoxic status of tumors after different treatments. We analyzed the expression of
HIF-1α and VEGF using an immunohistochemical staining assay. In the SOR-CAT-PLGA MSs and CAT-
PLGA MSs groups, the positive �uorescence staining of HIF-1α in tumor tissue slices was signi�cantly
decreased, as shown in Fig. 7B, respectively. In addition, compared with the other groups, the SOR-CAT-
PLGA MSs and SOR-PLGA MSs groups did not exhibit upregulated expression of VEGF, and that the
expression of VEGF in SOR-CAT-PLGA MSs groups was the lowest, which further con�rmed the
synergistic inhibition of SOR and CAT on VEGF expression and angiogenesis.

We also investigated the role of SOR-CAT-PLGA MSs in the immunosuppressive microenvironment of
tumor tissues after TACE. Hypoxia-mediated HIF-1α upregulation is closely related to the expression of
PD-L1, which mainly mediates immune escape. Our results showed that PD-L1 in the SOR-CAT-PLGA MSs
group was signi�cantly lower than that in the PLGA MSs group and control group (Fig. 7B), and
signi�cant CD8+T cell in�ltration was observed (Fig. 7B). PD-L1 in the CAT-PLGA MSs group was also
lower than that in the PLGA MSs group and control group, and the in�ltration of CD8+T cells also
increased. In addition, IFN-γ secreted by active CD8+T cells in the SOR-CAT-PLGA MSs group signi�cantly
increased compared with the PLGA MSs group and control group (Fig. 7D). IFN-γ also increased in the
CAT-PLGA MSs group compared with the PLGA MSs group and control group.
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The TUNEL assay and Ki-67 staining results further con�rmed our previous �ndings (Fig. 7C). The results
shown in Fig. 7E clearly reveals that SOR-CAT-PLGA MSs induced signi�cant apoptosis and
morphological changes, while tumors treated with CAT-PLGA MSs or SOR-PLGA MSs only showed
moderate apoptosis. As shown in Fig. 7F, immunohistochemical staining of Ki-67 was used to evaluate
the proliferation of tumor cells in each treatment group. The results revealed that the tumor cells in the
control group were heteromorphic and of different cell types, had a signi�cantly increased ratio of
nucleus to plasma, and showed increased expression of Ki-67. In the SOR-CAT-PLGA MSs group, after
treatment, the tumor cells showed necrosis and complete loss of nuclei, and Ki-67 expression was scant
or even undetected. Moreover, the expression of Ki-67 decreased in the SOR-CAT-PLGA MSs treatment
group, indicating that the proliferation of tumor cells decreased signi�cantly after treatment. In the CAT-
PLGA MSs and SOR-PLGA MSs groups, necrosis occurred mainly at the entrance to the tumors, and Ki-67
was mainly expressed in the periphery of the tumors. These �ndings further demonstrate that SOR-CAT-
PLGA MSs induce signi�cant apoptosis and almost completely inhibit the proliferation of tumor cells,
which further indicates the synergistic antitumor effect of SOR and CAT.

We next evaluated the toxicity of SOR-CAT-PLGA MSs in rabbits. We analyzed the levels of various
biochemical indicators in the blood of tumor-bearing rabbits at 1, 3, 7 and 14 days after TACE. As shown
in Fig. 8A-E, there were no signi�cant differences in liver and kidney function indices, such as blood
parameters (white blood cell, red blood cell and platelet counts) and the levels of AST, ALT, Cr, BUN and
TBIL. The results of these biochemical analyses showed that SOR-CAT-PLGA MSs had no signi�cant MS-
related, kidney or liver toxicities.

In addition, the Kaplan−Meier survival curve (Fig. 8F) showed that the survival time of rabbits in the SOR-
CAT-PLGA MSs group was signi�cantly prolonged (54 days) compared with that in the other groups, while
the survival time of rabbits in the PLGA MSs group was only 31 days. Our �ndings further suggest that
SOR-CAT-PLGA MSs may be a new approach to improve the e�cacy of HCC treatment.

Discussion
TACE is the primary therapy for unresectable HCC, particularly for patients with multifocal HCC and
normal liver function[22]. The embolization of the feeding arteries of HCC leads to tumor necrosis, and
the clinical e�cacy of this treatment has been widely recognized[23, 24]. TACE combined with cytostatic
drugs (doxorubicin, mitomycin, cisplatin, 5-Fu, epirubicin, etc.) can inhibit the growth of tumors, but
whether it can prolong the survival time is still uncertain[25]. The basic principle of this technique is that
the combination of local ischemic necrosis and targeted chemotherapy can produce synergistic
antitumor effects. However, some studies have shown that TACE can aggravate hypoxia in residual
cancer cells and further enhance the drug resistance of cancer cells[26]. Besides, hypoxia can stabilize
the level of HIF-1α in cells, thereby increasing angiogenesis factor-induced angiogenesis[27, 28]. Thus, to
overcome the limitations of TACE, we incorporated SOR, a multi-target tyrosine kinase inhibitor with the
ability to inhibit angiogenesis[11]. We also added CAT, an enzyme that neutralizes the overexpression of
H2O2 in tumor tissue to produce the oxygen[14].
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Another limitation of the current clinical TACE therapy is that the commonly used lipiodol embolization of
hepatic arteries is usually not durable. Chemotherapeutic drugs in lipiodol are released rapidly, and the
blood �ow of liver tumors is restored quickly[29]. This observation is supported by the �nding that
angiography at the second or subsequent embolization usually indicates the recanalization of the hepatic
artery. To overcome the short half-life of the embolization agent, TACE is repeated clinically, but repeated
TACE is likely to aggravate cirrhosis and eventually lead to liver failure[6]. Therefore, there is an urgent
need for new hepatic embolic agents sustained-release drugs to improve the e�cacy of TACE.

The experimental use of PLGA MSs for hepatic artery embolization has been reported[18]. PLGA is a
copolymer that can be hydrolyzed into biocompatible substances, including lactic acid and glycolic acid
monomers[30]. Lactic acid and glycolic acid are scavenged as water and carbon dioxide in the body
through the Krebs cycle, which does not induce a robust immune response. The degradation time of
PLGA is related to the monomer ratio, and its lifetime can be controlled to within a few days or
months[31]. Encapsulating the drug in PLGA MSs is a common method of achieving controlled release.
Some studies have shown that PLGA MSs releases drugs slowly into surrounding tissues through a
diffusion mechanism to promote the complete release of the drug, thereby improving the treatment effect
of drugs[32]. TACE combined with magnetic PLGA MSs signi�cantly enhanced the delivery of cytotoxic
drugs to rabbit liver tumors while reducing the systemic toxicity in the animals[18].

In our experiments, the addition of SOR and CAT did not interfere with the morphology and size of blank
PLGA MSs. To make PLGA MSs embolize rabbit liver tumors, the size of the PLGA MSs should be
adjusted according to the diameter of the capillaries and peripheral arteries in the rabbit liver. It has been
reported that MSs with diameters less than 40 µm can be shunted to nontarget organs, such as the lungs,
while MSs with diameters greater than 40 µm are mainly trapped in liver tumors and are seldom shunted
to other organs[33]. According to the literature on rabbit hepatic tumor embolization and considering the
diameter of rabbit capillaries and hepatic arterioles[34], we constructed PLGA MSs with an average
diameter of 73 µm, which is suitable for rabbit hepatic artery embolization. In our study, SOR-CAT-PLGA
MSs were not found in the lungs and did not cause a pulmonary embolism.

SOR and CAT were encapsulated into the SOR-CAT-PLGA MSs with moderate e�ciency, and the SOR-CAT-
PLGA MSs had uniform particle sizes and a stable drug release rate. Because of the low encapsulation
e�ciency of O/W emulsi�cation, the S/O/W method was chosen to improve the encapsulation e�ciency.
Compared with the O/W method, the encapsulation e�ciency of SOR and CAT was greatly improved by
this method. In the in vitro drug release test, SOR-CAT-PLGA MSs exhibited a biphasic release mode with
an initial explosive release. The drug release rate was approximately 50% in the �rst three days and was
then relatively slowed in the next few days. The drug release rate was about 90% on the seventh day. A
Relatively slow continuous release may maintain an adequate drug concentration in the surrounding
environment, thus avoiding the limitation of short application time and enhancing the time of drug action.
When SOR-CAT-PLGA MSs were incubated with H2O2 solution, oxygen was generated rapidly, indicating
that it had su�cient catalytic capacity to produce oxygen.
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In this study, we evaluated the antineoplastic e�cacy of SOR-CAT-PLGA MSs in vitro and in vivo. The
results showed that SOR-CAT-PLGA MSs effectively inhibited the growth of cultured HepG2 HCC cells in
vitro, and also exhibited strong antitumor activity in the rabbit VX2 liver model. Compared with other
treatments, SOR-CAT-PLGA MSs signi�cantly promoted the apoptosis of HepG2 cancer cells. Flow
cytometric analysis also showed that SOR-CAT-PLGA MSs increased the induction of early and late
apoptosis in HepG2 cells. In vivo, SOR-CAT-PLGA MSs effectively inhibited the growth of VX2 tumors and
reduced the volume of rabbit VX2 liver tumors by nearly 90%, and SOR-CAT-PLGA MSs were more
effective than SOR-PLGA MSs and CAT-PLGA MSs. SOR-CAT-PLGA MSs successfully induced tumor
necrosis and apoptosis in the targeted region of blood supply to rabbit VX2 liver tumors, and
histopathological analysis of liver tumors showed a tumor necrosis rate of 90% after TACE treatment. In
this study, the CT perfusion imaging was used to evaluate the perfusion parameters before and after
SOR-CAT-PLGA MSs treatment, and the results showed that SOR-CAT-PLGA MSs acted directly on the
blood vessels of liver tumors, resulting in decreased perfusion of VX2 liver tumors. Hypoxia is related to
HIF-1α expression and VEGF transcriptional activation[35]. There is much evidence that HIF-1α and VEGF
may contribute to tumor progression and metastasis, as well as poor patient survival[36]. We also found
that the expression of HIF-1α and VEGF was signi�cantly decreased in the SOR-CAT-PLGA MSs group
after TACE, which further proved that SOR inhibited VEGF expression and tumor angiogenesis, and CAT
improved tumor hypoxia and inhibited HIF-1α expression. The strong synergistic effect of SOR and CAT
led to the inhibition of rabbit VX2 liver tumors.

It has been reported that tumor hypoxia leads to the upregulation of PD-L1, which further inhibits the
function of CD8+T cells and induces immune escape[37]. Our results showed that SOR-CAT-PLGA MSs
could down-regulate the expression of PD-L1, inhibit the apoptosis of CD8+T cells, and increase the
release of IFN-γ secreted by activated CD8+T cells. The therapeutic effect may be attributed to the
improvement of hypoxia in tumors after SOR-CAT-PLGA MSs treatment. The down-regulation of HIF-1α
signi�cantly inhibited the expression of PD-L1, which further relieved the pressure on CD8+T cells and
regulated the immunosuppressive microenvironment.

Rabbit lungs, kidneys, and hearts showed no noticeable toxic effect. The only side effects observed were
a slight elevation of the serum ALT level 1 day after the operation, which recovered 3 days after treatment.
Since the tumors began to necrotize one day after embolization, it was suggested that the elevated serum
ALT level might be related to the necrosis of tumors after embolization. The survival curve based on the
Kaplan-Meier method showed that the SOR-CAT-PLGA MSs group (average survival time, 59 days) had a
signi�cant survival advantage compared with the control group (average survival time, 31 days). TACE
can induce tumor hypoxia and ischemia, while SOR and CAT can inhibit tumor ischemia and hypoxic
injury. Our results further indicate that SOR-CAT-PLGA MSs can signi�cantly improve the therapeutic
effect on rabbit liver VX2 tumors.

Conclusion
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In this study, SOR-CAT-PLGA MSs were synthesized, and their e�cacy in TACE of rabbit VX2 liver tumors
was veri�ed. The release of SOR and CAT enhanced the antitumor activity of SOR-CAT-PLGA MSs in TACE
of rabbit VX2 liver tumors in vivo. In the rabbit VX2 liver tumor model, the injection of SOR-CAT-PLGA MSs
into the hepatic artery showed a clear embolization effect and had decreased systemic side effects. In
conclusion, we successfully developed an embolization strategy combining drug-loaded MSs with TACE
for the treatment of VX2 orthotopic tumors in rabbits. Our results suggest that combining SOR-CAT-PLGA
MSs with TACE may be a promising strategy for HCC treatment.
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Figures

Figure 1

Fabrication process and particle characterization of SOR-CAT-PLGA MSs. (A) Schematic of the
experimental rationale and fabrication process of SOR-CAT-PLGA MSs. (B) SEM and TEM images of SOR-
CAT-PLGA MSs. (C) Size distribution of SOR-CAT-PLGA MSs. (D) Cumulative release of SOR and CAT from
SOR-CAT-PLGA MSs. (E) Oxygen generation in H2O2 solutions with different microspheres. The data are
presented as the means ± SDs (n = 3).
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Figure 2

In vitro assessment of SOR-CAT-PLGA MS-mediated cell cytotoxicity. (A) HepG2 cell viability after
incubation with different microspheres. (B) and (C) Flow cytogram presenting the results of the apoptosis
assay based on Annexin V-FITC and PI staining of HepG2 cells after treatment with different
microspheres. The results are presented as the means ± SDs (n = 3). The asterisks indicate signi�cant
differences (**P <0.01).

Figure 3



Page 19/23

Flowchart of TACE showing the groups of rabbits and the experimental procedure.

Figure 4

Intraarterial injection of SOR-CAT-PLGA MSs via the hepatic artery and representative angiography of
rabbit VX2 liver tumors before and after TACE. (A) The femoral artery was dissociated, and the distal
femoral artery was ligated with one suture. (B) After the administration of the microspheres, the proximal
femoral artery was ligated. (C) Selective placement of a 2.7F microcatheter (white arrow) and
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hypervascular tumor staining (black arrow) in the left lobe of the liver before embolization. (D)
Postembolization images showing that the feeding arteries of the tumor (black arrow) were successfully
occluded by the microspheres.

Figure 5

Perfusion CT images of liver tumors in the control (sham operation), PLGA MSs, SOR-PLGA MSs, CAT-
PLGA MSs and SOR-CAT-PLGA MSs groups before treatment and after treament. (A) The red and black
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circles in the perfusion CT images indicate liver tumors. The length of the scale bar on the right side is 1
cm. (B-E) Blood �ow (BF), blood volume (BV), mean transit time (MTT) and permeability surface (PS)
area product values in the different groups. The data are presented as the means ± SDs (n = 3). The
asterisks indicate signi�cant differences (*P < 0.05, **P <0.01).

Figure 6
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Therapeutic e�cacy in the rabbit VX2 liver tumor model. (A) Photographs of the tumors dissected after
different treatments. The red circles in the photographs of the dissected tumors indicate liver tumors.
Notably, metastatic tumors in the lungs of the control group are indicated by the red arrows. (B) Tumor
volumes in the different groups. (C) Tumor weights in the different groups. The data are presented as the
means ± SDs (n = 3). The asterisks indicate signi�cant differences (**P <0.01, ***P < 0.001).

Figure 7
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Histopathology and immunohistochemistry following different treatments. (A) H&E-stained images of
dissected liver tumors, lungs, hearts and kidneys in the control, PLGA MSs, SOR-PLGA MSs, CAT-PLGA
MSs and SOR-CAT-PLGA MSs groups. Microspheres were seen in tumor blood vessels and were
surrounded by necrotic tissue; microspheres were not seen in normal liver tissues. Red arrows,
microspheres. The scale bar represents 100 μm. (B) Representative immuno�uorescence images of
tumor slices from the various treatment groups stained with HIF-1α, VEGF, PD-L1 and CD8 antibody. The
scale bar represents 100 μm. (C) TUNEL assay and Ki-67 staining of sectioned tumor tissues collected
after the completion of all doses in the different groups. The scale bar represents 100 μm. (D) Serum IFN-
γ levels after different treatments determined by the ELISA assay. (E) The corresponding apoptosis index
in the TUNEL assay of tumor tissues. (F) The proliferation index in the Ki-67 staining assay of tumor
tissues. The data are expressed as the means ± SDs (n = 3). The asterisks indicate signi�cant differences
(**P < 0.01, ***P < 0.001).

Figure 8

Biochemical tests and Kaplan-Meier survival analysis of VX2 liver tumor-bearing rabbits during the
experiment. (A) ALT levels. (B) AST levels. (C) TBIL levels. (D) CRE values. (E) BUN values. (F) Kaplan-
Meier survival analysis. The data are expressed as the means ± SDs (n = 3).


