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Abstract: Aims and background: Endostatin can inhibit tumor endothelial cell proliferation, angiogenesis, and 
growth. We aimed to determine the increase in antitumor capabilities of recombinant human endostatin (rhES) 
when used with a nanocarrier system. The effect of gold nanoshell particles of recombinant human endostatin 
(G-rhES) with near-infrared (NIR) irradiation on proliferation, inhibition, and apoptosis of A549 lung cancer cells was 
studied. Materials and methods: Gold nanoshell particles were prepared. Endostatin was connected with the bond 
A-U through surface modification by bioconjugation of core-shell structured gold nanoshells. The drug targeting 
endostatin and the synthesized G-rhES were successfully connected. G-rhES inhibited proliferation of A549 lung 
cancer cells, as detected using tetrazolium colorimetric assay. Cellular apoptosis was measured by flow cytom-
etry. Mitochondrial membrane potential was determined using a confocal microscope. Morphological changes were 
studied by atomic force microscopy. Results: Under irradiation in the 820 nm NIR, G-rhES significantly inhibited the 
proliferation of A549 lung cancer cells. The underlying mechanism may be related to heat-induced apoptosis and cy-
totoxicity by NIR absorption, which kills cells directly, thereby indicating that G-rhES have good biocompatibility and 
pharmacological potency. Characterization of the local structure of lung cancer cells showed that G-rhES targeted 
surface receptors that may serve an apoptotic function under NIR exposure. NIR gold nanoshell particles showed 
synergism with endostatin, which may be related to hyperthermia-increased cytotoxicity and the apoptotic effect of 
endostatin. Conclusion: These data suggest that G-rhES can enhance the inhibition of tumor growth. The new treat-
ment strategy of G-rhES combined with thermal therapy may lead to lung cancer remission. The potential benefits 
of G-rhES are being considered for clinical evaluation.
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Introduction

Lung cancer is the most common cause of can-
cer-related mortality. More than 50% non-small 
cell lung cancer (NSCLC) patients are diag-
nosed at an advanced stage of nodal involve-
ment or metastasis. The 5-year survival rate  
for stage IIIB/IV NSCLC is poor. Standard che-
motherapy on NSCLC patients has yielded 
unsatisfactory antitumor activity. Angiogenesis 
is involved in lung cancer formation and distant 
metastases. Anti-angiogenesis is an important 
strategy against lung cancer [1, 2]. Recombi- 
nant human endostatin (rhES) is an endostatin 
that is expressed and purified from Escherichia 

coli with an additional nine-amino acid sequ- 
ence, thereby forming another His-tag struc-
ture. rhES suppresses the proliferation, migra-
tion, and tube formation of tumor endothelial 
cells stimulated by vascular endothelial growth 
factor (VEGF) [3]. rhES blocks the microvessel 
that sprouts from aortic rings during tumor 
angiogenesis. rhES also inhibits the formation 
of new capillaries from pre-existing vessels, 
there by affecting the growth of vessels in lung 
cancer [4]. The rhES combined rhES with che-
motherapy regimens could improve the median 
survival time and overall survival rate of patients 
with advanced lung cancer [5, 6]. However, the 
plasma concentration of rhES was not stable 
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because of its short half-life of 10.7 h and rapid 
clearance from systemic circulation. Therefore, 
using a new drug delivery carrier with well-con-
trolled release may improve the tumor-killing 
activity of rhES.

Tumor-targeted therapy based on nanomateri-
als and nanotechnology can be very useful in 
lung cancer treatment [7-9]. Nanoparticles are 
ultramicroscopic and are easily ingested by 
cancer cells, thereby enhancing anti-tumor 
effect of chemotherapy. Moreover, nanoparti-
cles can be ideal vectors for drug intracellular 
transporters [10-12]. Nanoshells can convert 
light into thermal energy. To assess the anti-
tumor activity of gold nanoshell particles of 
recombinant human endostatin (G-rhES) with 
near-infrared (NIR) thermal therapy in vitro, we 
prepared bio-soluble loaded immunological 
nanoparticles by attaching rhES to a bioconju-
gation of Au/SiO2 nanoshells, there by combin-
ing G-rhES and NIR light. We observed the  
synthesis procedures and the slow-release 
characteristics of G-rhES. We investigated the 
proliferation and apoptosis of G-rhES-mediated 
NIR thermal therapy on lung cancer cells in 
vitro. We presented the experimental results  
of the combination of G-rhES with NIR ther- 
mal therapy. We determined the occurrence of 
apoptosis in lung cancer cells induced by 
G-rhES-mediated NIR thermal therapy.

Methods

Reagents and chemicals

Endostatin was purchased from Medgenn 
Bioengineering Co., Ltd. (Yantai, China). RPMI 
1640 medium and fetal bovine serums were 
purchased from Gibco Inc. (Grand Island, NY, 
USA). Aminopropyltriethoxysilane (APTES) was 
purchased from Avocado Research Chemical, 
Ltd. (NY, USA). Rhodamine 123, tetrazolium 
(MTT), and analytical grade chemicals were 
purchased from Sigma Chemical Co. (St. Louis, 
MO, USA).

Synthesis procedures of recombinant human 
endostatin gold nanoshells

About 120 nm amorphous submicrometer 
spheres of silica were synthesized by base-cat-
alyzed hydrolysis of tetraethoxysilane (TEOS) 
via Stöber process. The surface of silica parti-
cles were terminated with amine groups by 
reaction with APTES. Small-sized gold colloids 

(1 nm to 2 nm) were synthesized according to 
Stuff [13]. The aminated silica particles were 
added to the fine gold colloid suspension to 
attach the gold colloid to the dielectric nanopar-
ticle surfaces via molecular linkages. Silica 
nanoparticle covered with islands of gold col-
loid (which served as “seed”) were used. The 
final nanoshells would develop based on these 
islands of gold colloid, eventually coalescing 
with neighboring colloids to form a complete 
gold shell. For bioconjugation of the Au/SiO2 
nanoshells, the common protein linker of 2-imi-
nothiolane was used. This linker could react 
with the amidogen of protein and release the 
SH group. Thiol chemistry has been widely used 
for the modification of gold surfaces [14, 15], 
and the released thiol was used for the same 
purpose. The 2-iminothiolane was dissolved in 
the K2CO3 solution (pH 8.5) and subsequently 
mixed with a proper amount of Au nanoshells 
and rhES. Thus, the molar ratio of rhES to 2-imi-
nothiolane was 1:1. The sample was allowed to 
react overnight, after which it was washed by 
repeated cycles of centrifugation and redisper-
sion (six times) in water. Samples were dried in 
vacuum at 30°C to obtain the final samples.

G-rhES-mediated NIR thermal therapy in vitro

Human lung cancer cell line A549 was provided 
by the Institute of Cell Biology, Chinese Aca- 
demy of Medical Science. Cells were cultured in 
RPMI-1640 supplemented with 10% heat-inac-
tivated fetal calf serum, 4 mM glutamine, 100 
U/ml penicillin, 1 μg/ml glucose, and 0.25 U/ml 
insulin under 37°C, 5% CO2, 95% air, and 95% 
humidity. A549 lung cancer cells were exponen-
tially grown on log phase and treated as fol-
lows: (1) in the control group, cells were incu-
bated in a saline medium for 12 h to 48 h; (2) in 
the G-rhES-mediated NIR thermal therapy, cells 
were treated with G-rhES and exposed to NIR 
light (820 nm, 35 w/cm2) from NIR laser mach- 
ine (EO-CT80E, China) for 7 min to induce cel-
lular toxicity by thermal therapy. After NIR light 
treatment, cells were incubated for 2 h at 37°C.

MTT colorimetric assay

The cytotoxic effects of G-rhES with NIR ther-
mal therapy were determined by MTT colori-
metric assay. A549 lung cancer cells (2×104 
cells/well) were seeded into a 96-well plate and 
allowed to attach overnight. Subsequently, 10 
μl of 5 mg/ml MTT solution was added to each 
well. The plates containing cells were incubated 
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for another 4 h at 37°C. The media was then 
aspirated. The blue formazan crystals were 
completely dissolved after the addition of 100 
μl DMSO. The absorbance at a wavelength of 
570 nm was measured with a multi-well spec-
trophotometer (BioTek, VT, USA). Cell growth 
inhibitory rate was calculated as a percentage 
of the treated groups to the untreated controls 
(no thermal therapy).

Apoptotic cell death assay

The apoptosis of A549 lung cancer cells 
induced by G-rhES and NIR thermal therapy 
was determined by Flow cytometry (Appendix 
Figure 1). Cells samples were fixed with 4% 
paraformaldehyde solution for 30 min at room 
temperature. Cells were harvested by centrifu-
gation, and the cell pellets were resuspended 
in lysis buffer (0.1% sodium citrate and 0.1% 
Trixon-100) containing 50 μg/ml of propidium 
iodide. Samples were stored at 4°C for 1 h 
before FACScan detection and analysis of sub-
G1 DNA content.

Detection of mitochondrial membrane poten-
tial (MMP) by confocal microscope

MMP was determined through a confocal 
microscope. Cells were washed in PBS buffer 
after drug treatment. Cells were incubated for 
15 min with fluorescence probe 5 μg/ml 
Rhodamine 123 for MMP at 37°C in a 5% CO2 
humidified incubator. In all cases, samples 
were mounted on glass slides for observation 
under a confocal microscope (ACASS570, 
Meridian, USA).

Atomic force microscope detection

A549 lung cancer cells were vaccinated on the 
slide with lysine, fixed with 2.5% glutaricdialde-
hyde for 10 min, flushed with deionized water. 
Subsequently, cells were air dried. The scanned 
region of the samples of the cells for image for-
mation was fixed on the glass by using atomic 
force microscopy. The experiment required 100 
µm scanners and a UL20B silicon probe with a 
force constant of 2.8 N/m. Scanning was con-
ducted, and each group of samples contained 
more than 10 cells. The images were observed 
using an autoprobe CP atomic force micro-
scope (Veeco, USA). The software that came 
with the instrument (Thermo Microscopes 
Proscan Image Processing Software Version 
2.1) was used to collect and process the image 
data.

Statistical analysis

Results were reported as mean ± standard 
error of the mean. The statistical significance 
between two measurements was determined 
by the two-tailed unpaired Student’s t-test. 
Probability values of P < 0.05 were considered 
significant.

Results

Characteristics of G-rhES

Synthesis and bioconjugation of core-shell 
structured gold nanoshells were performed to 
prepare silicon oxide nanoshell particles, which 
were coated on the surface for effective and 

Figure 1. The core-shell structure of SiO2/Au nanoparticles. Transmission electron microscopy showed that nanopar-
ticles SiO2/Au nanoparticles were round particles with relatively smooth edges. Micro-gold nanocolloids were well 
distributed and adsorbed on the surface of SiO2.
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complete payment shells. The surface modifi-
cation was required to connect rhES. 2-Imino- 
thiolane was used to close the shells and non-
specific sites of the surface layer to increase 
biocompatibility of G-rhES. The method of prep-
aration was satisfactory, simple, and reproduc-
ible. Transmission electron microscopy was 
employed to study the shape of the G-rhES. The 
prepared G-rhES was small, sturdy, and easily 
absorbed. The average diameter of G-rhES was 
120 nm (Figure 1), and the drug envelope ratio 
was 37.5%. Gold shells resulted in a peak 
absorbance at 824 nm, which was identical to 
the emission wavelength of NIR laser (Figure 
2).

Inhibition of lung cancer cells induced by 
G-rhES and NIR thermal therapy

The significant inhibition of proliferation of 
A549 lung cancer cells by G-rhES and NIR ther-
mal therapy was observed. G-rhES inhibited 
proliferation at 820 nm in treated A549 lung 
cancer cells compared with normal A549 lung 
cancer cells. G-rhES combined with NIR irradia-
tion showed growth inhibition of A549 lung can-
cer cells in a dose-and time-dependent man-
ner. G-rhES and NIR evidently inhibited A549 
cells (Figure 3; Table 1).

Flow cytometry (Appendix Figure 1) results 
indicated that 10 μg/ml to 40 μg/ml dosages 
of G-rhES at 820 nm could induce apoptosis of 
A549 lung cancer cells. The apoptosis of graph-
ics showed that G-rhES combined with hyper-
thermia could increase apoptosis of A549 lung 
cancer cells. Moreover G-rhES not only promot-

ed apoptosis of A549 lung cancer cells, but 
also directly killed the cells in a dose-depen-
dent manner (Table 2).

Effect of G-rhES and NIR on MMP

Measurement of MMP by the fluorescent probe 
Rhodamine 123 showed that the fluorescent 
intensity (FI) of MMP was 1752.1±278.7 U in 
the control group. The FI value was increased to 
3050.8±118.2 U (P < 0.05) in the G-rhES and 
NIR-treated group (Figures 4, 5). An increase  
in mitochondrial fluorescence of Rhodamine 
123 represented the addition in mitochond- 
rial potential depolarization, thereby indicating  
the reduction of MMP level. Furthermore, the 
decrease of MMP level occurred with apoptotic 
cellular damage induced by G-rhES and NIR 
irradiation.

Figure 2. Optical absorption spectrum of SiO2/Au 
nanoparticles. The wavelength (824 nm) produced 
optimal nanoshells heating.

Figure 3. The morphological manifestation of lung 
cancer cells treated with G-rhES nanoshells and NIR. 
A: normal A549 cells (×40); typical morphological 
images of cells were observed. B: A549 cells treat-
ed with G-rhES and NIR; the apoptotic cells shrank 
markedly (×40).
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Morphological changes of lung cancer cells 
induced by G-rhES and NIR

The inhibitory effects of G-rhES and NIR irradia-
tion on lung cancer cells were detected at the 
nanometer scale. The morphological differenc-
es of the overall shape and surface membrane 
were studied by high-resolution atomic force 
microscopy imaging. Morphological parame-
ters of the valley-to-peak and average surface 
roughness of cells were studied. Atomic force 
microscopy results showed significant micro-
morphological changes in the A549 lung can-
cer cells treated with G-rhES under irradiation 
in the 820 nm NIR spectrum. The overall frame-
work of cells still existed, but the number of 
pseudopodia decreased compared with the 
control group. Many small holes appeared on 
the surface of the cellular membrane. The 
holes of the cell surface were irregular, and 
cytoplasm flowed out. These morphological 
changes indicated apoptotic cellular morpho-
logical damage induced by G-rhES and NIR 
irradiation.

Discussion

Initiation of angiogenesis results in tumor 
growth, metastases, and progression. En- 

dostatin is a new spectrum angiogenesis in- 
hibitor that could be a molecular target agent 
for co-administration with other therapies dur-
ing lung cancer treatment. Nanotechnology 
research in the field of tumor treatment has 
generated tremendous developments. For 
example, multidrug resistance (MDR) in lung 
cancer is the primary reason for chemotherapy 
failure. Reversing MDR specific inhibitors might 
increase chemosensitization [16-18], but anti-
EGFR antibody conjugated gold nanoparticles 
with laser photothermal therapy were used to 
treat epithelial carcinoma [19, 20]. The efficacy 
of angiogenesis inhibitor still requires improve-
ment. Ideal properties of angiogenesis inhibi-
tors include broad spectrum of activity, lack of 
drug resistance, relative nontoxicity, and syner-
gistic activity with other anticancer drugs, such 
as bevacizumab, which is a recombinant 
humanized monoclonal anti-VEGF antibody that 
recognizes and neutralizes isoforms of VEGF.

Angiogenesis target therapy plays an important 
role in lung cancer. Tumor cells can only survive 
if they are able to obtain the steady supply of 
oxygen and other nutrients, which these cells 
need to support their metabolic activity. Endo- 
statin can improve the efficacy of chemothera-
py in lung cancer [5]. The main steps of the 
angiogenic process can be interrupted by inhi- 
biting endogenous angiogenic factors, such  
as bFGF and VEGF, suppressing degradative 
enzymes responsible for the degradation of the 
basement membrane of blood vessels and for 
decreasing endothelial cell proliferation and 
migration. Endostatin showed synergistic activ-
ity when used in combination with chemothera-
peutic agents (vinorelbine and cisplatin) and 
showed favorable toxicity in advanced lung  
cancer patients. Endostatin with systemic che-

Table 1. Inhibition rate of NIR irradiation and different concentrations of G-rhES, as tested by MTT 
chromatometry
Concentration  
(μg/ml)

24 h 48 h 72 h
A value Inhibition rate (%) A value Inhibition rate (%) A value Inhibition rate (%)

0 1.438±0.02 - 1.521±0.02 - 1.530±0.01 -
2.5 1.419±0.04 1.2 1.484±0.02 2.4 1.477±0.01 3.4
5 1.380±0.01 4.0 1.431±0.01 5.9 1.433±0.03 6.3
10 1.374±0.01 4.4 1.425±0.04 6.3 1.373±0.04 10.2
20 1.240±0.03 13.7 1.280±0.05 15.8 1.570±0.02 17.8
40 1.196±0.04 16.8 1.239±0.03 18.5 1.138±0.01 25.1
80 1.139±0.05 20.7 1.131±0.01 25.6 1.069±0.04 30.1
P<0.05 compared with the control group.

Table 2. Apoptosis rates of A549 lung cancer 
cells with G-rhES combined with NIR irradia-
tionco-cultured for 72 h
Concentration (μg/ml) Apoptotic rate (%)
0 0.9±0.1
10 5.4±2.3*

20 15.9±4.9*

40 21.4±2.8*

*p<0.01 compared with the group of negative control-
nanoshells.
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motherapy enhanced antitumor efficacy in liver 
metastasis of colorectal cancer.

We studied the occurrence of lung cancer cells 
apoptosis induced by G-rhES-mediated NIR 
thermal therapy. Results showed that the syn-
thesis and bioconjugation of G-rhES along with 
NIR had significant efficiency and were superior 
to those without G-rhES and NIR. Colloidal gold 
nanospheres are promising as therapeutic 
agents because of their simple and fast prepa-
ration [21]. G-rhES and NIR significantly inhibit-
ed proliferation of lung cancer cells. G-rhES 
could promote apoptosis of lung cancer cells. 
The evident apoptotic morphological changes, 
which include changes in the overall shape  
and surface membrane of cells, were studied 
by atomic force microscopy imaging. High-
resolution atomic force microscope imaging 
can be used to evaluate therapeutic effect on 
morphological parameters in detail [22-24]. 

Mitochondria play an important role in induc-
tion of apoptotic cell death. A collapse in inner 
transmembrane potential indicated the open-
ing of a large conductance channel, known as 
the mitochondrial permeability transition pore, 
which releases caspases-activating proteins 
located within the inter membrane space into 
the cytosol. Data showed a fall of MMP level 
that occurred during apoptotic cellular damage. 
Data on apoptotic cellular morphological 
changes induced by recombinant human end-
ostatin gold nanoshell and NIR were also 
presented.

The effect of G-rhES and NIR on lung cancer in 
vivo will be investigated in the future. The signal 
transduction of G-rhES and methods to inhibit 
angiogenesis of lung cancer will be investigat-
ed. The new treatment strategy of G-rhES com-
bined with hyperthermia may help with lung 
cancer remission.

Figure 4. Morphological changes in A549 lung cancer cells treated with 40 µg/ml G-rhES and NIR irradiation by 
atomic force microscopy. A: Cell-surface 3D map in the error signal image. B: Cell average length was 27.4 μm; the 
average width was 15.5 μm; the morphological parameter of peak to valley (Rp-v) was 1279±115 nm; and the sur-
face roughness (Ra) was 2542±187 nm. C: Corresponding ultrastructure of the membrane of G-rhES-treated cells 
from an area in the left image.

Figure 5. Digital images of MMP fluorescence induced by G-rhES and NIR irradiation. A was in the control group. B 
was in the G-rhES nanoshells and NIR irradiation group.
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Appendix Figure 1. A549 lung cancer cells treated with 10 μg/ml to 40 μg/ml dosages of G-rhES and NIR irradiation 
were double-stained with PI and Annexin V, and then analyzed by flow cytometry. A: The control group. B: 10 μg/
ml G-rhES and NIR irradiation group. C: 20 μg/ml G-rhES and NIR irradiation group. D: 40 μg/ml G-rhES and NIR 
irradiation group.


