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Effective systemic therapy is highly desired for the treatment of hepatocellular carcinoma (HCC). In this
study, a combination of nanoparticles of poly(L-glutamic acid)-graft-methoxy poly(ethylene glycol)/com-
bretastatin A4 sodium salt (CA4-NPs) plus sorafenib is developed for the cooperative systemic treatment
of HCC. The CA4-NPs leads to the disruption of established tumor blood vessels and extensive tumor
necrosis, however, inducing increased expression of VEGF-A and angiogenesis. Sorafenib reduces the
VEGF-A induced angiogenesis and further inhibits tumor proliferation, cooperating with the CA4-NPs.
A significant decrease in tumor volume and prolonged survival time are observed in the combination
group of CA4-NPs plus sorafenib compared with CA4-NPs or sorafenib monotherapy in subcutaneous
and orthotopic H22 hepatic tumor models. Seventy-one percent of the mice are alive without residual
tumor at 96 days post tumor inoculation for the subcutaneous models treated with CA4-NPs 30 or
35 mg�kg�1 plus sorafenib 30 mg�kg�1. Our findings suggest that co-administration of sorafenib and
CA4-NPs possesses significant antitumor efficacy for HCC treatment.

Statement of Significance

Effective systemic therapy is highly desired for the treatment of hepatocellular carcinoma (HCC). Herein,
we demonstrate that a combination of nanoparticles of poly(L-glutamic acid)-graft-methoxy poly(ethy-
lene glycol)/combretastatin A4 sodium salt (CA4-NPs) plus sorafenib is a promising synergistic approach
for systemic treatment of HCC. The CA4-NPs leads to the disruption of established tumor blood vessels
and extensive tumor necrosis, however, inducing increased expression of VEGF-A and angiogenesis.
Sorafenib reduces the VEGF-A induced angiogenesis and further inhibits tumor proliferation, cooperating
with the CA4-NPs.

� 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Hepatocellular carcinoma (HCC) is the third leading cause of
cancer-related death worldwide [1]. In China, the five-year age-
standardized relative survival rate of liver cancer is the poorest
of all cancers at only 10.2% [2]. As it is difficult to diagnose HCC
early, a principle therapeutic challenge is management of its highly
malignant features and rapid progression.

Surgical resection is the first therapeutic option for HCC. How-
ever, only 5–10% HCC patients (those with early-stage HCC) are
suitable for this approach [3]. Most patients are diagnosed with
HCC at an intermediate or advanced stage due to the insidious nat-
ure of symptom development with early-stage HCC. For patients
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with unresectable HCC, transarterial chemoembolization (TACE) or
sorafenib is recommended. HCC is a highly vascularized tumor
with abundant abnormal blood vessel development [4]. TACE is
an important locoregional therapeutic approach to reduce vascular
blood flow in intermediate stage HCC [5], where an anticancer drug
injected through a catheter at the tumor site blocks the primary
feeding artery of the tumor [6]. TACE increases tumor hypoxia
and subsequent upregulation of vascular endothelial growth factor
(VEGF), which might stimulate revascularisation and promote
metastasis [7,8]. Sorafenib is a multikinase inhibitor that blocks
tumor angiogenesis and HCC cell growth by inhibiting the RAF/
MEK/ERK signal pathways and receptor tyrosine kinases. The latter
includes vascular endothelial growth factor receptors 2 and 3
(VEGFR-2 and VEGFR-3, respectively), Flt-3, c-KIT, and platelet-
derived growth factor receptor (PDGFR) [9,10]. Sorafenib has been
widely used as a standard treatment of advanced HCC [11]. There-
fore, it is reasonable to combine sorafenib with TACE to inhibit
tumor proliferation and angiogenesis simultaneously for the
synegistic treatment of HCC. Indeed, a recent randomised con-
trolled phase II trial (‘TACTICS’) demonstrated that adding sorafe-
nib to TACE significantly improved progression free survival in
patients with unresectable HCC, compared with TACE alone at
25.2 versus 13.5 months, respectively (HR 0.59, 95% CI 0.41–0.87;
P = 0.006). The TACTICS trial demonstrated that addition of sorafe-
nib to TACE could improve clinical efficacy for patients with
intermediate-stage HCC [12]. However, TACE is a locoregional ther-
apeutic approach. It may not be easy for TACE to embolize the
feeding arteries completely in patients with multifocal and mas-
sive HCC, which have abundant tumor-feeding arteries. In particu-
lar, TACE is not appropriate for advanced HCC with portal invasion
and/or extrahepatic spread [3,13]. Furthermore, the intolerable
complications of TACE such as hepatic failure and gastrointestinal
hemorrhage limit the clinical application of TACE [14]. An effective
alternative approach to TACE may be systemically administered
agents that selectively reduce vascular in-flow in tumors. There-
fore, we speculated that the combination of a systemically admin-
istered tumor blood-flow reducer plus sorafenib might be effective
treatment for advanced (unresectable or metastatic) HCC.

Intravenous administration of vascular disrupting agents
(VDAs) can selectively arrest tumor blood flow by disrupting the
established tumor vasculature via targeting of endothelial cells
[15–17]. VDAs produce muchmore blood-flow reduction in treated
tumors than in normal tissues, and numerous clinical trials are
ongoing with VDAs [18–20]. The difference in endothelial cells
between tumors and normal tissues might contribute to the tumor
susceptibility to VDAs [21,22]. These differences include prolifera-
tion rates, post-translational modifications of tubulin, tubulin
mutations, types of microtubule-associated proteins and junctions
between endothelial cells and pericytes. VDA treatment leads to
extensive secondary necrosis due to ischemia in treated tumors
[17,23–25]. This is similar to what occurs with TACE.
Combretastatin-A4 (CA4) is a representative VDA. VDAs can cause
significant central tumor necrosis while leaving a thin layer of
viable tumor cells at the tumor periphery, which has high VEGF-
A expression and promotes revascularisation and tumor regrowth
[26–28]. VEGFR tyrosine kinase inhibitors can restrain the angio-
genic activity of VEGF-A [29,30]. Therefore, the combination of a
VEGFR tyrosine kinase inhibitor plus a VDA should be a promising
approach for the treatment of HCC.

Nanomedicines have the advantage of long-term circulation
and high drug accumulation in the tumor region owing to the
enhanced permeability and retention (EPR) effect [31–33].
Recently, many drug delivery system targeting on tumor microen-
vironment have been designed for the treatment of cancer [34–36].
In previous work, we constructed a polymeric combretastatin-A4
[poly(L-glutamic acid)-graft-methoxy poly(ethylene glycol)/
combretastatin A4, PLG-CA4] that was located mainly around
tumor vessels after intravenous injection due to its low tissue pen-
etration in solid tumors. This significantly enhanced the efficacy of
CA4 in terms of solid tumor treatment as compared with small
molecular CA4 derivatives [37]. However, the solubility of PLG-
CA4 is relatively low in water. Alkaline phosphate buffer was used
to dissolve PLG-CA4 before adminstration. This is unsuitable for
clinical application.

In this study, nanoparticles of poly(L-glutamic acid)-graft-
methoxy poly(ethylene glycol)/combretastatin A4 sodium salt
(CA4-NPs) were prepared to improve the water solubility of PLG-
CA4. A combination of CA4-NPs plus sorafenib was tested in subcu-
taneous and orthotopic H22 hepatic tumor models. The CA4-NPs
significantly disrupted established tumor blood vessels, caused
extensive tumor necrosis and inhibited tumor growth but
increased expression of VEGF-A. Meanwhile, sorafenib significantly
downregulated VEGF-A expression and inhibited tumor cell prolif-
eration [29]. This combination has remarkable efficacy for the
treatment of HCC (Fig. 1).
2. Experimental section

2.1. Materials

CA4 was bought from Hangzhou Great Forest Biomedical Ltd.
(Hangzhou, China). Poly(L-glutamic acid)-graft-methoxy poly
(ethylene glycol) copolymer (PLG-g-mPEG) and PLG-g-mPEG
grafted CA4 (PLG-CA4) were prepared as described previously with
slight modification [37,38]. Nanoparticles of poly(L-glutamic acid)-
graft-methoxy poly(ethylene glycol)/combretastatin A4 sodium
salt (CA4-NPs) were synthesized as described in supporting infor-
mation. Sorafenib was obtained from Meilun Bio. Tech (Dalian,
China). VEGF-A, Ki-67 and CD31 antibodies were purchased from
Abcam Company (Cambridge, UK). GAPDH and horseradish perox-
idase (HRP)-conjugated goat anti-rabbit IgG secondary antibody
were purchased from Abclonal Company (Wuhan, China).
2.2. Cell cultures and animals

Human umbilical vein endothelial cells (HUVECs), purchased
from Shanghai Bogoo Biotechnology Co. Ltd., China, were cultured
in Dulbecco’s modified Eagle’s medium (DMEM), containing 10%
fetal bovine serum, 100 Units/mL penicillin and 100 Units/mL
streptomycin. The cells were incubated at 37 �C in a humidified
incubator with an atmosphere of 5% CO2 atmosphere. Male Kun-
ming mice (body weight 20 ± 2 g, aged 4–5 weeks) were provided
by the Laboratory Animal Center of Jilin University (Jilin, China).
Male BALB/c mice (body weight 20 ± 2 g, aged 4–6 weeks) were
purchased from Vital River (Beijing, China). The whole animal
experiments were approved by the Jilin University Animal Care
and Use Committee.
2.3. Viability of HUVECs

HUVECs were seeded in 96-well plates with a density of 6000
cells/well and incubated overnight. Subsequently, different drug
concentrations of CA4-NPs were added into wells. After incubating
for 24, 48 or 72 h, cell viability was measured using MTT assay. The
absorbance was read on a Bio-Rad 680 automatic microplate
reader at 490 nm. The relative cell viability was calculated by com-
paring the absorbance of sample wells with control wells without
drugs, respectively.



Fig. 1. Cooperative mechanism of CA4-NPs plus sorafenib for systemic therapy of hepatocellular carcinoma. Systemic administration of CA4-NPs leads to the disruption of
established tumor blood vessels and extensive tumor necrosis, however, inducing the increase of expression of VEGF-A and angiogenesis. Sorafenib reduces the VEGF-A
induced angiogenesis and inhibits tumor proliferation. CA4-NPs plus sorafenib has the potential to completely eradicate the whole tumor of HCC.
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2.4. Tube formation assay

To evaluate tube formation, HUVECs cells (4 � 105) were plated
on matrigel matrix (BD Biosciences, Palo Alto, CA, USA) in a 96-well
plate after gelation of the Matrigel at 37 �C for 40 min. Then cells
were treated with vehicle or CA4-NPs (10 lM on CA4 basis) for
12 h before image capture under an inverted optical microscope.
Tube disruption assays were conducted in a 96-well plate using
HUVECs cells (4 � 105) seeded on Matrigel matrix and allowed to
form tubes for 12 h before the addition of drugs. Images were cap-
tured at 0 h and 6 h after treatment.

2.5. H22 subcutaneous tumor model

Ivory white ascites were obtained from H22 bearing Kunming
mice. H22 ascites was removed via suction and transferred to the
abdomen of another mouse three times under aseptic conditions.
Cells were washed with normal phosphate-buffered saline (PBS)
twice, and diluted with normal PBS into a concentration of
2 � 107 cells/mL. For the subcutaneous tumor model, H22 cells
(2 � 106) was injected into the right flank of male BALB/c mice.
When tumors grew to approximately 140 mm3, mice were divided
randomly into four groups (n = 7), and treated with PBS, sorafenib,
CA4-NPs or sorafenib + CA4-NPs. Treatment was started on day 7
and ended on day 20 post tumor inoculation. CA4-NPs 20 mg�kg�1

(on the CA4 basis) were given by intravenous (IV) injection via tail
vein once, and sorafenib 30 mg�kg�1 was given via intraperitoneal
(IP) injection each day for 14 days. Tumor volume and mouse body
weight were recorded. Tumor volume was calculated as follows:
tumor volume (mm3) = 4pab2/3, where a and b represented the
longest and shortest radius of the tumor measured by caliper,
respectively. Tumor suppression rate was calculated as follows:
Tumor suppression rate (TSR%) = [(Ac � Ax)/Ac] � 100%, where Ac
and Ax represented the average volume of tumors in the control
and treatment groups, respectively. BALB/c mice were euthanized
at day 20 post the tumor inoculation. Serum levels of aspartate
aminotransferase (AST), alanine aminotransferase (ALT) and blood
urea nitrogen (BUN) were measured using an Automated Chemi-
calAnalyzer in the First Hospital of Jilin University (Jilin, China).

To identify whether the combination of sorafenib and high-dose
CA4-NPs improved anticancer efficacy, subcutaneous H22 bearing
mice were administered CA4-NPs 30 mg�kg�1 (on the CA4 basis),
CA4-NPs 35 mg�kg�1 (on the CA4 basis), sorafenib 30 mg�kg�1 +
CA4-NPs 30 mg�kg�1 (on the CA4 basis) or sorafenib 30 mg�kg�1 +
CA4-NPs 35 mg�kg�1 (on the CA4 basis). The method of drug
administration was the same as described previously. Tumor vol-
ume and mouse body weight were also measured.

2.6. Orthotopic H22 hepatic tumor model

For the in situ hepatic tumor model, male BALB/c mice were
anesthetized and the liver was exposed under an abdominal mid-
line incision. H22 cells (5 � 105, 25 lL) were injected slowly into
the right hepatic lobe and the abdomen was closed with successful
establishment of the H22 orthotopic transplantation tumor model.
Seven days post tumor inoculation, the mice (n = 6 per group) were
divided randomly into the following four treatment groups: (a)
PBS, (b) CA4-NPs 30 mg�kg�1 (on the CA4 basis) IV once on day 7
post tumor inoculation, (c) sorafenib 30 mg�kg�1 IP once each
day for 14 days, (d) sorafenib 30 mg�kg�1 + CA4-NPs 30 mg�kg�1
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(on the CA4 basis) (the route and frequency of administration were
the same as described for the respective drugs in b) and c) above).
The tumor weight was recorded at necropsy.

2.7. Histopathological and immunohistochemical analysis

Mice were sacrificed at the end of treatment. Tumors and the
major organs (heart, liver, spleen, lung and kidney) from all groups
were collected, fixed in 4% paraformaldehyde, embedded in paraf-
fin and sliced at a thickness of 5 lm. The slices were then stained
with haematoxylin and eosin (H&E) for histological analysis. Histo-
logical images were taken under an optical microscope (IX71,
Olympus, Tokyo, Japan). Necrosis areas were semi-quantitatively
analyzed with Image J sofware.

Immunohistochemistry was carried out with rabbit monoclonal
primary antibodies for Ki-67 and VEGF-A. IHC images of Ki-67 were
semi-quantitatively analyzed using Image-Pro Plus software.

2.8. Microvascular density (MVD) evaluation

Subcutaneous H22-bearing BALB/c mice were divided into four
groups [PBS, CA4-NPs 20 mg�kg�1 (on the CA4 basis), sorafenib
30 mg�kg�1 and the combination group] after the tumor had
reached a size of �140 mm3. Mice from these four groups were
sacrificed at the end of treatment. Tumor-bearing mice from the
CA4-NPs 20 mg�kg�1 (on the CA4 basis) treated group were also
sacrificed at varying time points (days 0, 2, 7 and 14) after CA4-
NPs injection. Tumors were harvested for CD31 immunohisto-
chemical (IHC) assay. Tumor sections (5 lm-thick) were dewaxed
and heated with EDTA (pH = 8) for antigen retrieval�H2O2 1.3%
was used to block the endogenous peroxidase activity at 37 �C
for 15 min. Nonspecific antigens were blocked with normal goat
blood serum. Sections were incubated at room temperature with
diluted anti-CD31 antibody for 2 h, washed with PBS and incu-
bated with horseradish peroxidase (HRP) conjugated secondary
antibodies for 20 min. After being washed with PBS, the slides were
exposed to DAB. MVD was examined at �400 magnification by
counting the total number of stained microvessels in three repre-
sentative areas with the highest neovasculation at a lowmagnifica-
tion. The average number of the three areas was the MVD value of
the tumor.

2.9. Western blot analysis

Subcutaneous H22 tumor-bearing mice were euthanized after
the last drug administration. Tumors were collected and frozen
at �80 �C for further use. Total proteins were extracted after being
lysed by RIPA lysis buffer. Protein concentration was determined
with a BCA assay kit (Thermo Scientific, Rockford, IL, USA). Protein
(30 mg) was mixed with 5� loading buffer and boiled for 5 min.
Protein samples were loaded into 12% SDS-PAGE gel and trans-
ferred onto a PVDF membrane. The membrane was blocked with
5% skimmed milk in 1�TBS containing 0.1% Tween20 and was then
incubated waveringly with rabbit primary antibodies, anti-VEGF-A
(1:200, Abcam) and anti-GAPDH (1:2000, Abclonal), at 4 �C over-
night. The bands were subsequently incubated with HRP-
conjugated goat anti-rabbit IgG secondary antibody (1:10000,
Abclonal) at room temperature for 1 h. The bands were placed in
the chemiluminescent (ECL) working solution and exposed to the
Amersham Imager 600 (GE Healthcare, Tokyo, Japan).

2.10. Data analysis

The results are presented as the mean ± standard deviation
(SD), and were analyzed using Student’s t-test when comparing
two groups. One-way ANOVA analysis was used when comparing
more than two groups. Survival curves were plotted using the
Kaplan-Meier method and analyzed with the log-rank test.
*P < 0.05 was considered statistically significant, whereas
**P < 0.01 and ***P < 0.001 were considered highly and extremely
significant.
3. Results and discussion

3.1. Synthesis and characterization of CA4-NPs

CA4-NPs were prepared in two steps (Scheme S1). Firstly, PLG-
CA4 was prepared by a Yamaguchi reaction; then PLG-CA4 was sal-
ined by sodium hydrocarbonate aqueous solution. The detailed
preparation process for CA4-NPs was described in supporting
information.

The 1H NMR spectrum of CA4-NPs was shown in Figure S1. Typ-
ical peaks in the 1H NMR spectrum at d 6.53 (k + l + m), 6.41 (j) and
6.26 (h + i) ppm should be assigned to the protons of CA4 in the
CA4-NPs. Sixty-three percent of glutamic acid moieties was conju-
gated with CA4. The DLC% of CA4 in the CA4-NPs was 20.8 wt% cal-
culated from the signal intensity ratio of (h + i)/(d + c) in the 1H
NMR. HPLC was applied to determine the free CA4 content and
the CA4 loading content of CA4-NPs. As shown in Figure S2, a small
peak of free CA4 at 3.4 min was present in the spectrum of CA4-
NPs, indicating the low content of free CA4 in the CA4-NPs. The
DLC% of CA4 in CA4-NPs was 20.5 wt%, and the free CA4 content
in CA4-NPs was 2.0 wt%. The size of CA4-NPs was determined by
DLS (Figure S3) and the CA4-NPs had a narrow size distribution
with a hydrodynamic radius (Rh) of 42.9 ± 10.4 nm. As shown in
Figure S4, the TEM image indicated CA4-NPs had a diameter of
56.8 ± 4.8 nm in a dehydrated form. The release of CA4 from
CA4-NPs showed a pH-dependent release profile with a release
rate of pH 7.4 > pH 6.8 > pH 5.5 (Figure S5). Both CA4-NPs and
PLG-CA4 were dissolved in PBS with a concentration of 1.0 mg�kg�1

(on the CA4 basis). Thirty minutes later, the solution of CA4-NPs
was clear and transparent, while the solution of PLG-CA4 is cloudy
and opaque (Figure S6). The water solubility of CA4-NPs was obvi-
ously higher than PLG-CA4.

3.2. In vitro cytotoxicity assay

MTT assay was conducted to evaluate the cytotoxicity of CA4-
NPs on HUVECs. The cell viability data were shown in Figure S7.
CA4-NPs displayed time and dose dependent cell inhibition activi-
ties on HUVECs. CA4-NPs inhibited the proliferation of HUVECs
with an IC50 values of 139.107 lM at 48 h and 0.521 lM at 72 h,
respectively. These results demonstrated the antiproliferative
activity against human HUVECs of CA4-NPs.

3.3. CA4-NPs inhibit tube formation of endothelial cells

We further evaluated the activity of CA4-NPs on endothelial
cells by tube formation in vitro. HUVECs were seeded on
Matrigel-coated 96-well plate in the presence or absence of drugs.
At 12 h after cells plating, the tube formation activities were inves-
tigated by taking photos of HUVECs (Figure S8A). By 12 h, cells in
the control group formed tubes, while cells under CA4-NPs
(10 lM on CA4 basis) treatment showed almost complete loss of
tube structure. Therefore, we demonstrated that CA4-NPs inhibit
the formation of new tubes.

To investigate the activity of CA4-NPs on established tube struc-
tures, HUVECs were plated on Matrigel and allowed to form tubes
for 12 h prior to drug intervention. Figure S8B showed the struc-
ture changes of preformed tubes after 6 h exposure to CA4-NPs.
Tubes observed 6 h after treatment were still well organized in
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the control group, while some tubes were partly disrupted compar-
ing with those before CA4P or CA4-NPs treatment. These results
indicated that CA4-NPs was capable of disrupting established
tubes.

3.4. Antitumor efficacy and survival time in vivo

The antitumor effects of CA4-NPs monotherapy and the combi-
nation of sorafenib + CA4-NPs was evaluated using a mouse H22
subcutaneous tumor model where mice were given PBS, sorafenib
30 mg�kg�1, CA4-NPs 20 mg�kg�1 (on the CA4 basis) or sorafenib
30 mg�kg�1 + CA4-NPs 20 mg�kg�1 (on the CA4 basis) (Fig. 2A).
Fig. 2. Combined treatment with sorafenib and CA4-NPs had better antitumor efficacy tha
(B) Tumor volumes and body weight change rates of H22 tumor-bearing mice after b
30 mg�kg�1 or sorafenib 30 mg�kg�1 + CA4-NPs 20 mg�kg�1 (on the CA4 basis). Average a
sorafenib 30 mg�kg�1 and CA4-NPs 20 mg�kg�1 (on the CA4 basis) prolonged survival of su
bearing mice in the four treatment groups noted above (log-rank test, n = 7). Mice wer
(**P < 0.01, ***P < 0.001).
Tumor volumes were monitored each day during treatment to
assess the antitumor efficacy of each approach. Both the CA4-NPs
and the combination of sorafenib + CA4-NPs showed significant
inhibition of H22 tumor growth (Fig. 2B). At day 20 post tumor
inoculation, the tumor suppression rate (TSR%) was 81.6% in mice
on the combination treatment. This was significantly higher than
those in the CA4-NPs (33.0%; P < 0.001) and sorafenib (54.7%;
P < 0.001) monotherapy groups. The greater anticancer efficacy of
the combination treatment with sorafenib and CA4-NPs probably
resulted from the complementary antivascular mechanisms under-
lying the therapeutic effect. These results confirmed that sorafenib
plus CA4-NPs inhibited H22 tumor growth effectively.
n CA4-NPs or sorafenib in a subcutaneous H22 tumor model. (A) Treatment scheme.
eing administrated with PBS, CA4-NPs 20 mg�kg�1 (on the CA4 basis), sorafenib
nd individual H22 tumor growth curves are illustrated. (C) Combinined therapy of
bcutaneous H22 bearing mice. Kaplan-Meier survival analysis for subcutaneous H22
e killed once their tumor volume was ＞2000 mm3. Data are shown as mean ± SD
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Mouse body weight changes were monitored as a surrogate for
the adverse effects of the drugs. As depicted in Fig. 2B, mice receiv-
ing CA4-NPs showed about 2.4% body weight loss by the second
day of treatment compared with baseline, and this soon returned
back to the initial body weight. Mice treated with combination
therapy had <12% body weight loss, which was similar to the
11% loss with sorafenib monotherapy at day 20 post tumor inocu-
lation. None of the mice treated with CA4-NPs or sorafenib died
during the entire treatment process. H&E staining did not identify
any obvious major organ tissue injury at the end of treatment (Fig-
ure S9). These results demonstrated a tolerable side effect profile of
both sorafenib and CA4-NPs, administered separately or in
combination.

In addition to tumor volume, the survival rate of treated mice
was determined to evaluate the therapeutic effect of the various
treatments. As shown in Fig. 2C, the median survival time of the
sorafenib group and the combination treatment group was 35
and 48 days, respectively. The combination treatment yielded a
significant survival advantage compared with PBS (median sur-
vival time was 29 days). However, CA4-NPs alone achieved a med-
ian survival time of 30 days, which was not prolonged compared
with the PBS group. Although CA4-NPs monotherapy did not
extend survival time in mice, combination treatment increased
survival in H22-bearing mice compared with sorafenib alone. The
reason of death might be owing to the tumor burden caused by
subcutaneous tumor and large amount of ascites. In addition, mice
were killed for ethic reasons once their tumor volume reached a
size of 2000 mm3. These data confirmed that the combined appli-
cation of sorafenib and CA4-NPs could improve the survival time
of H22-bearing mice.

AST, ALT and BUN levels were measured to assess liver and kid-
ney function in treated mice. As depicted in Fig. 3, serum AST levels
were increased in H22-bearing mice in the PBS group compared
with healthy BALB/c mice (normal), which might be ascribed to
the acute liver damage caused by tumor burden. Serum AST levels
were decreased significantly in the three treatment groups (CA4-
NPs, sorafenib and sorafenib + CA4-NPs) compared with the PBS
group after 14 days of drug therapy. It might be owing to the effec-
tive therapeutic efficacy of CA4-NPs and sorafenib that can reduce
tumor burden and therefore improve the state of livers [39]. There
was no statistically significant difference in serum ALT and BUN
levels between all the groups. The liver and kidney function anal-
yses, especially the AST levels, indicated that both CA4-NPs and
sorafenib protected liver function and had no influence on kidney
condition in H22 tumor-bearing mice. Routine blood tests, includ-
ing white blood cell (WBC), red blood cells (RBC), hemoglobin
Fig. 3. Function assessment in H22 subcutaneous tumor model. (A-C) Serum AST, ALT and
CA4-NPs 20 mg�kg�1 (on the CA4 basis) or sorafenib 30 mg�kg�1 + CA4-NPs 20 mg�kg�1 (o
healthy BALB/c mice.
(HGB), hematocrit (HCT) and other hematological parameters,
were also examined on healthy Kunming mice to further evaluate
the biocompatibility of CA4-NPs and the combination groups. As
shown in Figure S10, levels of hematological parameters in the dif-
ferent treatment groups were within normal range, which demon-
strated that the combination of CA4-NPs and sorafenib had no
myelosuppression effect or hematological toxicity. In addition to
these parameters, the metabolism of CA4-NPs will be studied in
detail in the future.

3.5. Histopathological and Ki-67 immunohistochemical analysis

H&E staining was performed to verify antitumor efficacy com-
prehensively. As depicted in Fig. 4A, significant pathological differ-
ences were shown, with nuclei in necrotic areas appearing
pyknotic, cataclastic and even absent. Semi-quantitative analysis
of necrotic areas was performed. As shown in Fig. 4B, the necrotic
area in the CA4-NPs 20 mg�kg�1 (on the CA4 basis), sorafenib
30 mg�kg�1 and the combination treatment groups were
46.8 ± 3.3%, 44.6 ± 0.5% and 86.9 ± 5.6%, respectively. In the combi-
nation treatment group, the vast majority of tumor cells were erad-
icated and, in some cases, the entire tumor was disappeared. These
results were in accordance with the changes in tumor volume
in vivo and confirmed the improved tumor inhibition ability of sor-
afenib + CA4-NPs over either agent administered alone.

We further examined the expression of Ki-67, a marker of cell
proliferation [40–42]. Fig. 4A shows representative images of Ki-
67 IHC staining. Semi-quantitative analysis of Ki-67 (Fig. 4C) indi-
cated that the highest Ki-67 expression was in the PBS group of
H22 tumor-bearing mice, while the lowest Ki-67 expression was
in the combination group. These results indicated that H22 cells
grew the fastest in the PBS group, and grew the slowest in the com-
bination group. These data further confirmed that the combined
treatment approach restrained tumor cell proliferation in H22
tumor-bearing mice effectively.

3.6. CD31 tumor expression

CD31 is a marker of vascular endothelial cells related to the
density of tumor vasculature. Here, tumor vessel density was eval-
uated by staining CD31 for IHC and counting the number of stained
microvessels. To investigate tumor microvascular changes after a
single dose of CA4-NPs, we analyzed CD31 expression in tumors
on days 0, 2, 7 and 14 after CA4-NPs treatment. The CD31 staining
images of mice in CA4-NPs group were taken in the surrounding
area of the tumor. The mean (±SD) MVD of CD31 positive sections
BUN levels were monitored at day 14 on treatment with PBS, sorafenib 30 mg�kg�1,
n the CA4 basis). Data are shown as mean ± SD (*P < 0.05). ‘‘Normal” mice represent



Fig. 4. H&E and Ki-67 analyses of H22 tumor sections at day 14 after treatment with PBS, CA4-NPs 20 mg�kg�1 (on the CA4 basis), sorafenib 30 mg�kg�1 or sorafenib
30 mg�kg�1 + CA4-NPs 20 mg�kg�1 (on the CA4 basis). (A) H&E images were taken at � 100 magnification (up) and � 400 magnification (down). Ki-67 were taken at � 400
magnification. (B) Semi-quantitative analysis of relative necrotic area in tumors. (C) Semi-quantitative analysis of Ki-67 expression. The scale bars of H&E represent 50 lm
(up) and 20 lm (down). The scale bars of Ki-67 represent 20 lm. Data are shown as mean ± SD (*P < 0.05, ***P < 0.001). N, necrotic region of tumors; V, viable region of tumors.
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was remarkably lower on day 2 (22.7 ± 1.5) and day 7 (23.7 ± 1.5)
compared with day 0 (41.3 ± 3.8). However, MVD was apparently
higher on day 14 (73.0 ± 4.6), which was almost two times that
on day 0 (Fig. 5A and B). These results demonstrated that CA4-
NPs disrupted established tumor vasculature and maintained
tumor vessel density at a relatively low level for at least 7 days.
However, re-establishment of tumor vasculature occurred two
weeks after the first drug injection indicating induced angiogenesis
by CA4-NPs.

In addition to this, we evaluated CD31 expression in the four
treatment groups noted above on day 14 after treatment initiation.
As shown in Fig. 5C and D, the sorafenib + CA4-NPs group showed
the lowest mean MVD (7.3 ± 0.6), compared with the PBS
(14.3 ± 0.6), sorafenib (10.0 ± 1.0) and CA4-NPs (73.0 ± 4.6) groups.
The possible mechanism for the low MVD with the combination of
sorafenib and CA4-NPs is that, CA4-NPs significantly disrupt estab-
lished tumor vasculature and suppressed tumor growth, while
continuous administration of sorafenib inhibited revascularization
and regrowth of the treated tumor. These data demonstrated that
treatment with sorafenib plus CA4-NPs reduced angiogenesis of
the tumor significantly.
3.7. VEGF-A tumor expression

We next measured VEGF-A expression by IHC and western blot
in each group to further investigate the tumor inhibition
mechanism of sorafenib + CA4-NPs in the subcutaneous H22-
bearing mouse model. Semi-quantitative analyses of VEGF-A by
western blot were also performed. As shown in Fig. 6, the order of
the extent of VEGF-A expression was calculated as follows: CA4-
NPs > PBS > sorafenib + CA4-NPs > sorafenib. Expression of VEGF-A
was significantly less after administration of sorafenib with CA4-
NPs compared with CA4-NPs alone. The IHC results for VEGF-A
expression were consistent with the western blot analysis. Upregu-
lation of angiogenic factors, such as VEGF-A, induced by VDAs can
promote proliferation of neovasculature and tumor regrowth in
the tumor periphery [43,44]. Inhibitors of VEGFR-associated tyro-
sine kinase are promising agents to abolish the angiogenic activity
of VEGF-A. Sorafenib, a VEGFR tyrosine kinase inhibitor, is an
antiangiogenic agent that can disturb re-establishment of tumor
vasculature and inhibit tumor cell proliferation [45]. These data
indicated that combined treatment with sorafenib + CA4-NPs sig-
nificantly decreased VEGF-A expression compared to CA4-NPs



Fig. 5. Immunohistochemical reactivity for blood vessel endothelial cell marker CD31 in subcutaneous H22 bearing mice. (A) CD31 immunohistochemical staining of tumor
sections after treatment with CA4-NPs 20 mg�kg�1 (on the CA4 basis) at day 0, 2, 7 and 14. (B) IHC staining for CD31 in tumor tissues at day 14 post treatment with PBS, CA4-
NPs 20 mg�kg�1 (on the CA4 basis), sorafenib 30 mg�kg�1 or sorafenib 30 mg�kg�1 plus CA4-NPs 20 mg�kg�1 (on the CA4 basis). (C) Mean microvessel density of CD31 in (A).
(D) Mean microvessel density of CD31 in (B). All images were taken at � 400 magnification. Scale bars represent 20 lm. Data are shown as mean ± SD (*P < 0.05, **P < 0.01 and
***P < 0.001).
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monotherapy, and alleviated the VEGF-mediated angiogenesis
process.

3.8. Combination therapy with high-dose CA4-NPs

To identify whether the combination of sorafenib with higher
doses of CA4-NPs could improve anticancer efficacy, subcutaneous
H22 bearing mice were given PBS, CA4-NPs 30 mg�kg�1 (on the CA4
basis), CA4-NPs 35 mg�kg�1 (on the CA4 basis), sorafenib
30 mg�kg�1 + CA4-NPs 30 mg�kg�1 (on the CA4 basis) or sorafenib
30 mg�kg�1 + CA4-NPs 35 mg�kg�1 (on the CA4 basis) (Fig. 7A). As
observed in the subcutaneous H22 tumors, all four treatments
reduced tumor burden efficiently (Fig. 7B). The anticancer efficacy
was improved as the dose of CA4-NPs increased. On day 20 post
tumor inoculation, there were 3 out of 7 mice without visible
tumor in the group treated with CA4-NPs 35 mg�kg�1 (on the
CA4 basis), however, tumor recurrence happened in two mice later
on (Data not shown). On day 20, the TSR% of mice receiving CA4-
NPs 35 mg�kg�1 (on the CA4 basis) was 95.3%, which was signifi-
cantly higher than that of mice receiving CA4-NPs 30 mg�kg�1

(on the CA4 basis, 51.7%). This dramatic difference in the antitumor
efficacy between treatments of CA4-NPs 30 mg�kg�1 (on the CA4
basis) and CA4-NPs 35 mg�kg�1 (on the CA4 basis) should be attrib-
uted to the long time interval (14 days) between CA4-NPs admin-
istration and tumor volume measurement. As for the combination
therapy groups, the TSR% was 92.9% for sorafenib 30 mg�kg�1 +
CA4-NPs 30 mg�kg�1 (on the CA4 basis) and 93.7% for sorafenib
30 mg�kg�1 + CA4-NPs 35 mg�kg�1 (on the CA4 basis). CA4-NPs
monotherapy was equivalent or more effective than sorafenib
(54.7%), especially at a CA4-NPs dose of 35 mg�kg�1 (on the CA4
basis). With respect to combination therapy, tumor volumes were
lower than in the CA4-NPs or sorafenib monotherapy groups when
CA4-NPs was given at a CA4 dose of 30 mg�kg�1. However, there
was no significant difference in tumor volume between CA4-NPs
35 mg�kg�1 (on the CA4 basis) and its combination with sorafenib
30 mg�kg�1 as a result of the excellent efficacy of CA4-NPs at the
high dose. These data further confirmed the favorable anticancer
efficacy of combined sorafenib and CA4-NPs.

In terms of drug toxicity, CA4-NPs doses of 30 and 35 mg�kg�1

(on the CA4 basis) resulted in a greater body weight loss of 7.4%
and 10.1%, respectively, by day 2 after the first CA4-NPs treatment
compared with CA4-NPs 20 mg�kg�1 (on the CA4 basis, 2.4%). How-
ever, body weight returned to baseline one week later (Fig. 7B). The
rate of body weight change in the combination therapy groups
with high doses of CA4-NPs were almost the same as with the
CA4-NPs 20 mg�kg�1 (on the CA4 basis) combined group. These
data demonstrated the tolerable toxicity of combined sorafenib
and CA4-NPs in relatively high doses.



Fig. 6. VEGF-A expression in H22-bearing mice in each group. (A) VEGF-A immunohistochemical staining at day 14 on treatment with PBS, CA4-NPs 20 mg�kg�1 (on the CA4
basis), sorafenib 30 mg�kg�1 or sorafenib 30 mg�kg�1 plus CA4-NPs 20 mg�kg�1 (on the CA4 basis). (B) Detection of VEGF-A by western blot in each group on day 14 after the
first drug injection. (C) Semi-quantitative analysis of VEGF-A expression by western blot. Scale bar = 20 lm. Data are shown as mean ± SD (*P < 0.05, **P < 0.01, ***P < 0.001).
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On account of the encouraging in vivo TSR% results, we further
identified the effects on survival time of CA4-NPs 30 mg�kg�1 (on
the CA4 basis), CA4-NPs 35 mg�kg�1 (on the CA4 basis), sorafenib
30 mg�kg�1 + CA4-NPs 30 mg�kg�1 (on the CA4 basis) or sorafenib
30 mg�kg�1 + CA4-NPs 35 mg�kg�1 (on the CA4 basis). As depicted
in Fig. 7C, the median survival time of mice receiving CA4-NPs
30 mg�kg�1 (on the CA4 basis) was 30 days, and for 35 mg�kg�1

(on the CA4 basis) was 46 days. The combination treatment signif-
icantly prolonged survival of H22 tumor-bearing mice compared
with the single drug treatment groups. The median survival time
of mice in the combination groups was more than 96 days. These
findings indicated that mice obtained survival benefits from com-
bination therapy in the long run. At the end of the observation per-
iod, all mice died in the CA4-NPs 30 mg�kg�1 group. One out of
seven mice was alive without residual tumor in the CA4-NPs
35 mg�kg�1 group (on the CA4 basis). In contrast, five out of seven
treated mice were alive without residual tumor in the combination
treatments with CA4 doses of 30 or 35 mg�kg�1 (Fig. 7C). Tumor
characteristics such as tumor volume, weight change rate and sur-
vival data of all the subcutaneous H22-bearing mice treatment
groups are shown in Figure S11. The combined therapy of CA4-
NPs and sorafenib present effctive anticancer efficacy. In order to
investigate whether improved anticancer efficacy might be
achieved by co-loading of sorafenib and CA4 or not, we will try
to co-load these two drugs into one nanoparticle in the future.
These confirmed that combined treatment with sorafenib and
CA4-NPs prolonged survival time of the H22-tumor bearing mice,
with sorafenib 30 mg�kg�1 + CA4-NPs 30 mg�kg�1 (on the CA4
basis) the optimal formulation to treat tumors.

3.9. Therapeutic efficacy in the orthotopic H22 hepatic tumor model
in vivo

Orthotopic implantation of hepatoma-bearing mice is repre-
sentative of spontaneous liver cancer and is recommended for
study of HCC [39]. Herein, H&E tumor staining was performed
to verify the antitumor efficacy of combined sorafenib
30 mg�kg�1 + CA4-NPs 30 mg�kg�1 (on the CA4 basis) therapy in
the orthotopic H22 hepatic tumor model. Tumor weight was
recorded after excision from the body 14 days after treatment ini-
tiation. Fig. 8A and B shows the appearance of liver cancer and
H&E staining in the different groups, with semi-quantitative anal-
ysis presented in Fig. 8C. During the therapeutic process, different
degrees of necrosis were observed in the CA4-NPs 30 mg�kg�1 (on
the CA4 basis), sorafenib 30 mg�kg�1 and their combination ther-
apy groups. Further, a large quantity of fragmented nuclei and
massive necrosis occurred after co-administration of sorafenib
and CA4-NPs. Both the CA4-NPs (50.5%) and sorafenib (50.7%)
alone groups showed significantly increased necrotic areas com-
pared with the PBS group (10.1%). Noteworthy, the largest necro-
tic area appeared in the combined therapy group (78.7%). In
regard to excised tumor weight, the sorafenib + CA4-NPs group
had the lightest tumor weight of all the groups, being much lower
than the PBS group and significantly less than the CA4-NPs or sor-
afenib groups (Fig. 8D). CA4-NPs monotherapy, sorafenib
monotherapy and combined sorafenib plus CA4-NPs therapy were
effective in slowing tumor growth compared with the PBS group.
These data agreed with those of the H22 subcutaneous tumor
model, and further verified the high antitumor effect of the com-
bination of sorafenib plus CA4-NPs.

CD31 IHC staining was evaluated to investigate the tumor ves-
sels in orthotopic H22 hepatic tumor model. As shown in Fig-
ure S12A, tumor blood vessels has been established at day 7 after
tumor inoculation. We also evaluated the vessels of tumors after
being treated with PBS or co-administration of sorafenib and
CA4-NPs. CD31 was significantly reduced in the combined treat-
ment group compared with the PBS group at the end of treatment
(Figure S12B and C). These data demonstrated that co-
administration of CA4-NPs and sorafenib could also reduce angio-
genesis of orthotopic H22 hepatic tumor models.



Fig. 7. Anticancer efficacy of high-dose CA4-NPs and combined therapies in subcutaneous H22 bearing mice. (A) Treatment scheme. (B) Tumor volumes and body weight
change rates of mice treated with PBS, CA4-NPs 30 mg�kg�1 (on the CA4 basis), sorafenib 30 mg�kg�1 + CA4-NPs 30 mg�kg�1 (on the CA4 basis), CA4-NPs 35 mg�kg�1 (on the
CA4 basis) or sorafenib 30 mg�kg�1 + CA4-NPs 35 mg�kg�1 (on the CA4 basis). (C) Kaplan-Meier survival analysis for subcutaneous H22 bearing mice (log-rank test, n = 7).
Mice were killed once their tumor volume was ＞2000 mm3. Data are shown as mean ± SD (**P < 0.01, ***P < 0.001).
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4. Conclusion

In this study, a combination of sorafenib plus nanoparticles of
poly(L-glutamic acid)-graft-methoxy poly(ethylene glycol)/com-
bretastatin A4 sodium salt (CA4-NPs) was developed for systemic
treatment of HCC. The CA4-NPs could significantly disrupt estab-
lished tumor blood vessels and cause extensive tumor necrosis,
however, meanwhile inducing increased expression of VEGF-A in
the treated tumors. The sorafenib significantly downregulated
VEGF-A expression and alleviated the VEGF-mediated angiogenesis
process. The combination of sorafenib 30 mg�kg�1 + CA4-NPs
30 mg�kg�1 (on the CA4 basis) showed an over 90% tumor suppres-
sion rate in a hepatic H22 subcutaneous tumor model with low
systemic toxicity. Five out of seven treated mice survived in
tumor-free state for 96 days. These findings indicated that the
two-pronged attack of sorafenib with a tumor blood-flow reducer,
CA4-NPs, was a promising therapeutic approach for HCC
treatment.



Fig. 8. Sorafenib plus CA4-NPs was effective against orthotopic H22 xenograft mice model. (A) Photographs of liver tumors at day 14 post treatment with PBS, CA4-NPs
30 mg�kg�1 (on the CA4 basis), sorafenib 30 mg�kg�1 or sorafenib 30 mg�kg�1 plus CA4-NPs 30 mg�kg�1 (on the CA4 basis). (B) H&E images. (C) Percent of relative necrostic
areas. (D) The tumor weight was monitored. The scale bars represent (tumor) 1 cm and (H&E) 200 lm, respectively. Data are shown as mean ± SD (*P < 0.05, ***P < 0.001).
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