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Abstract: Silica nanoparticles chemically modified with amine groups (NSi) were developed as potential delivery 
vehicles for therapeutic small interfering RNA (siRNA). The positively charged NSi nanoparticles could form stable 
complexes by electrostatic interactions with negatively charged siRNA-hyaluronic acid (HA) conjugate (NSi/siRNA-
HA). The resulted NSi/siRNA-HA complexes with a cleavable disulfide linkage could readily release siRNA under 
reductive cytosol condition. The resultant NSi/siRNA-HA complexes had a well-dispersed nanostructure with a mean 
diameter of 110 ± 8.5 nm. Cellular uptake and competitive binding assays confirmed that the nanosized NSi/siRNA-
HA complexes were efficiently internalized in A549 cells via CD44 mediated endocytosis, and thus enhanced the 
intracellular uptake of siRNA. Moreover, the NSi/siRNA-HA complexes could significantly inhibit the expression of 
target gene within the cancer cells without showing severe cytotoxicity. In vivo tumor imaging assay in A549 tumor 
bearing mice model also revealed that NSi/siRNA-HA complexes exerted strong tumor targeting ability. The current 
study implied that NSi/siRNA-HA complexes could be potentially applied for intracellular delivery of siRNA in lung 
cancer gene therapy.
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Introduction

Small interfering RNAs (siRNAs) has been dem-
onstrated to induce sequence-specific degra-
dation of complementary mRNA, which in turn, 
leading to knock down of a target protein in 
post-transcriptional level [1, 2]. Due to their 
superior ability to silence target genes in a spe-
cific manner, siRNAs have recently emerged as 
apromising nucleic acid agent for cancer thera-
py. Nevertheless, several drawbacks of siRNA 
itself has limited its clinical applications, which 
includes poor intracellular uptake and severe 
enzymatic degradation under complicated in 
vivo environments [3]. To overcome the limita-
tions, various cationic carriers, including poly-
mers, liposomes, micelles and inorganic mate-
rials, have been extensively developed to tackle 
the gap of siRNA delivery [4-7]. These polyelec-
trolyte complexes have shown some positive 
effects on the protection of siRNA from de- 
gradation by nucleases, some complexes could 

even further facilitate the cellular uptake of 
siRNA into target cells or tissues [8]. However, 
there are still serious problems, such as cyto-
toxicity induced by cationic carriers and low sta-
bility of the complexes in the presence of 
serum, which requires further rational design of 
siRNA delivery carriers.

Silica nanoparticles have attracted increasing 
attentions in a variety of biomedical fields [9, 
10]. Recently, many attempts have been made 
to employ silica nanoparticles as intracellular 
gene carriers for they have several advantages 
of straightforward synthesis, easy modification 
of surfaces with thiolated molecules, and bio-
compatibility with cells or tissues. Furthermore, 
it was suggested that silica nanoparticles could 
be further functionalized with small molecular 
ligands to achieve a target cell-specific uptake, 
endosome escape, and nuclear localization for 
efficient gene delivery [11].
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Tumor targeting is vital in the design of an ideal 
drug delivery system for cancer therapy. During 
the past decades, various kinds of targeting 
ligands have been employed [12-14]. However, 
due to the diverse properties of different tar-
geting ligands, the selection of optimal ligand is 
in great relation to the performance of the 
resulted delivery system. Hyaluronic acid (HA), 
also called hyaluronan, is a naturally occurring 
polysaccharide present in the extracellular 
matrix and synovial fluids. In particular, since 
many studies have demonstrated that various 
cancer cells that over-express CD44 can spe-
cifically bind with HA, many studies have 
focused on the pharmaceutical applications of 
HA as a targeting ligand for anti-cancer thera-
peutics [15, 16]. Furthermore, it has been well 
documented that human lung cancers (such as 
A549) are CD44-overexpressing cell lines, 
based on which multiple HA-modified delivery 
vectors have been proposed [17, 18].

In this study, we demonstrated the use of 
amine-functionalizedsilica (NSi) nanoparticles 
for intracellular siRNA delivery. Green fluores-
cence protein (GFP) siRNA was conjugated to 
HA via a disulfide linkage that can be cleaved to 
allow release of an intact siRNA under a reduc-
tive environment in the cytoplasm and suitable 
for intracellular delivery. It was hypothesized 
that the cationic NSi nanoparticles could inter-
act with the anionic siRNA-HA via ionic interac-
tions to form sterically stabilized NSi/siRNA-HA 
complexes. The HA on the shell might be able to 
specifically bind with CD44 receptor and 
enhance the cellular uptake of NSi/siRNA-HA 
complexes. We investigated the structure and 
dispersion stability of the NSi/siRNA-HA com-
plexes by dynamic light scattering (DLS) and 
transmission electron microscopy (TEM). The 
extent of intracellular uptake and GFP genesi-
lencing effect was evaluated to explore the 
potential of the NSi/siRNA-HA complexes as 
intracellular siRNA carriers. Moreover, in vivo 
imaging was also conducted to verify the tumor-
targeting property of NSi/siRNA-HA complexes.

Materials and methods

Materials

Sodium hyaluronate (HA, MW 1.6 MDa), hydro- 
xybenzotriazole (HOBt), 1-ethyl-3-[3-(dimethy- 
lamino)-propyl] carbodiimide (EDC) and dith- 
iothreitol (DTT) were purchased from Aladdin 
(Shanghai, China), Triton X-100, tetraethyl or- 

thosilicate (TEOS), N-(2-aminoethyl)-3-amino- 
propyltrimethoxysilane (AEAPS), branched po- 
lyethylenimine (PEI, Mw = 25,000, PEI 25K), cy- 
steamine dihydrochloride, Hoechst33342, 3- 
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazoli-
um bromide (MTT) were purchased from Sig- 
ma Aldrich (St. Louis, MO, USA). Lipofecta- 
mine2000TM and LysoTracker-Green were pur-
chased from Invitrogen (Carlsbad, CA). 5’-AAC- 
UUCAGGGUCAGCUUGC-3’ (sense) and 5’-GCAA- 
GCUGACCCUGAAGUU-3’ (antisense) green flu- 
orescence protein (GFP) siRNA and GFP siRNA 
modified with a hexylamine group at 3-end  
of its sense strand were purchased from 
QIAGEN (Valencia, CA). GFP siRNA modified at 
5’-end of its sense strand with a near inferred-
dye (Cy5.5) was obtained from Dharmacon Re- 
search (Lafayette, CO). The reporter plasmid 
(pEGFP-C3, 4.7 kb) encoding enhanced green 
fluorescent protein (GFP) purchased from Add- 
gene were propagated in DH-5α Escherichia 
coli and purified by Endo Free Plasmid Maxi Kit 
(Omega, USA). All other chemicals were of ana-
lytical grade without further purification.

Cell culture and animal model

Human lung carcinoma cell line A549 was pur-
chased from the Cell Bank of Shanghai Institute 
of Biochemistry and Cell Biology, Chinese 
Academy of Sciences (Shanghai, China) and 
cultured in DMEM medium (Gibco, USA) supple-
mented with 10% FBS (Gibco, USA), 100 U/ml 
penicillin and 100 μg/ml streptomycin in a 
humidified atmosphere of 95% air/5% CO2 in- 
cubator at 37°C. 

Female BALB/c nude mice (5-6 weeks, 18-22 
g) were purchased from Shanghai Laboratory 
Animal Center (SLAC, China) and maintained at 
25 ± 2°C with free access to food and water. All 
animal experiments were conducted in strict 
accordance with the National Institute of Health 
Guide for the Care and Use of Laboratory 
Animals. The A549 tumor-bearing nude mice 
models were established by subcutaneously 
inoculated the suspensions of A549 cells (2 × 
106 cells in 200 μl of PBS) to the flank of nude 
mice.

Synthesis of amine-functionalized silica 
nanoparticles

Amine-functionalized silica (NSi) nanoparticles 
were directly synthesized by using the synchro-
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nous hydrolysis of TEOS and AEAPS in water-in-
oil microemulsion as previously reported with 
slight modification [19]. Briefly, a water-in-oil 
microemulsion was prepared by mixing 1.8 ml 
Triton X-100, 7.5 ml cyclohexane, 1.6 ml n-hex-
anol, and 480 ml of water. After stirring for 0.5 
h, 180 ml TEOS and 60 ml AEAPS were then 
added as precursors for silica matrix formation, 
followed by the addition of 100 μl NH4OH to ini-
tiate the polymerization process. The reaction 
was allowed to continue for 24 h at room tem-
perature. After the reaction was completed, the 
NSi nanoparticles were precipitated by addition 
of ethanol and were washed with ethanol and 
water respectively for several times to remove 
the surfactant molecules from the particles.

Synthesis of HA-conjugated siRNA (siRNA-HA)

HA-SH was synthesized according to a previous 
report [20]. siRNA-HA conjugate was synthe-
sized by reacting HA-SH to 3-hexylamine modi-
fied siRNA via a reducible disulfide bond as 
reported previously [21].

siRNA binding abilities of NSi nanoparticles

NSi nanoparticles were mixed with siRNA or 
siRNA-HA conjugate (containing 1 μg of siRNA) 
at various weight (w/w) ratios of NSi nanopar- 
ticles to siRNA (0, 1.25, 2.5, 5, 10, and 20). 
After 30 min of incubation, electrophoretic 
mobility of the mixture wasvisualized on a 2% 
(w/v) agarose gel. It was carried out for 60 
minat 90 V in TBE buffer solution (10 mM Tris, 
90 mM boric acid, 0.1 mM EDTA, pH 8.3), and 
the band was stained with ethidium bromide.

Characterization of complexes

The complexes were prepared by mixing NSi 
nanoparticles with siRNA or siRNA-HA conju-
gate (containing equal amount of siRNA) at a 
weight ratio of 20 in deionized water, and then-
incubating for 30 min at room temperature. The 
particle size and zeta potential of NSi nanopar-
ticles and NSi/siRNA-HA complexes were deter-
mined by a Dynamic Light Scattering (DLS) 
Analyzer (Brookhaven, USA) and a ZetaPlus 
Zeta Potential Analyzer (Brookhaven, USA), 
respectively. The measurement wascarried out 
in triplicate. The morphology of the NSi/siRNA-
HA complexes was further observed with a 
transmission electron microscopy (Carl Zeiss, 
Germany). 

Evaluation of intracellular uptake and GFP 
gene inhibition effect of the NSi/siRNA-HA 
complexes

Cy5.5-labeled siRNA or siRNA-HA conjugate 
was employed to prepare fluorescent complex-
es, in order to visualize their extent of intracel-
lular uptake. A549 cells were plated on 12 well 
plate at a density of 1.5 × 105 cells per well and 
cultivated for 24 h at 37°C. The cells were incu-
bated with NSi/Cy5.5-labeled siRNA or Cy5.5-
labeled siRNA-HA (20 nM of siRNA, w/w ratio = 
20) in complete medium for 1 h at 37°C. After 
washing with PBS solution, the cells were incu-
bated with 100 nM of LysoTracker-Green as an 
endosome indicator for 30 min in serum-free 
media. Then the cells were washed with PBS 
solution and fixed with 4% (w/v) paraformalde-
hyde solution. After Hoechst (10 μg/ml) stain-
ing as a nucleus indicator for 10 min, the cells 
were examined byconfocal laser scanning 
microscope (CLSM, Leica TCS SP5, Germany). 
To test the competitive binding effect of HA 
containing NSi/siRNA-HA complexes to the 
CD44 receptor on the surface of A549 cells, 
the cells were pretreated with excess amount 
of HA solution for 1 h before the cellular uptake. 

To evaluate GFP gene silencing effect of the 
NSi/siRNA-HA complexes, the GFP-expressing 
DNA plasmid was co-transfected to A549 cells. 
A549 cells were seeded in a six-well plate with 
a density of 1 × 106 cells per well and incu- 
bated for 24 h at 37°C. Two micrograms of  
pEGFP-C3 was mixed with 12 μl of Lipofecta- 
mine2000TM reagent in serum-free media for 
30 min. After washing with PBS solution, the 
cells were incubated with the NSi/siRNA-HA 
complexes and Lipofectamine2000TM/pEGFP-
C3 mixture in serum-free media for 5 h at 37°C. 
The cells were harvested after 1 day and sub-
jected to flow cytometry (Becton Dickinson, 
USA) analysis. The relative GFP expression le- 
vel was determined by dividing the amount of 
GFP expressing cells with the total cells.

Cytotoxicities of NSi nanoparticles, PEI 25K, 
and their complexes with siRNA

A549 cells were seeded in a 96-well plate at a 
density of 1 × 104 cells per well and grown at 
37°C overnight. The cells were then incubated 
for 4 h in serum-free media containing NSi 
nanoparticles, PEI 25K, and their complexes 
(w/w = 20 and N/P = 10, respectively) at con-
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longest diameter, respectively) were adminis-
tered intravenously with NSi/Cy5.5-labeled 
siRNA complexes and NSi/Cy5.5-labeled-HA 
complexes (w/w = 20) to verify the tumor targe-
tability of different nanoparticles. The in vivo 
imaging and tumor targetability efficacy of 
nanoparticles were evaluated using In Vivo 
Imaging System (FXPRO, Kodak, USA) equip- 
ped with NIR filter sets (excitation/emission, 
610/720 nm).

Results and discussion

Synthesis of amine-functionalized silica (NSi) 
nanoparticles

In the present study, the NSi nanoparticles are 
directly synthesized by the controlled synchro-
nous hydrolysis of TEOS and AEAPS in the 
water-in-oil microemulsion. Dynamic light scat-
tering (DLS) and electrophoretic light scattering 
(ELS) were employed to determine size distribu-
tion and zeta potential of NSi nanoparticles. 
The particle size determined by DLS Analyzer 
demonstrated that NSi were nano-sized parti-
cles with a mean diameter of 90 nm (Figure 1A) 
and a polydipersity index (PDI) of 0.135, indi-
cating that NSi nanoparticles were well dis-
persed in the water. TEM image further con-
firmed that NSi were well-dispersed spherical 

Figure 1. A. Particle size, PDI and zeta potential of NSi nanoparticles, NSi/
siRNA complexes and NSi/siRNA-HA complexes. B. Particle distribution and 
representative TEM images (left) and zeta distribution (right) of NSi/siRNA-
HA complexes. Data were expressed as mean ± S.D. (n = 3). Scale bar: 100 
nm.

centrations of 2, 4, 8, 16,  
32, 64, and 128 μg/ml, and 
cultured with complete fresh 
media for the following 24 h. 
Cell viability was determined 
by a standard MTT assay. 
Briefly, MTT solution (20 μl,  
5 mg/ml) was added and  
cells were further incubated 
for 4 h at 37°C. After the 
medium was removed, DMSO 
(150 μl) was added to each 
well. The absorption was mea-
sured at 570 nm using the 
Bio-Rad microplate reader 
(EL800, BIO-TEK Instruments 
Inc., USA).

In vivo biodistribution

A549 tumor bearing nude 
mice with tumor volume of 
80-100 mm3 (calculated by 
the formula: L × W2/2, where 
W and L is the shortest and 

Figure 2. Agarose gel electrophoresis of (A) NSi/siR-
NA complexes and (B) NSi/siRNA-HA complexes with 
different w/w ratio.
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nanoparticles. On the other hand, the NSi 
nanoparticles assessed by Electronic Light 
Scattering (ELS) were positively charged (32 
mV), which was opposite to the reported nega-
tively charged ordinary silica nanoparticles 
(-29.1 mV) [22]. The results demonstrated that 
silica nanoparticles were sufficiently modified 
with amine groups, which could be complexed 
with negatively charged nucleic acids for gene 
delivery.

Characterization of complexes

Complexes of NSi nanoparticles with siRNA or 
siRNA-HA conjugate were characterized with 
particle size distribution and zeta potential. As 
displayed in Figure 1. After incubation NSi par-
ticles with siRNA for 30 min, a binary mixture  
of NSi nanoparticles and siRNA (NSi/siRNA 
complexes) with a diameter of around 100 nm 
(Figure 1A) were generated. The zeta potential 

of the NSi/siRNA complexes was observed  
to be -15 mV, which was opposite to the  
above obtained + 32 mV of NSi nanoparticles. 
Compare with NSi nanoparticles, the change in 
surface charge of NSi/siRNA complexes might 
be resulted from the excess amount of siRNA 
presented on the surface of NSi/siRNA com-
plexes. As siRNA is a negatively charged poly-
mer, the zeta potential of NSi/siRNA complexes 
was also dominated by the negative nature of 
siRNA. In the TEM image, it can be clearly 
observed that NSi/siRNA complexes were 
spherical particles with nano-sized dimension. 
On the other hand, NSi/siRNA-HA complexes 
demonstrated a diameter of about 110 nm, 
with a more negative zeta potential of -25 mV. 
The TEM images revealed that NSi/siRNA-HA 
complexes had a well-dispersed nanostructure 
with an average hydrodynamic diameter of 110 
± 8.5 nm (Figure 2B), nearly the same as the 
results obtained from the DLS measurement.

siRNA binding abilities of NSi nanoparticles

The negatively charged phosphate groups in 
siRNA or siRNA-HA conjugate can trigger elec-
trostatic interactions with the positively 
charged amine groups on the surface of NSi 
nanoparticles. To investigate the siRNA binding 
ability of NSi nanoparticles, various amount of 
NSi nanoparticles were complexed with siRNA 
or siRNA-HA to achieve a range of weight ratios 
of NSi nanoparticles to siRNA. After incubation 
for 30 min, different complexes were loaded 
onto agarose electrophoresis to examine their 
electrophoretic mobility. By observing fluores-
cence of siRNA stained with ethidium bromide, 
as shown in Figure 2, we can see that the retar-
dation ability of NSi nanoparticles increased 
with increasing w/w ratio, which achieved com-
plete retardation of siRNA at the w/wratio of 5. 
However, the migration of siRNA-HA can still be 
observed at the w/w ratio of 5, The migration of 
siRNA-HA was completely inhibited until addi-
tion of NSi nanoparticles at a higher weight 
ratio of 10, suggesting that the conjugation of a 
negatively charged HA chain adjacent to the 
siRNA segment might interfere the electrostat-
ic interactions process of siRNA and NSi 
nanoparticles, possibly due to the steric hin-
drance effect [23]. Compared with PEI, a gold 
standard for siRNA delivery, much higher w/w 
ratio of NSi nanoparticles was required to com-
pletely retard the complexes. This is could be 

Figure 3. Cellular uptake profile of the Cy5.5-labled 
complexes in A549 cells observed by CLSM. A. Cel-
lular uptake of NSi/siRNA complexes and NSi/siRNA-
HA complexes for 1 h at 37°C. B. Cellular uptake of 
NSi/siRNA-HA complexes with and without HA pre-
treatment for 1 h at 37°C. Scale bar: 20 μm.
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explained by the different charge density value 
between NSi nanoparticles and PEI, for higher 
charge density are more preferable for the con-
densation of siRNA molecule.

Intracellular uptake, GFP gene inhibition effect 
and cytotoxicity of NSi/siRNA-HA complexes

Intracellular uptake behaviors of NSi/siRNA 
and NSi/siRNA-HA complexes were examined 
by confocal laserscanning microscopy. A549 
cells were used in this experiment as a model 
lung cancer cell line. Red color Cy5.5-labeled 
siRNA or siRNA-HA conjugate was mixed with 
NSi nanoparticles as mentioned in Section 2.5 

that most of NSi/Cy5.5-labeled siRNA-HA com-
plexes were transported within cells via an 
endocytosis process and entrapped within the 
endosomal vesicles. 

To further elucidate the mechanism of internal-
ization, a competitive experiment was per-
formed by treating A549 cells with free soluble 
HA prior to incubation with the complexes. As 
expected, fluorescence microscopy demon-
strated a decrease in the fluorescence intensi-
ty in tumor cells pretreated with HA compared 
with the untreated cells in NSi/siRNA-HA com-
plexes group. This result suggests that free HA 
could competitively bind to CD44 receptors 

Figure 4. A. GFP gene silencing effect of NSi/siRNA-HA complexes as a func-
tion of the weight ratio of NSi nanoparticles to siRNA-HA conjugate. PEI 25K 
was used as a positive control at the N/P ratio of 10. The concentration of 
siRNA-HA was 60 nM. *Statistically significant difference (P<0.05) was ob-
served at weight ratio between 20 and 40. B. GFP gene silencing effect of 
NSi/siRNA-HA complexes depending on the concentration of siRNA-HA con-
jugate. The weight ratio of NSi nanoparticles to siRNA-HA was 20.

to prepare NSi/Cy5.5-labeled 
siRNA and NSi/Cy5.5-labeled 
siRNA-HA complexes. Inorder 
to visualize their sub-cellular 
distribution. Cell nuclei were 
stained with a blue color 
Hoechst 33342 dye, and acid-
ic endo-lysosomal compart-
ments were stained with Lyso-
Tracker dye with a green color.
Cy5.5-labeled siRNA and siR-
NA-HA conjugate were taken 
up by the cells to a much 
smaller extent than their poly-
electrolyte complexes with 
NSi nanoparticles (data not 
shown), indicating that siRNA 
with negative charge cannot 
preferably uptaken by cells, 
which was in need of the 
assistance of a proper deliv-
ery system. In contrast, both 
NSi/Cy5.5-labeled siRNA and 
NSi/Cy5.5-labeled siRNA-HA 
complexes were uptaken by 
cells to certain extent. How- 
ever, NSi/Cy5.5-labeled siR-
NA-HA complexes were inter-
nalized more efficiently with- 
in cells than NSi/Cy5.5-la- 
beled siRNA ones (Figure 3). 
In the merged image, the cells 
treated with A NSi/Cy5.5-
labeled siRNA-HA complexes 
showed much more intense 
yellow color, indicating that 
red colored Cy5.5-labeled siR-
NA-HA was mostly co-local-
ized with green colored endo-
somal vesicle compartments 
inside the cells. This suggests 
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and thereby block the binding of NSi/siRNA-HA 
complexes to these receptors. However, the 
extent of the fluorescence intensity remained 
almost the same with or without blocking when 
cells were incubated with NSi/siRNA complex-
es, which we presume were taken up by pas-
sive diffusion or other energy-dependent mech-
anism. These observations confirmed that the 
NSi/siRNA-HA complexes were predominantly 
trafficked into cells via the 1 receptor-mediated 
endocytosis pathway. This observation agrees 
well with the finding in Figure 2, suggesting that 
siRNA-HA conjugates adsorbed onto the sur-
face of NSi nanoparticles could change the 

40. This was probably because the increasing 
presence of cationic bare NSi nanoparticles in 
the transfection media resulted in partly lower-
ing the cellular uptake of NSi/siRNA-HA com-
plexes by a competitive endocytosis process. 
Nonetheless, the far efficient genesilencing 
effect for NSi/siRNA-HA complexes, as compa-
rable as PEI/siRNA polyelectrolyte complexes 
used as a positive control, was clearly due to 
their colloidal stability and enhanced cellular 
uptake. Since siRNA and HA in the conjugate 
was linked by a reducible di-sulfide linkage, an 
intact form of siRNA was likely to be regenerat-
ed within the cytosol by cleavage of the di-sul-

Figure 5. Viability of A549 cells after incubating (A) NSi nanoparticles and 
PEI 25K and (B) their polyelectrolyte complexes with siRNA or siRNA-HA con-
jugates at different concentrations.

property of the inner cargo 
and enhanced their cellular 
uptake into the CD44 recep-
tor overexpressed A549 cells.

To investigate the GFP gene 
silencing effect of NSi/siRNA-
HA complexes, the down-regu-
lation degree of GFP in A549 
cells was evaluated at various 
weight ratios of NSi nanopar-
ticles to siRNA-HA conjugate. 
As shown in Figure 4A, the 
extent of GFP expression effi-
ciency after treatment of  
NSi/siRNA-HA complexes was 
sharply reduced to 33.5 ± 
4.7% at a weight ratio of 5. 
When the GFP expression le- 
vel of non-treated cells was 
set as 100%, NSi/siRNA-HA 
complexes inhibited the GFP 
expression down to 26.7 ± 
6.5% at the weight ratio of 20, 
whereas free siRNA-HA conju-
gate only suppressed down  
to 85.9 ± 3.5%. With increas-
ing the weight ratio from 5 to 
20, the GFP gene silencing 
efficiencies maintained simi-
lar levels about 70% (no sig-
nificant difference in a sta- 
tistical t-test analysis), sug-
gesting that the extents of  
cellular uptake for NSi/siRNA-
HA complexes formulated at 
those weight ratios were not 
changed significantly. In con-
trast, the gene silencing effi-
ciency was significantly re- 
duced at the weight ratio of 
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fide linkage under a reductive environment and 
proceeded to a series of RNAi events to de- 
grade the targetsequence of GFP mRNA. GFP 
expression was also suppressed in a dose-de- 
pendent manner (Figure 4B). When the weight 
ratio was fixed at 20, the maximum inhibition  
of GFP expression could be attained at a con-
centration of 60 nM siRNA-HA conjugate. Bran- 
ched polyethylenimine (PEI) with an average 
molecular weight of 25,000 was used as a pos-
itive control because it has been reported to be 
the gold standard in gene delivery [24]. Although 
the PEI/siRNA complexes significantly inhibited 
the GFP expression at an N/P ratio of 10, it was 
found that branched PEI was much more cyto-
toxic than NSi nanoparticles. NSi nanoparticle 
exerted low cytotoxicity (mortality less than 
20%) on A549 cells even at the highest concen-
tration of 128 μg/ml. The IC50 value of PEI 25k 
was about 8 μg/ml, but that of NSi nanoparti-
cles could not beobtained because of no appar-
ent cytotoxicity up to 128 μg/ml (Figure 5A). On 
the other hand, as shown in Figure 5B, PEI 
25K/siRNA complexes reduced the viability of 
A549 cells to 3.4 ± 0.8% at a concentration of 
128 μg/ml, while NSi/siRNA and NSi/siRNA-HA 

HA-modification was expected to increase the 
accumulation of NSi/Cy5.5-labeled siRNA-HA 
complexes at the tumor site. Here, the fluores-
cenceintensity of Cy5.5 was monitored with an 
NIR fluorescence imaging system for up to  
6 h to evaluate the targeting ability of differ- 
ent complexes in A549 tumor-bearing nude 
mice. Figure 6 represented the in vivo images 
at the tumor site after intravenous injection  
of different complexes at various time points. 
Distinguished targeting efficacy between MB- 
NSi/Cy5.5-labeled siRNA complexes and NSi/
Cy5.5-labeled siRNA-HA complexes can be ob- 
served. To be specific, the fluorescence in- 
tensity of NSi/Cy5.5-labeled siRNA-HA com-
plexes at the tumor site was all significant- 
ly stronger than that of NSi/Cy5.5-labeled 
siRNA complexes at every time point. Especially, 
the fluorescence intensity of NSi/Cy5.5-label- 
ed siRNA-HA complexes at 1 h was as strong  
as that of NSi/Cy5.5-labeled siRNA complexes 
at 6 h, indicating the superior tumor targeting 
property of NSi/Cy5.5-labeled siRNA-HA com-
plexes. The powerful tumor targetability of NSi/
Cy5.5-labeled siRNA-HA complexes might be 
ascribed to a combination of EPR effect and 

Figure 6. In vivo real-time imaging of NSi/siRNA complexes and NSi/siRNA-
HA complexes at different time intervals. A. NSi/siRNA-HA. B. NSi/siRNA.

complexes induced only a 
marginal reduction in cell via-
bility to 93.4 ± 13.6% and 
95.5 ± 8.8%, respectively 
even ata concentration of 
128 μg/ml. Since the cytotox-
icity was mainly caused by the 
presence of primary amine 
groups on the surface of NSi 
nanoparticles, there was no 
large difference in cytotoxicity 
between NSi/siRNA and NSi/
siRNA-HA complexes. NSi/
siRNA-HA complexes were re- 
latively non-cytotoxic compa- 
red to PEI 25K, which was 
probably caused from differ-
ent amine densities, for PEI 
charge density is fairly high as 
compared to NSi/siRNA-HA 
complexes. As a result, NSi/
siRNA-HA complexes are con-
sidered to be biocompatible 
gene carriers as evident from 
their low cytotoxicity. 

In vivo biodistribution of NSi/
siRNA-HA complexes
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HA-mediated endocytosis mechanism while 
NSi/Cy5.5-labeled siRNA complexes accumu-
lated to the tumor site via merely EPR effect. 

Conclusions

The present study demonstrated the applicabil-
ity of amine-functionalized silica (NSi) nanopar-
ticles for intracellular delivery of siRNA. These 
NSi nanoparticles could interact with siRNA-HA 
conjugate via electrostatic interactions to form 
nanosized polyelectrolyte complexes (NSi/siR-
NA-HA complexes). The presence of HA im- 
proved the dispersion stability of the polyelec-
trolyte complexes by protecting them from un- 
controllable aggregation. On the other hand, 
the NSi/siRNA-HA complexes could be internal-
ized much more effectively by human lung car-
cinoma cells A549 than the polyelectrolyte 
complexes prepared with siRNA alone (NSi/
siRNA complexes). Furthermore, they efficiently 
suppressed GFP expression within the cells 
without eliciting severe cytotoxicity as com-
pared with branched PEI 25K. The in vivo bio-
distribution revealed that NSi/siRNA-HA com-
plexes exerted much more enhanced tumor 
targeting ability than the reference complexes 
(NSi/siRNA complexes). In all, we suggest that 
the novel NSi/siRNA complexes would be 
potentially applied as a useful siRNA delivery 
system.
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