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 Among various nanoparticles, mesoporous silica nanoparticles (MSNs) have 
attracted extensive attention for developing effi cient drug-delivery systems, mostly 
due to their high porosity and biocompatibility. However, due to the small pore size, 
generally below 5 nm in diameter, potential drugs that are loaded into the pore have 
been limited to small molecules. Herein, a small interfering RNA (siRNA) delivery 
strategy based on MSNs possessing pores with an average diameter of 23 nm is 
presented. The siRNA is regarded as a powerful gene therapeutic agent for treatment 
of a wide range of diseases by enabling post-transcriptional gene silencing, so-called 
RNA interference. Highly effi cient, sequence-specifi c, and technically very simple 
target gene knockdown is demonstrated using MSNs with ultralarge pores of size 
23 nm in vitro and in vivo without notable cytotoxicity. 
  1. Introduction 

 RNA interference (RNAi) is a conserved gene silencing 

mechanism in eukaryotic cells, where targeted cleavage 

of messenger RNA (mRNA) is achieved for regulation of 

undesired gene expression. [  1  ]  Since the discovery of RNAi 

in  Caenorhabditis elegans  by Fire, Mello, and co-workers 

in 1998, [  2  ]  it has been extensively investigated to solve 
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fundamental biological questions [  3  ]  and for applications in 

the biomedical area. [  4  ]  In particular, RNAi is thought to pro-

vide enormous opportunity as an alternative therapeutic for 

diseases formerly considered not treatable with conventional 

small-molecule-based drugs. [  5  ]  

 The RNAi pathway can be triggered by introduction of 

exogenous small interfering RNA (siRNA) to the cytoplasm 

of eukaryotes. [  1  ]  Exogenous synthetic siRNA usually con-

sists of 21–23 nucleotides (nt) with 2–3 nt overhangs at the 

3 ′ -position. siRNA holds promise as a powerful gene thera-

peutic agent for treatment of a wide range of diseases from 

viral infection [  6  ]  to cancer [  7  ] —theoretically all of the diseases 

caused by upregulation of an aberrant gene—by utilizing 

endogenous RNAi machinery in mammalian cells. Although 

siRNA has shown signifi cant potential as a new gene 

therapy, diffi culty in delivery of an effective dose of thera-

peutic siRNAs while maintaining intact chemical structure 

into target cells with high gene silencing effi cacy hindered 

advancement of siRNA as a new therapeutic and expan-

sion of siRNA in more practical, routine applications. siRNA 

possesses a polyanionic character and permeation of siRNA 

across lipid bilayers is known to be negligible without assist-

ance. [  8  ]  In addition, exogenous siRNA undergoes degradation 

upon exposure to nucleases in biological systems. 

 To date, viral gene, [  9  ]  recombinant protein, [  10  ]  lipo-

somes, [  11  ]  cationic polymers, [  12  ]  and various types of nano-

particles and nanomaterials [  13–17  ]  have been exploited for 
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delivery of siRNAs into mammalian cells. Many cationic 

liposomes and polymers are considered too cytotoxic for 

clinical application. [  18  ]  Chemical modifi cation of the siRNA 

backbone has also been employed for obtaining stable and 

membrane-permeable siRNA. [  19  ]  However, due to high cost, 

the time-consuming process, and labor intensiveness, it may 

not be amenable for use in clinical application. A signifi cant 

effort has been made to realize an effi cient drug-delivery 

system (DDS) using various types of nanoparticles, including 

quantum dots, [  13  ]  magnetic particles, [  14  ]  silica nanoparti-

cles, [  15  ,  16  ]  and gold nanoparticles. [  17  ]  Among them, mesopo-

rous silica nanoparticles (MSNs) have been harnessed as a 

promising drug-delivery vehicle for anticancer drugs, such 

as doxorubicin and paclitaxel, due to their tunable pore and 

particle size, high surface area, large pore volume, ease of 

surface functionalization, and high biocompatibility. [  20  ]  In 

addition, a controlled and sustained release system has been 

demonstrated, which may be applicable to many different 

types of drugs, by loading small-molecule drugs into the pore 

with stimuli-responsive gate opening/closing systems. [  21–23  ]  

In contrast, biomacromolecules, such as protein, DNA, and 

RNA, have been immobilized or adsorbed mostly on the 

outer surface of the mesoporous silica instead of encapsu-

lated inside MSN pores, due to the relatively small pore size 

of MSNs in order to hold such biomacromolecules inside, 

thus making them vulnerable to enzyme-mediated degrada-

tion in vivo. [  15  ,  24–26  ]  

 Herein, we report a highly effi cient siRNA delivery system 

based on MSNs with large pores of diameter 23 nm (MSN23). 

The MSN23 is prepared by a simple procedure for expan-

sion of small pores by treatment of the conventional MSN 

possessing small pores ( ≈ 2 nm in diameter) with trimethyl-

benzene. [  27  ]  Loading of siRNA was then achieved by simply 

mixing siRNAs with the amine-functionalized MSN23. The 

siRNAs were expected to be loaded into MSN pores, thereby 

enabling cellular delivery of siRNA while maintaining its 

chemical integrity even in the presence of serum proteins 

( Figure    1  ). The process of siRNA loading and the interaction 
2 www.small-journal.com © 2012 Wiley-VCH 

     Figure  1 .     The siRNA delivery system with a silica nanoparticle possessing 
large pores. The siRNA delivery vehicle is designed to load siRNA 
molecules inside the pores for high loading capacity and protection 
from nucleases, to fi nally accomplish effi cient siRNA-mediated RNAi.  
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of siRNAs with pores were further studied by various experi-

ments and theoretical calculations. The validity of the siRNA 

delivery system was demonstrated using two different siRNAs 

targeting a model gene—green fl uorescent protein (GFP)—

and a therapeutically relevant gene—vascular endothelial 

growth factor (VEGF)—in vitro and in vivo. The present 

delivery system showed higher gene silencing effi ciency than 

a commercially available gene transfection reagent, Lipo-

fectamine 2000, with much lower cytotoxicity.    

 2. Results and Discussion 

 To prepare MSN23, we employed a pore expansion strategy 

with MSN with 2 nm pores (MSN2) using trimethylbenzene 

(TMB) as a swelling agent. [  27  ]  We fi rst synthesized MSN2 

according to a previously reported method. [  28  ]  MSN23 was 

synthesized by addition of TMB and distilled water (1:1, v/v) 

to the ethanolic solution of MSN2, followed by incubation 

for 4 days at 140  ° C in an autoclave. Successful preparation of 

MSN23 was confi rmed by transmission electron microscopy 

(TEM) and a nitrogen sorption experiment ( Figure    2  ). Both 

MSN2 and MSN23 showed narrow size distribution, about 

200 nm in diameter, in TEM (Figure  2 a,b) and scanning elec-

tron microscopy (SEM; Figure S1, Supporting Information) 

images. Monodispersity of nanomaterials is essential in the 

design of a well-defi ned DDS, since the size of nanoparticles, 

in addition to shape and surface chemistry, is one of the fac-

tors to determine cellular uptake and further effi cacy of the 

DDS. TEM images of MSN23 showed rather rough surfaces 

with many large pores, compared with MSN2. It is notable that 

MSN23 exhibited high monodispersity even after pore expan-

sion, for which the preparation method is straightforward and 

allows for large-scale synthesis (at least 1 g at a time using a 

laboratory setup). Further physical characterization of pore 

size, surface area, and pore volume of MSNs was carried out 

by nitrogen sorption experiments (Figure  2 c, Figure S2). Pore 

size distribution, which was calculated according to the Bar-

rett–Joyner–Halenda (BJH) method, revealed average pore 

sizes of 2.2 and 23 nm for MSN2 and MSN23, respectively. 

The surface area of MSNs obtained using the Brunauer–

Emmett–Teller (BET) method was decreased as expected 

from 1337 to 395 m 2  g  − 1  by expansion of the pores.  

 Next, MSN2 and MSN23 were aminated for the presen-

tation of positive charges on their inner and outer surfaces 

under physiological conditions by grafting 3-aminopropyltri-

ethoxysilane (APTES), so that negatively charged siRNA can 

be adsorbed via electrostatic interaction. The degree of ami-

nation determined by measurement of relative amounts of 

nitrogen and carbon through elemental analysis revealed that 

both MSN2 and MSN23 possess a similar amount of amines 

per gram, 3.6 mmol g  − 1 . An imaging dye was then conjugated 

onto the MSN surface by reaction of surface amine groups 

with  N -hydroxysuccinimide (NHS)-activated carboxytetram-

ethylrhodamine (TAMRA) to enable tracking of the MSNs 

(TAMRA-conjugated MSN, T-MSN) in mammalian cells 

using a fl uorescence microscope. Polyethylene glycol (PEG, 

molecular weight (MW) 5000) was next conjugated to MSNs 

(PEGylated T-MSN, P-T-MSN) to minimize agglomeration 
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     Figure  2 .     Physical characterization of the prepared silica nanoparticles. TEM images of a) MSN2 and b) MSN23. c) Mean pore size, surface area, 
and pore volumes obtained by a nitrogen sorption experiment.  

a

b

c
Mean pore size (nm) BET surface area (m2/g) Pore volume (mL/g) 

MSN2 2.1 1337 0.69

MSN23 23.0 395 0.97
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of the particles and nonspecifi c adsorption of biomolecules, 

such as serum proteins. Then, siRNA against GFP (siGFP) 

was loaded onto each particle by incubation of the parti-

cles (20  μ g) with siRNA (25 pmol) in phosphate-buffered 

saline (PBS, pH 7.4) for 1 h at room temperature. Adsorp-

tion of siRNA onto the particles and loading capacity were 

characterized by measurement of zeta potential and by gel 

electrophoresis ( Figure    3  a, Figure S3). We intended to com-

pare P-T-MSN23 and P-T-MSN2 for siRNA loading capacity 

but gel electrophoresis revealed that loading of siRNA to 

P-T-MSN2 was negligible (data not shown). The result sug-

gests that adsorption of siRNA onto the surface of MSNs, not 

into the pores, may be greatly reduced after PEGylation of 

the particles. Due to very limited siRNA loading capacity of 

P-T-MSN2, T-MSN2 was used instead of P-T-MSN2 for com-

parison throughout the present study. The zeta potential of 

T-MSN2 changed from 8.1 to  − 6.49 mV after siRNA loading, 

whereas the change was from 19.4 to 2.54 mV for P-T-

MSN23, thereby indicating that P-T-MSN23, unlike T-MSN2, 

maintains a positive zeta potential value even after loading 

of negatively charged siRNA. The loading capacity of each 

particle for siRNA was calculated by measurement of the 

relative intensity of bands corresponding to unbound siRNA 

appearing in a gel after electrophoresis (Figure S3). P-T-

MSN23–siRNA complex afforded about two times higher 

siRNA loading capacity (1.25 pmol  μ g  − 1 , number of siRNA 

per particle: 5800) than T-MSN2-siRNA (0.55 pmol  μ g  − 1 , 

number of siRNA per particle: 2550), thus implying that P-T-

MSN23 is more favorable than T-MSN2 as a siRNA delivery 

system.  

 Next, we investigated the physicochemical basis of dif-

ferences in zeta potentials of MSNs and loading of siRNAs 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 
DOI: 10.1002/smll.201200028
(Figure  3 b–d). Since siRNA and amine-functionalized MSNs 

are oppositely charged, electrostatic attraction should be one 

of the main driving forces in loading of siRNA onto MSNs. 

The zeta potential, which characterizes the screened electro-

static potential of MSNs in a dispersed medium, is expected 

to be proportional to the effective surface charge density of 

MSNs. The effective surface area of MSN2 is estimated as 

higher (outer surface area (0.14  μ m 2 )  +  pore surface area 

(17  μ m 2 )  ≈  17.1  μ m 2 ) than that of MSN23 (outer surface 

area (0.17  μ m 2 )  +  pore surface area (2.7  μ m 2 )  ≈  2.9  μ m 2 ) 

and the amine contents of MSN2 and MSN23 per gram are 

similar. For 42-nt siRNA that has a negative effective charge 

( Z  eff ) on phosphate groups, free energy stabilization due to 

adsorption of a siRNA molecule to MSN is   ε   int   =   −  Z  eff  e ζ  , 
where  e  is the elementary charge ( e   ≈  1.602  ×  10  − 19  C) and   ζ   
is the zeta potential. Calculations were performed assuming 

that the particles are not modifi ed with TAMRA or PEG. 

Detailed electric potential evaluated by solving the Poisson–

Boltzmann equation shows that the value of potential for 

the MSN2 is larger inside the pore than on the outer sur-

face. The relative difference of the electric potential inside 

and outside the pore increases as the pore size decreases. 

The screening of the amine charge by the counter ions is 

not effective if  R  p  becomes comparable to or smaller than 

the Debye screening length, as in MSN2 ( R  p   =  1.05 nm  ≈  

 κ   − 1   ≈  1 nm; Figure  3 b–d, Supporting Information). Despite 

the strong electric fi eld toward the pore, the pore radius, 

which is smaller than the size of a siRNA molecule (radius 

of gyration for siRNA,  R  G , with  R  p   <   R  G   ≈  2.0 nm), prevents 

entry of siRNAs into the pore. In contrast, for MSN23, the 

pore size of which is greater than siRNA ( R  G   <   R  p ), siRNAs 

can move freely into the pore and stick to the pore wall 
3www.small-journal.comH & Co. KGaA, Weinheim
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Zeta potentialb
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siRNA loading capacity 

(pmol/μg)
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P-T-MSN23 52.145.24.91

* a: zeta potentials of particle,  b: zeta potentials of siRNA-particle complex
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     Figure  3 .     Complex formation of T-MSN2 and P-T-MSN23 with siRNA, electric potential near MSN pores, GFP knockdown effi ciency, and cellular 
uptake of MSNs. a) Zeta potentials before and after siRNA loading onto MSNs were measured. The siRNA loading capacity of P-T-MSN23 is about 
twofold higher than that of T-MSN2. P-T-MSN2 showed very little loading of siRNA under the same conditions (data not shown). Therefore, T-MSN2, 
instead of P-T-MSN2, was used as a control for the particles with small pores. b) Illustration of the MSN geometry with a pore of radius  R  p ; the 
 z  coordinate is along the pore axis and  r  measures the distance from the axis (0  ≤   r   ≤   R  p ). c,d) Electric potentials (  φ  ) for MSNs with small ( R  p   =  
1.05 nm, MSN2) (c) and large pores ( R  p   =  11.5 nm, MSN23) (d) are calculated assuming that positive charges are uniformly distributed both at the 
outer surface ( z   =  0) and the pore wall ( z   >  0,  r   =   R  p ) with charge density   σ  . The strength of the electric potential, scaled with   ζ   potential of MSN2 
( ≈   σ  ( R  p   =  1.05 nm)/ ∈   κ  ≡  φ   o ), is color-coded from blue to red. The arrows next to the color bars indicate the values of   φ  /  φ   o  at the outer surface of 
the MSN, which are 1 and  ≈ 5.49 (estimated) for MSN2 (c) and MSN23 (d), respectively. Note that the difference between electric potential (  φ  /  φ   o ) 
inside the pore ( z   >  0) and the outer surface ( z   =  0) is larger if the pore is smaller. e) siRNA protection assay from RNase: lane 1, naked siRNA; lane 
2, siRNA–T-MSN2 complex; lane 3, siRNA–P-T-MSN23 complex. Data show that siRNA in the P-T-MSN23 complex is still intact even after incubation 
of the complex with RNase for 1 h at 37  ° C. f) Loading of siRNA into P-T-MSN23 is most likely established inside the pore, but not in T-MSN2, due 
to differences in pore size. g) Relative GFP expressions were determined as 69 and 15% for T-MSN2 and P-T-MSN23, respectively, which indicates 
that P-T-MSN23 is a highly potent siRNA delivery vehicle. h) P-T-MSN23 were observed in the perinuclear region after cellular uptake. N: nucleus, 
M: mitochondria, ER: endoplasmic reticulum.  
(Figure  3 d). Even though the physicochemical calculation 

results suggest that the loading of siRNA inside the pores 

is favorable, we cannot completely exclude the possibility 

of adsorption of the siRNAs “onto” the MSN surface. How-

ever, it is most likely that the majority of siRNAs are loaded 

inside the pores even if some siRNAs are adsorbed onto the 

outer surface of the MSN. 
www.small-journal.com © 2012 Wiley-VCH Ve
 We next evaluated the resistance of the siRNA–MSN 

complex against RNase-mediated degradation of siRNA and 

performed functional delivery of siGFP using both T-MSN2 

and P-T-MSN23 in HeLa cells (cervical cancer cells) stably 

expressing GFP (Figure  3 e). Protection of siRNA from 

nuclease is a key consideration for accomplishment of a clini-

cally relevant siRNA delivery vehicle. The degree of siRNA 
rlag GmbH & Co. KGaA, Weinheim small 2012, 
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     Figure  4 .     Knockdown of GFP and VEGF genes with P-T-MSN23 in vitro. a) GFP knockdown effi ciency was measured by fl ow cytometry. Relative 
GFP expression was measured as 26% (50 n M  siGFP–P-T-MSN23), 12% (100 n M  siGFP–P-T-MSN23), 36% (siGFP–Lipofectamine), 33% (50 n M  
siGFP–P-T-MSN23 in the presence of serum), and 29% (100 n M  siGFP–P-T-MSN23 in the presence of serum). b) Optical images of GFP HeLa after 
treatment of MSN23 and siGFP–P-T-MSN23 clearly shows the downregulation of the GFP gene in siGFP–P-T-MSN23-treated cells. BF  =  bright fi eld. 
c,d) VEGF mRNA levels were analyzed by performing RT-PCR after incubation with MDA-MB-231 cells. Remarkable downregulation of VEGF mRNA 
was observed in siVEGF–P-T-MSN23-treated cells in a dose-dependent and sequence-specifi c manner.  
degradation was determined by running a gel electrophoresis 

after incubation of siGFP–T-MSN2 and siGFP–P-T-MSN23 

complexes, which were prepared by incubation of siGFP and 

the MSNs in a ratio of 1.25 pmol siRNA to 1  μ g MSNs in PBS, 

in the presence of RNase for 1 and 2 h at 37  ° C, followed by 

heparin-mediated detachment of siRNA from the particles. 

The gel image in Figure  3 e shows that siRNA loaded to P-T-

MSN23 is still intact even after incubation of the complex 

with RNase for 1 h at 37  ° C, whereas siRNA with T-MSN2 

completely disappeared, which suggests that siRNAs might be 

loaded inside the pores in the case of P-T-MSN23, thus pre-

venting access of RNase to siRNA, as depicted in Figure  3 f. 

That being said, further incubation of siRNA–P-T-MSN23 

with RNase for 2 h induced signifi cant siRNA degradation, 

which might be attributed to slow but continuous dissociation 

of siRNA from pore walls as the incubation time increases, 

to reach equilibrium between bound and unbound states. In 

fact, the loaded siRNAs were completely released from the 

vehicle after incubation with heparin for 5 min (60  μ g of 

heparin was used for 10  μ g of siRNA–MSNs in 10  μ L PBS; 

data not shown). 

 Knockdown of GFP gene expression, as a model gene, 

was next carried out by addition of siRNA–MSN complexes 

(25 pmol siRNA with 20  μ g MSN in 250  μ L of serum-free 

medium, which is equivalent to 100 n m  siRNA) to GFP-

expressing HeLa cells that were seeded in a 24-well cell 

culture plate at a density of 2  ×  10 4  cells per well 24 h prior 

to transfection (the optimum nucleic acid/particle ratio was 

determined as 1.25 pmol  μ g  − 1 ). The GFP expression level 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 
DOI: 10.1002/smll.201200028
was determined by fl ow cytometry after 48 h of incubation. 

Relative GFP expressions were measured as 69 and 15% 

for T-MSN2 and P-T-MSN23, respectively, based on mean 

fl uorescence of GFP, thereby indicating that P-T-MSN23 is 

a much more potent siRNA delivery vehicle than T-MSN2 

(Figure  3 g). Fluorescence and TEM images showed the pres-

ence of internalized P-T-MSN23 in cytoplasm and, more spe-

cifi cally, their accumulation, mainly around the perinuclear 

region (Figure  3 g,h). Since P-T-MSN23 is superior to T-MSN2 

as a siRNA delivery vehicle according to the experimental 

data, we carried out all of the following experiments using 

P-T-MSN23. 

 We next examined the siRNA concentration depend-

ency of gene silencing, the effect of serum proteins, and com-

pared the degree of target gene downregulation mediated 

by P-T-MSN23 with that assisted by Lipofectamine 2000 

( Figure    4  a). The mean GFP gene expression level decreased 

to 26 and 12%, compared with control cells, upon treat-

ment of 50 and 100 n m  siGFP complexed with P-T-MSN23 

in serum-defi cient medium, respectively. Gene knockdown 

was achieved in a concentration-dependent manner, even in 

the presence of 10% serum, but with slightly less effi ciency. 

It is notable that the effi cacy of P-T-MSN23-assisted siGFP 

delivery, which inhibited GFP expression down to 12%, is 

even signifi cantly higher than that of Lipofectamine-assisted 

siGFP delivery showing reduced gene expression down to 

36%. Cellular uptake of P-T-MSN23 and the relative GFP 

expression levels were further confi rmed by fl uorescence 

microscope images, which showed little green fl uorescence 
5www.small-journal.comH & Co. KGaA, Weinheim
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in HeLa cells treated with siGFP–P-T-MSN23 complex, com-

pared with control cells treated with P-T-MSN23 only, and 

perinuclear accumulation of particles, as presented in the 

red fl uorescence originating from TAMRA dye conjugated 

to P-T-MSN23 (Figure  4 b). Nanoparticle-based systems 

showing higher effi ciency than Lipofectamine in siRNA-

induced gene knockdown as a cellular delivery strategy have 

been reported by several research groups; however, most of 

the aforementioned nanoparticles were prepared by coating 

with cationic polymers, such as polyethyleneimine (PEI), 

which often shows notable cytotoxicity within a range of 

effective concentrations. However, our P-T-MSN23 showed 

no reduction in cell viability (106  ±  5.3%), even at a much 

higher concentration (640  μ g mL  − 1 ) than that typically used 

(80  μ g mL  − 1 ; see Figure S4). Our siRNA delivery system does 

not require any further surface modifi cation for improve-

ment of knockdown effi ciency, since surface conjugation of 

cell-penetrating peptide (MPAP, myristoylated poly arginine 

peptide) to MSNs did not result in improvement of GFP 

gene silencing effi ciency (Figure S5). Taken together, the 

present P-T-MSN23 affords a functional siRNA delivery 

vehicle based on inorganic nanoparticles, which accomplishes 

higher siRNA transfection effi ciency than Lipofectamine 

without requiring a cationic polymer surface coating, while 

remaining noncytotoxic at effective concentrations and even 

well above the effective concentrations as well.  

 Next, we investigated downregulation of a therapeutically 

relevant gene, vascular endothelial growth factor (VEGF). 

VEGF is a signaling protein that plays a critical role in ang-

iogenesis in rapidly growing tumors by activation of endothe-

lial cells when it binds to the VEGF receptor (VEGFR). [  29  ]  

Due to its important role in tumor growth, efforts have been 

made to inhibit VEGF expression or function for reduction 

of angiogenesis in cancer therapy. [  30  ]  VEGF downregulation 

was carried out with MDA-MB-231 cells, a breast cancer cell 

line, by incubation with complexes of P-T-MSN23 with siRNA 

against VEGF (siVEGF) at 50 and 100 n m . Dose-dependent 

reduction in VEGF expression (lane 3 (50 n m  siVEGF) and 

lane 4 (100 n m  siVEGF)) was revealed by reverse transcrip-

tion polymerase chain reaction (RT-PCR) after 24 h of incuba-

tion, which semiquantitatively determined the VEGF mRNA 

level of each sample (Figure  4 c,d). The VEGF mRNA level 

was downregulated only in cells treated with siVEGF (lanes 

3 and 4, Figure 4c), not in cells treated with siGFP (100 n m , 

lane 5), thus indicating that degradation of VEGF mRNA 

was induced by siVEGF in a sequence-specifi c manner. The 

siVEGF–P-T-MSN23 complex induced VEGF gene silencing 

more effectively than in cells treated with siVEGF based 

on the Lipofectamine system, shown as a faint band (lane 4, 

siVEGF–P-T-MSN23, Figure 4c) and a bright band (lane 6, 

siVEGF–Lipofectamine) when the same concentrations of 

siVEGF were employed, which is consistent with the gene 

knockdown results of GFP. 

 We next demonstrated the applicability of our siRNA 

delivery system in vivo using xenografts of GFP-expressing 

HeLa and MDA-MB-231 cells.  Figure    5  a shows in vivo fl u-

orescence images of mice bearing GFP-expressing HeLa 

xenografts before and after intratumoral injection of siGFP–

P-T-MSN23 complex and PBS as a control. Decreased green 
6 www.small-journal.com © 2012 Wiley-VCH V
fl uorescence intensity corresponding to GFP in the siGFP–P-

T-MSN23-treated xenograft tumor, compared with the PBS 

treated one, is clearly demonstrated (Figure  5 a). A decrease 

of fl uorescence derived from GFP was also observed in the 

extracted tumors, showing reduction of fl uorescence down 

to 42% (Figure  5 b). Tissue slices prepared from xenograft 

tumors treated with P-T-MSN23 alone and siGFP–P-T-

MSN23 complex were examined under a fl uorescence micro-

scope. Bright red fl uorescence of TAMRA was observed in 

images of both tumor sections; however, green fl uorescence 

originating from GFP was signifi cantly reduced in the slice of 

tumor treated with siGFP–P-T-MSN23, thus indicating that 

P-T-MSN23-mediated functional siGFP delivery was accom-

plished in vivo and that GFP gene silencing was induced by 

siGFP in complex with P-T-MSN23, not by P-T-MSN23 itself 

(Figure  5 c). 

 VEGF gene knockdown was next investigated with 

MDA-MB-231 xenografts in vivo. The fi rst intratumoral 

injections were carried out when tumor volumes reached 

approximately 50 mm 3 . The siVEGF–P-T-MSN23 complex 

and controls, including PBS and naked siVEGF, were injected 

into each tumor four times (1 nmol of siVEGF at each injec-

tion) over a period of 20 days (at days 0, 5, 10, and 20) and 

tumor growth was monitored for 30 days from the initial 

injection. The tumor growth profi le (Figure  5 d) showed effec-

tive inhibition of tumor growth in the siVEGF–P-T-MSN23-

treated tumor, compared with naked siVEGF or PBS-treated 

tumors. Weights of excised tumors treated with PBS, naked 

siVEGF, and siVEGF–P-T-MSN23 complex were measured 

as 240, 190, and 52 mg, respectively (see Figure S6 for images 

of tumor-bearing mice before extraction of tumors). VEGF 

mRNA levels were then measured by RT-PCR with extracted 

tumors after 30 days from the initial injection. Remarkable 

downregulation of VEGF mRNA was observed in tumors 

treated with siVEGF–P-T-MSN23 complex, compared with 

controls treated with PBS or naked siVEGF (Figure  5 e). 

 To evaluate inhibition of blood vessel growth induced by 

siVEGF-mediated RNAi, we next performed immunohis-

tochemistry using anti-CD31 antibody for visualization of 

blood vessels within tumor sections from an siRNA complex-

treated xenograft. Fluorescence microscope images of the 

tumor sections indicated that siVEGF–P-T-MSN23 complex 

can suppress blood vessel growth, showing very weak staining 

of anti-CD31 antibody in the tumor treated with siVEGF–P-

T-MSN23 complex, whereas control tumors exhibited bright 

fl uorescence from anti-CD31 antibody (Figure  5 f). Overall, 

our P-T-MSN23-based siRNA delivery system was effective 

in both a model gene, GFP, and a therapeutic target gene, 

VEGF, and the effi cacy of siVEGF-mediated gene silencing 

was corroborated by RT-PCR results and inhibition of blood 

vessel growth in an in vivo xenograft model.  

 For the present study, the siRNA-loaded MSNs are intra-

tumorally administered due to the aggregation tendency 

which prohibits intravenous administration. Therefore, for 

now, this MSN23 may fi nd applications for tissues amenable 

to topical or localized therapy such as eye, skin, mucus mem-

brane, and local tumors. Localized delivery has several ben-

efi ts, including the potential for both higher bioavailability, 

given the proximity to the target tissue, and reduced adverse 
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     Figure  5 .     Knockdown of GFP and VEGF genes with P-T-MSN23 in vivo. a,b) In vivo optical images before (a) and after removal of tumors (b) and 
quantitative analysis of GFP-expressing tumors. c) Optical microscopic images of a tissue section after 4 ′ ,6-diamidino-2-phenylindole (DAPI) 
staining show considerable reduction in GFP expression in the siGFP–P-T-MSN23-treated tumor, compared with tissue treated with P-T-MSN23. 
d) Tumor growth was observed for 30 days from the initial injections, which were performed when xenograft volumes reached approximately 
50 mm 3 . Intratumoral injections of siVEGF–P-T-MSN complex, naked siVEGF, and PBS were performed four times at days 0, 5, 10, and 20. The tumor 
growth profi le revealed no notable changes in tumor volumes when treated with siVEGF–P-T-MSN23 complex. Extracted tumors at day 30 are shown 
for size comparison. e) Signifi cant downregulation of VEGF mRNA was observed in the siVEGF–P-T-MSN23-treated tumor, compared with the PBS- or 
naked siVEGF-treated tumor. Quantitative analysis of relative VEGF mRNA levels are presented as a bar graph. f) Inhibition of blood vessel growth 
in tumors treated with siVEGF–P-T-MSN23 was found by immunohistochemistry of tumor tissue sections with anti-CD31 antibody.  
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effects typically associated with systemic administration. Dis-

ease targets of local therapy are as follows: macular degen-

eration, atopic dermatitis, Huntington’s disease, chronic pain, 

and glioblastoma multiforme. [  8  ]    

 3. Conclusion 

 We have demonstrated the ability of pore-expanded silica 

nanoparticles, P-T-MSN23, to deliver siRNA in vitro and in 

vivo, which showed remarkable downregulation of target 

genes, including the therapeutic gene VEGF. To date, MSNs 

have shown limited application in siRNA delivery due to 

their small pores. Our MSNs having ultralarge pores,  ≈ 23 nm 

in diameter, possess important advantages for functional and 

effi cient siRNA delivery. First, siRNA delivery vehicle, P-T-

MSN23, is prepared by a simple, cost-effective strategy with 

high monodispersity in a large quantity (more than 1 g per syn-

thesis) in a short time. Second, in principle, any siRNA could 

be loaded onto P-T-MSN23 by simply mixing them in PBS 

and incubating for an hour, thus suggesting that the delivery 

system is modular. No chemical conjugation, crosslinker, 

or cumbersome purifi cation/separation process is needed. 

The delivery vehicle may be prepared in a large quantity at 
© 2012 Wiley-VCH Verlag Gmsmall 2012, 
DOI: 10.1002/smll.201200028
one time and used with appropriate siRNAs when needed. 

Third, siRNAs do not require laborious, expensive, and time-

consuming chemical modifi cations, such as in locked nucleic 

acid (LNA) and  O -methyl and phosphorothioate nucleic acids, 

to maintain chemical stability against nucleases since siRNAs 

are well protected by being loaded mostly inside pores of 

P-T-MSN23. Fourth, our delivery vehicle, P-T-MSN23, does 

not require cationic polymer coatings, which are generally 

considered cytotoxic, for effi cient cellular uptake. P-T-MSN23 

itself showed little cytotoxicity, even at high concentrations 

after amination. In addition, MSNs are generally considered 

biocompatible. With the simple system possessing all of these 

advantages, effi cient and safe functional siRNA delivery was 

achieved in vitro and in vivo. Due to its high effi cacy, biocom-

patibility, modularity, cost-effectiveness, and technical sim-

plicity, the use of the present siRNA delivery strategy based 

on P-T-MSN23 could open the way to realization of exciting 

opportunities for use of RNAi in fundamental biology and 

biomedicine. We think that the present nanoparticle platform 

can be further improved by enhancing colloidal stability of 

the MSN23 and reducing the overall size of the MSN23 from 

200 to around 100 nm, especially for therapeutic application. 

In addition, several important issues for gene silencing—

when and where siRNA gets released from the particle inside 
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cells, how fast the siRNA release occurs, and how long gene 

silencing can be achieved—will be studied to enhance mecha-

nistic understanding of the MSN23-mediated siRNA delivery 

and gene silencing in the near future.   

 4. Experimental Section 

  Synthesis of MSN2 and MSN23 : Silica nanoparticles with 2 nm 
pores (MSN2) were prepared according to the literature, with little 
modifi cation. In brief, cetyltrimethylammonium bromide (CTAB, 
3.94 g) and 1  M  NaOH solution (2.28 mL) were dissolved in meth-
anol/water (800 g; 0.4:0.6, w/w). With vigorous stirring, tetrameth-
oxysilane (TMOS, 1.3 mL) was added to the solution under ambient 
conditions. The reaction mixture was aged overnight after stirring 
for 8 h. The resulting white precipitate was purifi ed for removal of 
remaining surfactant by centrifugation and washed with ethanol 
and water fi ve times each. For preparation of MSN2, as-synthesized 
silica nanoparticles were suspended in ethanol (20 mL), followed 
by addition of HCl (4 mL). The suspension was refl uxed overnight. 
The resulting white powder was isolated by fi ltration and washed 
with ethanol. For preparation of MSN23, as-synthesized silica 
nanoparticles were dispersed in ethanol by sonication for 30 min, 
followed by addition of water and TMB (20 mL of 1:1 mixture, v/v). 
The mixture was placed in an autoclave and kept at 140  ° C for 
4 days. The resulting white powder was washed with ethanol and 
water fi ve times each. Organic surfactant was removed by refl uxing 
in acidic ethanolic solution, as described above. 

  Preparation of Amine-Functionalized MSN2 and MSN23 and 
Conjugation of TAMRA : The template-extracted MSN2 and MSN23 
(100 mg each) were suspended in toluene followed by the addi-
tion of APTES (1 mL). The suspension was refl uxed overnight, fi l-
tered, and the residue washed with ethanol. Amine-grafted MSN2 
and MSN23 (30 mg each) were suspended in dimethyl sulfoxide 
(DMSO, 1 mL) and  N -hydroxysuccinimyl (NHS) ester-activated 
carboxytetramethylrhodamine (TAMRA-NHS) solution (10  μ L, 
2.5 mg mL  − 1  in DMSO) was added to the suspension. After stir-
ring for 3 h, a pinkish powder was obtained by centrifugation and 
washing with ethanol and water fi ve times. 

  PEGylation of MSN23 : MeO-PEG-NH 2  (MW 5000 g mol  − 1 , 
Sunbio Inc.) was reacted with same amount of 3,3 ′ -dithiodipropi-
onic acid di( N -hydroxysuccinimide ester) overnight at room tem-
perature. The reaction mixture was added to the suspension of 
T-MSN23 without purifi cation, and stirred overnight at room tem-
perature. The suspension was washed with ethanol and water fi ve 
times. The resulting solid was dried under vacuum and dispersed 
in nuclease-free water. 

  Surface Characterization of MSN2 and MSN23 : Nitrogen 
adsorption isotherms were measured in a NOVA sorption appa-
ratus. Surface area calculations were carried out using the BET 
method and the pore size distribution was calculated according to 
the BJH method. 

  Cell Culture : HeLa (human cervical cancer cell line) cells, GFP-
expressing HeLa cells, and MDA-MB-231 cells were cultured in 
Dulbecco’s modifi ed Eagle’s medium (DMEM) containing  D -glucose 
(4.5 g L  − 1 ) and supplemented with 10% fetal bovine serum (FBS), 
penicillin (100 units mL  − 1 ), and streptomycin (100 g mL  − 1 ). Cells 
were maintained in a humidifi ed incubator under 5% CO 2  at 
37  ° C. 
8 www.small-journal.com © 2012 Wiley-VCH V
  Cellular Uptake Study : HeLa cells were seeded on a sterilized 
circular glass coverslip in a 24-well plate and cultured in an incu-
bator. After 24 h, the cells were treated with P-T-MSN23 (80  μ g mL  − 1 ) 
for 24 h, and then washed with PBS. For fi xation, the glass cover-
slip with cells was immersed in 4% paraformaldehyde in PBS for 
10 min at room temperature. Then, the cells on the coverslip were 
washed with PBS and mounted on a glass slide with nuclei staining 
by DAPI. Cell images were obtained using an inverted fl uorescence 
microscope equipped with a 60 ×  (1.4 numerical aperture) objec-
tive (Nikon Co., Japan) and a CoolSNAP cf charge-coupled device 
(CCD) camera (Photometrics, Tucson, AZ). 

  Gel Retardation Assay : To prepare each siRNA–nanoparticle 
complex, siRNA (100 pmol) was incubated with a predetermined 
amount of P-T-MSN23 at 4  ° C in PBS. After 1 h of incubation, RNA 
loading dye was added to each mixture, and then the mixtures 
were loaded on the polyacrylamide gel. Gel electrophoresis was 
carried out at 90 V for 30 min in TBE (Tris/borate/EDTA) buffer, and 
the RNA bands were visualized on a UV trans-illuminator. 

  RNase Protection Assay : The siRNA–nanoparticle complexes 
were prepared to the fi nal concentration of 25 pmol of siRNA 
against GFP (siGFP) with 20  μ g of particles in 5  μ L of PBS. The com-
plexes were incubated for 1 h at room temperature. After adding 
RNase at a fi nal 0.05% concentration, samples were incubated for 
varying times at 37  ° C. The samples were treated with heparin and 
analyzed by polyacrylamide gel electrophoresis. 

  Cell Viability Test of MSNs : The cytotoxicity of P-T-MSN23 was 
tested by examining the viability of HeLa cells after the treatment 
of particles using the CCK-8 assay. HeLa cells were seeded in a 
96-well cell culture plate 24 h before P-T-MSN23 treatment at a 
density of 1  ×  10 4  cells per well. After incubation for 24 h, the cells 
were treated with varying concentrations of P-T-MSN23, and control 
cells were treated with equivalent volumes of PBS. After 24 h, the 
medium was removed, and serum-free medium (100  μ L) and CCK-8 
solution (10  μ L) were added to each well. The cells were incubated 
for 1 h. The optical density of formazan salt at 450 nm wavelength 
was measured using a microplate reader (Molecular Devices, Inc., 
USA), and the background absorbance of the medium was sub-
tracted. Experiments were carried out in triplicate, and data are 
shown as mean  ±  standard error of the mean. 

  In vitro GFP Silencing : GFP HeLa cells were seeded in a 24-well 
cell culture plate at a density of 2  ×  10 4  cells per well 24 h prior 
to transfection. GFP siRNA–particle complexes were prepared 
as follows. GFP siRNA (25 pmol) was incubated with P-T-MSN23 
(20  μ g) in PBS at room temperature for 1 h. Each mixture (total 
volume 5  μ L) was then diluted with serum-free medium (245  μ L). 
GFP siRNA complexes in serum-free medium or serum-containing 
medium (250  μ L) were added to the cells and incubated for 8 h 
at 37  ° C. Then the cells were washed with PBS and incubated for 
an additional 48 h in fresh serum-containing medium (500  μ L). 
Following incubation, knockdown and cellular uptake were inves-
tigated using a fl uorescence microscope (Nikon Co., Japan). For 
quantifi cation of knockdown effi cacy, cells were washed with PBS, 
trypsinized, and then harvested. The samples were centrifuged at 
4  ° C and washed with cold PBS. After spinning down, cells were 
suspended in PBS containing 1% FBS and the suspension was fi l-
tered. Fluorescence intensity was measured using a FACSCalibur 
fl ow cytometer (Becton Dickinson, USA) equipped with an argon 
laser. Fluorescence intensity was shown as mean fl uorescence of 
GFP. 
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  In vitro VEGF Silencing : The level of VEGF mRNA was estimated 
by RT-PCR analysis. MDA-MB-231 cells were seeded in a 12-well cell 
culture plate at a density of 4  ×  10 4  cells per well 24 h prior to trans-
fection. Following incubation for 24 h, the medium was changed to 
serum-free DMEM and cells were treated with various nanoparticle 
complexes (5  μ L), including particles (80  μ g mL  − 1 ) and 50 n M  VEGF 
siRNA complex, 100 n M  siRNA complex, 100 n M  GFP siRNA complex, 
and 100 n M  VEGF siRNA–Lipofectamine complex. Following incuba-
tion for 4 h, the medium was removed and replaced with serum-
containing medium. Cells were trypsinized and harvested after 
incubation for 20 h. Total RNA was isolated using Trizol (Invitrogen, 
Carlsbad, CA) according to the manufacturer’s protocol. RT-PCR 
was performed using a Super-Script II RT kit (Invitrogen, Carlsbad, 
CA). RT-PCR was carried out using the following thermal cycling 
conditions: cDNA synthesis; one cycle at 65  ° C for 5 min, 42  ° C 
for 2 min, 42  ° C for 50 min, inactivation at 70  ° C for 15 min, dena-
turation; one cycle 94  ° C for 2 min, PCR amplifi cation; 32 cycles 
at 94  ° C for 20 s, at 60  ° C for 30 s, and at 72  ° C for 30 s, fi nal 
extension; one cycle at 70  ° C for 5 min. PCR primers for detection 
of human VEGF (forward, 5 ′ -AGGAGGGCAGAATCATCACG-3 ′ ; reverse, 
5 ′ -CAAGGCCCACAGGGATTTTCT-3 ′ ) and human  β -actin (forward, 
5 ′ -GCTCGTCGTCGACAACGGCTC-3 ′ ; reverse, 5 ′ -CAAACATGATCTGGGT-
CATCTTCTT-3 ′ ) were obtained from Genotech, Inc. (Daejeon, Korea). 
Sizes of PCR products for VEGF and human  β -actin were 522 and 
1153 bp (base pairs), respectively. PCR products were separated 
in a 0.8% agarose gel by electrophoresis. 

  In vivo GFP Silencing : All animal care and experimental proce-
dures were approved by the Animal Care Committees of KAIST. For 
in vivo optical imaging, a xenograft tumor model was generated 
by subcutaneous injection of EGFP HeLa cells (2  ×  10 6  cells per 
tumor) in PBS into the fl ank region of female nude mice. When the 
diameter of tumors reached around 5 mm, GFP siRNA complexed 
with P-T-MSN23 (1 nmol) in PBS was intratumorally injected twice 
(one injection per day). The control group was injected with same 
amount of particles in PBS omitting siRNA. After 4 days from fi nal 
injection, the GFP expression of tumors was visualized by an IVIS 
Lumina imaging system (Xenogen, USA). The tumor tissue was 
removed and also visualized by the IVIS Lumina imaging system. 
The tissue was fi xed, embedded in paraffi n, cut off in 5  μ m thick-
ness, and rehydrated. The tissue section was stained with DAPI 
and analyzed by using inverted fl uorescence microscopy (Nikon 
Co., Japan).  

 In vivo VEGF Silencing : The xenograft tumor model was gener-
ated by subcutaneous injection of MDA-MB-231 cells (2  ×  10 6  cells 
per tumor) in PBS into the fl ank region of female nude mice. When 
the volume of tumors reached around 50 mm 3 , VEGF siRNA com-
plexed with P-T-MSN23 (1 nmol) in PBS was intratumorally injected 
at days 0, 5, 10, and 20. Control groups were injected with the 
same amounts of siRNA in PBS or only PBS. The tumor volume 
was determined by measuring the perpendicular diameters using 
the digital caliper to monitor the tumor growth tendency based on 
the formula: tumor volume  =  major axis  ×  (minor axis) 2   ×  ( π /6). 
After 30 days from initial injection, tumors were removed and 
visualized by an IVIS Lumina imaging system to confi rm the pres-
ence of particles. The tissues were weighed and homogenized. 
To determine the intratumoral level of VEGF mRNA, total RNA was 
isolated from the tumor tissue using Trizol, according to the manu-
facturer’s protocol. RT-PCR was performed with three tissues. The 
procedure was the same as described above. The tissue was fi xed, 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 
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embedded in paraffi n, cut off in 5  μ m thickness, and rehydrated. 
Antigen retrieval was carried out under heating conditions in cit-
rate buffer and the tissue section was incubated with 1% bovine 
serum albumin (BSA) in PBS followed by the incubation of CD31 
antibody. Finally, the sections were incubated with Alexa Fluor 488 
goat anti-mouse antibody, washed, and mounted with DAPI. The 
sections were analyzed using an inverted fl uorescence microscope 
equipped with a 60 ×  (1.4 numerical aperture) objective (Nikon Co., 
Japan) and a CoolSNAP cf CCD camera (Photometrics, Tucson, AZ).     
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