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Background: Tumor angiogenesis has been proven to potentiate tumor growth and metas-
tasis; therefore, the strategies targeting tumor-related angiogenesis have great potentials in
antitumor therapy.

Methods: Here, the GA&Gal dual-ligand-modified liposomes co-loaded with curcumin and
combretastatin A-4 phosphate (CUCA/GA&Gal-Lip) were prepared and characterized.
A novel “BEL-7402+HUVEC” co-cultured cell model was established to mimic tumor
microenvironment. The cytotoxicity and migration assays were performed against the
novel co-cultured model. Angiogenesis ability was evaluated by tube formation test, and
in vivo metastatic ability was evaluated by lung metastasis test.

Results: The result demonstrated that dual-ligand-modified liposomes showed greater inhi-
bition of tumor angiogenesis and metastasis in comparison with other combined groups.
Significantly, the mechanism analysis revealed that curcumin and combretastatin A-4 phos-
phate could inhibit tumor angiogenesis and metastasis via down-regulation of VEGF and
VEGFR?2 expression, respectively, and that GA&Gal-Lip could improve antitumor effect by
GA/Gal-mediated active-targeting delivery.

Conclusion: CUCA/GA&Gal-Lip hold great potentials in hepatoma-targeting delivery of
antitumor drugs and can achieve anti-angiogenic and anti-metastatic effects by simulta-
neously blocking VEGF/VEGFR2 signal pathway, therefore exhibiting superior anti-
hepatoma efficacy.
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Introduction

Liver cancer is one of the most common cancers worldwide with high morbidity and
mortality.'> Chemotherapy is still the fundamental anti-hepatoma method in clinic,
while the single treatment cannot effectively inhibit tumor development and metastasis
due to severe systemic toxicity and drug resistance.> Combination therapy is acknowl-
edged to be an effective strategy owing to superior antitumor efficacy by the synergistic
effect of different drugs.* In recent years, antiangiogenic therapy has been widely
accepted as a promising antitumor strategy to block the development of tumor
angiogenesis.® Tumor growth and metastasis depend on rich blood vessels to provide
nutrition. The activation and proliferation of vascular endothelial cells is an important
factor in promoting angiogenesis. Many studies have shown that the vascular endothe-
lial growth factor (VEGF) is one of the most effective vascular growth factors.” VEGF
promotes angiogenesis by specifically binding to vascular endothelial growth factor
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receptor 2 (VEGFR2). The VEGF can bind to VEGFR?2 that
leads to the phosphorylation of VEGFR2 and activate the
downstream pathway of VEGFR2, which can promote
migration and proliferation of vascular endothelial cells
(Figure 1A). Therefore, blocking the VEGF/VEGFR2 sig-
naling pathway is considered to be an effective strategy to
inhibit tumor angiogenesis and tumor growth (Figure 1B).
The combination of chemotherapeutics with antiangiogenic
drugs is expected to improve therapeutic efficacy for HCC.*?
Combretastatin A-4 phosphate (CA4P), a vascular dis-
rupting agent (VDA) undergoing clinical research, could
inhibit proliferation and migration of vascular endothelial
cells by blocking VEGF-induced autophosphorylation of
VEGFR2.'° On the other hand, curcumin (CUR) has been
shown to have effects on the pro-apoptotic activity in var-
ious cancer cells by inhibiting the activation of PI3-kinase
/AKT, JAK/STAT3 and NF-kB.'"'* Meanwhile, CUR also
could inhibit tumor angiogenesis by down-regulating
VEGF expression of tumor cells.'>'® In consideration of
this, the combination of CUR and CA4P may significantly
inhibit tumor angiogenesis by blocking VEGF/VEGFR2
signaling pathway, leading to efficient antitumor effects.
However, both free drugs possess undesired systemic toxi-
city, low bioavailability and lack of antitumor selectivity.
Moreover, due to different physicochemical properties
between CUR and CAA4P, it is difficult to exert their syner-
gistic effects for conventional combinational therapy.
Therefore, it is urgent to design an efficient and safe drug
delivery system for co-delivery of CUR and CA4P.
Liposomes (Lip) have been considered the effective
nano-sized carriers for combination therapy due to their
inherent ability to simultaneously encapsulate both hydro-
philic and hydrophobic drugs.'” In order to improve drug
accumulation and cellular uptake in tumor region, the Lip
could be modified by different ligands, such as antibody,
sugars and other moieties.'® Compared to normal liver
tissue, the protein kinase Co and asialoglycoprotein-
receptor (ASGP-R) are over-expressed on the surface of
HCC cells, so the ligands, which could bind to these pro-
teins, are introduced to the shell of Lip to improve hepa-
toma-targeting delivery. Recent researches confirmed that
glycyrrhetinic acid (GA) and galactose (Gal) can specifi-
cally bind the protein kinase Ca and asialoglycoprotein-
receptor, respectively.'” ' However, single ligand often
caused off-target effects due to insufficient responsiveness.
In addition, Lip modified by only a single ligand might not
effectively be taken up by tumor cells when the receptors
were saturated by other nano-carriers.”>>* Consequently,

the dual-ligand-modified Lip can be designed to promote
cellular uptake, and improve antitumor efficacy.
Numerous evidences have verified that tumor micro-
environment (TME) plays a crucial role in tumor
development.25 In the TME, the stromal cells, such as
fibroblasts, endothelial cells and immune-related cells,
are associated with tumor growth, invasion and
metastasis.”® >’ Regrettably, most of the antitumor evalua-
tion models were currently processed only in tumor cells
alone, which cannot reflect the real complexity in the
tumor region. This might be why certain drugs finally
failed in clinic, although exhibited good effectiveness in
preclinical studies. In the present work, on the basis of
single tumor cells model, we also proposed a co-cultured
system composed of tumor cells and vascular endothelial
cells to further investigate the anti-angiogenic and anti-
metastatic effects, which would be more effective to eval-
uate the actual antitumor effects of the formulations.
Summarily, the co-loaded Lip (CUCA/GA&Gal-Lip)
modified by GA and Gal were prepared in this study, which
aimed to explore the inhibition of tumor angiogenesis and
metastasis by down-regulating VEGF and VEGFR2 expres-
sion simultaneously. Two-level evaluation models were
established to evaluate the cytotoxicity and migration of co-
loaded Lip against HCC cells alone and HUVEC/HCC co-
cultured cells. Additionally, anti-hepatoma activity and lung
metastasis assay in vivo were performed to investigate the
efficacy of anti-angiogenesis, anti-proliferation and inhibition
of HCC metastasis. For better understanding, this is the first
attempt for GA&Gal dual-ligand-modified Lip co-loaded
with anti-angiogenic and chemotherapeutic drugs to be sys-
tematically evaluated in HUVEC/HCC co-cultured model.

Materials and Methods

Materials

Egg phosphatidylcholine (EPC) and cholesterol were pur-
chased from A.V.T (Shanghai, China). CUR and MTT were
purchased from Solarbio (Beijing, China). CA4P were
obtained from Aladdin Chemistry Co. Ltd. (China).
Matrigel matrix was purchased from BD Biosciences
(USA). DAPI was obtained from Sigma-Aldrich (USA).
DSPE (1,2-distearoyl-sn-glycero-3-phosphoethanolamine)-
PEG (polyethylene glycol)-FITC (fluorescein isothiocya-
nate) and DSPE-PEG-NHS (N-hydroxysuccinimide) were
obtained from Xi’an Ruixi Biological Technology Co., Ltd.
(China). DSPE-PEG-Gal and DSPE-PEG-GA were synthe-
sized in laboratories. DiR (near-infrared membrane probe)
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Figure | (A) Schematic illustration of angiogenesis and lung metastasis. (B) Schematic illustration of antitumor mechanism and inhibit lung metastasis. (C) lllustration of

liposomal preparations.

was purchased from Beijing Innochem Co., Ltd. (China).
Anti-CD31 antibody was purchased from Abcam (USA).
All other chemicals and reagents in this study were of analy-
tical grade.

Cell Lines and Animals

Human hepatocellular carcinoma cell line (BEL7402
cells), murine HCC cells (H22) and human umbilical
vein endothelial cells (HUVEC) were obtained from
Biotechnology Research Institute (Beijing, China).
BEL7402 and HUVEC cells were cultured in RPMI
1640 and HUVEC special medium, respectively. H22
cells were injected subcutaneously into BALB/c mice to
build hepatoma-bearing mice model. BALB/c mice (fema-
le,18~22g) were obtained from Jinan Pengyue Lab animal
center (China). All animal experiments were approved by
the Animal Experiment Ethics Committees of WeiFang
Medical University (WFMC, 2019-045), and followed
the welfare and treatment of the laboratory animals strictly
complied with the Animal Management Rules of the

Ministry of Health of the People’s Republic of China
(document no. 55, 2001).

Preparation of Co-Loaded Lip Modified

by GA&Gal
DSPE-PEG-GA was synthesized by a two-step reaction.*’
In brief, GA was activated by DMTMM (cross-linking
agent), followed by dropping ethylene diamine to obtain
diamine-modified GA (GA-N). DSPE-PEG-GA was
synthesized by adding GA-N to DSPE-PEG-NHS solution
at a molar ratio of 3:1 in the presence of EDC. DSPE-PEG
-Gal was synthesized by the reaction of DSPE-PEG-
COOH and D-GalN in the presence of EDC and NHS in
our previous study.’’ CUCA/GA&Gal-Lip were prepared
by reverse-phase evaporation method (Figure 1C). Firstly,
EPC and cholesterol were mixed in chloroform (ratio of
EPC and cholesterol was 3:1), then DSPE-PEG-Gal,
DSPE-PEG-GA and Cur were added to this system (the
ratios of DSPE-PEG-GAL/EPC, DSPE-PEG-GA/EPC and
Cur/EPC were 1:20). Secondly, 15 mg of CA4P was
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dissolved in 3 mL of PBS, and transferred to the lipid
solution. The mixed system was sonicated for 5 minutes to
(W/O) uniform
Chloroform was removed under decompression rotating

produce a water-in-oil emulsion.
evaporation to form the gel. Next, 3 mL PBS was added
and hydrated at 60 °C for 1 h. Finally, the Lip were
sonicated for 7 min in an ice bath and passing sequentially

the 0.45-um and 0.22-pum syringe filters for 3 times.

Characterization of CUCA/GA&Gal-Lip

The average particle size and zeta potential of CUCA/
GA&Gal-Lip were measured by a Malvern Zetasizer
Nano ZS90. All samples were diluted 10-fold with PBS
before analysis. To evaluate the colloidal stability, CUCA/
GA&Gal-Lip were dispersed in PBS or RPMI 1640 at 4 °
C for 14 days, and the particles size was measured every 2
days. The morphologies of CUCA/Lip and CUCA/
GA&Gal-Lip were observed by transmission electron
microscope (TEM). The loading efficiency (LE) and
encapsulation efficiency (EE) were important evaluation
indexes for nano-sized drug delivery system. In this study,
the content of CUR was detected at the absorption wave-
length of 425 nm using an ultraviolet (UV) spectrophot-
ometer, while CA4P was determined by high-performance
liquid chromatography (HPLC) at 295nm. LE and EE of
were calculated by the following equations:

_ weight of encapsulated drug

LE x 100%

weight of all materials

_ weight of encapsulated drug
 weight of initial added drug

x 100%

In vitro Drug Release from Lip

To investigate the drug release profiles from Lip, CUCA/
GA&Gal-Lip was transferred to the dialysis bag (MW cut-off
3500 Da) and then immersed into 50 mL of PBS (containing
1% Tween 80) at pH=7.4.’" The release system was con-
tinuously kept at a speed of 100 rpm at 37 °C in a shaking
incubator (THZ-82, Jintan, China). At 0.5, 1, 2, 4, 8, 12, 24,
36 and 48 h, 4 mL of release medium were removed and
equal volume of PBS medium were supplied. The content of
CUR was determined by UV at 425 nm and CA4P was
detected by HPLC at 295 nm. Cumulative release percentage
was calculated according to the following formula:

_ Vr 21171 Ci + VOCn
My

Er x 100%

M, is the content of drugs in the dialysis bag. V is the
initial volume of PBS medium. V, is the volume of the
release medium per take out, and C; is the concentration of
CUR or CA4P in the release medium.

Cellular Uptake

BEL7402 cells were seeded in the cell culture dishes (35-
mm glass bottom petri dish) at 5x10* cells/dish and cul-
tured overnight at 37 °C. Then, the cells were co-incubated
with Fluorescein isothiocyanate (FITC)-labeled Lip, FITC-
labeled Gal-Lip or FITC-labeled GA&Gal-Lip for 0.5
h and washed thrice with PBS. The BEL7402 cells were
fixed with 4% paraformaldehyde for 10-15 min, and
nuclei were stained with DAPI for 10 min. Subsequently,
the cellular uptake of different treatment groups was
observed via confocal laser scanning microscopy. All mea-
surements were performed in triplicate.

In vitro Anti-Proliferate Effect

The anticancer effects of different treatment groups were
investigated by MTT assay as previously described.*
BEL7402 cells alone and BEL7402/HUVEC co-cultured
cells (ratio of BEL7402 to HUVEC cells was 5:1) were
seeded in 96-well plates at a density of 6x10° cells/well
and then cultured for 24 hours at 37 °C, respectively. After
the medium was replaced with free CUR solution, free
CAA4P solution, mixture of CUR and CA4P, CUCA/Lip,
CUCA/Gal-Lip, CUCA/GA&Gal-Lip, respectively, these
cells were incubated for 48 h. Subsequently,10 pL. of MTT
(5mg/mL) was added to the 96-well plate for further
incubation. Then, the media in each well were thrown
away, followed by addition of 150 pL of DMSO. The
absorbance of DMSO solution was measured at the wave-
length of 490 nm using a microplate reader (ELX800, Bio-
Tek, USA). All measurements were performed in
triplicate.

Live/Dead Staining

The Calcein-AM/PI double-staining kit from Meilun
(Dalian, China) was used to measure cell viability. The
cells were double-stained with two probes (Calcein-AM
for live cells, PI for dead cells).>® Briefly, BEL7402 cells
(6x10% cell/well) or co-cultured system of BEL7402 and
HUVEC cells (ratio of 5 to 1) were treated with different
drug formulations for 48 h. After 48 h, 2 pM Calcein-AM
and 8 uM PI were added to the wells. Then, the cells were
cultured for another 30 min in the dark. Images were
acquired using a Nikon eclipse Ti-S microscope.
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Tube Formation Assays

The inhibitory effect of drug-loaded Lip on the angiogen-
esis was evaluated using the tube forming assay.>* Briefly,
50 pL matrigel were added to 96-well plates, followed by
incubation for 30 min. Then, 90 pL of HUVEC cells’
suspension (about 1.1x10* cells) was seeded in 96-well
plates, and 10 puL of PBS, free CUR, free CA4P, mixture
of two free drugs, CUCA/Lip, CUCA/Gal-Lip, or CUCA/
GA&Gal-Lip were added, respectively. After incubation
for another 6 h, the representative images were photo-
graphed using a Nikon eclipse Ti-S microscope. The
HUVEC cell tube formation was quantitatively measured
using Image J software.

Cell Migration Assays

HUVEC cells were harvested and washed 3 times with
PBS. Then, the cells were resuspended with S5uM
Carboxyfluorescein succinimidyl ester (CFSE) and incu-
bated for 30 min at 37 °C. The reaction was terminated for
1 min by FBS, and the CFSE-labeled HUVEC cells were
washed 2 times with PBS.>> BEL7402 cells alone and
BEL7402/HUVEC co-cultured cells (ratio of BEL7402 to
HUVEC cells was 5:1) were seeded in 6-well plates at
a density of 6x10° cells/well with incubation for 24 h at 37
°C, respectively. Then three lines were scratched with 200
pL pipette tips in each well and washed thrice with PBS.
Subsequently, different drug formations were added to
different wells for another 24 h. At both 0 and 24 h, the
wounds width was captured using a Nikon eclipse Ti-S
microscope. The anti-migration effect of treatment groups
was evaluated by the percent of gap closure, which was
calculated according to the formula:

Widtho, — Widthoay,
Widthgy,

Migration rate = (l ) x 100%

Immunofluorescence Analysis of VEGF

Expression

BEL7402 cells were seeded in cell culture dishes at 5x10%
cells/dish and cultured for 24 h at 37 °C. After incubation
with different drug formulations for another 24 h, the cells
were then washed thrice with PBS, and fixed with 4%
paraformaldehyde for 15 min. All the sample wells were
incubated with the primary antibody of VEGF overnight at
4 °C, followed by incubation with the secondary antibody
for 1.5 h at room temperature. The cells were stained with
DAPI for 8 min before imaging.

In vivo Imaging Analysis

To observe the in vivo biodistribution of dual-ligand-
modified Lip, hepatoma-bearing mice model was estab-
lished by subcutaneous injection 0.1 mL of H22 cells
suspension into the BALB/c mice.’® When the tumor
volume reached about 150 mm3, the mice were divided
into three groups and intravenously injected with free DiR,
DiR/Lip or DiR/GA&Gal-Lip. The DIR biodistribution in
mice was investigated using in vivo imaging system at 1,
2,4,8, 12,24, 48 and 72 h after injection. After 72 h, the
mice were euthanatized, and the important organs and
tumor were taken out for further analysis of radiation
intensity.

In vivo Antitumor Efficacy

H22 hepatoma-bearing BALB/c mice model were estab-
lished to investigate the antitumor effects of the CUCA/
GA&Gal-Lip in vivo. In this study, 40 female BALB/c
mice were used for the antitumor study in vivo. When the
tumor grew to approximately 100 mm?, the mice were
randomly divided into 7 treatment groups (n=4 for each
group). Then, the mice of different groups were injected
with free CUR, free CA4P, mixture of CUR and CAA4P,
CUCA/Lip, CUCA/Gal-Lip, and CUCA/GA&Gal-Lip via
tail vein, respectively. The drug dosage of each group was
applied at at equivalent dosage of CUR (5 mg/kg) and/or
that of CA4P every 2 days. The mouse weights and tumor
volumes were measured every 2 days. Two weeks later,
the mice were sacrificed, and the important organs and
tumor were harvested for further study. The tumor inhibi-
tion rate was calculated:

tumor weight of control group

Lung Metastasis Model and Treatments

H22 cells (1x107 cells/mL) were intravenously injected
into the female BALB/c mice to allow the formation of
lung metastasis.’’*® Then, the mice were randomly
divided into seven groups (n=4 per group) and intrave-
nously injected with saline, free CUR, free CA4P, mixture
of two free drugs, CUCA/Lip, CUCA/Gal-Lip, CUCA/
GA&Gal-Lip (equivalent dosage of CUR (5 mg/kg) and/
or that of CA4P every 2 days) for 14 days. After 14 days,
all mice were sacrificed, and the number of metastatic lung

nodules was measured.

International Journal of Nanomedicine 2021:16

4005

Dove:


https://www.dovepress.com
https://www.dovepress.com

Wang et al

Dove

Histochemical Staining and

Immunohistochemistry Analysis

The samples of tumor and different organs were fixed with
4% paraformaldehyde. These tissues were embedded in
paraffin blocks and cut into sections. Subsequently, hema-
toxylin and eosin (H&E) were used to stain these sections.
CD31, VEGF and VEGFR?2 antibody were used to detect
tumor microvascular proliferation.® All the samples were
observed using fluorescence microscopy (OlympusIX51,
Japan).

Statistical Analysis
Statistical
(GraphPad). All experimental data were shown by mean
+ standard deviation (SD). Differences between the treat-
ment groups were determined by Student’s ¢ test, and

analysis was performed using Prism 8.0

P<0.05 was considered as statistical significance.

Results and Discussion

Preparation and Characteristics of

CUCA/GA&Gal-Lip

Dual-ligand-modified Lip for co-delivery of CUR and CA4P
were prepared, and the average particles sizes, PDI, (-
potentials, EE and LE of Lip are presented in Table 1. The
average particle sizes of three liposomal formulations were
around 150 nm and PDI was about 0.15. The (-potentials
were negatively. The EE and LE of CUR in CUCA/
GA&Gal-Lip were 83.3% and 2.72%, respectively, while
the EE and LE of CA4P in CUCA/GA&Gal-Lip were
43.8% and 3.58%, respectively. The EE of CA4P was only
43.8%, which might be related to the water-solubility of
CAA4P. Additionally, the TEM images revealed that drug-
loaded Lip were spherical in shape (Figure 2A—C). Figure
2D shows that there was no significant change in particle
size of CUCA/GA&Gal-Lip in PBS or RPMI 1640 at 4 °C
for 14 days. This result indicated that the drug-loaded Lip
were highly stable. Furthermore, in vitro drug release pro-
files from CUCA/GA&Gal-Lip are shown in Figure 2E.
Compared to CUR, CA4P exhibited burst release with
around 50% of CA4P was released in the first 4 hours.
After 8 h, the release rate of both drugs decreased, and the
sustained release was kept within 48 h. In 48 h, 73.4% of
CA4P was released from CUCA/GA&Gal-Lip, whereas
39.3% of CUR was released. This is due to the fact that
CAA4P was water-soluble, and escaped from Lip more easily
than hydrophobic CUR.

Cellular Uptake Analysis

To determine the cellular uptake of Lip, BEL7402 were
incubated with different FITC-labeled liposomal formula-
tions for 0.5 h. FITC (green fluorescence) was used to track
the cellular distribution of Lip, and DAPI (blue fluorescence)
was used to stain the nuclei. As shown in Figure 3A and B,
the tumor cells treated with non-targeted Lip indicated weak
green fluorescence. In contrast, the cells co-incubated with
Gal-Lip or GA&Gal-Lip showed stronger green fluores-
cence, suggesting that the introduction of Gal or Gal ligand
on Lip could promote the cellular uptake. Compared to Gal-
Lip, as expected, GA&Gal-Lip, which were modified by GA
and Gal ligand simultaneously, exhibited more green signals
in the cytoplasm. This might be due to the fact that the
proteins of kinase Ca (GA receptor) and ASGP-R are over-
expressed on the surface of HCC cells, and the dual-ligand-
modified Lip could promote cellular endocytosis mediated by
both receptors.*>*! Overall, GA&Gal-modified Lip could be
taken up by HCC cells more effectively, which would be
significant to deliver anti-hepatoma drugs into the cells.

Inhibitive Effect on HUVEC Tube

Formation in vitro

To evaluate the anti-angiogenic potentials of combination
therapy, tube formation assay was performed. As shown in
Figure 4A and B, compared to free CUR, free CA4P
exhibited stronger ability to inhibit tube formation.
Interestingly, there were fewer tube-like structures in the
liposomal groups in comparison with mixture of CUR and
CAA4P, suggesting that co-loaded Lip had stronger anti-
angiogenic effects. The results showed that CUR and
CAA4P could be delivered efficiently to endothelial cells
using liposomal formulation. Moreover, there was not
obvious difference in tube formation rate between the
CUCA/Lip and CUCA/Gal-Lip,
expression of Gal receptor was almost absent in vascular

suggesting that the

endothelial cells compared with liver cancer cells.

In vitro Cytotoxicity Assays

Tumor angiogenesis promotes HCC development and metas-
tasis. To investigate the in vitro cytotoxicity of different drug
formulations, both MTT and Live/Dead assay were carried
out on two-level cell culture systems (Figure 4C, Supporting
Figure 1): BEL7402 cells alone or BEL7402/HUVEC co-
cultured cells. As shown in Figure 4D and E, all drug treat-
ment groups showed concentration-dependent cytotoxicity
against BEL7402 cells and co-cultured system. Meanwhile,
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Table | Characterizations of Various Liposomal Formulations

DLS (nm) PDI ¢-Potential (mV) EE (%) LE (%)
CUCA/Lip 147.2+4.3 0.18+0.02 ~2.9+0.3 87.5£0.8 (CUR) 3.05+0.03 (CUR)
47.3%2.1 (CA4P) 4.11£0.18 (CA4P)
CUCA/Gal-Lip 15245.1 0.1540.02 ~3.1206 85.5£1.0 (CUR) 2.88+0.03 (CUR)
45.4£0.8 (CA4P) 3.82+0.06 (CA4P)
CUCA/GA&Gal-Lip 154.9+4.9 0.18£0.01 ~3.240.1 83.3£1.3 (CUR) 2.72+0.04 (CUR)

43.8£1.3 (CA4P)

3.58+0.10 (CA4P)

the CUCA/GA&Gal-Lip exhibited higher toxicity than
CUCA/Lip and CUCA/Gal-Lip. It might be attributed to
the stronger liver-targeting capability of dual-ligand-
modified Lip, which was shown in the cellular uptake ana-
lysis (Figure 3). Interestingly, the ICsq of free CUR and free
CAA4P against co-cultured system were 5.93 and 12.98 pg/
mL, respectively, which were 1.8-fold and 1.7-fold higher
than that of free CUR (3.17 pg/mL) and free CA4P (7.61 pg/
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mL) against BEL7402 cells alone, indicating that the cyto-
toxicity of single CUR or CA4P was weakened in the pre-
sence of BEL7402 and HUVEC cells simultaneously. The
possible explanation was that BEL7402 cells could promote
HUVEC proliferation by secreting VEGF factors, and the
interactions between BEL7402 and HUVEC cells decreased
the antitumor effects of single CUR or CA4P in the co-
cultured system. As expected, the combination therapy
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Figure 2 Characterizations of drug-loaded Lip. Particle-size distribution and representative TEM photographs of (A) CUCA/Lip, (B) CUCA/Gal-Lip, (C) and CUCA/GA&Gal-Lip.
(D) The particle size changes of CUCA/GA&Gal-Lip for 14 d in PBS and RPMI 1640. (E) Drug release profiles of CUCA/GA&Gal-Lip. Data expressed as mean + SD (n=3).
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showed higher cytotoxicity compared to single-drug treat-
ment (Figure 4F), suggesting that CUR and CA4P could
exhibit synergistic anti-proliferative effects by proapoptotic
and antiangiogenic activities in the co-cultured system.

Cell Migration Assay

To evaluate the anti-migration effects of different drug
formulations, the cell migration assay was performed
against BEL-7402 cells alone and BEL-7402/HUVEC
co-cultured cells (Figure 5SA). As shown in Figure 5B
and E, compared to free CUR or CA4P, BEL-7402 cells
treated with CUR and CA4P combined groups showed
larger wound areas, indicating greater anti-migration
effects. In Figure 5C and F, the HUVEC cells labeled
by green fluorescence were located in the co-cultured
system, and migrated into wounded area along with
BEL-7402 cells after 24 h. The migration rates in co-
cultured cells treated by CUCA/Gal-Lip and CUCA/
GA&Gal-Lip were 12.4% and 7.3%, respectively,
which were lower than that of CUR/CA4P mixture
(25.4%) and CUCA/Lip (18.6%). These results sug-
gested that targeting Lip modified by Gal, or both of
GA and Gal could have stronger inhibition ability on
cell migration than non-targeting combination therapy.
The possible explanation was that liver-targeting Lip
significantly increased cellular internalization by GA/
Gal receptor-mediated endocytosis, resulting in greater
anti-migration effect.

Inhibitive Effect on VEGF Expression

in vitro

VEGF has been reported to play a crucial role in tumor
angiogenesis, and HCC cells could promote proliferation
of vascular endothelial cell by secreting VEGF.*
Therefore, we evaluated the effects of different drug for-
mulations on VEGF expression in BEL-7402/HUVEC co-
cultured cells through immunofluorescence assay. Figure
5D showed that the fluorescence intensity of CUR group
was obviously reduced, indicating that CUR could effec-
tively down-regulate the expression of VEGF. Compared
to other combination formulations, CUCA/GA&Gal-Lip
displayed stronger inhibitory ability on VEGF expression
(Figure 5G). This may be due to the fact that dual-ligand-
modified Lip could improve the cellular internalization of
drugs, leading to greater inhibition on VEGF expression.

In vivo Biodistribution of Lip

In order to determine liver-targeting properties of dual-ligand
-modified Lip, the biological distribution of DiR-loaded
liposomal formulation was observed by fluorescence ima-
ging in vivo (Figure 6A). As shown in Figure 6B, the near-
infrared fluorescence imaging showed that the mice treated
with two liposomal formulations had higher fluorescence in
tumor region than free DiR group. The possible explanation
is that nano-sized liposome improves DiR accumulation in

tumor region by EPR effect.*> At 72 h post injection, DiR/

4008 "

Dove!

International Journal of Nanomedicine 2021:16


https://www.dovepress.com
https://www.dovepress.com

Dove Wang et al
A 120
S=
¢ . *kk
S R g $ == **
) ; £ | 1 E *k
Foces | 1% 55 b ; S5 801
- SeCI— - . 5%
Control CUR CA4P CUR and CA4P zx
S
1 i >y °
1 1
Sromn o0
8 . & o & 0‘753 9\"& @\9‘? «&‘V\Q
yoR o S K NN
| | B 9 F
f 7 Cghod! : % g ox)q' ® \»ov\
3 2 § AT : : S
CUCAI/Lip CUCA/Gal-Lip CUCA/GA&Gal-Lip
C D == CUR
== CUR 120 CA4P
1209 CcAdP m= CUR and CA4P
@ BEL7402 == CUR and CA4P == CUCALip
® HuvEC ‘ x == CUCALIp i == CUCA/Gal-Lip
. / = CUCA/Gal-Lip _ ) == CUCA/GA&GaLip
= o] . = CUCA/GA&Gal-Lip & 804
¢ z z "
. 2 - 3 I .
{ s . >
- } 8 0 8 401
% ee N ° N RS o N “ K
Equivalent CUR concentration (ug/ml) Equivalent CUR concentration (ug/ml)
Control CA4P CUR and CA4P CUCA/Lip CUCA/Gal-Lip CUCA/GA&Gal-Lip

Figure 4 Effects of different Lip on HUVEC tube formation and viability of cells. (A) Typical images of tube formation and (B) HUVEC tube formation were quantified after
treatment with various Lip groups. (C) The pattern diagram of BEL7402 cells alone and BEL7402/HUVEC co-cultured cells. Cytotoxicity of various Lip against (D) BEL7402
cells alone and (E) BEL7402/HUVEC co-cultured cells. (F) Typical images of Live/Dead staining of (A) alone BEL7402 cells and (B) co-cultured BEL7402 cells and HUVEC.

Data expressed as mean + SD (n=3). *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar, 500um.

Lip and DiR/GA &Gal-Lip groups still exhibited strong fluor-
escence. Moreover, the mice injected with DiR/GA&Gal-Lip
group showed stronger fluorescence signal in the tumor
region compared to DiR/Lip. The ex vivo imaging of tumors
also showed that the fluorescence intensity of DiR/GA&Gal-
Lip group was higher than that of DiR/Lip (Figure 6C and
D). The results of in vivo distribution were consistent with
those of in vitro cell uptake analysis.

In vivo Antitumor Efficacy

Tumor angiogenesis plays a crucial role in tumor develop-
ment. To evaluate the anti-hepatoma effects of liver-targeting
Lip co-loaded by proapoptotic and antiangiogenic drugs,
H22 tumor-bearing mice were established and injected with

different drug formulations (Figure 7A). Figure 7B shows
that tumor growth in the drug treatment groups was sup-
pressed in different degrees compared to saline group, and
the tumor volumes in combinational groups were much
smaller than that treated with CUR or CA4P alone, demon-
strating that combination therapy with CUR and CA4P could
improve the antitumor effects. Significantly, CUCA/
GA&Gal-Lip showed higher tumor inhibition than non-
ligand/mono-ligand modified Lip with tumors gradually
declining even after drug withdrawal, suggesting the dual-
ligand-modified Lip could efficiently improve the anti-
hepatoma efficacy by promoting the liver-targeting delivery
of the drugs (Figure 7B and E). As illustrated in Figure 7D,
CUCA/GA&Gal-Lip exhibited

superior anti-hepatoma
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Figure 5 Effects of different Lip on cell migration and VEGF expression. (A) In vitro scratch experiment model of BEL7402 cells alone and BEL7402/HUVEC co-cultured
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different drug formulations. Data expressed as mean + SD (n=3). *P < 0.05, ***P < 0.001.
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effects with the tumor inhibition rate reached to 93.5%,
which means the tumors were nearly declined.

In Figure 7C, it was shown that the weights of the mice
treated with liposomal formulations have no significant
changes compared to the control group, indicating that
the Lip were safe nano-carriers for drug delivery. After
treatment, the organs and tumor of H22 tumor-bearing
mice were excised for H&E staining analysis. As shown
in Supporting Figure 2, vacuolation and dissolution of

myocardial fibers in heart occurred in all free drug groups,

indicating that free CUR, free CA4P or the mixture of two
free drugs had some degree of cardiotoxicity. By contrast,
there was no visualized degeneration of myocardial fibers
in all liposomal groups. Meanwhile, no significant differ-
ence was observed in liver, spleen, lung and kidney in
three liposomal groups compared to the saline group. All
the above results revealed that the combination therapy
based on Lip had no significant systemic toxicity.

In addition, the H&E staining images of tumors are listed
in Figure 7F. The tumor region in all drug treatment groups
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exhibited obvious morphologic changes, with obvious kar-
yolysis and cytoplasmic vacuolation. More importantly, the
necrotic degree of the CUCA/GA&Gal-Lip group was
greater than that of the other groups, showing that CUCA/
GA&Gal-Lip had superior antitumor effects.

Immunohistochemistry Analysis
Blood vessels play a crucial role in tumor growth and
metastasis. In order to evaluate the in vivo anti-angiogenic
effects of combination therapy, the microvascular density
(MVD), VEGF and VEGFR?2 expression were investigated
by immunohistochemistry analysis. CD31, also known as
platelet-endothelial cell adhesion molecule, is a commonly
used endothelial marker. Therefore, CD31 was selected to
evaluate tumor angiogenesis. As shown in Figure 8A and B,
the brown microvessels stained were easily visualized in the
control saline group, while the number of microvessels in
CUR or CAP group obviously reduced, indicating that both
drugs could inhibit tumor angiogenesis. Significantly,
CUCA/GA&Gal-Lip exhibited stronger anti-angiogenic
effects than other liposomal formulations, suggesting that
dual-ligand-modified Lip could efficiently inhibit tumor
angiogenesis in tumor microenvironment.

To explore the anti-angiogenic mechanism of combina-
tion therapy, the VEGF and VEGFR2 expression were further
analyzed in vivo. Figure 8C shows that CUR significantly

Saline
C Saline CUR CA4P
VEGF
VEGFR

reduced the expression of VEGF, while CA4P exerted little
anti-VEGF effects, suggesting that CUR inhibited tumor-
angiogenesis by down-regulating the VEGF expression.'> In
contrast, the CA4P exhibited stronger inhibitory effects on
VEGFR2 expression than CUR, indicating that CA4P
achieved anti-angiogenesis by reducing the VEGFR2 level
in vascular endothelial cells.'® The results revealed that CUR
and CA4P could inhibit tumor angiogenesis by the mechan-
ism of anti-VEGF and anti-VEGFR2, respectively, and that
the combination therapy of CUR and CA4P could more
significantly inhibit tumor angiogenesis by simultaneously
blocking the VEGF/VEGFR?2 signaling pathway.

Dual-Ligand-Modified Lip Inhibits Lung

Metastasis

Extrahepatic metastasis is one of the main causes of poor
prognosis of HCC, and tumor angiogenesis was crucial for
tumor invasion and metastasis. Lung, lymph nodes and bones
are the usual region of extrahepatic metastasis from HCC,
among which lung showed the highest rate of metastasis.**
To evaluate the anti-metastatic effects of different drug formu-
lations, we established lung metastasis model by injecting H22
cells into tail vein of mice (Figure 9A). As shown in the Figure
9B and D, compared to saline control group, the numbers of
pulmonary nodules treated by free CUR and free CA4P was
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Figure 8 Images of immunohistochemistry analysis. (A) Representative images of tumor sections stained with CD3 1. Red arrowheads indicate the tumor microvessels. (B)
Quantification of microvessel density (MVD). (C) Immunohistochemical staining of VEGF and VEGFR2 in tumor tissues. Data expressed as mean * SD (n=3). *P < 0.05,

#*P < 0.01. Scale bar, 100um.
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slightly reduced, indicating that single drug exerted weak
inhibitory effects on lung metastasis. As expected, the nodule
number observably decreased in the co-delivery Lip groups.
The results revealed that combination therapy basing on nano-
sized Lip exhibited strong anti-metastatic effects. Moreover,
the mice treated with CUCA/GA&Gal-Lip showed less lung

metastasis compared to other liposomal formulations. This is
due to the fact that the GA receptor and ASGP-R are over-
expressed on the cytomembrane of H22 cells, and the dual-
ligand-modified Lip could promote drug accumulation in the
lung metastatic foci by active-targeting delivery, leading to
superior anti-metastatic effects. As illustrated in Figure 9C,
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the mice treated with all liposomal groups had no significant
changes in body weight in comparison with saline control
group. Moreover, the morphometrics (Figure 9B) and H&E
staining images (Figure 9E) of lung organ showed that there
were almost no lung metastasis foci in the mice treated with
CUCA/GA&Gal-Lip, suggesting that the combination therapy
based on dual-ligand modified Lip had great potentials for
efficient inhibition of HCC growth and metastasis.

Conclusion

In this study, novel dual-ligand-modified Lip co-loaded
with CUR and CA4P were firstly developed for anti-
hepatoma therapy. Compared to other liposomal groups,
CUCA/GA&GA-Lip exhibited superior inhibitory effects
on cellular proliferation and migration against BEL-7402
and BEL-7402/HUVEC co-cultured cells, and significantly
inhibited tube formation in vitro. The in vivo antitumor
study showed that CUCA/GA&GA-Lip could more effec-
tively inhibit tumor angiogenesis and metastasis by simul-
taneously blocking VEGF/VEGFR2 signal pathway, and
improved anti-hepatoma efficacy through introducing GA
and Gal ligands onto the Lip. Summarily, GA/Gal-
modified Lip co-loaded of CUR and CA4P
a promising approach for anti-angiogenic and anti-

arc

metastatic therapy in anti-hepatoma treatment with great
application prospects.
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