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ABSTRACT
The purpose of this study was to prepare endostatin-loaded chitosan nanoparticles (ES-NPs) and evalu-
ate their antitumor effect when combined with paclitaxel (PTX) on Lewis lung carcinoma (LLC) mouse
xenografts. ES-NPs were prepared by ionic cross-linking. Characterization of the ES-NPs included size
distribution, drug-loading efficiency (DL), and encapsulation efficiency (EE). An in vitro release test was
also used to determine the release behavior of the ES-NPs. A subcutaneous LC xenograft model of
C57BL/6J mice was established. The mice were randomly divided into six groups: control (0.9% NaCl),
ES, PTX, ES-NPs, ESþ PTX, and ES-NPsþ PTX. The tumor volume was dynamically measured for the dur-
ation of the experiment. Immunohistochemistry was performed to determine the Ki-67 and micro-
vascular density (MVD) in each group. Serum vascular endothelial growth factor (VEGF) and ES levels
were determined by enzyme-linked immunosorbent assay (ELISA). ES-NPs were successfully synthesized
and had suitable size distribution and high EE. The NPs were homogenously spherical and exhibited
an ideal release profile in vitro. In vivo, tumor growth was significantly inhibited in the ES-NPsþ PTX
group. The tumor inhibitory rate was significantly higher in the ES-NPsþ PTX group than in the other
groups (p< .05). The results of the immunohistochemical assay and ELISA confirmed that ES-NPs com-
bined with PTX had a strong antiangiogenic effect. ES-NPs can overcome the shortcomings of free ES,
such as short retention time in circulation, which enhances the antitumor effect of ES. The antitumor
effect was more pronounced when treatment included PTX and ES-loaded NPs.
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Introduction

Lung cancer is the leading cause of cancer death in devel-
oped and developing countries, and has surpassed breast
cancer as the leading cause of cancer death in developed
countries (Li et al., 2013; Torre et al., 2015; Siegel et al.,
2017). Chemotherapy for non-small cell lung carcinoma
(NSCLC) consists of platinum-based drugs combined with
cytotoxic drugs like paclitaxel (PTX) (Azzoli et al., 2012).
However, inadequate tumor vascularization leads to the inef-
ficient distribution of drugs in tumor cells, which is an
important obstacle to anticancer therapies (Shi et al., 2013).

The vascular normalization theory posits that using inhibi-
tors of vascular endothelial growth factor (VEGF) signaling in
combination with chemotherapeutics can increase antitumor
efficacy (Ferrara & Kerbel, 2005; Takahashi et al., 2012; Klose
et al., 2016). Clinical trials have shown that the chemothera-
peutic agent PTX combined with the antiangiogenic peptide
endostatin (ES) improves clinical therapeutic efficacy in
advanced NSCLC patients without unacceptable toxicity (Han
et al., 2011; Sun et al., 2016). ES is a 20 kDa internal fragment
of the carboxy-terminus of collagen XVIII. It was identified as

an antiangiogenic molecule in 1997 (O'Reilly et al., 1997). ES
targets VEGF and acts against solid tumors by inhibiting
endothelial cell proliferation, migration, and vessel formation
(Kim et al., 2002; Ling et al., 2007; Chen & Hu, 2011).
Nevertheless, ES has several disadvantages that include short
half-life and instability, which limit its clinical application
(Torchilin & Lukyanov, 2003).

Nanoparticles (NPs) offer an alternative strategy to over-
come these drawbacks and increase the antitumor effect
(Singh & Lillard, 2009). Chitosan, the N-deacetylation product
of chitin, is characterized by low toxicity, good biodegradabil-
ity, and superb biocompatibility, whose derivable reactive
groups can be functionalized with proteins and peptides.
Additionally, the production of chitosan-based NPs is rela-
tively simple and mild, and avoids the use of organic sol-
vents and high temperatures (Lee et al., 1995; Al-Qadi et al.,
2012; Rampino et al., 2013; Swierczewska et al., 2016).
Chitosan is a polycationic biopolymer comprised of amine
and hydroxyl groups. The polymer can form a gel forming
upon contact with specific multivalent polyanions, such as
sodium tripolyphosphate (TPP). Inter- and intramolecular
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linkages between the phosphate groups of TPP and the
amino groups of chitosan form NPs. The main advantage of
CS-NPs is that they protect their payload from premature
chemical or enzymatic degradation (Calvo et al., 1997; Nasti
et al., 2009). Furthermore, because of their high surface to
volume ratio, CS-NPs can transport a large payload with
fewer materials (Swierczewska et al., 2016).

This study describes the preparation and characterization
of ES-loaded chitosan-TPP NPs using the ionotropic gelation
method. Moreover, we explored the in vivo antitumor effect
of these NPs combined with PTX.

Materials and methods

Materials

ES (11.2mg/mL, Mw¼ 20 kDa) was provided by Shandong
Simcere Medgeen Bio-Pharmaceutical Co. Ltd. (China). Low
molecular weight chitosan (Mw¼ 70 kDa, Mw/Mn¼ 1.5,
deacetylation degree 92%), TPP, phosphate-buffered saline
(PBS), and trehalose were purchased from Sigma-Aldrich Inc.
(St. Louis, MO). PTX (5mL; 30mg injectable solution) manu-
factured by the Taiji Group Co., Ltd. (China) was provided by
Southwest Medical University (China). Polyclonal ntibodies to
Ki67 and CD31 were purchased from Bioworld Technology
Co. Ltd. (China). All other chemicals, including sodium
hydroxide, glacial acetic acid, and paraformaldehyde, were of
analytical grade and were used as received.

Cell culture

Lewis lung carcinoma (LLC) cells were provided by the
Experimental Medicine Center, Affiliated Hospital of
Southwest Medical University (China). LC cells were grown in
Dulbecco's modified Eagle’s medium (DMEM; HyClone,
Thermo Scientific, Waltham, MA) supplemented with 10%
fetal calf serum (HyClone, Thermo Scientific), 100 IU/mL of
penicillin G sodium, and 100mg/mL of streptomycin sulfate.
The cells were maintained at 37 �C in an incubator with 95%
air and 5% CO2 in a humidified atmosphere.

Animals

Female C57BL/6J mice (4–5 weeks of age) were purchased
from the Laboratory Animal Center of the Chongqing
Municipality (China). Mice were kept in a specific-pathogen-
free (SPF) laminar air flowbox and were fed with sterile food
pellets and water ad libitum. All animal care and experimen-
tal procedures were approved and performed according to
the Institutional Animal Care and Use Guidelines. Animal
experiments were approved by the Institutional Animal Care
and Treatment Committee of Southwest Medical University
(China).

Preparation of ES-NPs

NPs were synthesized by a simple ionic cross-linking method
as described previously (Rampino et al., 2013).

Chitosan 40mg dissolved in 1% (v/v) acetic acid (1mg/mL,
pH 5) and TPP (1mg/mL) was prepared in deionized water.
TPP solution (8mL) was added dropwise to the chitosan solu-
tion mixed in 500mL of ES with magnetic stirring at room
temperature (RT) for 2 h to form NPs, as described previously
(Ding et al., 2017). The NPs were collected by centrifugation
in an Allegra 64R centrifuge (Beckman-Coulter, Brea, CA) at
13,000 rpm for 30min at 4 �C. The precipitate was resus-
pended in deionized water and lyophilized by freeze-drying
at 55 �C for 48 h using trehalose as the cryoprotectant.
Finally, the dry ES-loaded NPs were weighed using an elec-
tronic weighing scale sterilized by 25 kGy of 60Co gamma
irradiation.

Characterization of ES-NPs

Size distribution and zeta-potential of ES-loaded NPs in dis-
tilled water were measured by dynamic light scattering (DLS)
using a NanoBrook 90Plus Zeta apparatus (Brookhaven
Instruments Corp., Holtsville, NY). The surface morphology of
the NPs was investigated by transmission electron micros-
copy (TEM) using a model G2 F20 microscope (Tecnai,
Hillsboro, OR).

Drug-loading (DL) and encapsulation efficiency (EE)
of ES-NPs

Supernatants obtained from the purification of the ES-NPs
were collected to determine particle loading and EE. The
concentration of ES in the supernatant was measured using a
Pierce Bicinchoninic acid Protein (BCA) assay (Beyotime
Biotechnology, China) (Mukherjee et al., 2008; Xu et al.,
2014). The results of the assay were validated using purified
ES with a detection limit of 0.5–280mg/mL. The amount of
ES was calculated according to the standard curve
(R2¼ 0.9992). The DL and EE of the ES-NPs were expressed as
follows:

DL% ¼ Total amount of ES added� Free amount of ES
ES� loaded NPs dry weight

� 100%

EE% ¼ Total amount of ES added� Free amount of ES
Total amount of ES added

� 100%

In vitro drug release and stability study of the ES-NPs

In vitro release of ES from the ES-NPs was analyzed in PBS
having a pH of 7.4 and 5. ES-NPs were precisely weighed in
2mL of PBS, placed in test tubes, and magnetically stirred at
37 �C. At defined times, samples were centrifuged at
13,000 rpm for 30min at 4 �C, the supernatants were col-
lected and each pellet was resuspended in 2mL of fresh
medium. The amount of ES released from the CS-NPs was
evaluated using the BCA assay and the curve of ES release
from the ES-NPs was plotted. In addition, to detect the stabil-
ity of the carriers, the change in NP diameter in serum or
PBS was examined over 72 h. The formulation stability of ES-
NPs in PBS with or without 10% mouse serum, incubated at
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4 �C, RT, or 37 �C was evaluated at pre-determined times by
DLS as described above after ultrasonic processing.
Formulations were deemed stable if no changes in particle
size and no visual destabilization, such as creaming, phase
separation, or presence of compact aggregates, were
observed.

In vivo anti-tumor efficacy of PTX combined with
ES-NPs

The subcutaneous lung cancer model was established by
injecting 100mL suspension of LLC cells (1� 107 cells/mL)
into the right armpit of C57BL/6J mice. The cells were
allowed to grow for 2weeks until the tumors were approxi-
mately 200mm3 in volume. The tumor-bearing mice were
randomly assigned to six groups (n¼ 10 each): control, ES,
PTX, ES NPs, ESþ PTX, and ES-NPsþ PTX. According to clinical
doses used in humans and the results from a previous study
(Yu et al., 2015), 0.9% NaCl (0.2mL/day), ES (10mg/kg), and
ES-NPs containing the same amount of ES were adminis-
trated intraperitoneally (i.p.) once daily for 14 consecutive
days, with PTX (10mg/kg) injected on the first day. Mice
were sacrificed by cervical dislocation on day 21 and the
tumor tissues and blood samples were collected for further
analysis. During the treatment, tumor size (length and width)
was measured using calipers every 2 days. Tumor volumes
were calculated with the formula V¼ a� b2� 0.5 (Tentler
et al., 2010), where V is the tumor volume, a is the longest
axis, and b is the perpendicular shorter tumor axis. A tumor
growth curve was plotted based on tumor size and length of
survival, in days, after treatment. The tumor volume inhib-
ition rate on day 21 was calculated according to the follow-
ing equation:

Inhibition rate %

¼ 1�

ðVolume Day 1 treatment group

� Volume Day 21 treatment groupÞ
ðVolume Day 1 control group

� Volume Day 21 control groupÞ

0
BBBBB@

1
CCCCCA

� 100%

Enzyme-linked immunosorbent assay (ELISA) analysis

Blood samples were collected in Eppendorf tubes from each
group. After immediate centrifugation (1800g) for 10min at
4 �C, plasma was separated and immediately frozen at 80 �C
until analysis. Plasma ES and VEGF levels were measured by
an ELISA kit according to the manufacturer’s instructions
(RayBiotech Inc., Norcross, GA). PBS was used as the control.
Absorbance was measured at 450 nm. ES and VEGF concen-
trations were calibrated with ES and VEGF standard curves.

Immunohistochemistry

Tumor tissue samples harvested from the sacrificed mice
were fixed in 10% formalin, paraffin-embedded, and

sectioned. Tissue sections 5mm in thickness were dewaxed
and incubated with 0.01M sodium citrate for antigen
retrieval. The slides were rinsed in PBS and incubated over-
night at 4 �C with rabbit antimouse CD31 primary antibody
(Bio-World, Dublin, OH). Biotinylated goat anti-rabbit anti-
immunoglobulin G (IgG) was used as the secondary antibody.
Steps were then performed using the immunostaining kit,
following the manufacturer’s instructions. Quantification of
microvessel density (MVD) expressed as the mean value of
the area of microvessels in five CD31-highly positive hotspots
at low magnifications (100�). Microvessels were counted in
these areas at a magnification of 400�, and the average
number of microvessels was recorded, as reported previously
(Gao et al., 2009).

Statistical analyzes

Statistical analyzes were carried out using SPSS 23.0 software
(SPSS Inc., Chicago, IL), with Student’s t-test for two groups
or one-way ANOVA for multiple groups. Means were consid-
ered significantly different when p< .05.

Results

Characteristics of ES-loaded NPs

ES-NPs were prepared by ionic cross-linking with dropwise
addition of TPP to a chitosan solution (Figure 1(A)). DL of
these ES-NPs was 9.76 ± 0.24% and the EE was 71.03 ± 3.56%.
The size and dispersity of the produced ES-NPs were con-
firmed by TEM morphology (Figure 1(B)), which revealed
well-dispersed NPs into the aqueous solution. The particles
were 223.45 ± 5.1 nm in diameter (Figure 1(C)). The protein
dispersibility index (PDI) was 0.273 ± 0.006 and the zeta
potential was 34.57 ± 0.12mV.

Release and stability of ES-loaded NPs in vitro

The release of ES from the ES-NPs in PBS is shown in Figure
2(A). ES-NPs exhibited a rapid release behavior at pH 7.4 and
5, with 44.15 ± 3.12% and 54.75 ± 2.62% of the drug being
released within 3 days, respectively. However, only
49.34 ± 2.48% ES was slowly released at pH 7.4 through
5 days. The results confirmed the biphasic nature of the ES
release profile, with an initial abrupt release and a subse-
quent sustained release.

As shown in Figure 2(B) and (C), there was no obvious
change in the mean diameter in each group, indicating that
the NPs were stable in mouse serum and daily storage.

In vivo tumor growth inhibition by ES-NPs

To evaluate the effect of ES-NPs combined with PTX on LLC
mouse xenografts, tumor volume was measured and plotted
after each treatment. The curve of the experimental group
was more gentle compared to the control group. After
21 days, the tumor volume of the ES-NPsþ PTX group
(1263.38 ± 220.68mm3) was significantly smaller than the
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ESþ PTX group (2772.21 ± 468mm3) (p< .01), the PTX group
(3042.50 ± 159.51mm3, p< .01), the ES-NPs group (1980.25 ±
67.75mm3, p< .01), the ES group (3061.53 ± 117.52mm3,
p< .01), and the control group (4102.38 ± 188.19mm3,
p< .01) (Figure 3(A)). The inhibition rate on day 21 was
70.27% in the ES-NPsþ PTX group, 50.87% in the ES-NPs
group, 33.83% in the ESþ PTX group, and 24.73% in the ES
group. These results demonstrated that ES-NPsþ PTX was the
most effective treatment in reducing the tumor volume
(Figure 3(B)). There were no significant differences in the
body weight of mice between the six groups, before and
after treatment (data not shown).

ELISA analysis

The serum levels of ES and VEGF are shown in Figure 4. The
serum level of ES (Figure 4(A)) in the ES-NPsþ PTX group
was significantly higher than that detected in the control
(p< .001), ES (p< .001), ESþ PTX (p< .001), and PTX groups
(p< .001), but was not significantly difference from the ES-
NPs group (p¼ .141). Comparison of VEGF serum levels again
revealed no significant difference between the ES-NPsþ PTX
and ES-NPs groups (p¼ .552). In addition, the level of VEGF
in the ES-NPsþ PTX group (Figure 4(B)) was significantly
lower than the control (p< .001), ES (p< .001), ESþ PTX
(p< .001), and PTX groups (p< .001).

Immunohistochemistry

A significantly smaller number of Ki-67 positive cells
(Figure 5) was observed in the ES-NPsþ PTX group

(29.78 ± 3.64%) compared to the PTX group (53.63 ± 4.35%,
p< .05), the ESþ PTX group (36.12 ± 2.99%, p< .05), the ES
group (73.35 ± 3.16%, p< .05), the ES-NPs group
(56.871 ± 4.16%, p< .05), and the control group (82.23 ±
3.93%, p< .05).

The MVD in each group was assessed by counting the
number of CD31-positive cells. Fewer immune-reactive micro-
vessels were observed in the tumor tissue sections of the
ES-NPsþ PTX treated mice (Figure 6), with MVD in the
ES-NPsþ PTX group (2.4 ± 1.51%) being significantly lower
than the ESþ PTX group (5.7 ± 0.96%, p< .05), the ES group
(13.2 ± 1.92%, p< .05), the ES-NPs group (9 ± 1.58%, p< .05),
the PTX group (8.0 ± 0.74%, p< .05), or the control group
(17.5 ± 1.11%, p< .05).

Discussion

In the present study, the method used to obtain ES-NPs
allowed the preparation of NPs with a specific stability, high
EE and drug loading, consistent with previous studies (Singh
& Lillard, 2009; Amidi et al., 2010; Rampino et al., 2013). In
particular, treatment with the ES-NPs overcame multiple limi-
tations that included rapid elimination from the systemic cir-
culation as a result of renal filtration and susceptibility to
enzymatic degradation, the danger of developing an immune
response and uptake by the reticuloendothelial system
(Witting et al., 2015). The latter allows passage through the
smallest capillary vessels and penetration of cells or access to
the target site, as well as accumulation in certain solid
tumors through the hyper-permeable vasculature that solid
tumors exhibit. Furthermore, the particles can remain at the

Figure 1. Characteristics of ES-loaded NPs. (A) The fabrication process of ES-NPs. ES-loaded chitosan nanoparticles were prepared using ionic cross-linking method
with dropwise addition of TPP to a chitosan solution. (B) Size distribution of the ES-NPs. The results showed that the particles were 223.45 ± 5.1 nm in diameter.
(C) TEM images of ES-NPs.

DRUG DELIVERY 1413



Figure 2. In vitro drug release of ES-NPs in two PBS solutions of different pH (A). The formulation stability of ES-NPs with (B) or without (C) mouse serum at 4 �C,
37 �C, or room temperature (RT).

Figure 3. Tumor growth in subcutaneous Lewis lung cancer model. (A) Suppression of subcutaneous tumor growth in each group. (B) The final tumor volume on
day 21.
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site because of the absence of tumor's lymphatic drainage

Figure 4. Serum ES (A) and VEGF (B) levels of each group. Mice in each group were sacrificed on day 21 and blood samples were collected to detect serum ES and
VEGF levels by ELISA. ap< .05 versus the control; bp< .05 versus the ES group.

Figure 5. Ki-67 immunohistochemical staining in tumors. (A) Ki-67 immunohistochemical images of tumor tissue from mice in various groups. (B) Ki-67 quantitative
analysis in xenografts from mice in various groups. Original magnification, 400�.
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(Cairns et al., 2006; Jain & Stylianopoulos, 2010; Chauhan
et al., 2011).

In vitro release experiments with ES-NPs revealed a
biphasic release profile, which agrees with prior results (Ding
et al., 2017). On the one hand, an initial burst release rate in
the first 36 h was observed in two PBS solutions of different
pH, which might be due to the physical adsorption of pepti-
des on the surface of the NPs. This phenomenon has also
been observed with chitosan NPs loaded with PTX (Jiang
et al., 2017), methotrexate, and mitomycin C (Jia et al., 2014).
On the other hand, release of ES absorbed in chitosan
occurred in a sustained manner during later time points,
with the cumulative dissolution of ES reaching 49.34 ± 2.48%
by 120 h. The relatively slow release of ES can be explained
by strong electrostatic contacts and the slow hydrolysis of
peptide bonds (Vandermeulen & Klok, 2004). In addition,
abnormal microcirculation in tumors leads to a hostile micro-
environment characterized by hypoxia and acidosis
(Fukumura & Jain, 2007; Gillies et al., 2008), and the pH 5
PBS solution simulated this phenomenon. ES-NPs exhibited a

slightly higher ES release at pH 5 than at pH 7.4, which may
suggest that the protonation of the imidazole groups in
the acidic environment leads to the hydrophilization of the
hydrophobic core and partial release of the loaded chitosan
nanoparticles.

The use of antiangiogenic agents has become an import-
ant treatment option for NSCLC patients. ES has proven its
efficacy in treating advanced NSCLC patients when combined
with chemotherapeutic agents. ES increase the clinical effi-
cacy of chemotherapeutic agents, significantly prolongs dis-
ease progression time and improves the quality of life of the
patients (Wang et al., 2005; Rong et al., 2012; Zhu et al.,
2015). The antitumor effect of ES is improved when incorpo-
rated into chitosan NPs (Ding et al., 2017). ES-NPs were more
effective than ES in our LLC model. In our in vivo experi-
ments, we used a lung cancer xenograft model to determine
whether ES-NPs combined with PTX improved tumor growth
inhibition compared to ES combined with PTX. As antici-
pated, at equivalent ES doses, ES-NPs combined with PTX sig-
nificantly improved tumor growth inhibition compared to

Figure 6. CD31 immunohistochemical staining of tumors. (A) CD31 immunohistochemical images of tumor tissue from mice in various groups. (B) CD31 quantita-
tive analysis in xenografts from mice in various groups. Original magnification, 400�.
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direct ES injection in mice, with a tumor inhibition rate of
70.27%. We speculate that ES-NPs extend the retention time
of ES in vivo and enhance the inhibition of tumor blood ves-
sels. Although the ESþ PTX group also displayed a good
curative effect over the first 14 days, due to the shorter reten-
tion time of ES, tumor angiogenesis tumor angiogenesis was
reactivated, resulting in rapid proliferation of the tumor cells.
The results were confirmed by serum and immunohistochem-
ical analyzes.

The MVD and Ki-67 in the ES-NPsþ PTX group were sig-
nificantly lower than in the ESþ PTX group (p< .05), which
could have been caused by better suppression of cell prolif-
eration and angiogenesis. Furthermore, the serum ES levels
in the ES-NPs and ES-NPsþ PTX groups were significantly
higher than those detected in the serum of the other groups
(p< .05, Figure 4(A)), whereas the serum VEGF levels in the
former two groups were markedly lower than the other
groups (p< .05, Figure 4(B)). This indicates that ES-NPs signifi-
cantly prolong the retention time of ES in vivo. After 7 days
of treatment, ES, which has been confirmed to block the
VEGF-induced tyrosine phosphorylation of KDR/Flk-1 and
down-regulate the expression of VEGF (Kim et al., 2002;
Abdollahi et al., 2003; Ling et al., 2007), could reduce the
protein expression of VEGF and still remain at high levels in
the serum, which could explain the low MVD observed in the
ES-NPsþ PTX and ES-NPs groups. However, the ES-NPsþ PTX
group displayed much stronger inhibition of tumor blood
vessels than the ES-NPs group. Consequently, we infer that
PTX kills tumor cells and simultaneously reduces the auto-
crine functions of VEGF, which would further suppress
angiogenesis.

In this study, the ES-NPsþ PTX group exhibited signifi-
cant antitumor and antiangiogenic effects. This suggests
that ES-NPs increase the stability and the concentration of
ES in the blood. Moreover, ES-NPs enhanced the antitumor
effect of PTX without increasing toxicity. Although the ES-
NPsþ PTX group showed the strongest inhibitory effect on
LLC, based on the vascular normalization time window, the
optimal administration plan must be determined in further
studies.

Conclusions

A chitosan NPs drug delivery system loaded with ES was pre-
pared using ionic cross-linking and its’ in vivo anti-tumor
activity was investigated in a LLC mouse model. The NPs
were prepared using the solid dispersion method and
resulted in a compound with high DL, high EE, and spherical
morphology. In vitro drug release experiments showed that
ES-NPs could release ES in a controlled manner. In vivo, ES-
NPs combined with PTX significantly inhibited tumor growth.
Analysis of tissue biomarkers showed that the ES-NPs com-
bined with PTX suppressed tumor cell proliferation and inhib-
ited angiogenesis in the tumor tissue. Thus, the results
indicate that ES-NPs can overcome the shortcomings of free
ES, such as short retention time in circulation, resulting in an
enhanced antitumor activity of ES. Moreover, the antitumor

effect can be strengthened further by combining the ES-NPs
with a cytotoxic agent, like PTX.
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