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Background: Tumor angiogenesis plays a crucial role in tumor development, and recent 
efforts have been focused on combining proapoptotic and antiangiogenic activities to 
enhance antitumor therapy.
Methods: In this study, galactose-modified liposomes (Gal-LPs) were prepared for co- 
delivery of doxorubicin (DOX) and combretastatin A4 phosphate (CA4P). The co-cultured 
system composed of BEL-7402 and human umbilical vein endothelial cells (HUVEC) cells 
was established to effectively evaluate in vitro anti-tumor activity through cell viability and 
cell migration assay. Furthermore, both in vivo bio-distribution and anti-hepatoma effect of 
DOX&CA4P/Gal-LPs were investigated on H22 tumor cell-bearing mice.
Results: The results showed that DOX&CA4P/Gal-LPs were spherical with a mean particle 
size of 143 nm, and could readily be taken up by BEL-7402 cells. Compared with a mixture of 
free DOX and CA4P, the DOX&CA4P/Gal-LPs were more effective in inhibiting cell migration 
and exhibited stronger cytotoxicity against BEL-7402 cells alone or a co-cultured system. The 
in vitro studies showed that the co-cultured system was a more effective model to evaluate the 
anti-tumor activity of combination therapy. Moreover, DOX&CA4P/Gal-LPs exhibited a greater 
anti-hepatoma effect than other drug formulations, indicating that Gal-LPs could promote drug 
accumulation in the tumor region and improve the anti-tumor activity.
Conclusion: Gal-LPs co-loaded with chemotherapeutic and antiangiogenic drugs are 
a promising strategy for anti-hepatoma therapy.
Keywords: liposomes, anti-hepatoma, co-delivery, combination therapy

Introduction
More and more evidence has been provided that traditional therapy based on a single 
anti-tumor drug fails to eliminate the tumor due to the complexity of tumor 
development.1 Accordingly, combination therapy has been widely applied as an effec
tive strategy by combining two or more drugs via different antitumor mechanisms.2,3 

Nowadays, it has attracted great attention in the combination of chemotherapeutic and 
anti-angiogenic agents for an enhanced anti-tumor effect.4,5 In this strategy, the anti- 
angiogenic drugs could induce the blood vessel shutdown by targeting the abnormal 
vasculature, while the chemotherapeutic drugs could inhibit tumor development by 
pro-apoptotic activities, herein leading to a superior antitumor effect.6–8

The tumor angiogenesis plays an important role in the process of tumor development 
and metastasis. Anti-angiogenesis therapy has emerged as a potential strategy in the 
inhibition of tumor growth by blocking the nutrient supply.9,10 Recent researchhas been 
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focused on the development of new anti-angiogenic 
agents.11,12 Among these, combretastatin-A4 (CA4), 
a compound from combretum caffrum, is a promising anti- 
angiogenic drug, which could induce vasoconstriction and 
collapse of blood vessels by targeting the abnormal vascular 
system.13–15 Therefore, combining CA4 and chemotherapeu
tic drug, such as doxorubicin (DOX), is expected to inhibit 
tumor development by pro-apoptotic and anti-angiogenic 
activities simultaneously.

However, traditional combinational therapy by a mixture 
of free drugs has exhibited many disadvantages in clinics, such 
as systemic toxicity, lack of selectivity, and low bio- 
availability.16,17 In order to improve the selectivity and reduce 
the systemic side-effects, it is necessary to prepare an efficient 
co-loaded drug delivery system, which could carry two or 
more drugs into the tumor region, and effectively be taken up 
by tumor cells.13,18 In the past few decades, liposomes (LPs) 
modified by special moieties, such as antibodies, sugars, and 
various ligands, have been utilized for targeting delivery of 
anti-tumor drugs.19–21 Compared with normal liver tissue, the 
asialoglycoprotein-receptor (ASGP-R) is over-expressed on 
the surface of tumor cells in Hepatocellular Carcinoma 
(HCC).22,23 The liposomes modified by galactose (Gal), 

a molecular specially binding to ASGP-R, were expected to 
improve the efficacy of combination therapy.

In this study, Gal-modified liposomes were prepared for 
co-delivery of DOX and CA4P to inhibit HCC development 
through pro-apoptotic and anti-angiogenic activities (Figure 
1). A co-cultured system composed of BEL-7402 and 
HUVEC cells was established to investigate the combination 
therapeutic effects in vitro. The in vivo real-time near-infrared 
fluorescence (NIRF) imaging was performed to explore the 
targeting properties of Gal-LPs, and H22 tumor-bearing mice 
were used to evaluate the anti-hepatoma efficacy of 
DOX&CA4P co-loaded liposomes in vivo.

Materials and Methods
Materials
CA4P (MW: 440.30), Lactobionic acid (LA, MW: 358.3) 
and cholesterol were purchased from Beijing Innochem 
Co., Ltd. (China). L-α-phosphatidylcholine, Thiazolyl 
blue tetrazolium bromide (MTT, MW:414.3), fetal bovine 
serum (FBS) and 4ʹ,6-Diamidino-2-phenylindole (DAPI, 
MW:350.2) were obtained from Beijing Solarbio Co., 
Ltd. (China). DOX was obtained from Shanxi Powerdone 
Pharmaceutical Co., Ltd (China). DSPE-PEG-NHS was 

Figure 1 Schematic illustration of combination therapy. ①Preparation of DOX&CA4P/Gal-LPs, ②Liver-targeting delivery via blood cycle, ③Cellular uptake mediated by 
ASGP-R, and ④\Drug release in tumor cells.
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obtained from Xi’an Ruixi Technology Co., Ltd. (China). 
All other chemicals were of analytical grade.

Cell Culture
Human hepatic cell line (BEL-7402), Hela, and HUVEC 
cells were obtained from Beijing Bnbio Research Institute 
(China). An in vitro co-cultured system was established by 
mixing BEL7402 and HUVEC cells in RPMI 1640 med
ium at a ratio of 5:1.

Animals
Female BALB/c mice (age: 6~8 weeks; weight: approxi
mately 18–20 g) were purchased from Jinan Pengyue 
Experimental Animal Breeding (China); All animal 
experiments were approved by the WFMU Animal 
Research Ethics Committee, approval No. 2019–045. 
Care and handling of the animals were in strict compliance 
with the “Guide for the Care and Use of Laboratory 
Animals” of China.

Preparation and Characteristics of 
Co-Loaded Liposomes
DSPE-PEG-Gal was synthesized by a two-step reaction 
between DSPE-PEG-NHS and LA according to previous 
studies.24 Gal-LPs were prepared by thin-film evaporation. 
Briefly, L-α-phosphatidylcholine, cholesterol, and DSPE- 
PEG-Gal were mixed in chloroform at a mass ratio of 
12:4:1. The particle size, ζ potential, and polydispersing 
index (PdI) of Gal-LPs were characterized using dynamic 
light scattering method with a wavelength of 633 nm at 
25°C. The morphology of the blank LPs and Gal-LPs was 
observed by transmission electron microscopy (TEM, 
HT7700, HITACHI, Japan). Briefly, one drop of Gal-LPs 
solution was placed on a copper grid. After drying, the 
sample was stained with 2% phosphotungstic acid, and 
then observed under TEM.

DOX&CA4P/Gal-LPs were prepared for combination 
therapy. In brief, a mixed solution of L-α- 
phosphatidylcholine, cholesterol, and DOX in chloroform 
was evaporated to form a dry lipid film. The CA4P solution 
in PBS was added to hydrate the lipid film, followed by 
sonicating the mixture solution for smaller particle size. 
Meanwhile, DOX&CA4P/LPs were prepared for control. 
The characteristics of drug-loaded LPs were tested as 
before.25 To evaluate the stability of DOX&CA4P/Gal-LPs, 
the samples were dispersed in serum-free RPMI 1640 med
ium. The particle size and ζ potential were measured using 

dynamic light scattering (Zetasizer Nano ZS90, Malvern, 
England) for 15 days. CA4P was measured using high- 
performance liquid chromatography (HPLC, Agilent1260, 
USA). The mobile phase was composed of 60% of methanol 
and 40% of 0.05 M KH2PO4 solution, and flow rate was 
fixed at 1 mL/min. In total, 20 µL of sample was injected and 
the total run time was 8 minutes. DOX was detected at 490 
nm using a UV/VIS spectrophotometer (UV-8000, Shanghai, 
China). The encapsulation efficiency (EE) and loading effi
cacy (DL) were measured using high-performance liquid 
chromatography (HPLC), and calculated according to the 
following formulae: EE=Ws/Wa×100%, where Ws stands 
for the amounts of DOX or CA4P loaded in the LPs, while 
Wa means the initial added amounts of DOX or CA4P added. 
These studies were repeated in triplicate.

In vitro Drug Release from LPs
The release profiles of DOX and CA4P from LPs were 
investigated by dialysis method. DOX&CA4P/Gal-LPs 
were dispersed in PBS (pH 7.4), and the solution was 
transferred into a dialysis bag (MWCO of 3.5 kDa). Then, 
the dialysis bag was placed in a bottle containing 20 mL of 
release medium (PBS buffer solution containing 0.5% 
Tween 80). The release system is kept in a shaking incuba
tor under a shaking speed of 100 rpm at 37°C. At predeter
mined time intervals (0.5, 1, 2, 4, 8, 12, 24, and 48 hours), 
2 mL of medium was taken out and the same amounts of 
free release solution were added. The concentrations of 
DOX and CA4P were measured based on their standard 
curve, respectively, and their cumulative release percen
tages (Er) were calculated by the following equation:

Erð%Þ ¼
Vr∑n� 1

1 Ci þ VoCn

Md
� 100% 

Where Md is the amount of DOX or CA4P in the LPs, 
V0 stands for the whole volume of release medium, Ci is 
the concentration of drugs in release medium, and Vr 

stands for the volume of the replaced medium.

In vitro Cellular Uptake
In vitro cellular uptake was performed to evaluate the 
active-targeting properties of Gal-LPs.26 In brief, BEL- 
7402 or Hela cells were seeded in 6-well plates at 
a density of 5×104 cells/mL at 37°C. After 18–24 hours 
of incubation, the media were replaced with 2 mL of fresh 
RPMI-1640 medium containing DOX&CA4P/LPs or 
DOX&CA4P/Gal-LPs (at the equivalent DOX concentra
tion of 5 μg/mL) for 4 hours of incubation, respectively. 
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Afterwards, the media were discarded, and the cells were 
washed with cold PBS. Furthermore, the cells were dyed 
by DAPI for 10 minutes and washed by PBS. Finally, the 
cellular uptake of drug-loaded LPs was visualized under 
a confocal microscope (TCS SP8, Leica, Germany) with 
the excitation wavelength at 361 nm for DAPI and 485 nm 
for DOX.

In vitro Cytotoxicity Analysis
To evaluate the cytotoxicity of drug-loaded LPs, the MTT 
assay was performed against BEL-7402 cells alone or 
BEL7402/HUVEC co-cultured system, respectively. BEL- 
7402 cells or co-cultured cells (the ratio of BEL7402 to 
HUVEC at 5:1) were seeded in 96-well plates at a density of 
5,000 cells/well for 18–24 hours. Then the media were 
replaced with serum-free fresh media containing DOX, 
a mixture of DOX and CA4P, DOX&CA4P/LPs, and 
DOX&CA4P/Gal-LPs, respectively. The DOX concentra
tions were set to be 0.01, 0.1, 1, 2, and 5 μg/mL. After 48 
hours of incubation, 10 µL of MTT solution (0.5 mg/mL) 
was added to each well, and the cells were incubated for 
another 4 hours. Then, the media were discarded, and 150 
μL of DMSO was added. The fluorescence intensity at 570 
nm was recorded using a micro plate reader (Bio-Rad 
500, USA).

In vitro Cell Migration Assays
A 2D wound healing assay was performed to evaluate the 
effects of different drug formulations on cellular mobility in 
the Bel-7402 cells alone or BEL7402/HUVEC co-cultured 
system, respectively. In order to distinguish different cells 
in a co-cultured system, the 5.6-carboxyfluorescein diace
tate, succinimidyl ester (CFSE)-labeled HUVEC cells 
model was established.27 BEL-7402 cells or co-cultured 
system were seeded in a 6-well plate at a density of 5×104 

cells per well. After forming a confluent monolayer, the 
cells were scraped by a p200 pipet tip to create an empty 
gap. The media were replaced by fresh media with different 
drug formulations. The cells were imaged at 0 and 24 hours 
using microscopy, and the degree of wound healing was 
calculated by the following equation:

wound healing rate = (wound area on 0 hour − wound 
area on n hours)/(wound area on 0 hour) × 100%, where 
n = 24 hours post-wounding.

In vivo Biodistribution
To investigate the liver-targeting property of Gal-LPs, 
DiR/Gal-LPs were prepared to track the in vivo 

biodistribution of drugs. Briefly, the H22 tumor-bearing 
mice were established through injecting H22 cells subcu
taneously on the right flank of female BALB/c mice. 
When the tumor volume reached 200 mm3, these mice 
were randomly divided into two groups and injected intra
venously via the tail vein with free DiR or DiR/Gal-LPs. 
The in vivo distribution of DiR was observed by IVIS® 

Kinetics Optical System (PerkinElmer, USA). The excita
tion and emission wavelength were set at 710 nm and 790 
nm, respectively.

In vivo Antitumor Efficacy
H22 cell-bearing BALB/c mice were established to inves
tigate the anti-hepatoma efficacy of different drug formu
lations. In brief, 0.2 mL of H22 cells at a concentration of 
4×106 cells/mL was subcutaneously inoculated into the 
flanks of BALB/c mice. When the tumor volume reached 
100 mm3, the mice were randomized into five groups: 
saline (control), free DOX, mixture of DOX and CA4P, 
DOX&CA4P/LPs, and DOX&CA4P/Gal-LPs. The mice 
were injected through the tail vein every 2 days, and the 
dosage of DOX was set at 5 mg/kg. The mice were 
weighed, and tumor size was measured every 2 days. 
The tumor volumes were calculated according to the fol
lowing equation:

V ¼ a� b2=2 

where a and b represent the long axis and short axis, 
respectively. After 2 weeks of administration, mice were 
euthanized, and the tumors were harvested and weighed. 
Finally, the growth-rate of inhibition (GRI) was calculated 
by the following equation:

GRI ¼ ð1 � WSnWCÞ � 100% 

where Ws is the tumor weight of the drug-treated 
group, and Wc is the tumor weight of the control group.

Immunohistochemistry and Histological 
Staining
At the end of drug administration, the major organs were 
harvested for immunohistochemistry and histological stain
ing. In brief, the tumors and organs were fixed with 4% PBS 
buffered paraformaldehyde, and embedded in paraffin. The 
paraffin-embedded samples were cut into slices at 4 μm 
thickness using an ultrathin slicer, and histopathological 
changes were investigated by hematoxylin and eosin 
(H&E) staining via an inverted microscope (IX51; 
Olympus, Tokyo, Japan). To evaluate the anti-angiogenic 
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effect of combination therapy, the microvascular density of 
CD31 was measured by immunohistochemistry assay.

Statistical Analysis
All experimental data in this study were expressed as 
mean±standard deviation (SD, n=3). Statistical signifi
cances were determined through a Student’s t-test, and 
P<0.05 was considered as statistically significant.

Results and Discussion
Characterizations of Drug-Loaded 
Liposomes
The results showed that DOX and CA4P could successfully 
encapsulate into Gal-LPs. The EE% values of DOX and 
CA4P were 86.74% and 52.43%, respectively. The DL% 
were 5.62% and 2.03%, respectively. The mean particle size 
and zeta-potential of DOX&CA4P/Gal-LPs were 143.01 
±7.32 nm and −24.18±3.45 mV, respectively. And those of 
DOX&CA4P/LPs were 137.12±4.59 nm and −25.67±2.91 
mV, respectively. TEM images indicated that the shape of 
drug-loaded LPs was spherical (Figure 2A and B). 
Moreover, the stability of DOX&CA4P/Gal-LPs was deter
mined in RPMI-1640 medium. There was no significant 
difference in the mean particle size and zeta-potential within 
2 weeks, indicating that the liposomal formulation was 
stable under physiological conditions (Figure 2C).28

In vitro drug release from Gal-LPs was evaluated in the 
media at 37°C. Figure 2D shows that DOX and CA4P 

exhibited time-dependent release within 48 hours. 
Approximately 30% of CA4P and 20% of DOX was 
released from Gal-LPs at 4 hours, which was similar in 
the LPs. No obvious burst release was observed, indicating 
that nano-sized liposomes have sustained release 
properties.29 At 48 hours, the cumulative drug releases 
from Gal-LPs were about 75% of CA4P and 45% of 
DOX, suggesting that, compared with hydrophobic DOX, 
CA4P has a higher release rate due to its hydrophobicity.

In vitro Cellular Uptake
To analyze whether Gal-LPs is capable of active-targeting 
delivery of DOX into tumor cells, the cellular uptake of 
DOX was investigated in both BEL-7402 and Hela cells, 
respectively. The auto-fluorescence (Red) of DOX was used 
to track the distribution of DOX in cells, and the cell nuclei 
were dyed by DAPI (blue). As shown in Figure 3A and B, 
stronger fluorescence signals were observed in the cytoplasm 
and nuclei of BEl-7402 cells treated with DOX&CA4P/Gal- 
LPs in comparison with the DOX&CA4P/LPs, indicating 
that Gal-LPs could deliver more DOX into BEL-7402 cells 
than Gal-free liposomes. However, no obvious difference 
was observed in the Hela cells (Figure 3C–E). This was 
due to the different express level of ASGP-R between the 
BEL-7402 and Hela cells. ASGP-R was over-expressed on 
the cytomembrane of BEL-7402, therefore Gal-LPs could 
improve cellular uptake of DOX via ASGP-R-mediated 
endocytosis.30,31 The results suggested that introduction of 

Figure 2 The characteristics of co-loaded liposomes. The particle-size distribution and TEM image of (A) DOX&CA4P/LPs and (B) DOX&CA4P/Gal-LPs. (C) The change of 
particle size and ζ potential for 15 days in RPIM 1640 medium. (D) In vitro drug release of DOX and CA4P from liposomes (LPs and Gal-LPs) through dialysis in PBS buffer at pH 7.4.
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Gal ligand on LPs could enhance the cell internalization of 
drug-loaded LPs, and Gal-LPs have the potential to carry 
anti-tumor drugs for anti-hepatoma therapy.

Cytotoxicity Assay
In this study, the combination therapy based on liposomes 
was designed by co-delivering two drugs with pro- 
apoptotic (DOX) and anti-angiogenic (CA4P) activities. 
However, It is difficult to exactly evaluate the anti-tumor 
effect by tumor cells alone in vitro due to different anti- 
tumor mechanisms of two drugs.32 In order to mimic the 
interaction between tumor cells and vascular endothelial 
cells in the tumor environment, we established a co- 
cultured system which was composed of Bel-7402 and 
HUVEC cells to evaluate the anti-proliferation and anti- 
angiogenesis effects of the combination treatment.

To evaluate the cytotoxicity of different drug formula
tions, cellular viability against BEL-7402 cells or BEL- 
7402/HUVEC co-cultured system was investigated by 
MTT assay (Figure 4A). As shown in Figure 4B, the cellular 
viability of blank liposomes and Gal-LPs was over 85% at 
all concentrations (10–500 mg/mL), indicating that Gal-LPs 
had good bio-compatibility and were suitable to be used as 
the nanocarriers for anti-tumor drugs.32 After 48 hours of 
incubation, free DOX, mixture of DOX and CA4P, 

DOX&CA4/LPs, and DOX&CA4/Gal-LPs showed dose- 
dependent cytotoxicity against BEL7402 cells alone or a co- 
cultured system. Compared with treatment of free DOX, the 
combined formulations against co-cultured systems showed 
higher cytotoxicity, indicating that the combination of che
motherapeutic and antiangiogenic drugs exhibited stronger 
cytotoxicity than a single drug (Figure 4C). Moreover, simi
lar to the BEL-7402 cells alone, the cellular viability of 
DOX&CA4/Gal-LPs was lower than that of DOX&CA4/ 
LPs in the co-cultured system. The results suggested that 
introduction of Gal molecules on the surface of liposomes 
could increase the accumulation of DOX in cells, and thus 
lead to enhanced cytotoxicity, which was consistent with the 
analysis of cellular uptake.33,34

In vitro Cell-Migration Assays
To evaluate the anti-migration effects of drug-loaded lipo
somes, 2D scratch assay was performed on the monolayer of 
BEL-7402 and co-cultured systems (Figure 5A). As shown 
in Figure 5B and C, compared to the control group, cell 
migration inhibition was observed in the cells treated with 
different drug formulations. As expected, the wound areas in 
liposomal formulation groups were less than that of free 
DOX, indicating that DOX&CA4P-loaded LPs showed 
a greater anti-migration ability than free DOX. Moreover, 

Figure 3 Confocal images of Bel-7402 cells incubated with DOX&CA4P/LPs (A) and DOX&CA4P/Gal-LPs (B); Hela cells incubated with DOX&CA4P/LPs (C) and 
DOX&CA4P/Gal-LPs (D). The quantitative data of fluorescence intensity in the cytoplasm (E). ***Value presents statistically significant difference (P<0.001), and no 
statistically significant difference was presented using n.s.
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the degree of cell migration in DOX&CA4P/Gal-LPs was 
lower than that of mixture of DOX and CA4P or 
DOX&CA4P/LPs (Figure 5C and D), suggesting that Gal- 
modified LPs promoted the ability of inhibiting cell 

migration.35 Furthermore, as shown in Figure 5C, the 
green fluorescence-label cells were distributed in the co- 
cultured system, indicating that BEL-7402 and HUVEC 
cells could grow well together. Interestingly, a mixture of 

Figure 4 (A) In vitro anti-tumor model of BEL-7402 alone and co-cultured system of BEL-7402 and HUVEC cells. The cytotoxicity of different drug formulations against 
BEL-7402 alone (B) and co-cultured system (C), respectively. *Value presents statistically significant difference (P<0.05).

Figure 5 (A) The in vitro cell migration model of BEL-7402 cells alone and co-cultural system of BEL-7402 and HUVEC cells. Typical images of different treatment groups 
inhibiting cell migration of (B) BEL7402 cells and (C) co-cultured system (green colors represented CFSE-labeled HUVEC cells). The quantification of migration ability were 
presented as percentages of the wound area in (D) BEL7402 cells alone and (E) co-cultured system. *Value presents statistically significant difference (P<0.05).
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DOX and CA4P showed greater inhibition of cell migration 
than free DOX in the co-cultured system (Figure 5C and E), 
while there was no significant difference in the BEL-7402 
cells alone, indicating that the co-cultured system was 
a more effective model to evaluate the anti-tumor activity 
of combined drugs in vitro. The results showed that combi
nation therapy could exhibit stronger anti-migration effects 
by pro-apoptotic and anti-angiogenic activities.36

In vivo Real-Time Imaging
To investigate the bio-distribution of the drug in tumor- 
bearing mice, in vivo real-time NIRF imaging of DiR/Gal- 
LPs was observed. In this study, DiR, a fluorescence probe, 
was loaded into liposomes to mimic DOX. The intensity of 
the fluorescence signals represents the accumulation of the 
drug in mice. As shown in Figure 6, there was an obvious 
difference in the fluorescence intensity between free DiR 
and DiR/Gal-LPs group. At 2 hours, the fluorescence signals 
in the tumor region could be detected in two groups, and it 
became stronger in the DiR/Gal-LPs group at 12 hours 
compared with the free DiR group, suggesting that the Gal- 
LPs promoted DiR accumulation in the tumor. At 24 or 48 
hours, the fluorescence signals in the Gal-LPs group were 
still strong, indicating the presence of amounts of DiR in the 
tumor region. In contrast, there was little fluorescence in the 
free DiR group. The results showed that Gal-LPs could 
enhance the drug accumulation in HCC, and keep sustained 
release at 48 hours.30

In vivo Anti-Hepatoma Efficacy
Tumor proliferation and angiogenesis could promote tumor 
development, and the combination therapy with DOX and 
CA4P was used for anti-tumor therapy by proapoptotic and 
anti-angiogenic activities. The anti-hepatoma efficacy of 
drug-loaded liposomes was investigated on the H22 cell- 
bearing mice. As shown in Figure 7A, there were obvious 
decreases of body weight in the groups treated by free DOX 
or a mixture of DOX and CA4P in comparison with the 
saline group. By contrast, no significant difference was 
observed between the liposomal groups and the control 
group, suggesting that Gal-LPs were biocompatible, and 
could be used as the safe nano-sized carrier for delivery of 
anti-tumor drugs. It was shown that the anti-tumor effects of 
combined treatment groups (mixture of DOX and CA4P, 
DOX&CA4P/LPs, and DOX&CA4P/Gal-LPs) were stron
ger than that of the single drug group (free DOX), indicating 
that the addition of CA4P improved the inhibitory effect of 
DOX in anti-hepatoma therapy (Figure 7B and C). As 
anticipated, the tumor volumes of the mice treated with 
two liposomal formulations were smaller than the mixture 
of DOX and CA4P. The results were due to the fact that the 
nano-sized carriers could improve the drug accumulation in 
the tumor region via EPR effect, resulting in enhanced 
antitumor effects.37 Furthermore, DOX&CA4P/Gal-LP 
showed superior anti-tumor effects among the four drug 
treatment groups (Figure 7D), suggesting that introduction 

Figure 6 NIRF images of H22 tumor-bearing mice treated with free DiR or DiR/Gal-LPs. Red circle indicates the tumor region.
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of Gal molecular promoted the cellular uptake of drugs, 
leading to superior anti-hepatoma efficacy.38,39

Immunohistochemistry and Histological 
Analysis
Systemic toxicity of DOX limited its clinical application. 
Compared with the control group, there was obvious inter
cellular vacuolation of myocardial fibers in the mice treated 
by free DOX or a mixture of DOX and CA4P (Figure 8A), 
suggesting traditional DOX formulation could induce 
severe cardiotoxicity. By contrast, the mice treated with 
liposomal formulations (DOX&CA4P/LPs, DOX&CA4P/ 
Gal-LPs) showed no obvious degeneration of myocardial 
fibers, indicating that the nano-sized liposomes could 
decrease the systemic toxicity of DOX.40

The immunohistochemistry and histological analysis were 
further performed to evaluate the anti-tumor effects of combi
nation therapy with DOX and CA4P. As shown in Figure 8B, 
more karyolitic and cytoplasmic vacuolization occurred in 
tumor areas in the drug-loaded liposomes groups than that in 
the traditional drug groups (free DOX, mixture of DOX and 
CA4P), indicating the nano-sized liposomes could improve the 

anti-tumor efficacy. Additionally, the expression of CD31 
(endothelial cell marker) was analyzed by immunohistochem
istry. Figure 8C and D showed that there were fewer blood 
vasculatures in combined drug formulation groups than that in 
the single DOX group, indicating combination therapy with 
DOX and CA4P improved anti-angiogenic effects. Compared 
with DOX&CA4P/LPs, DOX&CA4P/Gal-LPs exhibited 
stronger inhibition of tumor angiogenesis, indicating that Gal- 
LPs could promote the anti-angiogenic effect via active- 
targeting delivery of DOX and CA4P.

Conclusion
In this study, the novel Gal-modified liposomes 
(DOX&CA4P/Gal-LPs) were prepared for anti-hepatoma 
therapy through the combination of DOX and CA4P. DOX 
could act on tumor cells to promote the apoptosis of the tumor, 
while CA4P could perform the anti-angiogenic activities by 
acting on abnormal blood vessels in the tumor microenviron
ment. Meanwhile, the Gal molecule could specifically target 
the ASGP receptor, which is over-expressed on the surface of 
HCC cells, therefore improving the cellular uptake of lipo
somes, as well as improving the drug accumulation in tumor 

Figure 7 In vivo antitumor effects of different drug formulations. (A) The changes in the body weight of H22 cell-bearing mice; (B) Tumor growth curve during different 
drug formulations treatment; (C) Tumor images of different groups; (D) Tumor growth inhibition rate (n=4). *P<0.05, **P<0.01.
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region in vivo. The in vivo anti-tumor results showed that 
DOX&CA4P/Gal-LPs exhibited lower tumor angiogenesis, 
superior anti-proliferation efficacy, and less side-effects. On 
the other hand, to evaluate the combined anti-tumor effects, 
a novel co-cultured system composed of BEL-7402 and 
HUVEC cells was established. Compared with BEL-7402 
alone, there were obvious differences in cytotoxicity and anti- 
migration effect between DOX and DOX+CA4P in the co- 
cultured system, indicating that the co-cultured system was an 
effective model for evaluation of combination therapy based 
on pro-apoptotic and anti-angiogenic activities. In summary, 
Gal-LPs were the potential liver-targeting nanocarriers, and 
the combination therapy of DOX and CA4P was a promising 
anti-tumor strategy for HCC treatment.
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