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Abstract

Synthetic siRNA has been considered as a highly promising therapeutic agent for human diseases. 

However, clinical use of siRNA has been hampered by instability in the body and inability to 

deliver sufficient RNA interference compounds to the tissues or cells. To address this challenge, 

we present here a single siRNA nanocapsule delivery technology, which is achieved by 

encapsulating a single siRNA molecule within a degradable polymer nanocapsule with a diameter 

around 20 nm and positive surface charge. As proof-of-concept, since CCR5 is considered a major 

silencing target of HIV therapy, CCR5–siRNA nanocapsules were delivered into 293T cells and 

successfully downregulated the CCR5 RNA fused with mCherry reporter RNA. In the absence of 

human serum, nanocapsules and lipofectamine silenced expression of CCR5–mCherry expression 

to 8% and 15%, respectively. Such nanocapsules maintain the integrity of siRNA inside even after 

incubation with ribonuclease and serum for 1 h; under the same conditions, siRNA is degraded in 

the native form or when formulated with lipofectamine. In the presence of serum, CCR5–siRNA 

nanocapsules knocked down CCR5–mCherry expression to less than 15% while siRNAs delivered 

through lipofectamine slightly knocked down the expression to 55%. In summary, this work 

provides a novel platform for siRNA delivery that can be developed for therapeutic purposes.

RNA interference (RNAi) has been considered as a highly promising therapeutic agent for 

varieties of human diseases following upon the success of small molecule drugs and 

monoclonal antibodies.1,2 Viral and nonviral approaches have been adapted to overcome the 

delivery issue and stability of siRNA. Viral vector-mediated delivery of shRNA to cells 

allows endogenous synthesis of siRNA;3,4 however, immunogenicity, potential malignant 

transformation and high manufacturing cost may constrain their applications for human 
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therapies.3,5,6 Various nonviral siRNA delivery systems were proposed, including cationic 

lipids, cell-penetrating peptides (CPPs) and cationic polymers.7,8 Cationic lipids, such as 

lipofectamine and lipid-like materials, are widely used for in vitro studies and showed great 

potential for in vivo gene silencing;9–16 however, further improvement in toxicity and 

efficiency are required to broaden their in vivo applications. For the CPPs-based approach, 

siRNA was assembled with CPPs or CPP bioconjugates into complexed particles with 

significantly improved delivery efficiency.17,18 Nevertheless, the formation of such an 

assembled structure was driven by weak noncovalent interactions; and these particles were 

generally unstable, particularly, against serum nucleases. For the cationic-polymer-based 

approach, siRNA was assembled with preformed cationic polymers mainly through the 

electrostatic interactions. The unique proton-sponge and membrane destabilization effect of 

cationic polymers provides the complexes with improved intracellular delivery 

efficiency.19–25 However, similar to the CPP-based approach, such systems based on self-

assembly are also unstable in the bloodstream, which may readily dissociate and release 

their siRNA payload before they reach the cytoplasm of the target cells. Therefore, in spite 

of intensive efforts, the design and synthesis of an effective delivery vehicle for siRNA 

remains a challenge.

To address this challenge, we present herein a novel siRNA delivery technology. We 

previously described a polymer based nanocapsule technology for encapsulation of single 

protein molecules.26 We reasoned that since the size of proteins and siRNA molecules is 

similar, it may be possible to apply the nanocapsule technology to encapsulation of siRNAs. 

This is achieved by forming a degradable polymer shell around the surface of a single 

siRNA molecule with desirable size and charge. We expect that the polymer network 

provides siRNA resistance to nucleases, surface charge will allow effective delivery of 

siRNA to the target cells, and degradability will controllably release the siRNA. Our single 

siRNA nanocapsule platform, illustrated in Scheme 1, starts with a new monomer A 

(positively charged), crosslinker B, monomer C (neutral), and enriches these molecules 

around the surface of the siRNA (negatively charged) through electrostatic interaction and 

hydrogen bonding (Step I). Subsequent room temperature radical polymerization in an 

aqueous solution wraps each siRNA molecule with a thin shell of polymer (Step II), which 

effectively protects the siRNA from degradation by ribonucleases and serum. The 

hydrophilic monomer C is added to help the dispersion of nanocapsules. The crosslinker (B) 

is added to stabilize the polymer structure in the serum (pH~7.4). It is degradable at pH < 6 

allowing release in the acidic endosomes. This unique responsive design provides the 

nanocapsules with outstanding stability in serum (pH ~ 7.4), enables effective endosomal 

escape due to proton-sponge effect (SI Figure 1) and cation-mediated membrane 

destabilization,21–25 and achieves effective release of the siRNA into the cytoplasm upon the 

degradation of the shell (Step IV).

The siRNA nanocapsules were characterized using transmission electron microscopy 

(TEM). Figure 1A shows a representative TEM image of siRNA nanocapsules with the 

average diameter of 20 nm, which is consistent with the number of 24.6 nm obtained by 

light scattering (SI Figure 5). Interestingly, within each nanocapsule, a dark core with a 

diameter around 5 nm was clearly observed, which is likely a result of the preferred complex 
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of siRNA with the tungsten-staining agent used for TEM observation. Since the average 

hydrodynamic diameter of a double-stranded siRNA (21 base pairs) is 4.2 nm, each of the 

nanocapsules likely only contains one siRNA molecule. To investigate the sensitivity of 

single siRNA nanocapsules against human serum and nucleases, siRNA complexed with 

lipofectamine and siRNA nanocapsules were incubated with nucleases and human serum for 

1 h. After RNA extraction, agarose gel electrophoresis showed such nanocapsules could 

maintain the integrity of siRNA inside (Figure 1B), while siRNA is degraded at the same 

time in the native state or when formulated with lipofectamine.

siRNA nanocapsules can be effectively delivered to cells. The fluorescent image of 

HEK-293T cells after incubation with FITC-labeled siRNA for 4 h was shown in Figure 2A. 

The intense green fluorescence demonstrates delivery of the FITC-labeled siRNA 

nanocapsules. Flow cytometry of HEK-293 T cells transduced with FITC-labeled siRNA 

nanocapsules confirms the results of optical fluorescence and demonstrates successful 

delivery of fluorescence-labeled siRNA nanocapsule (Figure 2B).

CWR cells stably expressing luciferase were used to test the gene-silencing efficacy of 

single siRNA nanocapsules (Figure 3). Cells treated with luciferase siRNA nanocapsules 

showed a significant decrease in the luciferase activity especially at concentrations above 50 

nM, while cells treated with control siRNA nanocapsules did not exhibit significant decrease 

in the luciferase activity. The siRNA nanocapsules did not show obvious cytotoxicity at the 

concentration of siRNA below 200 nM. At 300 nM, the viability of cells treated with siRNA 

nanocapsules was slightly reduced to about 75%.

We used 293T cells expressing an mRNA fusion of CCR5–mCherry to demonstrate 

potential applications of siRNA nanocapsules in HIV therapy. CCR5 is the primary HIV-1 

co-receptor, essential for HIV-1 infection.27–30 A recent case study suggests that knockdown 

of CCR5 can result in substantial attenuation of HIV-1 replication and a favorable clinical 

course. We previously established a potent shRNA against CCR5, termed sh100527 (5′-

GAGCAAGCTCAGTTTACACC-3′). This shRNA was selected to maintain potency at low 

expression levels, minimizing cytotoxic effects.31 We constructed the sequence of the 

corresponding siRNA for nanocapsules.

As proof of concept for siRNA nanocapsules to down-regulate CCR5 expression, we co-

transduced 293T cells with siRNA nanocapsules and the plasmid expressing a fusion of 

CCR5 and mCherry reporter gene sequence. Cells were treated with siRNA nanocapsules at 

200 nM for 4 h at 37 °C in serum-free medium. Then, medium was changed to DMEM with 

10% Bovine Fetal Serum. After 48 h, mCherry expression in 293T cells treated with CCR5–

siRNA nanocapsules is much dimmer than that in 293T cells treated with control-siRNA 

nano-capsules targeted to EGFP sequence (Figure 4A). We further quantitatively compared 

siRNA nanocapsules and siRNA lipofectamine for downregulation of CCR5 through flow 

cytometry. In the absence of human serum, nanocapsules and lipofectamine (Invitrogen) 

silenced expression of CCR5–mCherry expression to 8% and 15%, respectively. However, 

in the presence of serum, CCR5–siRNA nanocapsules still knocked down CCR5–mCherry 

expression to less than 15% while siRNAs delivered by lipofectamine only slightly knocked 

down the expression of CCR5–mCherry to 55% (Figure 4B). Therefore, compared with 
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lipofectamine, nanocapsules can provide extra protection and stabilization to siRNAs against 

human serum nucleases.

In conclusion, we have developed a single siRNA nano-capsule delivery technology, which 

is achieved by encapsulating a single siRNA molecule within a very small polymer 

nanocapsule. The small size of the single siRNA nanocapsules, which is one of the smallest 

siRNA delivery vehicles,22,32–36 leads to a high delivery efficiency, and possibly a high 

diffusional rate through tissues or organs. Importantly, the polymer encapsulation greatly 

enhances stability against nuclease and serum compared with the commercial transfection 

agent lipofectamine. The technology provides precise control in structure and a high yield of 

encapsulation of siRNA. We believe these advances will provide new opportunities in the 

RNAi therapeutic space for treatment of human diseases.
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Figure 1. 
(A) TEM image of siRNA nanocapsules; (B) sensitivity of siRNA to nuclease and human 

serum. siRNA complexed with lipofectamine and siRNA nanocapsules were incubated for 1 

h with nuclease (up) and human serum (down), respectively. Then, siRNAs were extracted 

from lipofectamine and nanocapsules with chloroform/0.1% SDS–0.5 M NaCl. Samples 

were run on 4% agarose gel and imaged with ImageQuant LAS4000.
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Figure 2. 
Internalization of single siRNA nanocapsules. (A) Fluorescence image (up) and optical 

image (down) of HEK-293T cells (scale bar = 10 μm); (B) Flow cytometry of HEK-293T 

cells. Cells were dosed with FITC-labeled siRNA nanocapsules at 100 nM for 4 h. Then 

nanocapsules were removed and cells were washed 3 times with PBS. After trypsinization, 

cells were pictured with Leica Zeiss Axio Observer and also analyzed by a flow cytometer.
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Figure 3. 
(A) Knockdown of luciferase gene expression in CWR cells using luciferase siRNA 

nanocapsules and control siRNA nanocapsules. (B) Cell viability after treatment of siRNA 

nanocapsules. CWR cells were treated with siRNA nanocapsules at 0, 20, 50, 100, 200 and 

300 nM for 4 h at 37 °C in serum-free medium. Then media were changed to DMEM with 

10% Bovine Fetal Serum. After 48 h, the luciferase activity was determined using a 96-well 

plate reader.

Yan et al. Page 8

J Am Chem Soc. Author manuscript; available in PMC 2015 February 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. 
Knockdown of CCR5 RNA fused with mCherry in 293T cells through siRNA nanocapsules. 

(A) Fluorescence images of HEK-293T cells treated with CCR5 siRNA nanocapsules (up) 

and control siRNA nanocapsules (down) in serum-free medium (scale bar = 10 μm); (B) 

flow cytometry of HEK-293T cells treated with siRNA nanocapsules or siRNA 

lipofectamine complex in serum-free medium or 50% human serum medium. Cells were 

treated with siRNA nanocapsules or siRNA lipofectamine complex at 200 nM for 4 h at 37 

°C in different cell culture medium. Then mediums were changed to DMEM with 10% 

Bovine Fetal Serum. After 48 h, the images were taken or flow cytometry was run. The 

relative CCR5–mCherry expression (%) was calculated from the mean fluorescence.
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Scheme 1. 
Schematic Illustration of the Synthesis and Delivery of Single-siRNA Nanocapsules: (I) 

Enriching of Monomers and Crosslinkers around the siRNA Molecule, (II) in sSitu Radical 

Polymerization Forming of siRNA Nanocapsules, (III) Intracellular Delivery, (IV) Releasing 

of siRNAs from the Nanocaspules
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