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Background: Nanomedicine, which is the application of nanotechnology in medicine to make 

medical diagnosis and treatment more accurate, has great potential for precision medicine. 

Despite some improvements in nanomedicine, the lack of efficient and low-toxic vectors 

remains a major obstacle. 

Objective: The aim of this study was to prepare an efficient and low-toxic vector which could 

deliver astrocyte elevated gene-1 (AEG-1) small interfering RNA (siRNA; siAEG-1) into osteo-

sarcoma cells effectively and silence the targeted gene both in vitro and in vivo.

Materials and methods: We prepared a novel polysaccharide derivative by click conjugation 

of azidized chitosan with propargyl focal point poly (L-lysine) dendrons (PLLD) and subsequent 

coupling with folic acid (FA; Cs-g-PLLD-FA). We confirmed the complexation of siAEG-1and 

Cs-g-PLLD or Cs-g-PLLD-FA by gel retardation assay. We examined the cell cytotoxicity, cell 

uptake, cell proliferation and invasion abilities of Cs-g-PLLD-FA/siAEG-1 in osteosarcoma 

cells. In osteosarcoma 143B cells tumor-bearing mice models, we established the therapeutic 

efficacy and safety of Cs-g-PLLD-FA/siAEG-1.

Results: Cs-g-PLLD-FA could completely encapsulate siAEG-1 and showed low cytotoxicity 

in osteosarcoma cells and tumour-bearing mice. The Cs-g-PLLD-FA/siAEG-1 nanocomplexes 

were capable of transferring siAEG-1 into osteosarcoma cells efficiently, and the knockdown of 

AEG-1 resulted in the inhibition of tumour cell proliferation and invasion. In addition, caudal 

vein injecting of Cs-g-PLLD-FA/siAEG-1 complexes inhibited tumor growth and lung metastasis 

in tumor-bearing mice by silencing AEG-1 and regulating MMP-2/9. 

Conclusion: In summary, Cs-g-PLLD-FA nanoparticles are a promising system for the effec-

tive delivery of AEG-1 siRNA for treating osteosarcoma.

Keywords: chitosan, gene delivery, astrocyte elevated gene-1, small interfering RNA, 

osteosarcoma

Introduction
Human cancer is a complex and intrinsically heterogeneous disease. Cancer patients 

may exhibit similar symptoms and appear to have the same pathological disease 

but may have entirely different genetic abnormalities. Precision medicine aims to 

explore cancer heterogeneity by incorporating diagnostic technology to characterize 

each cancer patient’s molecular subtype for tailored treatments.1,2 Nanomedicine, 

which is the application of nanotechnology in medicine to make medical diagnosis 

and treatment more accurate, has great potential for precision medicine.3 Among the 

applications of nanotechnology in medicine, utilizing small interfering RNA (siRNA) 

therapeutic nanoparticles is an innovative strategy to generate novel treatments for 

precision medicine.4,5 Thus, nanomedicine may give rise to a new era of precision 

medicine.
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The siRNA structure with 19–21 base pairs has been 

regarded as a robust tool in posttranscriptional gene 

silencing.6,7 Targeted gene knockdown via siRNA delivery 

has exciting potential for the treatment of diseases, including 

cancer caused by aberrant gene expression.8,9 Various siRNA-

based therapeutics have been developed and show great 

promise in cancer treatments.10,11 However, safe and efficient 

delivery of siRNA to the affected tissues remains a challeng-

ing obstacle to the implementation of siRNA therapies.12

With the development of nanomedicine, various synthetic 

nanocarriers have been constructed to deliver siRNA into 

cancer cells, and they show great promise in cancer treat-

ments. These nanocarriers include lipid-based nanoparticles 

(LNPs),13 cationic LNPs,14 polyplexes,15 and so on. Cationic 

LNPs readily bind and condense nucleic acids, and have been 

commonly used as transfection vehicles for siRNA. Of the 

many cationic polymers, polyethylenimine (PEI) has been 

widely used for nucleic acid delivery. The “proton-sponge” 

effect of PEI allows siRNA to escape from endosomes and to 

deliver nucleic acids into the cell. However, the large amount 

of positive charge results in a rather high cellular toxicity 

and is the major limiting factor for their application in vivo.16 

Lipid-based nanostructures may either contain lipids on the 

shell of the nanoparticle or as the core material. Neutral 

liposomes are characterized with low immunogenicity and 

toxicity. However, neutral liposomes have reduced to interact 

with anionic polynucleotides, resulting in poorer entrapment 

efficiency.17 Polyplexes are polycation-based nanoparticles 

(100–400 nm) formulated siRNAs. The major advantage of 

using polycations is their structural flexibility. Recently, poly 

lactic-co-glycolic acid (PLGA) has been used as a nanocarrier 

for plasmid DNA and siRNA delivery. The advantages con-

ferred by PLGA-based siRNA delivery include high plasma 

stability and low toxicity. However, poor electrostatic attrac-

tion between PLGA and siRNA limits the use of the former 

as a carrier of the latter.18,19

As a polyplex nanocarrier, chitosan is a natural product 

of the deacetylation reaction of chitin and is widely used in 

the biomedical field, because it shows low cytotoxicity and 

is biodegradable.20,21 It can form complexes with nucleic 

acids via electrostatic interactions, and it effectively protects 

nucleic acids from nuclease degradation to increase the cel-

lular accumulation of siRNA molecules and facilitate their 

release from endosomes to the cytosol in cells. Therefore, 

chitosan has attracted increasing attention as a nonviral 

nucleic acid delivery vehicle.22–25 Although, chitosan has 

been extensively modified and investigated for nucleic acid 

delivery, the efficiency of gene delivery by its derivatives 

is still relatively low.26–29 There is very little information 

available on the modification of chitosan for use as a targeted 

gene delivery vector. Folic acid (FA; vitamin B9) is selected 

for cancer-targeted therapies, because folate receptors are 

rapidly internalized when engaged by FA, and most malig-

nant tumors have high folate receptor expression for rapid 

cell growth.30 Coating nanocarriers with FA has enhanced 

transfection efficiency in targeted cancer cells. 

Osteosarcoma is the most common primary malignant 

bone tumor in children and adolescents, and is characterized 

by aggressive growth as well as poor long-term survival 

due to early frequent systemic metastasis, particularly lung 

metastasis.31,32 The standard treatment for osteosarcoma is a 

combination of surgery and chemotherapy. The 5-year survival 

rate for patients with local osteosarcoma remains ~65%–70%; 

for patients with metastatic disease, the 5-year survival rate 

is only 20%.33 Astrocyte elevated gene-1 (AEG-1), primarily 

identified as a late response gene induced by HIV-1 infection, 

plays multiple roles, including malignant transformation, 

chemoresistance acquisition, angiogenesis, and metastasis. 

As a multifunctional oncoprotein, AEG-1 has been shown to 

be overexpressed in multiple types of human tumor malignan-

cies, including lung cancer, breast cancer, hepatocellular car-

cinoma, glioma, and prostate cancer.34–36 Our previous study 

suggested that AEG-1 was overexpressed in human osteo

sarcoma tissues and that downregulation of AEG-1 expres-

sion inhibited tumor cell proliferation and invasion in vitro.37 

Following its initial identification, AEG-1 was thought to be a 

potential focus for targeted therapy based on its multifaceted 

roles in regulating malignant tumor progression.

To achieve efficient systemic siRNA delivery to osteo-

sarcoma, we developed a novel nanoscale polysaccharide 

derivative, which was prepared by click conjugation of 

azido-modified chitosan with propargyl focal point poly 

(L-lysine) dendrons (PLLD) and subsequent coupling with 

FA (Cs-g-PLLD-FA). The nanocarrier increased the solu-

bility and stability of the nucleic acid binding capability of 

chitosan nanoparticles, and exerted a positive influence on 

the ability of FA to deliver siRNA to osteosarcoma cells. 

We characterized the properties and toxicity of the nano-

carrier, examined its ability to deliver AEG-1 siRNA into 

osteosarcoma cells, and investigated the tumor suppression 

effect in vitro and in vivo. The schematic summary of syn-

thesis and antitumor process of Cs-g-PLLD-FA/siAEG-1 is 

illustrated in Scheme 1.

Materials and methods
Materials
Chitosan (molecular weight =10 kDa, deacetylation 

degree =85.3%) was purchased from Haidebei Marine 

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2018:13 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

859

Nanoscale polysaccharide derivative as an AEG-1 siRNA carrier

Bioengineering Co Ltd (Jinan, Shandong, China) and was 

used as received. Then, 1-azido-2,3-epoxypropane was syn-

thesized by two-step reactions in our laboratory according to 

the method reported previously by Pahimanolis et al.38 Prop-

argyl focal point PLLD-G3 (generation =3) was synthesized 

in our laboratory by divergent and convergent approaches, 

as reported in our recent publication.39 Copper sulphate 

(CuSO
4
⋅5H

2
O) and sodium ascorbate (99%) were purchased 

from Alfa Aesar (Haverhill, MA, USA). The human osteo-

sarcoma cell line 143B and U2OS were purchased from the 

China Center for Type Culture Collection (Wuhan, Hubei, 

China). RPMI 1640 medium was supplied by Thermo Fisher 

Scientific (Waltham, MA, USA). Fetal bovine serum was 

supplied by Gibco (Grand Island, NY, USA). Targeting 

AEG-1 siRNA and fluorescein-tagged siRNAs (siAEG-1, 

sense 5′-GGU CUC AGA UGA UGA UAA ATT-3′ and 

antisense 5′-UUU AUC AUC AUC UGA GAC CTT-3′) were 

supplied by Ribobio (Guangzhou, Guangdong, China). The 

MTT kit and dimethyl sulfoxide (DMSO) were purchased 

from KeyGen (Nanjing, Jiangsu, China) and Sigma-Aldrich 

(St Louis, MO, USA), respectively. Lipofectamine 2000 and 

an anti-AEG-1 rabbit antibody were purchased from Thermo 

Fisher Scientific. Anti-matrix metalloprotease (MMP)-2 

rabbit antibody, anti-MMP-9 rabbit antibody, and anti-Ki-67 

rabbit antibody were purchased from Cell Signaling Tech-

nology (Danvers, MA, USA). Trizol reagent was purchased 

from Thermo Fisher Scientific and FastStart Universal SYBR 

Green Master was purchased from Hoffman-La Roche Ltd 

(Basel, Switzerland).

Azidation of chitosan by 1-azido-2,3-
epoxypropane
The introduction of azide groups onto the backbone of 

chitosan was carried out as follows: 250 mg of chitosan 

and 180 µL (1.5 mmol) of a freshly prepared solution of 

1-azido-2,3-epoxypropane were successively added to 

distilled water with magnetic stirring. The clear reaction 

mixture obtained was stirred for 24 hours at 30°C in the dark. 

After the reaction, the product was dialyzed in distilled water 

for 3 days (molecular weight cutoff [MWCO] =8,000) and 

was lyophilized to obtain azido-modified chitosan (Cs-N
3
, 

yield 86%). Fourier-transform infrared spectroscopy (FTIR; 

Perkin–Elmer Paragon 1000 spectrometer; PerkinElmer Inc, 

Waltham, MA, USA) and 1H nuclear magnetic resonance 

(NMR; Bruker DPX-300 NMR spectrometer; Bruker Corpo-

ration, Billerica, MA, USA) analyses were used to confirm 

the azidation of amylose by 1-azido-2,3-epoxypropane. 

Click reaction between azido-modified 
chitosan and propargyl focal point PLLD
The click reaction between Cs-N

3
 and PLLD-G3 was carried 

out as follows: 0.515 g of PLLD-G3 (0.29 mmol) and 0.05 g 

of Cs-N
3
 were added successively with magnetic stirring to 

10 mL of DMSO. After a clear solution was obtained, 18 mg 

of CuSO
4
⋅5H

2
O and 28 mg of sodium ascorbate were added 

successively under a nitrogen atmosphere. The resultant 

reaction mixture was heated to 40°C for 48 hours. After the 

reaction, the product was dialyzed in distilled water for 3 days 

(MWCO =8,000) and lyophilized to obtain the dendronized 

Scheme 1 A schematic summary of synthesis and antitumor process of Cs-g-PLLD-FA/siAEG-1. 
Notes: (A) Encapsulating siRNA molecules into the Cs-g-PLLD-FA. (B) Self-assembly of Cs-g-PLLD-FA/siAEG-1. (C) In vivo cancer treatment through injecting Cs-g-PLLD-
FA/siAEG-1. (D) In vitro gene silencing process initiated by Cs-g-PLLD-FA/siAEG-1.
Abbreviations: FA, folic acid; PLLD, poly (L-lysine) dendrons; AEG-1, astrocyte elevated gene-1; Cs-g-PLLD-FA, a novel nanoscale polysaccharide derivative prepared by 
click conjugation of azido-modified chitosan with propargyl focal point PLLD and subsequent coupling with FA.
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chitosan derivative (Cs-g-PLLD, yield 73%). FTIR (Perkin–

Elmer Paragon 1000 spectrometer) and 1H NMR (Bruker DPX-

300 NMR spectrometer) analyses were used to confirm the click 

reaction between Cs-N
3
 and PLLD-G3. Based on elemental 

analysis, the degree of substitution (the number of polyamido-

amine dendrons per 100 anhydroglucose units of chitosan) of 

PLLD-G3 on chitosan was determined to be 10.35. 

Conjugation between Cs-g-PLLD and FA 
Conjugation between Cs-g-PLLD and FA was carried out 

as follows: 10 mL of DMSO, 0.359 g of FA (0.81 mmol), 

0.168 g of dicyclohexylcarbodiimide, and 0.102 g of 

N-hydroxysuccinimde were added successively with mag-

netic stirring for 5 hours at 25°C. After filtration, a clear 

solution was obtained, and then, 0.5 mL of solution and 

30 mg of Cs-g-PLLD were added successively with magnetic 

stirring for 48 hours. After the reaction, the product was 

dialyzed in distilled water for 3 days (MWCO =8,000) and 

was lyophilized to obtain the dendronized chitosan derivative 

(Cs-g-PLLD-FA, yield 61%). FTIR (Perkin–Elmer Paragon 

1000 spectrometer) and 1H NMR (Bruker DPX-300 NMR 

spectrometer) analyses were used to confirm this conjugation 

between Cs-g-PLLD and FA.

Complexation of Cs-g-PLLD and 
Cs-g-PLLD-FA with AEG-1 siRNA and 
the characterization of the complexes
Complexations of Cs-g-PLLD and Cs-g-PLLD-FA with 

AEG-1 siRNA in phosphate-buffered saline (PBS, pH 7.4) 

were carried out at various nitrogen/phosphorus (N/P) 

ratios. Elemental analysis showed that the mass content of 

nitrogen in Cs-PLLD is about 10.4%; moreover, the mass 

content of phosphorus in siRNA is about 9.3% according 

to its structure. So, we can calculate the N/P ratio by mass 

fraction as follows:

	
N P ratio

N

P

N/14

P/31

(Cs PLLD) 10.4/14

(siRNA) 9.3/31
= = =

− ×
×

n

n

m

m

m

m �

For each complexation, the resultant suspension was 

homogenized by gentle vortexing for 10 seconds and was 

then incubated at room temperature for 30 minutes before 

use. The particle sizes (diameter) and zeta potentials of the 

Cs-g-PLLD/siAEG-1 and Cs-g-PLLD-FA/siAEG-1 com-

plexes were determined using a zeta potential analyzer instru-

ment (ZetaPALS; Brookhaven Instruments Corporation, 

Austin, TX, USA). Prior to the measurements, the complexes 

were diluted to 1.0 mL with PBS. Morphological examination 

of the complexes was performed using a JEM-2010HR 

high-resolution transmission electron microscope after the 

complexes were counterstained with uranyl acetate.

Gel retardation assay
The complexation of Cs-g-PLLD or Cs-g-PLLD-FA with 

AEG-1 siRNA was investigated by 1% agarose gel elec-

trophoresis. Cs-g-PLLD or Cs-g-PLLD-FA and AEG-1 

siRNA were mixed at N/P ratios of 1:1, 2:1, 4:1, 8:1, 10:1, 

20:1, and 30:1, forming different formulation compositions. 

The resulting complexes were kept at room temperature for 

30 minutes to facilitate complexation. Next, the samples were 

loaded onto 1% agarose gels stained with ethidium bromide. 

The samples were electrophoresed at 100 V for 15 minutes 

in Tris-acetate buffer, and the bands were visualized on an 

ultraviolet transilluminator.

Cell culture and MTT assay 
The human osteosarcoma cell lines 143B and U2OS were 

cultured in RPMI 1640 medium supplemented with 10% 

fetal bovine serum, 100 μg/μL streptomycin, and 100 μg/μL 

penicillin, in a 37°C incubator, containing 5% CO
2
. The 

cytotoxic effects of Cs-g-PLLD and Cs-g-PLLD-FA against 

osteosarcoma cells were measured by the MTT assay. In brief, 

cells were seeded on 96-well plates with 3×103 cells/well. The 

next day, cells were incubated for 48 hours with different 

concentrations of conjugates in serum containing culture 

medium. Next, MTT was added to each well. After 4 hours 

incubation at 37°C, the medium was discarded, and 150 μL 

of DMSO was added to each well. The absorbance was 

measured at 570 nm as the reference wavelength. 

In vitro RNAi experiments 
The 143B and U2OS cells were grown in 24-well plates to 

30% confluency; thereafter, the growth medium was replaced 

with fresh growth medium containing either Cs-g-PLLD/

siAEG-1 or Cs-g-PLLD-FA/siAEG-1 (siAEG-1 was labeled 

with cy3, and the concentration of siRNA in each well was 

50 nM, the quantity of Cs-g-PLLD or Cs-g-PLLD-FA in 

each well was 10 μg). Next, the 24-well culture plates were 

incubated at 37°C for 6 hours. After 24 hours incubation in 

fresh growth medium, cells were analyzed for siRNA uptake 

using an inverted fluorescence microscope (IX71; Olympus 

Corporation, Tokyo, Japan). Cells were also collected by 

trypsinization, centrifuged, resuspended in PBS, and analyzed 

by flow cytometry (Beckman Coulter, Brea, CA, USA).

For confocal laser scanning microscopy observations, 143B 

and U2OS cells (5×104 cells/well) were seeded in a 35-mm 

glass-bottomed culture dish (MatTek Corporation, Ashland, 

MA, USA) and were incubated for 24 hours. After in vitro 
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transfection for 4 hours (siAEG-1 was labeled with cy3, and the 

concentration of siRNA in each well was 50 nM, the quantity 

of Cs-g-PLLD or Cs-g-PLLD-FA in each well was 10 μg), 

the cells were stained with DAPI, directly observed using the 

Olympus FluoView confocal microscope and analyzed using 

FV10-ASW viewer software (Olympus Corporation).

Immunoblotting analysis
Protein was extracted from the cell pellet using lysis buffer, 

and an equal amount of protein was loaded onto 10% SDS 

polyacrylamide gels for separation, followed by transfer onto 

polyvinylidene fluoride membranes. The membranes were 

probed with an anti-AEG-1 rabbit antibody and incubated 

with horseradish peroxidase-conjugated anti-rabbit IgG. 

AEG-1 expression was determined using enhanced chemilu-

minescence. The membranes were stripped and reprobed with 

an anti-GAPDH antibody as an internal loading control. 

RNA extraction and quantitative reverse 
transcription-polymerase chain reaction 
(RT-PCR)
Total RNA from cells was extracted using Trizol reagent 

and quantitative RT-PCR was conducted using FastStart 

Universal SYBR Green Master kit according to the manu-

facturer’s instruction as previously described.37

Invasion assay
Invasive ability was measured using 24-well BioCoat cell 

culture inserts (Corning Costar, Cambridge, MA, USA) 

with an 8 μm pore polyethylene terephthalate membrane 

coated with Matrigel basement membrane matrix (Trevigen, 

Gaithersburg, MD, USA). In brief, the wells of the lower 

chamber were filled with medium containing 10% fetal 

bovine serum. Next, 5×104 cells/well were seeded in the 

upper compartment in serum-free medium. The invasion 

assay was performed at 37°C in a 5% CO
2
 humidified incuba-

tor for 24 hours. At the end of the invasion assay, the filters 

were removed, fixed with methyl alcohol, and stained with 

hematoxylin. Cells on the upper surface of the filters were 

removed by wiping with a cotton swab, and invasion was 

determined by counting cells that migrated to the lower side 

of the filter using a microscope at ×400 magnification. 

In vivo xenograft tumor assays
The 143B cells were subcutaneously inoculated into the flanks 

of 4-week-old male nu/nu nude mice (1×106 cells/mouse, 

n=5 per group). Laboratory animal husbandry and in vivo 

experiments were approved by the Medical Ethics Committee 

of The First Affiliated Hospital of Sun Yat-sen University 

and performed according to the guidelines of the National 

Laboratory Animal Center. The diameters of the resulting 

tumors were measured every 3 days, and the tumor volume was 

calculated as follows: large diameter × (small diameter)2 ×0.52. 

Xenograft tumors were harvested at the end point of the experi-

ment and were sent for routine tissue processing.

Mice were anesthetized and transported to the Medical 

Science Experimentation Center of Sun Yat-sen University. 

Computed tomography (CT) scans were taken using a CT 
18fluro-D-glucose positron emission computed tomography 

(18F-FDG PET-CT) imaging device (Inveon, Istanbul, 

Turkey) before the mice were sacrificed, to evaluate lung 

metastasis formation. 

Immunohistochemical (IHC) staining
IHC staining was performed using standard streptavidin-

biotin peroxidase methods. Antigen retrieval was performed 

by heating the slides in 10 mmol/L sodium citrate buffer 

(pH 6.0) for 15 minutes at 95°C. The slides were then incu-

bated in 10% normal blocking serum for 30 minutes and 

then with anti-AEG-1 antibody overnight at 4°C, followed 

by incubation with biotin-labeled anti-rabbit secondary 

antibodies and streptavidin-horseradish peroxidase complex. 

The tissue sections were counterstained with 10% Mayer’s 

hematoxylin, dehydrated, and mounted in Crystal Mount. The 

other antibodies used were an anti-MMP-2 rabbit antibody, 

an anti-MMP-9 rabbit antibody, and an anti-Ki-67 rabbit 

antibody. Digital photomicrographs were obtained at ×400 

magnification. The scores of immunohistochemically stained 

sections were calculated by multiplying the percentage of 

positive cells by the staining intensity.

Statistical analysis
All experiments were repeated at least three times. Data 

were analyzed using the unpaired Student’s t-test, and a 

P-value ,0.05 was considered significant.

Results and discussion
Synthesis of Cs-g-PLLD and Cs-g-PLLD-FA
Figure 1 illustrates the synthesis of azido-modified chitosan 

(Cs-N
3
), Cs-g-PLLD, and Cs-g-PLLD-FA. Figure S1A 

shows the FTIR spectra of chitosan, azido-modified chitosan 

(Cs-N
3
), Cs-g-PLLD, and Cs-g-PLLD-FA. Compared with 

the spectrum of chitosan, the spectrum of Cs-N
3
 showed a 

new strong peak at 2,113 cm−1, confirming the introduc-

tion of an azide group into the chitosan backbone. After 

click conjugation, the spectra of Cs-g-PLLD and Cs-g-

PLLD-FA did not show the characteristic absorption bands 

of the azido group (2,113 cm−1),40 but exhibited the main 
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characteristic bands of PLLD-G3 (2,925 cm−1, 2,848 cm−1 

(νC-H), 1,623 cm−1 (νC=O), and 1,574 cm−1 (νCO-NH)) 

and Cs-N
3
. Further analyses were conducted on the 1H NMR 

spectra shown in Figure S1B and C. The 1H NMR spectrum 

of Cs-g-PLLD showed not only the characteristic peaks of 

Cs-N
3
 at 2.60–5.40 ppm and characteristic peaks of PLLD-G3 

at 1.10–1.60 and 3.0–3.60 ppm, but also a new signal at 

8.26 ppm, which could be attributed to the presence of the 

Figure 1 Synthesis route to Cs-N3, the azido-functionalized chitosan substituted derivative, poly (L-lysine) G3 dendron-conjugated chitosan (Cs-g-PLLD), and Cs-g-PLLD-FA.
Abbreviations: DCC, dicyclohexylcarbodiimide; NHS, N-hydroxysuccinimde; DMSO, dimethyl sulfoxide; FA, folic acid; PLLD, poly (L-lysine) dendrons; Cs-g-PLLD-FA, 
a novel nanoscale polysaccharide derivative prepared by click conjugation of azido-modified chitosan with propargyl focal point PLLD and subsequent coupling with FA.
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triazole proton.41 These results indicate the success of the 

click conjugation between the PLLD-G3 dendron and Cs-N3. 

Moreover, Cs-g-PLLD-FA showed more characteristic 

peaks of FA at 8.44 ppm (s, -CH- of pyrazine on FA), 7.51 

ppm (d, -CH- of the phenyl ring on FA), and 6.79 ppm 

(d, -CH- of the phenyl ring on FA), indicating the success 

of conjugation between Cs-g-PLLD and FA.

Characterization of complexes
One prerequisite of Cs-g-PLLD-FA as a nonviral gene vector 

is the ability to condense AEG-1 siRNA into particulate 

structures.42 Therefore, we carried out particle size and zeta 

potential measurements as well as transmission electron 

microscopy (TEM) observations for aqueous Cs-g-PLLD-FA/

siAEG-1 mixed systems. Figure 2 shows the particle size 

Figure 2 Properties of Cs-g-PLLD/siAEG-1 and Cs-g-PLLD-FA/siAEG-1 complexes at various N/P ratios: (A) average particle size and (B) zeta potential after 30 minutes, 
(C) average particle size and (D) zeta potential after 24 hours. TEM image of the (E) Cs-g-PLLD/siAEG-1 complex and (F) Cs-g-PLLD-FA/siAEG-1 complex formed at an 
N/P ratio of 20.
Abbreviations: N/P, nitrogen/phosphorus; TEM, transmission electron microscopy; FA, folic acid; PLLD, poly (L-lysine) dendrons; AEG-1, astrocyte elevated gene-1; 
Cs-g-PLLD-FA, a novel nanoscale polysaccharide derivative prepared by click conjugation of azido-modified chitosan with propargyl focal point PLLD and subsequent coupling 
with FA.
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and zeta potentials of Cs-g-PLLD-FA/siAEG-1 complexes 

formed when the N/P ratio was $2 as well as TEM images of 

Cs-g-PLLD-FA/siAEG-1 complexes formed at an N/P ratio 

of 20. From Figure 2A, the mean particle size was observed 

to decrease from 800 to 400 nm with an increase in N/P 

ratios from 2 to 10 and then it remained in the size range of 

270–300 nm with a further increase in the N/P ratio. This 

is because Cs-g-PLLD-FA and siRNA form complexes 

by through ionic interactions. At a low N/P ratio of 2, the 

complexes could not form completely and therefore had a 

large hydrodynamic size. At high N/P ratios, there were net 

electrostatic repulsive forces to prevent aggregation among 

the complexes. From Figure 2B, the zeta potential was found 

to increase from −20 to +2 with an increase in the N/P ratio 

from 2 to 10 and then it remained at about +9 with a further 

increase in the N/P ratio. In this case, the Cs-g-PLLD-FA/

siAEG-1 complexes had a more negative charge than Cs-g-

PLLD/siAEG-1 because of the FA on the surface of the 

complexes. Moreover, the binding ability of Cs-g-PLLD-FA 

to AEG-1 siRNA was maintained after complexation for 

24 hours in the dark, as shown in Figure 2C and D. In addi-

tion, the morphologies of the Cs-g-PLLD/siAEG-1 and Cs-g-

PLLD-FA/siAEG-1 complexes were investigated by TEM at 

an N/P ratio of 20 and were found to have a spherical shape 

and compacted structure, as shown in Figure 2E and F.

Gel retardation and cell viability analysis
Agarose gel electrophoresis was performed to confirm the 

complexation between AEG-1 siRNA and Cs-g-PLLD or Cs-g-

PLLD-FA. The complexation of cationic polymers with AEG-1 

siRNA is due to the electrostatic neutralization and size of the 

polymers, by which AEG-1 siRNA partially or completely loses 

its negative charge, resulting in the retardation of its mobility 

in an electric field. Therefore, the capacity of the polymer to 

complex with AEG-1 siRNA can be measured by the retarda-

tion of AEG-1 siRNA mobility in gel electrophoresis. As shown 

in Figure 3A and B, the brightness of ethidium bromide (EB)-

stained AEG-1 siRNA bands decreased with the increasing 

N/P ratio of non-targeting and targeting complexes; both Cs-

g-PLLD and Cs-g-PLLD-FA started to form complexes with 

AEG-1 siRNA at low N/P ratios, and complete retardation of 

AEG-1 siRNA migration occurred at an N/P ratio of 8.

As a good gene carrier, the low cytotoxicity of the vector 

itself was essential for practical applications. The MTT assay 

was performed to evaluate the cytotoxicities of the complexes 

in 143B and U2OS cells. Cells were treated with Cs-g-PLLD 

or Cs-g-PLLD-FA at different concentrations. As shown in 

Figures 3C and S2, even at a high concentration of Cs-g-PLLD 

or Cs-g-PLLD-FA (100 μg/mL), which was 10-fold higher 

than that required for efficient transfection, neither Cs-g-

PLLD nor Cs-g-PLLD-FA showed any obvious negative 

Figure 3 Electrophoretic migration of AEG-1 siRNA, Cs-g-PLLD/siAEG-1 (A), and Cs-g-PLLD-FA/siAEG-1 (B) complexes at various N/P ratios. (C) The cytotoxicities of 
Cs-g-PLLD or Cs-g-PLLD-FA in 143B cells were evaluated using the MTT assay. 
Note: Error bars represent standard deviations calculated from three independent experiments.
Abbreviations: N/P, nitrogen/phosphorus; FA, folic acid; PLLD, poly (L-lysine) dendrons; AEG-1, astrocyte elevated gene-1; Cs-g-PLLD-FA, a novel nanoscale polysaccharide 
derivative prepared by click conjugation of azido-modified chitosan with propargyl focal point PLLD and subsequent coupling with FA; siSCR, scrambled small interfering 
RNA; Lip, Lipofectamine 2000.
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effects on cell viability. In contrast, Lipofectamine 2000 

itself showed some cytotoxicity at the dose recommended 

by the protocol supplied. Moreover, there was no significant 

difference between Cs-g-PLLD and Cs-g-PLLD-FA at the 

different concentrations tested (P,0.05), illustrating that 

the addition of FA did not increase the cytotoxicity of Cs-g-

PLLD-FA. All of these experiments indicated that neither 

Cs-g-PLLD nor Cs-g-PLLD-FA was cytotoxic.

In vitro siRNA transfection
To initiate the gene silencing process, functional siRNA 

molecules must be transported into the targeted cells. 

Therefore, we sought to investigate whether Cs-g-PLLD or 

Cs-g-PLLD-FA could serve as carriers to deliver AEG-1 

siRNA into osteosarcoma cells. Lipofectamine 2000/siAEG-1 

was used as a reference. As shown in Figures 4A and S3A, 

cy3-siRNA was observed with an inverted fluorescence 

Figure 4 (A) Fluorescence images under an inverted fluorescence microscope (×400 magnification) and (B) representative histograms of the percentage of fluorescent cells 
analyzed by flow cytometry for cy3-siRNA fluorescence 24 hours after the final transfection in 143B cells. Scale bar 50 μm.
Abbreviations: N/P, nitrogen/phosphorus; FA, folic acid; PLLD, poly (L-lysine) dendrons; AEG-1, astrocyte elevated gene-1; Cs-g-PLLD-FA, a novel nanoscale polysaccharide 
derivative prepared by click conjugation of azido-modified chitosan with propargyl focal point PLLD and subsequent coupling with FA; Lip, Lipofectamine 2000.
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microscope, and the transfection efficiency of the Cs-g-

PLLD/siAEG-1 or Cs-g-PLLD-FA/siAEG-1 complex was 

higher at the optimal N/P ratio of 20 than at an N/P ratio 

of 10. At the same N/P ratio, the transfection efficiency of 

Cs-g-PLLD-FA/siAEG-1 was significantly higher than that 

of Cs-g-PLLD/siAEG-1. The results indicated that folate-

modified Cs-g-PLLD indeed enhanced the transfection 

efficiency in osteosarcoma cells. 

To elucidate how the composition of the formulations 

affected the cell uptake of siRNA, we incubated Cs-g-PLLD/

siAEG-1 or Cs-g-PLLD-FA/siAEG-1 (AEG-1 siRNA was 

labeled with cy3) with 143B cells for 24 hours and subse-

quently analyzed the cells by flow cytometry. As shown in 

Figure 4B, the transfection efficiency of the Cs-g-PLLD-FA/

siAEG-1 complex at an N/P ratio of 20 reached the highest 

value at 98.7%±3.1%, while Cs-g-PLLD-FA/siAEG-1 at an 

N/P ratio of 10, Cs-g-PLLD/siAEG-1 at an N/P ratio of 20, 

and Cs-g-PLLD/siAEG-1 at an N/P ratio of 10 reached 

their highest transfection efficiencies at 61.6%±2.9%, 

75.1%±2.6%, and 27.3%±4.1%, respectively. In addition, a 

similar efficiency of transfection (98.7%±3.1%) was observed 

for cells incubated with the Cs-g-PLLD-FA/siAEG-1 

(N/P =20) complexes and cells incubated with Lipofectamine 

2000/siAEG-1 complexes (93.0%±3.8%). As shown in 

Figure S3B, similar results were also observed in U2OS 

cells. We concluded that Cs-g-PLLD-FA is a highly efficient 

nonviral vector for gene delivery to osteosarcoma cells.

Cellular uptake of complexes 
We characterized the cellular uptake and intracellular distri-

bution of Cs-g-PLLD/siAEG-1 or Cs-g-PLLD-FA/siAEG-1 

(in the absence or presence of free FA) into osteosarcoma 

cells (the AEG-1 siRNA was labeled with cy3). Confocal 

microscopy images (Figures 5 and S4) showed a high 

degree of colocalization of the red fluorescence distributed 

in the cytoplasm after 4 hours of incubation, from which the 

simultaneous delivery of siRNA was confirmed. In addition, 

cells incubated with Cs-g-PLLD-FA/siAEG-1 showed much 

Figure 5 Confocal laser scanning microscope images of various complexes in 143B cells after incubation for 4 hours. 
Notes: Image assignment: blue, nucleus; red, AEG-1 siRNA. The image on the right is an overlay of the two fluorescent colors (×1,000 magnification). Scale bar 50 μm.
Abbreviations: FA, folic acid; PLLD, poly (L-lysine) dendrons; AEG-1, astrocyte elevated gene-1; Cs-g-PLLD-FA, a novel nanoscale polysaccharide derivative prepared by 
click conjugation of azido-modified chitosan with propargyl focal point PLLD and subsequent coupling with FA; DAPI, 4′,6′diamidino-2-phenylindole.
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stronger red fluorescence than cells incubated with Cs-g-

PLLD/siAEG-1, while the red fluorescence was weaker in 

the presence of free FA, suggesting that FA improved the 

cellular uptake of the complexes into osteosarcoma cells and 

that cellular uptake decreased with free FA competition.

Cell proliferation and invasion analysis 
in vitro
At first, we detected the AEG-1 protein and mRNA 

expression levels by Western blot quantitative reverse 

transcription-polymerase chain reaction analysis to confirm 

the knockdown of AEG-1 in osteosarcoma cells after trans-

fection. As shown in Figures 6A, B and S5A, B, the AEG-1 

protein and mRNA levels were reduced after transfection 

with Cs-g-PLLD/siAEG-1 or Cs-g-PLLD-FA/siAEG-1 for 

48 hours compared with Cs-g-PLLD/ scrambled small inter-

fering RNA (siSCR) (siSCR has the same basic groups but a 

different sequence compared with siAEG-1), and the AEG-1 

protein and mRNA levels were reduced more significantly 

(similar to the Lipofectamine 2000 [Lip]/siAEG-1 group) in 

Figure 6 (A, B) Knockdown of AEG-1 by siRNA in 143B cells by Western blot analysis and qRT-PCR. GAPDH was used as a loading control. (C) Knockdown of AEG-1 
inhibits cell proliferation as measured by the MTT assay in 143B cells. (D) Reduced AEG-1 expression inhibits the invasive ability of 143B cells (×400 magnification). 
(E) Average number of penetrated 143B cells in the invasion assay. 
Notes: Error bars represent standard deviations calculated from three independent experiments. *P,0.05 versus control cells for (B, C, E). Scale bar 50 μm.
Abbreviations: FA, folic acid; PLLD, poly (L-lysine) dendrons; AEG-1, astrocyte elevated gene-1; Cs-g-PLLD-FA, a novel nanoscale polysaccharide derivative prepared by 
click conjugation of azido-modified chitosan with propargyl focal point PLLD and subsequent coupling with FA; Lip, Lipofectamine 2000; siSCR, scrambled small interfering 
RNA; qRT-PCR, quantitative reverse transcription-polymerase chain reaction.
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the cells transfected with Cs-g-PLLD-FA/siAEG-1 than in 

those transfected with Cs-g-PLLD/siAEG-1.

Next, the cell proliferation and invasion activities were 

evaluated in vitro, as measured by MTT and invasion assays, 

respectively. The MTT assay showed that the cells transfected 

with Cs-g-PLLD-FA/siAEG-1 were more significantly inhib-

ited (similar to the Lip/siAEG-1 group) than those transfected 

with Cs-g-PLLD/siAEG-1, resulting in a 50% growth inhibi-

tion of osteosarcoma cells compared with cells transfected with 

Cs-g-PLLD/siSCR (Figures 6C and S5C). Invasion assays 

showed that the Cs-g-PLLD-FA/siAEG-1 cells also exhibited 

decreased invasion ability (similar to the Lip/siAEG-1 group) 

compared with the Cs-g-PLLD/siAEG-1 or Cs-g-PLLD/siSCR 

control cells (Figures 6D, E and S5D, E). The results suggested 

that Cs-g-PLLD/siAEG-1 and Cs-g-PLLD-FA/siAEG-1 

complexes can successfully knockdown AEG-1 protein and 

mRNA levels as well as reduce cell proliferation and invasion 

ability in osteosarcoma cells. These results are similar to those 

obtained in our previous study,37 in which Cs-g-PLLD-FA/

siAEG-1 was found to be more efficient than Cs-g-PLLD/

siAEG-1 in knocking down AEG-1.

Tumor suppression in vivo
Intravenous injection of drugs is a widely accepted treat-

ment option for malignant tumors. We examined the 

antitumor growth effects of Cs-g-PLLD/siAEG-1 or 

Cs-g-PLLD-FA/siAEG-1 complexes on tumor suppression 

in vivo. To that end, caudal vein injections of Cs-g-PLLD/

siSCR, Cs-g-PLLD/siAEG-1, or Cs-g-PLLD-FA/siAEG-1 

at an siRNA dose of 2 nmol and quantity of Cs-g-PLLD or 

Cs-g-PLLD-FA at 100 μg per injection were administered in 

nude mice at predetermined days 12, 15, 18, 21, 24, and 27. 

As shown in Figures 7A and S6, Cs-g-PLLD-FA/siAEG-1 

and Cs-g-PLLD/siAEG-1 inhibited tumor growth more 

effectively than Cs-g-PLLD/siSCR, and Cs-g-PLLD-FA/

siAEG-1 was more effective than Cs-g-PLLD/siAEG-1. 

Figure 7B shows that the Cs-g-PLLD/AEG-1-transfected 

143B cell line formed 91% fewer lung nodules than control-

transfected cells (Student’s t-test; P=0.034). In addition, 

histological examination showed that the size of the nodules 

formed by Cs-g-PLLD/AEG-1-transfected cells was smaller 

than the size of those formed by control-transfected cells. 

There were no lung nodules detected either by CT scan or 

Figure 7 (A) Photographs of 143B tumors in all groups of excised tumors. (B) Representative CT scan radiographs (upper) and photographs by H&E staining (lower) of 
the lungs in all groups before mouse sacrifice. Lung metastatic nodules are indicated by arrows. (C) Immunohistochemical staining of AEG-1, Ki-67, MMP-2, and MMP-9 in 
all groups. Scale bar 100 μm.
Abbreviations: CT, computed tomography; MMP, matrix metalloprotease; FA, folic acid; PLLD, poly (L-lysine) dendrons; AEG-1, astrocyte elevated gene-1; Cs-g-PLLD-FA, 
a novel nanoscale polysaccharide derivative prepared by click conjugation of azido-modified chitosan with propargyl focal point PLLD and subsequent coupling with FA; siSCR, 
scrambled small interfering RNA.
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histological examination in the Cs-g-PLLD-FA/siAEG-1 

group. All the results demonstrated marked anti-growth and 

anti-metastasis effects of AEG-1 expression in a clinically 

relevant mouse model and showed that siAEG-1 delivered by 

Cs-g-PLLD-FA showed favorable tumor targeting in vivo.

MMPs are a family of zinc-dependent endopeptidases 

that remodel and degrade the extracellular matrix and are 

considered to play important roles for tumor invasion in 

matrix degradation.43,44 Several reports and our previous study 

found that MMPs (MMP-2 and MMP-9) were involved in the 

AEG-1-mediated invasion of malignant tumors. Ki-67 is a 

nuclear protein that is associated with ribosomal RNA tran-

scription and is a recognized marker of cell proliferation.45 

We analyzed the subcutaneous tumor tissues by immuno-

histochemistry assays after the animals were sacrificed. 

As shown in Figure 7C, AEG-1 displayed a high level of 

expression in the Cs-g-PLLD/siSCR group but low levels of 

expression in the Cs-g-PLLD-FA/siAEG-1 and Cs-g-PLLD/

siAEG-1 groups, and the AEG-1 protein level was lower in 

the Cs-g-PLLD-FA/siAEG-1 group than in the Cs-g-PLLD/

siAEG-1 group. Consistent with the change in the levels of 

AEG-1 protein, IHC staining showed that osteosarcoma 

tumor tissues with high levels of AEG-1 expression exhibited 

strong Ki-67, MMP-2, and MMP-9 staining signals, whereas 

osteosarcoma tumor tissues with low AEG-1 expression 

exhibited low Ki-67, MMP-2, and MMP-9 expression. The 

results suggested that the tumor proliferation and invasion 

abilities were inhibited in the Cs-g-PLLD-FA/siAEG-1 

and Cs-g-PLLD/siAEG-1 groups compared with the Cs-g-

PLLD/siSCR group, and that the effects in the Cs-g-PLLD- 

FA/siAEG-1 group were more significant than in the Cs-g-

PLLD/siAEG-1 group.

Moreover, Figure S7A shows that the weights of the nude 

mice from the different groups did not change significantly; 

a decrease was only noted after 21 days following the injec-

tion of 143B cells, and was a result of the tumor burden in 

all the groups. Figure S7B shows no significant histological 

damage in the representative H&E staining of the heart, 

liver, spleen, lung, and kidney in any group. All the results 

indicated that Cs-g-PLLD and Cs-g-PLLD-FA were safe 

materials, thus confirming the earlier results regarding the 

absence of toxicity.

Conclusion
We developed Cs-g-PLLD and Cs-g-PLLD-FA nanoparticles 

that were able to deliver siRNA into human osteosarcoma 

cells with no obvious cytotoxicity. The resulting AEG-1 

knockdown inhibited osteosarcoma tumor proliferation and 

invasion in vitro. Moreover, caudal vein injection of Cs-g-

PLLD/siAEG-1 or Cs-g-PLLD-FA/siAEG-1 complexes 

inhibited tumor growth and lung metastasis by silencing 

AEG-1 and regulating MMP-2/9 in a 143B-cell subcutaneous 

xenograft murine model. The Cs-g-PLLD-FA/siAEG-1 

complexes displayed a better effect in vitro and in vivo 

than the Cs-g-PLLD/siAEG-1 complexes. All these find-

ings showed that Cs-g-PLLD-FA nanoparticles have good 

potential as siRNA carriers for osteosarcoma therapy.
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Supplementary materials

Figure S1 (A) IR spectra of chitosan, Cs-N3, Cs-g-PLLD, and Cs-g-PLLD-FA. (B) 1H NMR spectra of Cs-N3, Cs-g-PLLD, and Cs-g-PLLD-FA (D2O, 25°C). (C) The chemical 
structure of Cs-g-PLLD-FA.
Abbreviations: IR, infrared; NMR, nuclear magnetic resonance; FA, folic acid; PLLD, poly (L-lysine) dendrons; Cs-g-PLLD-FA, a novel nanoscale polysaccharide derivative 
prepared by click conjugation of azido-modified chitosan with propargyl focal point PLLD and subsequent coupling with FA.

Figure S2 The cytotoxicities of Cs-g-PLLD or Cs-g-PLLD-FA in U2OS cells were evaluated using the MTT assay. 
Note: Error bars represent standard deviations calculated from three independent experiments.
Abbreviations: FA, folic acid; PLLD, poly (L-lysine) dendrons; Cs-g-PLLD-FA, a novel nanoscale polysaccharide derivative prepared by click conjugation of azido-modified 
chitosan with propargyl focal point PLLD and subsequent coupling with FA; siSCR, scrambled small interfering RNA; Lip, Lipofectamine 2000.
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Figure S3 (A) Fluorescence images under an inverted fluorescence microscope (×400 magnification) and (B) representative histograms of the percentage of fluorescent 
cells analyzed by flow cytometry for cy3-siRNA fluorescence 24 hours after the final transfection in U2OS cells. Scale bar 50 μm.
Abbreviations: N/P, nitrogen/phosphorus; FA, folic acid; PLLD, poly (L-lysine) dendrons; AEG-1, astrocyte elevated gene-1; Cs-g-PLLD-FA, a novel nanoscale polysaccharide 
derivative prepared by click conjugation of azido-modified chitosan with propargyl focal point PLLD and subsequent coupling with FA; Lip, Lipofectamine 2000.
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Figure S4 Confocal laser scanning microscope images of various complexes in U2OS cells after incubation for 4 hours. 
Notes: Image assignment: blue, nucleus; red, AEG-1 siRNA. The image on the right is an overlay of the two fluorescent colors (×1,000 magnification). Scale bar 50 μm.
Abbreviations: FA, folic acid; PLLD, poly (L-lysine) dendrons; AEG-1, astrocyte elevated gene-1; Cs-g-PLLD-FA, a novel nanoscale polysaccharide derivative prepared by 
click conjugation of azido-modified chitosan with propargyl focal point PLLD and subsequent coupling with FA; DAPI, 4′,6′diamidino-2-phenylindole.
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Figure S5 (A, B) Knockdown of AEG-1 by siRNA in U2OS cells by Western blot analysis and qRT-PCR. GAPDH was used as a loading control. (C) Knockdown of AEG-1 
inhibits cell proliferation as measured by the MTT assay in U2OS cells. (D) Reduced AEG-1 expression inhibits the invasive ability of U2OS cells (×400 magnification). 
(E) Average number of penetrated U2OS cells in the invasion assay. 
Notes: Error bars represent standard deviations calculated from three independent experiments. *P,0.05 versus control cells for (B, C, E). Scale bar 50 μm.
Abbreviations: FA, folic acid; PLLD, poly (L-lysine) dendrons; AEG-1, astrocyte elevated gene-1; Cs-g-PLLD-FA, a novel nanoscale polysaccharide derivative prepared by 
click conjugation of azido-modified chitosan with propargyl focal point PLLD and subsequent coupling with FA; Lip, Lipofectamine 2000; siSCR, scrambled small interfering 
RNA; qRT-PCR, quantitative reverse transcription-polymerase chain reaction.

Figure S6 (A, B) The tumor volume and weight in all groups. 
Notes: *P,0.05, n=5, versus the group of tumors treated with Cs-g-PLLD/siSCR. **P,0.05, n=5, versus the group of tumors treated with Cs-g-PLLD/siAEG-1.
Abbreviations: FA, folic acid; PLLD, poly (L-lysine) dendrons; AEG-1, astrocyte elevated gene-1; Cs-g-PLLD-FA, a novel nanoscale polysaccharide derivative prepared by click 
conjugation of azido-modified chitosan with propargyl focal point PLLD and subsequent coupling with FA; Lip, Lipofectamine 2000; siSCR, scrambled small interfering RNA.
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Figure S7 (A) Body weight of the mice in all groups. (B) Representative photographs of the heart, liver, spleen, lung, and kidney sections in all groups by H&E staining (×400 
magnification). Scale bar 100 μm.
Abbreviations: FA, folic acid; PLLD, poly (L-lysine) dendrons; AEG-1, astrocyte elevated gene-1; Cs-g-PLLD-FA, a novel nanoscale polysaccharide derivative prepared by 
click conjugation of azido-modified chitosan with propargyl focal point PLLD and subsequent coupling with FA; siSCR, scrambled small interfering RNA.
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