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Reductively Dissociable siRNA-Polymer Hybrid Nanogels 
for Effi cient Targeted Gene Silencing
 A highly effi cient approach for target-specifi c gene silencing based on a 
reductively dissociable nanogel incorporating small interfering RNA (siRNA) 
crosslinked with linear polyethylenimine (LPEI) via disulfi de bonds is pre-
sented. Thiol-terminated siRNA at both 3 ′ -ends is electrostatically complexed 
with thiol-grafted LPEI. The prepared siRNA/LPEI complex contains inter- 
and intramolecular linkages, generating a mutually crosslinked siRNA/LPEI 
nanogel (MCN) that exhibits excellent structural stability against the addition 
of heparin but is readily disintegrated to biologically active, monomeric siRNA 
upon exposure to reductive conditions. Accordingly, the highly condensed, 
stable MCN shows greatly enhanced cellular uptake and gene silencing 
effi ciency compared to the siRNA/LPEI complexes without crosslinks or with 
only LPEI-mediated crosslinks. 
  1. Introduction 

 Recently, siRNA has received increasing attention for thera-
peutic applications due to its target-specifi c gene silencing via 
RNA interference (RNAi). [  1  ,  3  ]  It is urgently needed to develop 
a safe, stable, effi cient delivery system for siRNA therapeutics 
because intracellular processing is essential for gene suppres-
sion. [  4  ,  5  ]  It has been well investigated that plasmid DNA can 
be effectively condensed with cationic polyelectrolytes via elec-
trostatic complexation, producing stable nanoscale colloidal 
complexes, called polyplexes, in aqueous solution. [  6  ,  8  ]  Unlike 
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plasmid DNA, siRNA has a stiff structure 
with relatively low spatial charge density, 
which makes it diffi cult to form stable and 
compact nanocomplexes. [  9  ,  10  ]  To increase 
the structural stability of nanoscale siRNA 
complexes, the use of an excess amount 
of cationic carriers has been attempted; 
however, it could increase nonspecifi c 
cytotoxicity. [  11–13  ]  

 A variety of cationic polyelectrolytes 
have been studied to effectively encapsu-
late siRNA within nanosized complexes 
for effi cient intracellular transport and 
gene silencing. [  14–16  ]  The charge density 
of siRNA and cationic carriers has been 
shown to determine the size and structural 
stability of siRNA polyplexes. [  17  ,  19  ]  One 
promising way to stabilize siRNA polyplexes is to use cleavable, 
high molecular weight polyelectrolytes comprising cationic oli-
gomers connected via biodegradable linkages, such as disulfi de, 
hydrazone, ketal, and ester bonds. [  20  ,  23  ]  The multimerization 
of cationic oligomers can increase the spatial charge density 
of the cationic carrier and allow the formation of stable siRNA 
complexes. The cationic polyelectrolytes are readily dissociated 
to oligomeric fragments in the cell, which can effi ciently alle-
viate the cytotoxicity of siRNA delivery carriers. [  24  ]  Our recent 
study also suggests that the multimerization of siRNA via fl ex-
ible linkers containing disulfi de bonds can increase the gene 
silencing effect due to the increased charge density and chain 
fl exibility of siRNA. [  25  ]  In particular, the synthesized multimeric 
siRNA can be effectively condensed into stable nanoscale com-
plexes with oligomeric cationic electrolytes, such as linear poly-
ethylenimine (LPEI), which has a molecular weight of 25 kDa, 
enhancing intracellular uptake and gene silencing without 
signifi cant cytotoxicity. Monomeric siRNA was shown to form 
large aggregates that exhibit low transfection effi ciency. 

 This study introduces a novel approach based on highly 
stable, compact hydrogel nanoparticles, called nanogels, incor-
porating siRNA that are generated via reductively cleavable 
crosslinking of siRNA with linear polyethylenimine (LPEI). 
Thiol-terminated siRNA at both 3 ′ -ends were crosslinked with 
thiol-grafted LPEI via disulfi de bonds. We hypothesized that 
the inter- and intramolecular bridging between siRNA and 
LPEI can effectively stabilize the polyplex structure, while the 
nanogel could be readily dissociated in the cytoplasm if reduc-
tively cleavable linkages are used as crosslinks. The siRNA 
nanogel was expected to facilitate the intracellular translocation 
and gene silencing effects of siRNA, which are often limited 
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     Figure  1 .     Schematic illustration for the preparation and intracellular processes of mutually 
crosslinked siRNA/LPEI 5.7  nanogels (MCN 5.7 ), LPEI 5.7 -crosslinked siRNA nanogels (CN 5.7 ) and 
uncrosslinked siRNA/LPEI complexes (UC), respectively.  
by the structural instability of polyplex. [  26  ,  27  ]  Thiol-grafted LPEIs 
with different grafting densities of thiol groups were synthe-
sized to control the crosslinking density of nanogels. The size 
distribution, zeta potential, morphology, structural stability, 
cellular uptake, and gene silencing effi ciency of the prepared 
nanogels were determined and compared with those of nano-
scale complexes prepared using naked siRNA with unmodifi ed 
and thiol-grafted LPEI.   

 2. Results and Discussion 

 The preparation procedures of MCN are schematically 
illustrated in  Figure    1  . The electrostatic complexation between 
thiol-terminated siRNA and thiol-grafted LPEI is followed by 
the formation of stable nanogels chemically crosslinked via 
disulfi de bonds between siRNA and LPEI. Thiol-terminated 
siRNA was prepared by hybridizing sense and antisense green 
fl uorescence protein (GFP)-targeted siRNA primers, both 
of which were chemically modifi ed with a thiol group at the 
     Figure  2 .      1 H NMR spectra of a) LPEI and b) LPEI-SH 1.8 .  
3 ′ -end. To synthesize thiol-grafted LPEI, the 
secondary amines of LPEI with a molecular 
weight of 2.5 kDa were reacted with 2-meth-
ylthiirane via a ring-opening reaction. [  20  ]  The 
molar ratios of 2-methylthiirane to LPEI 
used in the feed were 1, 3, 5, and 9. The pre-
pared thiol-grafted LPEI was denoted LPEI-
SH  X  , where  X  is the average number of thiol 
groups grafted to each LPEI backbone. The 
ratio of ethylene of LPEI to methyl of 2-meth-
ylthiirane of LPEI-SH  X   was determined by 
 1 H NMR; the calculated  X  values were 1.2, 
1.8, 5.7, and 7.3 ( Figure    2  ).   
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2013, 23, 316–322
 To determine the kinetics of formation 
of disulfi de bonds, the number of free thiol 
groups in various siRNA/LPEI-SH  X   poly-
plexes, denoted MCN  X  , at an N/P ratio of 
60 was measured as a function of reaction 
time using Ellman’s assay. Interestingly, 
more than 70% of the total number of link-
ages was generated in 1 h in all of MCN  X   
except MCN 1.2 : only 45.8  ±  5.9%, 31.7  ±  
1.9%, and 30.0  ±  5.6% of the initial thiol 
groups remained in MCN 1.8 , MCN 5.7 , and 
MCN 7.3 , respectively, while a majority of free 
thiols (89.9  ±  3.3%) still remained in MCN 1.2  
( Figure    3  a). Following the electrostatic 
complexation, it seems likely that highly 
thiol-grafted LPEI-SH  X   was more effi ciently 
crosslinked presumably due to the high 
concentration and close proximity of thiol 
groups within individual polyplexes. The 
rapidly decreased rate of bond formation 
post 1 h reaction indicates that the chain 
mobility of siRNA and LPEI could decrease 
as the generated disulfi de bonds could 
impose steric restriction for the residual free 
thiol groups. After 24 h, the numbers of free 
thiol groups in MCN 1.2 , MCN 1.8 , MCN 5.7 , 
and MCN 7 . 3  were 75.0  ±  3.7%, 23.8  ±  3.0%, 8.3  ±  2.9%, and 
7.6  ±  1.6%, respectively. This result indicates that a high level 
of thiol grafting to LPEI is required for the successful forma-
tion of a highly inter- and intra-connected nanogel comprising 
siRNA and LPEI.  

 We next determined whether the crosslinking density of 
MCN  X   affects the size, surface charge, and structural stability 
of nanogels, which are critically important parameters deter-
mining the effi ciency of intracellular delivery of nanogels. 
Uncrosslinked siRNA/LPEI polyplex, denoted UC, was also pre-
pared as a control using naked siRNA and unmodifi ed LPEI. 
The hydrodynamic size and zeta potential of various MCN  X   
and UC were determined, as shown in Figure 3b,c, respec-
tively. UC formed micrometer-sized particles as commonly 
observed for siRNA polyplexes. [  28  ]  Interesting, only approxi-
mately one thiol group per LPEI chain induced the signifi cant 
decreases in size compared to unmodifi ed LPEI. At an N/P 
ratio of 90, the diameters of MCN 1.2 , MCN 1.8 , MCN 5.7 , and 
MCN 7.3  were 151.5  ±  4.5 nm, 235.3  ±  4.5 nm, 211.6  ±  8.5 nm, 
317wileyonlinelibrary.comeim
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     Figure  3 .     Effects of the crosslinking density on physicochemical properties of MCN  X   ( X   =  
1 . 2, 1.8, 5.7, and 7.3). a) Percentage of residual thiol groups in MCN  X   at an N/P ratio of 60. 
b) Hydrodynamic mean diameter and c) zeta potential of MCN  X   with different crosslinking 
densities determined from DLS analysis. d) Heparin/DTT decomplexation assay of MCN  X   at 
an N/P ratio of 60 using agarose gel electrophoresis. e) Cytotoxicity and f) gene silencing 
effi ciency of MCN  X   in MDA-MB-435-GFP cells. The error bar indicates the standard deviation 
in triplicate experiments.  
and 108.8  ±  3.1 nm, respectively. The diameter of nanogels was 
in the range of 300 to 100 nm regardless of the degree of thi-
olation in LPEI-SH  X   at N/P ratios of 60 and 90. In particular, 
MCN 7.3  exhibited the smallest sizes, 101.5 nm and 108.8 nm at 
N/P ratios of 60 and 90, respectively, indicating the most effec-
tive condensation of siRNA within the nanogels presumably 
due to high crosslinking densities. 

 Although a signifi cant percentage of secondary amine groups 
in MCN  X   were substituted with thiol groups (e.g., about 12.6% 
for MCN 7.3 ), MCN  X   exhibited a higher positive zeta potential 
than UC at all of N/P ratios (Figure  3 c). At N/P ratios of 60 and 
90, the zeta potential values of all of MCN  X   were mostly in 
the range of  + 30–35 mV and only slightly increased with the 
increased N/P ratios possibly because the prepared nanogels 
had a very stable network structure that would not be affected 
by the addition of excess LPEI. On the contrary, UC exhibited 
relatively low zeta potential values ( + 22–24 mV), indicating 
the exposure of siRNA chains to the surface of polyelectrolyte 
complexes. 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
 The structural stability of MCN  X   was ana-
lyzed using a heparin-induced decomplexa-
tion assay. Without heparin treatment, no 
detectable amount of siRNA was dissociated 
from all of MCN  X   as visualized using agarose 
gel electrophoresis (Figure  3 d). However, 
the incorporated siRNAs within MCN 1.2  and 
MCN 1.8  were readily released in the presence 
of 100 mM heparin. Following the incuba-
tion with heparin, the nanogels were further 
treated with 200 mM 1,4-dithiolthreitol (DTT) 
to reduce the disulfi de bonds of siRNA/LPEI 
inter- and intramolecular networks and dis-
sociate the loaded siRNA from LPEI. Most of 
the loaded siRNAs were released in a mono-
meric form from all of the samples including 
MCN 5.7  and MCN 7.3 . This result indicates 
that thiol-terminated siRNA was successfully 
complexed and chemically linked with thiol-
grafted LPEI via disulfi de bonds without sig-
nifi cant loss during the nanogel formation. 

 The cytotoxicity of MCN  X   was determined 
by measuring the cellular viability of human 
breast carcinoma cells expressing GFP (MDA-
MB-435-GFP) treated with MCN  X   at various 
N/P ratios. When the cells were treated with 
MCN  X   up to an N/P ratio of 60 at an siRNA 
concentration of 144 nM, no signifi cant cyto-
toxicity was observed for all of the MCN  X   
except MCN 7.3 , as shown in Figure  3 e. At an 
N/P ratio of 60, the viability of cells treated 
with MCN 7.3  slightly decreased to around 80%, 
which might be related to a higher level of cel-
lular uptake in this condition. Figure  3 f shows 
the GFP gene silencing activity of MCN  X   on 
MDA-MB-435-GFP determined at various 
N/P ratios in the presence of 10% FBS. The 
siRNA concentration was fi xed to 144 nM. 
It was revealed that the gene silencing effi -
ciency increased with the increased N/P 
ratios, indicating that a highly compact, stable nanogel is more 
effi cient for targeted gene silencing due to facile intracellular 
translocation. [  29  ]  MCN 1.2  exhibited relatively poor gene suppres-
sion because of insuffi cient structural stability. UC did not show 
any signifi cant gene silencing activity under the experimental 
conditions used in our study because the molecular weight of 
LPEI was only 2.5 kDa, which seems to be too small to form a 
stable polyplex with siRNA, as the similar results were reported 
elsewhere. [  30  ]  In addition, a high molecular weight (25 kDa) of 
LPEI also exhibited negligible gene silencing activity for siRNA 
in our previous studies. [  25  ,  30  ]  Interestingly, MCN 5.7  and MCN 7.3  
showed similar gene silencing effi ciency, indicating that about 
5 thiol groups per LPEI backbone were suffi cient to resist the 
dissociation and release of siRNA from the complex against 
excess anionic heparin molecules. Accordingly, MCN 5.7  was 
chosen for further characterization and biological evaluation. For 
comparison, UC and LPEI  X  -siRNA nanogel (denoted CN  X  ) were 
used. Naked siRNA was used for CN  X  , and thus the nanogel was 
formed only through the crosslinking between LPEI  X   chains. 
heim Adv. Funct. Mater. 2013, 23, 316–322



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

     Figure  4 .     Physicochemical properties of UC, CN 5.7 , and MCN 5.7 . a) AFM images of each carrier 
at an N/P ratio of 60. Scale bar  =  400 nm. b) Hydrodynamic mean diameters (bar graph, left 
panel) and zeta potentials (square, right panel) at an N/P ratio of 60 determined from DLS 
analysis. c) Electrophoretic migration of free siRNA from UC, CN 5.7 , and MCN 5.7  prepared 
at different N/P ratios. d) Heparin-induced decomplexation assay using various carriers at 
an N/P ratio of 60. The concentration of heparin was 100 mM. e) Visualization of released 
siRNA from MCN 5.7  (N/P ratio  =  60) in 100 mM heparin solution with increasing the GSH 
concentrations.  
 The morphology of UC, CN 5.7 , and MCN 5.7  was examined 
using atomic force microscopy (AFM). MCN 5.7  was a well-
dispersed spherical nanogel having an approximate diameter 
of about 200 nm, whereas CN 5.7  had irregular, larger struc-
ture, and UC was uneven and micrometer-sized aggregates 
( Figure    4  a). The mean hydrodynamic diameters of UC, CN 5.7 , 
and MCN 5.7  were 1427  ±  287 nm, 638  ±  72 nm, 215  ±  8 nm, 
respectively ( Figure    4  b). This result indicates that mutual 
crosslinking between siRNA and LPEI is critically important for 
the formation of a stable nanogel structure. Dehydration usu-
ally causes the shrinkage of a polymer hydrogel because of a 
low volume fraction of solid polymer. However, the size of dried 
MCN 5.7  from the AFM images was very similar to the hydrody-
namic diameter presumably because the dehydration of nanogel 
did not affect the chain conformation presumably due to the 
highly compact structure of MCN 5.7 . The zeta potential value 
of MCN 5.7  (34.9  ±  3.9 mV) was signifi cantly higher than those 
of UC (21.4  ±  0.6 mV) and CN 5. 7  (22.3  ±  2.5 mV). In MCN 5.7 , 
thiol-terminated siRNA seems to be located within nanogels 
via intra- and intermolecular crosslinking. By contrast, a large 
number of naked siRNA might be only adsorbed on the surface 
of UC and CN 5.7  and thus easily diffuse out of complexes.  

 Electrophoretic migration of free siRNA from UC, CN 5.7 , 
and MCN 5.7  prepared at different N/P ratios was examined 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheAdv. Funct. Mater. 2013, 23, 316–322
using agarose gel electrophoresis (Figure   4  c). 
At an N/P ratio of 4, no signifi cant amount 
of siRNA was released from MCN 5.7 , indi-
cating that most of siRNA was complexed 
with LPEI-SH 5.  7 , while siRNA was readily 
released from UC and under the same condi-
tion. Heparin-induced decomplexation assay 
also showed that sj treated with 100 mM 
heparin exhibited no signifi cant release of 
free siRNA, while UC and CN 5.7  showed an 
apparent band of free siRNA released from 
the complexes (Figure 4d). These results con-
fi rm that the crosslinks between siRNA and 
LPEI-SH 5.  7  within MCN 5.7  can effectively pre-
vent the dissociation of the complex by both 
of electric fi eld and heparin via competitive 
ionic interaction. 

 The cytoplasm provides a reductive envi-
ronment as the cytosolic concentration of 
glutathione (GSH) is in the range of 1 to 
10 mM. [  31  ,  32  ]  To confi rm whether MCN 5.7  
can be readily disintegrated in reductive con-
dition, MCN 5.7  was incubated in 100 mM 
heparin solution containing GSH at various 
concentrations (0.1, 1, 10, and 100 mM). Free 
monomeric siRNA released from MCN 5.7  was 
quantifi ed using agarose gel electrophoresis. 
The amount of siRNA released from MCN 5.7  
increased with increasing the GSH concen-
trations, and most of the encapsulated siRNA 
was released at 10 mM GSH (Figure  4 e). 
This result suggests that free monomeric 
siRNA can be dissociated from the nanogel 
through the cleavage of disulfi de linkages fol-
lowing the cellular uptake, and monomeric 
siRNA can be regenerated and bind to RNA-induced silencing 
complex. [  33  ,  34  ]  In addition, LPEI within the nanogels would also 
degrade to low molecular weight fragments, which are known 
to have lower toxicity, in the cytoplasm. 

 The cellular uptake of UC, CN 5.7 , and MCN 5.7  was investi-
gated using confocal microscopy with fl uorescently labeled 
LPEIs: Cy5-labeled LPEI and Cy5-labeled LPEI-SH 5.7 . UC did 
not show any signifi cant cellular uptake, and a small number 
of CN 5.7  clusters were observed in the cytoplasm ( Figure    5  ). By 
contrast, MCN 5.7  was internalized to a greater extent, shown as 
scattered red fl uorescent dots in the cytoplasm (Figure  5 ). The 
smaller particle size and structural robustness of MCN 5.7  could 
contribute to the enhanced intracellular translocation of siRNA 
via endocytosis. [  35  ,  36  ]   

 The target-specifi c gene silencing activity by UC, CN 5.7 , 
and MCN 5.7  was evaluated using MDA-MB-435-GFP cells 
in DMEM containing 10% FBS at various concentrations of 
siRNA ( Figure    6  a). MCN 5.7  exhibited a dose-dependent GFP 
silencing behavior and the far greater suppression of GFP 
expression, compared to UC and CN 5.7 . At an siRNA con-
centration of 144 nM, the GFP expression level decreased to 
45.8 . ±  1.9% by MCN 5.7 , whereas UC (96.59  ±  0.4%) and CN 5.7  
(86.74  ±  1.2%) were not effective for gene silencing. The rela-
tive GFP expression of cells transfected with UC, CN 5.7 , and 
319wileyonlinelibrary.comim
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     Figure  5 .     Confocal microscopy images of MDA-MB-435-GFP cells after the cellular uptake of 
Cy5-labeled carriers at an N/P ratio of 60 (left panel, scale bar  =  20  μ m). High magnifi cation 
confocal image of the cell treated with MCN 5.7  (right panel, scale bar  =  10  μ m).  
MCN 5.7  was also examined by fl uorescence-activated cell 
sorting (FACS) analysis. MCN 5.7  showed a signifi cant shift in 
GFP expressing cells population from 52.8% to 2.4%, while no 
signifi cant changes were observed in the cells transfected with 
UC (47.3%) and CN 5.7  (36.0%), as shown in  Figure    6  b. We also 
examined gene silencing by therapeutically signifi cant siRNA 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Figure  6 .     Comparison of the gene silencing activities of UC, CN 5.7 , and MCN 5.7 . a) Dose-depen
UC, CN 5.7 , and MCN 5.7  at an N/P ratio of 60 for MDA-MB-435-GFP cells.  ∗ ,  ∗  ∗ , and  ∗  ∗  ∗  represen
different carriers. The percentage means the relative population of actively GFP expressing cell
with a bar. c) Target VEGF inhibition for HeLa cells after transfection with various carriers.  ∗  and
intracellular GFP mRNA from MDA-MB-435-GFP cells (d) and VEGF mRNA from HeLa cells (e
as a control.  
targeting vascular endothelial growth factor 
(VEGF) using UC, CN 5.7 , and MCN 5.7  at an 
N/P ratio of 60. After the transfection with 
various complexes of VEGF siRNA into HeLa 
cells, the gene silencing effects were deter-
mined using enzyme-linked immunosorbent 
assay (ELISA). MCN 5.  7 -treated cells exhibited 
23.5  ±  0.2% of VEGF expression, which was 
far lower than that of UC (98.1  ±  2.9%) and 
CN 5.  7  (79.1  ±  4.7%) (Figure  6 c), indicating 
that MCN can be exploited as an effi cient 
delivery system for therapeutic siRNAs. To 
investigate whether the decreased protein 
expression of GFP and VEGF results from 
the degradation of intracellular mRNA, the 
levels of mRNA expression were determined 
using reverse transcriptase-polymerase chain 
reaction (RT-PCR) for the cells transfected 
with UC, and MCN 5.7 . The relative band 
intensities of GFP mRNA were 99.4%, 91.5%, 
and 52.4% for UC, CN 5.7 , and MCN 5.7 , respectively, in MDA-
MB-435-GFP cells (Figure  6 d). The expression levels of VEGF 
mRNA in HeLa cells showed the similar results: UC (87.1%), 
CN 5.7  (89.2%), and MCN 5.7  (39.9%) (Figure  6 e). Taken together, 
both of GFP and VEGF mRNAs were signifi cantly suppressed 
to greater extents by MCN 5.7  compared to UC and CN 5.7 , as 
heim

dent GFP inhibition effi ciency after transfection with 
t  P    <   0.05. b) FACS diagrams of the cells treated with 
s within a pre-determined arbitrary region, indicated 
  ∗  ∗  represent  P    <   0.05. Semi-quantitative RT-PCR of 

) after transfection. Human  β -actin mRNA was used 

Adv. Funct. Mater. 2013, 23, 316–322



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com
consistent with the silencing levels of proteins. These results 
confi rmed that the supression of GFP and VEGF expression in 
MCN 5.7 -transfected cells was induced by the degradation of the 
corresponding mRNAs via RNAi processing.    

 3. Conclusions 

 In conclusion, this study demonstrated that a highly stable, 
compact nanogel comprising mutually crosslinked siRNA and 
LPEI exhibited enhanced cellular uptake and gene silencing effi -
ciency. The electrostatic complexation and crosslinking between 
thiol-terminated siRNA and thiol-grafted LPEI, produced reduc-
tively dissociable nanogels containing inter- and intramolecular 
networks. The covalent linkages produced highly stable, com-
pact nanogel structures that show very effi cient intracellular 
translocation. Upon exposure to a reductive condition, the 
nanogel networks were readily dissociated, releasing biologically 
active, free monomeric siRNA that can effectively trigger RNAi-
mediated gene silencing for the degradation of target mRNAs. 
The crosslinked LPEI also degraded into oligomeric LPEI 
(2.5 kDa), which is known to be less toxic than high molecular 
weight polyelectrolytes. Therefore, the mutually crosslinked 
siRNA/LPEI nanogel can be potentially utilized as an effi cient 
intracellular delivery system for siRNA therapeutics.   

 4. Experimental Section  
 Materials : The primers and siRNAs targeting GFP and VEGF were 

purchased from Bioneer Co. (Daejeon, Republic of Korea). Each siRNA 
was modifi ed with a thiol group at both 3 ′  ends. The siRNA and primer 
sequences were as follows: (GFP sense strand siRNA) 5 ′ -AAC UUC AGG 
GUG AGC UUG CdTdT-3 ′ ; (GFP antisense strand siRNA) 5 ′ -GCA AGC 
UGA CCC UGA AGU UdTdT-3 ′ ; (VEGF sense strand siRNA) 5 ′ -GGA 
GUA CCC UGA UGA GAU CdTdT-3 ′ ; (VEGF antisense strand siRNA) 5 ′ -
GAU CUC AUC AGG GUA CUC CdTdT-3 ′ ; (forward GFP primer) 5 ′ -TGG 
TGA GCA AGG GCG AGG AG-3 ′ ; (reverse GFP primer) 5 ′ -GGG GGT 
GTT CTG CTG GTA GT-3 ′ ; (forward VEGF primer) 5 ′ -AGG AGG GCA 
GAA TCA TCA CG-3 ′ ; (reverse VEGF primer) 5 ′ -GAT CCG CAT AAT CTG 
CAT GGT-3 ′ ; (forward human p-actin primer) 5 ′ -GTG GGG CGC CCC 
AGG CAC CAG GGC-3 ′ ; (reverse human p-actin primer) 5 ′ -CTC CTT AAT 
GTC ACG CAC GAT TTC-3 ′ . Heparin sodium salt (MW 12 kDa), DTT), 
dimethyl sulfoxide (DMSO), and diethylpyrocarbonate (DEPC) were 
purchased from Sigma (St. Louis, MO). 2-methylthiirane, 5, 5 ′ -dithiobis-
(-2-nitrobenzoic acid) (DTNB), and Cy5-maleimide were supplied 
from TCI (Tokyo, Japan), Pierce (Chester, UK), and GE Healthcare 
(Buckinghamshire, UK), respectively. LPEI (MW 2.5 kDa) was obtained 
from Polysciences, Inc. (Warrington, Pennsylvania). TRI Reagent,  Tag  
DNA polymerase, and Omniscript RT-PCR kit were obtained from 
Ambion (Texas, USA), Takara (Tokyo, Japan), and Qiagen (Valencia, CA), 
respectively. Quantikine human VEGF immunoassay and EZ-cyTox cell 
viability assay kits were provided by R&D System (Minneapolis, MN) 
and Daeil Lab Service (Seoul, Republic of Korea), respectively. MDA-MB-
435-GFP cell line was kindly donated by Samyang Co. (Seoul, Republic 
of Korea), and human epithelial carcinoma cells (HeLa) were purchased 
from Korean Cell Line Bank (Seoul, Republic of Korea). Dulbecco’s 
modifi ed Eagle medium (DMEM), fetal bovine serum (FBS), phosphate-
buffered saline (PBS), and penicillin/streptomycin were obtained from 
Invitrogen (Carlsbad, CA).  

 Synthesis and Characterization of Thiol-Grafted LPEI (LPEI-SH X ) : 
10  μ mol of LPEI were dissolved in 1 mL deionized water. After 
evaporating water under reduced pressure, the resulting product was 
dissolved in 1.5 mL methanol, and the solution was purged with argon 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 316–322
for 5 min. To the solution was added various amounts of 10 vol% 
2-methylthiirane (10, 30, 50, and 90  μ mol) and reacted for 24 h at 
50  ° C. Each reaction mixture was evaporated under reduced pressure 
and kept under argon atmosphere. The fi nal product was dissolved in 
PBS at pH 7.4, dialyzed and collected by lyophilization. The degree of 
thiol substitution in LPEI was determined by Ellman’s method and  1 H 
NMR (400 MHz, D 2 O):  δ  (ppm)  =  3.53 (m, -CH-), 2.57 (m, -CH 2 -), 2.58–
2.92 (br, NCH 2 CH 2 N), 0.88-1.21 (br, CH 3 ). Four different LPEI-SH  X   (the 
number of thiol groups grafted to each LPEI backbone,  X   =  1.2, 1.8, 5.7, 
and 7.3) were synthesized to control the crosslinking density in MCN  X  . 
To prepare Cy5-labeled LPEI and LPEI-SH 5.7 , LPEI-SH 1  and LPEI-SH 6  were 
synthesized by reacting 10  μ moles LPEI with 10  μ moles and 60  μ moles 
of 2-methylthiirane, respectively. 1 mg of each polymer dissolved in 1 mL 
deionized water was reacted with Cy5-maleimide (0.28 mg, 0.34 nmol) 
for 12 h at room temperature.  

 Preparation and Characterization of siRNA/LPEI Complexes : To prepare 
MCN  X  , thiol-grafted LPEI  X   were dissolved in DEPC-treated PBS and 
complexed with 22 pmoles of thiol-terminated siRNA at both 3 ′ -ends at 
different N/P ratios (from 2 to 90) for 20 min. The prepared complexes 
were further oxidized in 20 vol% DMSO under magnetic stirring at 
room temperature. After 24 h, DMSO was removed via dialysis and 
lyophilization, and the resulting complexes were dissolved in DEPC 
treated PBS. The remaining active thiol groups in each MCN  X   were 
determined by Ellman’s assay. UC was prepared by mixing LPEI and 
naked siRNA in DEPC-treated PBS, and CN was prepared using non-
thiolated siRNA (naked siRNA) and LPEI-SH 5.7 . The resulting complexes 
were visualized using a GelDoc-It TS imaging system (UVP, USA) 
following 1% agarose gel electrophoresis.  

 Stability and Cleavage Properties of siRNA/LPEI Complexes : To evaluate 
the structural stability of MCN  X  , the oxidized MCN  X   were incubated in 
100 mM heparin with or without 200 mM DTT for 15 min. To determine 
the siRNA binding ability, UC, CN 5.7 , and MCN 5.7  were prepared at N/P 
ratios of 2, 4, 8, and 20 with or without 100 mM heparin. In addition, 
MCN 5.7  at an N/P ratio of 60 were treated with 100 mM heparin and 
sequentially incubated with 0.1, 1, 10, and 100 mM of GSH for 15 min 
at room temperature. All reaction solutions were analyzed using 1% 
agarose gel electrophoresis.  

 Atomic Force Microscopy (AFM) and Dynamic Light Scattering (DLS) : 
The diameter and morphology of CN 5.7  and MCN 5.7 , formulated using 
LPEI-SH 5.7 , and UC at an N/P ratio of 60 were observed by AFM (PSIA 
XE-100, Santa Clara, CA) in a non-contact mode. Each sample dissolved 
in DEPC-treated deionized water was spotted on a freshly cleaved 
mica surface (Pelco Mica sheets, Ted Pella Co.) and dried in air at 
room temperature. The diameter and zeta potential of the complexes 
at various N/P ratios were measured using DLS (Zetasizer Nano ZS, 
Malvern Instrument).  

 Gene Silencing : HeLa cells and MDA-MB-435-GFP cells were cultured 
in DMEM supplemented with 10% FBS, 100 units mL  − 1  penicillin, and 
100 g mL  − 1  streptomycin in the humidifi ed atmosphere with 5% CO 2  at 
37  ° C. For targeted GFP inhibition, MDA-MB-435-GFP cells were seeded 
in 12-well plates at a density of 1.5  ×  10 5  cells/well for 24 h prior to 
transfection. The cells were transfected with UC, CN, and MCN at an N/P 
ratio of 60 with various siRNA concentrations in DMEM containing 10% 
FBS for 4 h. The cells were then washed with PBS and incubated in fresh 
culture medium for 24 h. To determine the extent of GFP expression, the 
transfected cells were lysed with 1 wt% Triton X-100 in PBS. Following 
the removal of cell debris by centrifugation, the intensity of GFP in the 
supernatants was determined using a spectrofl uorophotometer (SLM-
AMINCO 8100, SLM instrument, Rochester, NY) with excitation and 
emission wavelengths at 488 nm and 509 nm, respectively. The relative 
GFP expression was calculated on the basis of GFP level of non-treated 
MDA-MB-435-GFP cells. For FACS analysis, MDA-MB-435-GFP cells were 
also seeded on a 6-well plate at a density of 3  ×  10 5  cells/well. The cells 
were transfected with the complexes at an N/P ratio of 60 for 4 h in 10% 
serum containing medium and replaced with fresh culture medium. The 
siRNA concentration was fi xed at 144 nM. After 24 h incubation, the cells 
were detached using 0.05 wt-% trypsin and washed with PBS. After fi xed 
with 3.7 wt% formaldehyde in PBS, the cells were analyzed using a fl ow 
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cytometer (FACScan, Becton Dickinson, USA). The FACS results were 
analyzed using CELLQUEST software (PharMingen, USA). For target 
VEGF silencing, HeLa cells were seeded in a 12-well plate at a density 
of 2  ×  10 5  cells/well and further incubated for 24 h. Various siRNA/LPEI 
complexes were transfected into the cells in DMEM containing 10% FBS 
at an N/P ratio of 60 and various siRNA concentrations for 4 h. The 
medium was then replaced with fresh culture one, and the cells were 
further incubated for 24 h. The amounts of released VEGF in the culture 
medium were determined using a VEGF immunoassay kit.  

 Cell Viability Assay : MDA-MB-435-GFP cells were seeded in 96-well 
plates at a density of 1  ×  10 4  cells/well and incubated for 24 h. The 
cells were treated with UC and MCN  X   with 144 nM of siRNA at various 
N/P ratios in DMEM containing 10% FBS for 4 h. Then the cells were 
washed with PBS and incubated with fresh culture medium. After further 
incubation for 48 h, the amount of viable cells was evaluated staining 
with the tetrazolium salt containing solution (EZ-cyTox).  

 Cellular Uptake Effi ciency : MDA-MB-435-GFP cells were seeded in a 
4-well chamber at a density of 2  ×  10 5  cells/well and incubated for 24 h. 
By using Cy5-conjugated LPEI or LPEI-SH 5 . 7 , dye-labeled UC, CN 5 , and 
MCN 5  were prepared at an N/P ratio of 60. 

 These complexes were transfected into the cells in DMEM containing 
10% FBS. The siRNA concentration was fi xed at 144 nM. After 2 h 
incubation, the cells were washed three times with PBS and fi xed with 
3.7 wt% formaldehyde solution in PBS for 20 min at room temperature. 
The cellular uptake of Cy5-labeled complexes was visualized using 
confocal laser scanning microscopy (LSM 510, Carl Zeiss, USA).  

 Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) : MDA-MB-
435-GFP cells or HeLa cells were proliferated on a 6-well plate at a density 
of 3  ×  10 5  cells/well for 24 h. The cells were transfected with UC, CN 5.7 , 
and MCN 5.7  containing 144 nM of siRNA for MDA-MB-435-GFP cells and 
75 nM of siRNA for HeLa cells at an N/P ratio of 60. After incubation for 
4 h in DMEM containing 10% FBS for 4 h, the cells were replaced with 
fresh culture medium and further incubated for 24 h. Two micrograms 
of total RNA, extracted from each transfected cell by using TRI Reagent 
were reversely transcribed to cDNA at 37  ° C for 2 h and 93  ° C for 5 min 
using an Omniscript RT-PCR kit. Each cDNA was subsequently amplifi ed 
using  Tag  polymerase and their specifi c primer sets. The PCR conditions 
of GFP and human  β -actin mRNAs were as follows: denaturation, 1 cycle 
at 94  ° C for 5 min; amplifi cation, 21 cycles at 94  ° C for 30 s, at 60  ° C for 
30 s, and at 72  ° C for 40 s; fi nal extension, 1 cycle at 72  ° C for 10 min. 
For the amplifi cation of VEGF mRNA, 26 cycles were performed. The 
relative amount of PCR products was compared using 1% agarose gel 
electrophoresis with EtBr staining.  

 Statistical Analysis : All of data were represented with a mean value  ±  
standard deviation from independent measurements. Statistical analysis 
was performed with a Student’s t-test. Statistical signifi cance was 
assigned for  P -values  < 0.05 (95% confi dence level).  
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