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Background: Transcatheter arterial embolization (TAE) is widely used in hepatocellular 
carcinoma (HCC) therapy. Tumor hypoxia often correlates with the recurrence and metastasis 
of the tumor and is the critical factor limiting the treatment effect of TAE.
Purpose: To investigate the underlying mechanism and therapeutic potential of TAE 
combined with apatinib-loaded p(N-isopropyl-acrylamide-co-butyl methyl acrylate) tempera-
ture-sensitive (PIB) nanogel for the suppression of rabbit VX2 liver tumor growth.
Materials and Methods: Sixty-five VX2 tumor-burdened rabbits were randomly divided 
into five groups and treated transarterially with apatinib-loaded PIB (Group PA, 0.4 mL, 
n=13), PIB alone (Group P, 0.4 mL, n=13), iodized oil alone (Group I, 0.4 mL, n=13), 
apatinib solution (Group A, 0.4 mL, n=13) or saline (Group NS, 0.4 mL, n=13). The dose of 
apatinib was 2 mg/kg. Tumors were harvested, sectioned and immunohistochemically 
stained, and the tumor growth rates and survival times in each group were measured. 
Blood samples and liver tissues were collected for pharmacokinetic analysis.
Results: The tumor growth rate in Group PA was considerably lower than the other four 
groups (P=0.000<0.01), and the survival time was significantly prolonged (P=0.000<0.01). 
The immunohistochemistry results showed that CD31 expression was significantly lower in 
Group PA than that of the other four groups (P=0.000<0.01). The apatinib concentration in 
the blood fell below 10 ng/mL within 10 min after TAE and dropped below 1 ng/mL after 8 
h. The drug was released continuously in the liver for 36 days, with the highest concentration 
at the tumor junction (P=0.045<0.05).
Conclusion: PIB effectively targeted apatinib to HCC tissues, achieved a slow and sus-
tained release of the drug in the tumor and considerably reduced the systemic drug concen-
tration. Further experiments showed significantly prolonged survival times and an inhibitory 
effect on tumor growth.
Keywords: HCC, transcatheter arterial embolization, tumor angiogenesis, apatinib, PIB

Introduction
Hepatocellular carcinoma (HCC) mortality ranks third among global cancer 
deaths.1–3 Transcatheter arterial embolization (TAE) is widely used in the inter-
mediate stage HCC therapy.4 However, two main factors limit the long-term effects 
of TAE. First, HCC angiogenesis induced by hypoxia in the tumor after TAE has 
been shown to play a crucial role in promoting the malignant biological behavior of 
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HCC. Second, the embolization of tumor peripheral blood 
vessels can also be a key factor affecting the curative 
impact of TAE.5,6 Therefore, it is critically essential to 
identify new therapeutic strategies for HCC.

HCC is a blood-rich tumor, and therefore malignant 
angiogenesis is the most significant abnormally activated 
pathway in HCC progression.7–9 In HCC, TAE exacer-
bates ischemia and hypoxia, resulting in the persistent 
excess of vascular endothelial growth factor 
(VEGF).10–12 The combination of VEGF and VEGF 
receptor (VEGFR) triggers a cascade of downstream path-
ways, which eventually induces tumor neovascularization, 
resulting in tumor recurrence and metastasis.13,14 

Moreover, tumor neovascularization causes abnormal 
leakage of blood vessels, which can lead to the develop-
ment of edema, interstitial hypertension and further aggra-
vate hypoxia in HCC, forming a vicious cycle of hypoxia, 
HCC growth and nonproductive angiogenesis after 
TAE.12,15,16 VEGFR2 plays a significant role in mediating 
the angiogenesis driven by VEGF.17,18 Accordingly, inhi-
biting the VEGF/VEGFR signaling pathway that involves 
VEGFR2 can disrupt this vicious circle, thereby prevent-
ing the neovascularization of HCC after TAE treatment, 
reducing the recurrence and metastasis of HCC and 
improving the short- and long-term efficacy of TAE 
treatment.19–26 Therefore, it is of considerable significance 
to develop effective drugs and treatment methods to inhibit 
the recurrence and metastasis of HCC.

As a single-target inhibitor of VEGFR2, apatinib mesy-
late can efficiently inhibit tumor angiogenesis.27,28 

Apatinib exhibits antitumor and anti-angiogenic activities 
in several cancers, including colon, non-small cell lung, 
breast and gastric and others.29–33

Embolization materials play a crucial role in TAE.34 At 
present, the commonly used embolization agents, such as 
gelatin sponge particles, polyvinyl alcohol particles, liquid 
lipiodol, and drug-eluting microspheres, all have certain 
shortcomings.35–44 We previously developed and per-
formed a series of studies on poly(N-isopropyl acrylamide- 
co-butyl methyl acrylate) temperature-sensitive (PIB) 
nanogel. We confirmed that PIB nanogel is safe and effec-
tive and has excellent biocompatibility, strong controllabil-
ity and accessible operation embolization agent.38,45–47

In this study, apatinib-loaded PIB nanogels were 
explored for the first time as TAE therapy in HCC. We 
monitored treatment responses and survival times, and we 
used imaging, immunology and pathology methods to 
evaluate the effectiveness and safety of embolization. 

Additionally, given our limited understanding of the phar-
macokinetic changes before and after TAE with apatinib- 
loaded PIB nanogel, we performed an in-depth study to 
clarify the pharmacokinetics of apatinib in HCC models. 
Overall, this study was designed to explore new strategies 
for the interventional treatment of HCC.

Methods and Materials
Materials
PIB nanogels were prepared by emulsion polymerization 
in accordance with previously published methods.47 

N-isopropyl acrylamide (NIPAM, Tokyo Chemical 
Industry, Japan) and N,N-methylenebisacrylamide (BIS, 
Kermel Chemical Industry, China) were respectively 
recrystallized from n-hexane and methanol. API 4000 
triple quadrupole mass spectrometer (AB Company, 
USA) equipped with electrospray ionization source, XW- 
80A Vortex Mixer (Yunxi Analytical Instrument Factory, 
China), 5804R high-speed centrifuge (Eppendorf, 
Germany) were used in pharmacokinetic experiments. 
Yuexu Column was set Welch ultimate XB-C18, 
2.1×100mm, 5µm; 2.1mm analytical column protection 
kit. Ponatinib (Meilun Biotechnology Co., Ltd., Dalian, 
China) is taken as the standard.

New Zealand White rabbits weighing 2.5–3 kg were 
purchased from the Animal Experimental Center of 
Huazhong University of Science and Technology. The 
Animal Experiment Committee of the Institute for 
Huazhong University of Science and Technology approved 
all experimental protocols. All animal experiments were 
performed in accordance with the National Institutes of 
Health Guidelines for the Care and Use of Laboratory 
Animals.

Study Design and Animal Model
A total of 65 VX2 tumor-burdened rabbits were randomly 
divided into five groups and treated transarterially with 
apatinib-loaded PIB (Group PA, 0.4 mL, n=13), PIB 
alone (Group P, 0.4 mL, n=13), iodized oil alone (Group 
I, 0.4 mL, n=13), apatinib solution (Group A, 0.4 mL, 
n=13) or saline (Group NS, 0.4 mL, n=13). The dose of 
apatinib (Hengrui Medicine Co., Jiangsu) was 2 mg/kg.

A 4-cm incision was made in the middle of the rabbit’s 
abdominal cavity to expose the hepatic lobe. A 1-mm3 

piece of VX2 tumor tissue was imbedded into the left 
medial lobe of the liver to a depth of ~0.5 cm and covered 
with gelatin. On day 16 after implantation, the size of liver 
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tumors was measured by a contrast-enhanced CT scan, and 
rabbits with tumors ranging from 10 to 20 mm in diameter 
were selected for subsequent interventional embolization.

Interventional Therapy Process
All rabbits were anesthetized with an intraperitoneal injec-
tion of 2.5 mL/kg chloral hydrate. The femoral artery was 
isolated, and the 4F vascular sheath was catheterized. 
Hepatic arteriography was performed under the guidance 
of digital subtraction angiography (DSA), and a 2.7F 
microcatheter was super-selectively inserted into the 
tumor donor branch. Then, each group was treated with 
the corresponding embolization, and the blood supply of 
tumors was occluded and reconfirmed by post- 
embolization angiography. Next, the femoral artery was 
ligated after extubation. Finally, the incision was sterilized 
and sutured with gentamicin (20–40 thousand IU), and 
penicillin (0.2 million IU) was intramuscularly injected 
for 3 days to prevent infection.

Tissue Sample Harvesting
An enhanced CT scan was performed 1 day before and 7 
days after surgery. Contrast-enhanced CT images were 
processed using the Syngo Fastview image processing 
system, and the shape, location, necrosis, size and intrahe-
patic metastasis of liver tumors were analyzed and 
recorded by two senior radiologists. The transverse dia-
meter (Dt) and maximum diameter (Dm) of the tumors 
were recorded, and the tumor volumes were calculated 
according to the equation: V=Dm×Dt

2/2. The preoperative 
volume (V0) and postoperative volume (V7) were mea-
sured, and the tumor growth rates in each group were 
calculated according to the formula: V7/V0×100.

Five tumor-bearing rabbits were euthanized at 7 days after 
TAE in each group. The tumors and surrounding liver tissues 
were removed after dissection. The tumors were imaged, and 
the tumor length was re-measured. Tumors were fixed with 
formalin and embedded with paraffin to obtain specimens for 
immunohistochemical analysis, and smears were stained with 
hematoxylin and eosin (HE). The microvessel density 
(MVD) was measured and analyzed in the five groups of 
tumors at each time point. The remaining 40 tumor-bearing 
rabbits were monitored and recorded for survival time.

Pharmacokinetic Testing
Serum Treatment
We collected serum samples 0 min, 1 min, 5 min, 10 min, 
30 min, 1 h, 2 h, 8 h, 24 h and 48 h after TAE for all 

groups. At each time point, blood samples were collected 
from each tumor-bearing rabbit through the ear vein and 
analyzed using an Agilent 1200 high-performance liquid 
chromatography (HPLC) system.

The supernatant was transferred to a 2-mL Eppendorf tube, 
and 50 µL of supernatant, 140 µL methanol and 10 µL 
Ponatinib (IS,1 µg/mL) were added to the precipitated pellet 
followed by vortex-mixing and centrifugation (at 2500 rpm for 
3 min at 4°C and 14,000 rpm for 10 min at 4°C).

Liver Tissue Collection
We collected liver tissue samples 4 h, 1 d, 3 d, 10 d, 26 
d and 36 d after treatment from all groups. The HCC 
center, adjacent cancer and surrounding cancer tissue spe-
cimens were fixed in formalin. Then, 100-mg tissue sam-
ples were harvested, added to 1 mL PBS, and placed into 
a KZ-II high-speed tissue grinder (Service bio, Wuhan 
Saiwell Biotechnology Co., Ltd., China) for sufficient 
grinding. Samples were centrifuged (1000 r/min, 5 min), 
and the supernatant was collected. The sample preparation 
method was the same as that for serum treatments.

Statistical Analysis
All data were expressed as the mean ± SD. All graphics were 
generated in GraphPad prism V8.0. The measurement data 
were statistically analyzed by a paired t-test and one-way 
ANOVA using SPSS version 20.0 software. The difference 
was statistically significant when the P-value <0.05.

Establishment of VX2 
Tumor-Bearing Rabbit and Tumor 
Growth Rate Measurements
All rabbit VX2 tumor implantations and TAE procedures 
were performed successfully by the same operators. 
Enhanced CT scanning was performed on VX2 tumor- 
bearing rabbits 1 day before TAE treatment. We observed 
a mild low-density area in the left lobe of the liver and 
prominent necrosis in the central region of the tumor. 
There was a significant enhancement around the tumor, 
which had an average size of 1.66±0.14 cm × 1.50 
±0.12 cm (Figure 1A).

To verify the use of apatinib-loaded PIB nanogel for 
TAE therapy in HCC, TAE was performed in rabbits with 
implanted VX2 tumors (Figure 1B). The tumor growth 
rate was calculated 7 days after TAE in each group 
(Table 1, Figure 2C). The data showed that the tumor 
growth rate in Group PA was significantly lower than the 
other four groups (P=0.000<0.01).
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Further comparative analysis revealed that the tumor 
growth rate was reduced in Group PA compared with 
Groups P and I (P=0.032<0.05), and compared with 
Groups A and NS, Group PA showed more significant 
inhibition of tumor volume growth (P=0.000<0.01). 
Furthermore, the tumor growth rate was reduced in 
Group P compared with Group I (P=0.0446<0.05). No 

statistical difference was found between Groups A and 
NS (P=0.0756>0.05).

Immunohistochemical Examination 
Results
Gross liver specimens were harvested 7 days after TAE, 
and the images obtained showed that the tumor volume 

Figure 1 (A) Abdominal contrast-enhanced CT scan was performed on VX2 tumor-bearing rabbits before and after TAE. We could see the nearly-circular tumor in the left 
lobe of liver (black arrows). (B) Hepatic artery angiography of rabbit liver before embolization, then super-selective catheterization and administer by the group. Blood 
supply of tumor was occluded and reconfirmed by post-embolization angiography.
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was increased than before, and accompanied by central 
and peripheral regional necrosis (Figure 1). Consistent 
with the gross specimens, the HE staining data revealed 

that Groups PA, P and I showed less residual cancer cells 
and larger tumor necrosis areas compared with Groups NS 
and A. Additionally, because CD31 expression is highly 
related to tumor angiogenesis, we examined the expression 
of CD31 by immunohistochemical staining as an indica-
tion of tumor MVD. The results showed that CD31 expres-
sion in Group PA was considerably lower than that of the 
other four groups (P=0.000<0.01), suggesting that TAE 
with apatinib-loaded PIB nanogels could inhibit tumor 
angiogenesis (Figure 2A and B). Furthermore, pairwise 
comparison results showed reduced CD31 expression in 
the tumor area in Group PA compared with Group P (P = 
0.0312<0.05). Additionally, compared with Groups I, 
A and NS, Group PA exhibited more significant differ-
ences in CD31 expression in the tumor area 
(P=0.00<0.01).

Table 1 Volume Changes Before and After VX2 Tumor 
Interventional Therapy in the Five Groups

Group Tumor Volume 
1 Day Before 
TAE V1(cm3)

Tumor Volume 
7 Days After 
TAE V7 (cm3)

Tumor 
Growth 
Rate 
V7/V1×100%

Group PA 1.90±0.50 2.21±0.66 115.38±6.04

Group P 1.89±0.34 2.67±0.47 143.43±12.89

Group I 1.85±0.38 2.80±0.53 152.23±17.85
Group A 1.92±0.37 4.07±0.55 214.10±12.10

Group NS 1.87±0.37 4.64±0.42 254.86±32.78

F value 0.019 14.660 37.230
P value 0.999 0.000 0.000

Figure 2 (A) Images of HE staining and CD31 staining of each group under light microscopy (200×), (B) CD31 count in liver tumor tissues. Apatinib substantially inhibited 
CD31, the CD31 of group PA was considerably lower than that of group P (P = 0.0312 <0.05). (C) Tumor growth rate of each group. The tumor growth rate of Group PA 
was markedly lower than the other four groups (P=0.000<0.01).
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Survival Curve Analysis
The survival times of tumor-burdened rabbits were 
recorded and plotted as a survival curve (Figure 3). The 
average survival times in Groups PA, P, I, A and NS were 
46.375±6.304, 42±7.124, 39.25±6.534, 33.5±7.5 and 
33.125±6.827 days, respectively. We found a significant 
difference in survival time among the five groups, and the 
survival time of tumor-burdened rabbits was significantly 
prolonged in the PA group (P=0.000<0.01).

Consistent with the tumor growth rate, further pairwise 
comparisons revealed that the survival time of tumor- 
burdened rabbits in Group PA was markedly longer than 
that in Group P (P=0.0106<0.05). Moreover, compared 
with Groups A and NS, Group PA showed more signifi-
cant inhibition of the tumor volume growth rate 

(P=0.000<0.01). Reduced tumor growth rates were also 
observed in Group P compared with Group 
I (P=0.0321<0.05). No statistical difference was found 
between Groups A and NS (P=0.3506>0.05).

Pharmacokinetics
Apatinib levels were measured in serum samples collected 
at 0 min, 1 min, 5 min, 10 min, 30 min, 1 h, 2 h, 8 h, 
24 h and 48 h after TAE by HPLC. The concentration of 
apatinib in the serum declined over time after TAE (Figure 
4). The administration of apatinib by TAE with apatinib- 
loaded PIB nanogel resulted in apatinib concentrations of 0 
±0 ng/mL, 51.03±8.53 ng/mL, 20.10±6.80 ng/mL, 9.06 
±3.02 ng/mL, 6.46±0.35 ng/mL, 5.91±0.66 ng/mL, 3.46 
±1.34 ng/mL, 0.79±0.011 ng/mL, 0.14±0.047 ng/mL and 0 
±0 ng/mL in the peripheral blood at 0 min, 1 min, 5 min, 10 
min, 30 min, 1 h, 2 h, 8 h, 24 h and 48 h, respectively, after 
TAE (Figure 4A).

Tumor-burdened rabbits were euthanized, liver sam-
ples were collected 4 h, 1 d, 3 d, 10 d, 26 d and 36 
d after TAE, and the apatinib concentrations in the HCC 
center, adjacent cancer and periphery tissue specimens 
were determined. The apatinib concentration in the liver 
tissue decreased over time after TAE. The administration 
of apatinib by TAE with apatinib-loaded PIB nanogels 
resulted in apatinib concentrations of 206.57±60.87 ng/ 
mL, 157.03±44.09 ng/mL, 138.40±81.60 ng/mL, 11.40 
±3.27 ng/mL, 10.31±3.52 ng/mL and 3.33±0.82 ng/mL 
in the HCC center at 4 h, 1 d, 3 d, 10 d, 26 d and 36 d, 
respectively, after TAE. The apatinib concentrations in the 
adjacent cancer were 673.00±130.64 ng/mL, 298.33 

Figure 3 The survival time of tumor-burdened rabbits. The average survival time of 
Groups PA, P, I, A, and NS is 46.375±6.304, 42±7.124, 39.25±6.534, 33.5±7.5, and 
33.125±6.827 days, respectively.

Figure 4 (A) The plasma concentration curves of apatinib after TAE (n=3). (B) The tissue concentration curves of apatinib after TAE (n=3).
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±127.05 ng/mL, 272±132.83 ng/mL, 107.18±0.59 ng/mL, 
58.17±4.17 ng/mL and 23.44±13.10 ng/mL at 4 h, 1 d, 3 d, 
10 d, 26 d and 36 d, respectively, after TAE. In addition, 
the apatinib concentrations in the periphery were 266.00 
±40.42 ng/mL, 251.00±6.13 ng/mL, 179.40±83.96 ng/mL, 
54.23±2.07 ng/mL, 18.67±1.72 ng/mL and 13.90±0.82 ng/ 
mL at 4 h, 1 d, 3 d, 10 d, 26 d and 36 d, respectively, after 
TAE (Figure 4B).

The apatinib concentration in the blood fell to below 
10 ng/mL within 10 min after TAE and dropped below 1 
ng/mL after 8 h. The drug was released continuously into 
the liver for 36 days, with the highest concentration at the 
tumor junction (P=0.045<0.05).

Discussion
The limited postoperative effect of TAE and the metastasis 
and recurrence of HCC are considered to be closely related 
to the highly hypoxic microenvironment induced by 
TAE.48,49 Thus, the development of new embolic materials 
to prevent tumor recurrence and metastasis after TAE is 
essential for the effective interventional treatment of HCC. 
Compared with lipiodol, PIB has the advantage of control-
ling the level of occlusion and drug release. The goal of 
using TAE with apatinib-loaded PIB nanogel was to pro-
vide sustained and prolonged drug delivery and high diffu-
sion of apatinib in the liver tissue around the tumor. 
Currently, there is no report on the application of TAE 
with apatinib-loaded PIB nanogel as an interventional 
therapy for HCC. Therefore, we propose a novel concept 
of TAE with apatinib-loaded PIB for the targeted treatment 
of HCC. The results show that this new dosing regimen 
successfully prevented the growth and recurrence of VX2 
tumors and prolonged the survival time of VX2 tumor- 
bearing rabbits.

Angiogenesis is necessary for tumor invasion and 
migration and is an essential characteristic of tumor 
development.11 As the hypoxic environment after TAE 
has been increasingly recognized, experts have investi-
gated new approaches for vascular normalization in 
HCC.50 Therefore, the anti-angiogenic effect of TAE 
with apatinib-loaded PIB nanogels was explored in this 
study. The analysis of tumor growth rates and MVD ver-
ified that there were considerable differences between 
Groups PA and P. The data showed that TAE with apati-
nib-loaded PIB achieved a more substantial inhibition of 
MVD and tumor growth rate in the VX2 tumor-bearing 
rabbits than PIB alone, suggesting that apatinib plays 
a role in preventing tumor growth by inhibiting tumor 

angiogenesis. We also observed that the survival time of 
VX2 tumor-bearing rabbits in Group PA was significantly 
longer than that in Group P. Comprehensively, our results 
revealed that TAE with apatinib-loaded PIB nanogel has 
great potential as a pharmaceutical treatment for human 
HCC by inhibiting angiogenesis.

Traditional interventional chemoembolization involves 
mixing antitumor drugs with lipiodol and injecting this 
mixture into the hepatic artery with or without other 
embolic materials, such as gelatin sponges and PVA. 
However, the properties and stability are quite different, 
and this approach fails to generate a controlled release 
model.51–53 It is interesting that the apatinib only TAE 
approach was irrelevant to tumor control and survival. 
This result indicates that transient perfusion chemotherapy 
is not effective and the importance of embolization mate-
rials in interventional therapy of HCC. With the develop-
ment of interventional radiology and polymer materials, 
the identification of new drug-carrying embolization mate-
rials has become a topic of high interest.54–56 At present, 
research on interventional embolization materials for HCC 
mainly focuses on the preparation of drug-eluting 
microspheres.57,58 Although drug-eluting microspheres 
transarterial chemoembolization shows a specific slow- 
release effect, it does not last long. The drug in the liver 
decreased to minimal levels (less than 10 ng/mL) within 2 
weeks to 1 month after the operation.59,60

Because PIB nanogel is a cross-linked interpenetrat-
ing network polymer with a size of 10–1000 nm, 
a variety of bioactive molecules can be embedded in its 
three-dimensional mesh structure. Following targeted 
drug delivery through TAE surgery, the drug is gradually 
released from the three-dimensional network structure to 
achieve the controlled release of the drug. The results of 
the present study showed that a high concentration 
of apatinib persists in the liver for 36 days. The analysis 
of tissue pharmacokinetics indicates that PIB has 
a potent sustained-release effect, and the apatinib con-
centration is highest at the edge of the tumor where it 
exerts its antitumor and anti-angiogenic effects. The 
tumor center had the lowest drug concentration because 
it lacked blood supply, thereby preventing drug access. 
The tumor margin is the area most likely to remain and 
relapse after interventional embolization. Thus, we con-
cluded that TAE with apatinib-loaded PIB nanogel pro-
vides high concentrations of apatinib that continuously 
act on the margins of HCC and inhibit tumor growth to 
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achieve a lasting effect. Consequently, TAE with apati-
nib-loaded PIB is an effective strategy.

The results of this study also revealed that apatinib 
reaches a relatively high concentration in the plasma 
within a short period after TAE. However, apatinib con-
centrations in the blood drop below 10 ng/mL within 10 
min and are almost undetectable at 48 h. The plasma 
pharmacokinetic results provide evidence that this treat-
ment can potentially reduce systemic side effects, which is 
a crucial factor contributing to poor patient compliance. 
Compared with conventional TACE with oral apatinib, 
TAE with apatinib-loaded PIB nanogels allows permanent 
embolization of blood vessels, provides a slow continuous 
release of antitumor drugs in a locally targeted manner and 
reduces the systemic release of antitumor drugs, thereby 
significantly decreasing the adverse effects.61

Apatinib-loaded PIB nanogels can be used as an active 
liquid embolic material for interventional therapy in VX2 
tumor-bearing rabbits. apatinib is targeted to the margins 
of HCC tissues through PIB nanogels, which achieve 
a slow and sustained release of the drug in the tumor and 
significantly reduced systemic drug concentrations. 
Further experiments showed significantly prolonged survi-
val times and an inhibitory effect on tumor growth. This 
study is expected to provide new targets and therapeutic 
strategies for the interventional treatment of HCC, and our 
approach has great application potential.
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