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ABSTRACT − The emergence of new biological drugs based on RNA interference (RNAi) technology has been one of the

most attractive issues in the field of gene therapy for years. However, the use of siRNA therapeutics in clinical settings is

still limited due to lack of appropriate delivery systems for the highly charged macromolecular drug. In this review, recent

development of major non-viral siRNA delivery systems, including lipid, liposome, polymer, and peptide-based carriers, is

to be summarized.
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Recently, small interfering RNA (siRNA) has attracted

much attention not only from academia but from pharma-

ceutical and medical industry due to its enormous potential for

diseases that do not have effective way of treatment with con-

ventional small molecule-based drugs. Once delivered inside

the cells, siRNA, double stranded RNA composed of 21-25

nucleotides, can induce the evolutionary conserved mechanism

called RNA interference by which the expression of a specific

gene can be effectively silenced at the post-transcriptional level

(Caplen et al., 2001; Hannon and Rossi, 2004; McManus and

Sharp, 2002). An RNA-enzyme complex called RNA-induced

silencing complex (RISC) mediates the gene silencing mech-

anism with high sequence specificity even at picomolar con-

centrations. Since the first clinical trial for RNAi drug was

approved for the treatment of age-related macular degeneration

(AMD) in 2004 (Kaiser et al.), several RNAi drug candidates

have been in the clinical trials. However, even enthusiastic

supports of the technology recognize major huddles that

should be overcome for the successful entry of the RNAi drugs

into clinical settings. One of the biggest challenges of the field

is to deliver the siRNA therapeutic drug to its target mRNA

(Jeong et al., 2007b). Since it is composed of nucleic acids,

siRNA is inherently vulnerable to the attack of several extra-

cellular nucleases when it is administered in the blood stream.

In addition, the highly negatively charged macromolecule may

not readily get an entry to the cells (Dorsett and Tuschl, 2004).

Therefore, new modality for efficient siRNA delivery should

be carefully designed to address the problems. A lot of non-

viral siRNA delivery techniques based on lipid (Landen et al.,

2005; Santel et al., 2006; Yano et al., 2004; Zimmermann et

al., 2006), polymer (Kim et al., 2006b; Urban-Klein et al.,

2005), and peptide (Mok and Park, 2008a) carries has been

suggested for the improved intracellular delivery of siRNA.

Except for neutral liposomes that physically encapsulate

siRNA in their aqueous cavity, most of the carriers have mul-

tiple positive charges so that they can form stable nano-sized

complexes with sRNA via electrostatic interactions (Jeong et

al., 2007b). The resulting complexes provide not only efficient

protection of siRNA from the nucleases but enhanced cellular

uptake by the mechanism called endocytosis. Further mod-

ifications on the non-viral carriers have carried out to provide

the carriers with tissue targeting ability, biodegradability, and

prolonged circulation property. This short review focuses on

the recent development of non-viral siRNA delivery systems

based on lipids, polymers, and peptides. 

Lipid-based Delivery Systems for siRNA

Liposomes have been used for the delivery of genetic mate-

rials for almost 30 years since the first demonstration by their

ability to transport the preproinsulin gene to the liver. Since

then, various types of liposomes, either neutral or cationic,

were developed and used for the delivery of nucleic acids both

in vitro and in vivo (Soriano et al., 1983). 
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Barriers to liposomal delivery of siRNA

Endocytosis

Since the siRNA is negatively charged at physiological con-

ditions, it is not easy to cross the cell membrane by simple dif-

fusion (Lu et al., 2009), which leads to the development of

various approaches to facilitate the uptake of siRNA into the

target cells. These include i) encapsulation of siRNA into

nanoparticles or liposomes, ii) ligand conjugation to siRNA,

and iii) fusion of the delivery system with the cell membrane

to release the contents into the cytosol. Lu et al., have shown

that over 90% of siRNA-DharmaFECT liposome complexes

enter the cells via endocytosis, including clathrin-mediated or

non clathrin-mediated endocytosis (Lu et al., 2009). Felgner et

al., suggested that the positively charged liposomes adhere to

the negatively charged plasmid DNA to form a complex and

this complex fuse with the negatively charged cell membranes,

resulting in the internalization of plasmid DNA into the cells

(Felgner and Ringold, 1989). As the siRNA is much smaller (<

13 kDa) than the plasmid DNA (>200 kDa) in size, its com-

plex with cationic liposomes would be capable of fusing with

cell membranes and subsequently releasing the siRNAs into

the cytosol. 

Endosomal escape

As the main delivery mechanism of siRNA/liposome com-

plexes is endocytosis which leads to endosome within a cell, it

is necessary to develop a tool to escape the delivered siRNA

from the endosome into the cytosol. One suggested way is

through “proton-sponge effect”, which acts as follows: endo-

some is acidified after internalization and amine groups, if any,

in the delivery system with pKa between 5 and 7 are pro-

tonated, followed by the influx of additional protons and chlo-

ride into the endosomes and creating osmotic imbalance; water

enters into the endosomes to balance out, causing endosome to

inflate until it ruptures (Sonawane et al., 2003). 

Neutral liposomes

Traditionally, neutral liposomes were widely used for in

vitro and in vivo delivery of chemical drugs, such as dox-

orubicin or amphotericin B, though their use as carriers of

nucleic acid was limited due to the low encapsulation effi-

ciency of nucleic acids and instability in serum. However, with

the realization that significant toxicities were associated with

cationic liposomes, neutral liposomes have re-emerged as

promising carriers of nucleic acids including siRNA. Several

studies have shown that neutral liposomes could be used for

the in vivo delivery of focal adhesion kinase-siRNA for the

treatment of ovarian carcinoma, (Halder et al., 2006), EphA2-

siRNA for ovarian cancer (Landen et al., 2005), interleukin-8-

siRNA for ovarian cancer (Merritt et al., 2008), and protease-

activated receptor-1-siRNA for melanoma (Villares et al.,

2008). 

Although efficient encapsulation of siRNA within neutral

liposomes and the stability in serum were the initial limitations

to the use of these liposomes, these limitations have been over-

come, to a certain extent, by development of new strategies.

Freeze-thawing allows a high encapsulation of siRNA within

neutral liposomes and coating the surface of these liposomes

with hyaluronic acid stabilizes these liposome/siRNA com-

plexes in the bloodstream. Peer et al. have shown that cyclin

D1-siRNA in β–antibody conjugated neutral liposomes was

stably directed to leukocyte which were activated by inflam-

matory signals due to colitis or malignancies (Peer et al.,

2008). Interestingly, they used protamine to complex with

cyclin D1-siRNA before encapsulation into the liposomes and

the liposomes were sterically stabilized with hyaluronic acid to

increase the stability in the serum. Systemic injection of cyclin

D1-siRNA/liposomes complexes which were targeted to the

activated leukocytes reversed experimentally induced colitis in

mice by suppressing leukocyte proliferation and T helper cell

cytokine expression. This study revealed that cyclin D1 was

among the potential anti-inflammatory targets for siRNA ther-

apy, and suggested that this therapy may not only be applicable

toward colitis but also some malignancies. 

Cationic liposomes

In 1989 Felgner and Ringold reported that cationic lipo-

somes can combine quickly with negatively charged nucleic

acids to form so-called “lipoplexes” and the ease of prepa-

ration of these lipoplexes has enabled many researchers to

study the delivery of genes of interest both in vitro and in vivo

(Felgner and Ringold, 1989). So far, more than a dozen cat-

ionic phospholipids are commercially available and more is

coming. These include, but not limited to, Lipofectamine 2000

(Invitrogen), DOTAP (Roche Applied Science), Oligo-

fectamine, (Invitrogen), DMRIE-C (Invitrogen), X-tremeGene

(Roche), siPORT NeoFx (Ambion) , RNAifect (Qiagen) and

GeneSilencer (Genlantis)).

Several studies have shown that these carriers are effective

carriers not only for in vitro but for in vivo delivery of siRNA.

Pirollo et al. targeted several different xenografts with HER2-

siRNA in complex with 1,2-dioleoyl-3-trimethylammonium-

propane (DOTAP) liposomes (Pirollo et al., 2007). These lipo-

somes contain histidine-lysine peptides on their surface to

facilitate their endosomal escape as well as transferrin receptor

(TfR) antibody. Although the HER2-siRNA/immunoliposomes



Non-viral siRNA Delivery Systems 121

J. Pharm. Invest., Vol. 40, Special issue (2010)

complexes significantly inhibited the growth of pancreatic can-

cer in a xenograft model, combining gemcitabine with these

lipoplexes resulted in a synergistic effect and inhibited tumor

growth almost completely.

DOTAP/cholesterol liposomes were known to be the most

effective for delivery of nucleic acids in vivo with several other

equivalent phospholipids. However, a liposome comprised of

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and

cardiolipin in complex with luciferase plasmid DNA admin-

istered intravenously resulted in tumors expressing 7-times

higher levels of luciferase than did DOTAP/cholesterol

lipoplexes (Chien et al., 2005). The cardiolipin analog of the

liposome was significantly less toxic than the DOTAP/cho-

lesterol liposome: whereas two-thirds of the mice died when

injected with 100 mg/kg of DOTAP/cholesterol liposomes, no

mice died at a similar dose with the cardiolipin-containing

liposome. In addition, c-Raf siRNA in complex with the car-

diolipid-containing liposome resulted in about 50% inhibition

of breast cancer xenografts compared to the liposome- control

mismatch siRNA group. The significant inhibition of tumor

growth with c-Raf-1 siRNA, the lower toxicity of the lipid, and

greater in vivo transfection efficiency with the cardiolipin-con-

taining liposomes suggest that further studies of these lipo-

somes are needed

Unlike the lipoplexes discussed earlier, Li et al., prepared

nanoparticles in which the siRNA (targeting luciferase) was

encapsulated within liposomes (Li et al., 2008). Minimizing

direct interactions between siRNA and cationic lipids may

reduce induction of immune responses. They mixed the siRNA

with basic protamine, followed by encapsulation within

DOTAP/cholesterol (1:1, molar ratio) liposomes to obtain LPD

(liposome-protamine-DNA) nanoparticles. The positive charge

on liposomes from the DOTAP lipids may promote the inter-

action with the negatively charged cell membranes, thereby

increasing endocytosis of LPD nanoparticles. After single

intravenous injection, the targeted Luciferase-siRNA nano-

particle down-regulated luciferase levels by 80% in lung met-

astatic model compared to the targeted control siRNA

nanoparticle. Moreover, cytokine induction was minimal with

this targeted LPD nanoparticles, particularly when protamine/

siRNA or DOTAP/siRNA complexes would induce strong

cytokine responses.

Some representative examples of cationic lipids are listed in

Table I.

Other lipid-based delivery systems

 Recently, Akinc et al. reported that a combinatorial library

of lipid-like materials, termed “lipidoids”, were synthesized

and used for the delivery of RNAi (Akinc et al., 2008), where

new chemical methods were developed to synthesize rapidly a

large library of over 1,200 structurally diverse lipidoids. From

this library, they identified lipidoids that facilitates high levels

of specific gene silencing of endogenous genes when for-

mulated with siRNA. The safety and efficacy of lipidoids were

evaluated in three animal models including mice, rats, and

nonhuman primates. 

Another example of liposomes for siRNA delivery is the sta-

ble nucleic acid-lipid particle or “SNALP”. SNALP nano-

particles are PEGylated liposomes with low cationic lipid

content that encapsulate nucleic acids, including siRNA,

within the lipid bilayer. Morrissey et al., showed that systemic

delivery of siRNA-SNALP complexes which targeted HBV

RNA can inhibit the HBV replication effectively (Morrissey et

al., 2005). It showed that three daily intravenous injections (3

Table I. Representative Examples of Cationic Lipids

Transfection reagents Composition Reference

Lipofectamine 2000 DOSPA:DOPE-3:1 mixture) (Dalby et al., 2004)

Lipofectin DOTMA:DOPE=1:1 (Troussard et al., 2003)

DMRIE-C DMRIE:Cholesterol=1:1 (Leu et al., 2003)

DOTAP Cationic lipid (Leirdal and Sioud 2002)

siPORT Lipid Cationic + neutral lipid mixture (Grayson et al., 2006)

GeneSilencer Cationic lipid mixture (Grayson et al., 2006)

TransGene DOPE + proprietary material (Potente et al., 2003)

CDAN/DOPE CDAN:DOPE=45:55 (Spagnou et al., 2004)

LithoP pLitho Lithocholic acid derivatives 3, 5 (Lorenz et al., 2004)

RPR209120/DOPE RPR209120B:DOPE:DOPE-lissamine rhodamine B 
=20:20:0.4

(Khoury et al., 2006)

DPPC-DPPG DPPG:DPPC:DPPE-PEG2000 =77:18:5 (Schiffelers et al., 2004)
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mg/kg) reduced HBV levels by 10-fold for 7 days. Moreover,

Zimmerman et al., used the apolipoprotein B-siRNA-SNALP

nanoparticles in non-human primates (Zimmermann et al.,

2006), where almost 90% of apolipoprotein B mRNA expres-

sion in the liver of nonhuman primates was silenced with a sin-

gle injection of apolipoprotein B-siRNA-SNALP nanoparticles. 

Polymer-based Delivery Systems for siRNA

Synthetic and natural polymers have also been used for

designing gene delivery systems. Most polymeric carriers have

well-defined structure and physic-chemical properties and high

degree of molecular diversity which allows additional mod-

ifications. Functional moieties such as a targeting ligand that

improves specificity toward a target tissue and units for facil-

itated endosomal escape were popularly introduced for

enhanced therapeutic effect of siRNA drug. 

Polyethylenimine (PEI)-based carriers for siRNA

delivery

Among the polymeric gene carriers, PEI is one of the most

popularly employed synthetic polymers. PEI has primary, sec-

ondary, and tertiary amines with different dissociation con-

stants (pKa) which can be protonated at different pHs. This

property of PEI allows proton buffering in the acidic endo-

somal compartment, leading to facilitated endosomal escape.

PEI also demonstrated an excellent condensing property for

several nucleic acid drugs, including plasmid DNA and

siRNA, providing efficient protection from nucleases (Urban-

Klein et al., 2005). When administered systemically and intra-

peritoneally to tumor-bearing mice, PEI complexed with

siRNA targeting an epidermal growth factor receptor (HER-2)

showed a significant reduction of tumor growth through gene-

specific silencing of HER-2 protein (Urban-Klein et al., 2005).

Fas is a membrane receptor known to be closely related with

an incidence of diabetes. PEI used as a carrier for siRNA tar-

geting Fas gene expression exhibited efficient silencing of the

target gene in vitro as well as in vivo experiments (Jeong et

al.). In a cyclophosphamide-induced accelerated diabetes ani-

mal model, systemic injection of PEI/Fas siRNA complexes

through tail vein of the diabetes-prone mice (NOD) led to sig-

nificant delay in the diabetes occurrence. The study suggested

that Fas expression in the early stage of diabetes seems to

important role in the occurrence of diabetes. Additional sta-

bility of siRNA/PEI nano-complexes in the presence of serum

proteins could be introduced by modifying PEI with a hydro-

philic polymer such as PEG (Malek et al., 2008; Merkel et al.,

2009) and hyluronic acid (Jiang et al., 2009). PEI modified

with PEG showed changes in biodistribution profiles in the

major organs, including liver, lung, kidney, and spleen, and

improved pharmacokinetic behavior after a systemic admin-

istration (Malek et al., 2009). 

Cyclodextrin-polymer based siRNA delivery 

A class of nonionic cyclic polysaccharide, cyclodextrin, was

used as a core material for gene delivery. A polycation-con-

taining cyclodextrin which elicited no significant cytotoxicity

in the cells and the animals can condense siRNA to form tight

nanoparticles. Transferrin(Tf) was additionally introduced to

the polycation-cyclodextrin system as a targeting ligand for

cancer. Systemic administration of the Tf-conjugated poly-

cation-cyclodextrin/siRNA nanoparticles demonstrated marked

reduction in tumor growth (Bartlett and Davis, 2008; Bartlett et

al., 2007). The nanoparticular formulation consisting of a

cyclodextrin-containing polycation, PEG as a stabilizing agent,

and human Tf as a targeting moiety (Davis, 2009) was tested

in human subject having solid tumor (Davis et al.). The sys-

temically delivered siRNA targeting M2 subunit of ribonu-

cleotide reductase (RRM2) led to reduction of corresponding

mRNA and protein. The main mechanism of the silencing was

revealed to be RNAi mediated by a sequence specific cleavage

of RRM2 mRNA. 

siRNA delivery using reducible polymers

A polymer-mediated gene delivery system should provide

protection of siRNA from the action of extracellular nucleases

and mediate effective transport of siRNA into target cells.

Once localized inside the cell, the polymeric carrier should

lead to rapid endosomal escape of siRNA, after which the dis-

sociation of siRNA from the complex should be followed in

the cytosolic space where RNAi mechanism takes place. The

cytosolic release of siRNA from the complex can be facilitated

by employing polymers containing reducible linkages such as

disulfide (S-S) bond that is readily degraded in the reductive

cytoplasm owing to the presence of excess amount of intra-

cellular reduced glutathione (GSH). A poly(amido ethylen-

imine), poly(TETA-CBA) was synthesized via Michael-type

addition polymerization between cystamine bisacrylamide

(CBA) and triethetyl tetramine (TETA) and used for cytosolic

siRNA delivery (Jeong et al., 2007a). After transfection with

the polymer, fluorescently labeled siRNA was distributed over

the cytoplasm, whereas particular aggregates were observed

with non-degradable control polymer, PEI. The cytosolic dis-

tribution of siRNA seems to facilitate the access of siRNA to

RISC, resulting in enhanced RNAi-mediated silencing of tar-

get gene. Similarly, reducible poly(disulfide amines) grafted
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with arginine also demonstrated the efficient unloading of

siRNA in the cytoplasm and effective inhibition of target gene

(VEGF) expression (Kim et al., 2009). 

Alternative strategies for polymeric siRNA delivery

Natural polymers such as chitosan and atelocollagen were

also showed promise for siRNA delivery. Chitosan can be

obtained from deacetylation of chitin consisting of N-acetyl-D-

glucosamine units, linked via (1-4) glycosidic bonds (Okamoto

et al., 2002). Chitosan was used for the delivery of siRNA to

the lung epithelium through intranasal administration (Howard

et al., 2006). Atelocollagen obtained by the removal of

telopeptides by protease treatment was also employed in local

and systemic delivery of siRNA targeting myostatin, leading to

meaningful increment of muscle mass (Kinouchi et al., 2008). 

Direct conjugation of polymer or small molecules can be

another promising approach for enhanced siRNA delivery. The

conjugate generally synthesized by covalently attaching small

molecules such as cholesterol and α-tocopherol and polymers

such as PEG to the sense strand of siRNA, which does not

hamper the silencing activity of the siRNA. This approach has

been considered attractive since various molecular entities that

can act as a stabilizer and targeting ligand can be used as a

conjugation partner without serious loss of activity of siRNA.

In addition, the resulting conjugates are expected to have low

cytotoxicity, compared to polycation-based delivery systems.

The efficient inhibition of apoB protein in the liver and

jejunum was observed after systemic administeration of cho-

lesterol conjugate of siRNA (Soutschek et al., 2004). In a

recent report, a covalent conjugate of PEG and siRNA showed

improved serum stability and enhanced transfection and inhi-

bition of a target gene in vitro as well as in vivo, when for-

mulated with a polycation (Kim et al., 2006a; Kim 2008). 

Peptide-based Delivery Systems for siRNA 

Protein transduction domains for siRNA delivery

Cell membrane permeability and transduction ability of full-

length HIV-1 TAT protein was discovered in 1988 (Frankel

and Pabo, 1988). Continuous studies defined a small region

spanning residues of the full-length protein necessary for the

internalization. Since the discovery, various protein transduc-

tion domains (PTDs), also named cell penetrating peptides

(CPPs), have been reported such as, Antennapedia home-

odomain protein (Antp), transportan, HSV-1 protein VP22,

MPG, model amphipathic peptide (MAP), and poly-arginine

(Meade and Dowdy, 2007). PTDs have shown the ability for

the intracellular delivery of several cargoes, including, proteins

(Lim et al., 2010; Won et al., 2010b), plasmid DNA (Won et

al., 2010a), liposomes (Torchilin et al., 2003; Torchilin et al.,

2001). Early uptake mechanism studies of PTDs suggest non-

traditional endocytosis; however, more recent studies propose

the various ways of endocytosis, in particular, macropinocy-

tosis (Wadia et al., 2004). Despite the controversy of inter-

nalization mechanism, it is widely accepted that they have the

capability to penetrate 100% cells of a given cell culture pop-

ulation (Wadia and Dowdy, 2005). Therefore, the high cellular

uptake efficiency provides a great potential to the siRNA

delivery via various approaches with several types of PTDs. 

Tat peptides for siRNA delivery

Tat peptide was conjugated to PAMAM dendrimers to exam

the effect of conjugation on the siRNA delivery efficiency

(Kang et al., 2005). PAMAM G5 dendrimers conjugated with

a fluorophore (BODIPY) and Tat peptide were prepared, and

then complex formation, cellular uptake, intracellular distri-

bution and pharmacological efficacy were examined using

antisense or siRNA-targeted MDR1. Both free PAMAM and

Tat-PAMAM formed polyplexes with either antisense or

siRNA without significant difference in complexation ability

and protected siRNA from enzymatic degradation. Although

Tat peptide enhanced the cellular uptake of the dendrimers by

20-30% under the test conditions, only a small portion of both

antisense and siRNA were released from the dendrimers in the

cytoplasm. In the bioactivity tests, Tat-PAMAM failed to fur-

ther improve the ability of PAMAM for siRNA delivery, and

both dendrimers were poorly effective to deliver siRNA,

whereas they were partially effective in the antisense delivery.

This limited bioactivity of antisense and siRNA delivered by

those dendrimers is most likely due to the incomplete release

of the nucleotides in the cells. 

Direct conjugation of PTDs to siRNA is another approach to

improve the stability and bioactivity of siRNA. Moschos et al.,

investigated the effect of direct conjugation of Tat, penetratin

and cholesterol on the siRNA-mediated knockdown of p38

MAP kinase in mouse lung (Moschos et al., 2007). Tat-, pen-

etratin- and cholesterol-conjugated siRNA showed moderate

knockdown of the target mRNA without significant cytotox-

icity, and the conjugates led to a 30-45% knockdown of p38

MAP kinase mRNA after the intratracheal administration.

Unfortunately, both penetration and Tat peptide alone caused

an almost similar reduction in p38 MAP kinase mRNA as pen-

etratin- and Tat-siRNA conjugates and penetratin-siRNA fur-

ther activated innate immune response. These results require

the future study regarding the mechanism of cellular uptake of

those peptides because the innate immune response may be
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due to the different intracellular fates of Tat and penetratin. 

Recent study, a Tat-PTD fusion protein with a single double-

stranded (ds) RNA-binding domain (DRBD) was constructed

to avoid the charge neutralization of PTD after forming com-

plexes with siRNA (Eguchi et al., 2009). Despite the great

achievement of PTD-mediated siRNA delivery, their poor

transfection efficiency in the primary cells and the charge neu-

tralization still remain to be solved. DRBD has the ability to

bind siRNA with high affinity, thereby the cargo siRNA effi-

ciently bind with DRBD motif in the fusion protein, while

PTD moiety remains free to interact with cell membrane. PTD-

DRBD fusion protein exhibited a higher transfection efficiency

and silencing of the target mRNA with negligible cytotoxicity

than commercial Lipofection. This recombinant fusion protein

could deliver siRNA rapidly and induce RNA interference in

various primary cells, including T cells, human umbilical vein

endothelial cells and human embryonic stem cells. The results

reveal that the PTD-DRBD fusion protein constitutes a prom-

ising strategy for the efficient gene silencing in difficult-to-

transfect primary cells. 

Oligo-arginine-PTDs for siRNA delivery

Nonaarginine (R9), a most well-known PTD among argi-

nine-rich peptides, has been explored to deliver siRNA over

the last few years. The first study reported a hydrophobically

modified PTD by conjugating cholesteryl to oligo-D-arginine

(Chol-R9) (Kim et al., 2006c). The arginine domain provides

a binding affinity to siRNA, while cholesteryl moiety interacts

with cell membrane for the efficient cellular uptake of the

complex. The resulting conjugate was well characterized and

the ability for the complex formation was determined using

siRNA against VEGF. Chol-R9 exhibited better silencing abil-

ity than its counterpart, R9, in in vitro tests; hence it suppressed

tumor growth by reducing the production of VEGF at tumor

region in an animal model. It is clearly demonstrated that

Chol-R9 is efficiently deliver siRNA in vitro and it maintains

the bioactivity of siRNA in vivo after local administration. In

another study, it was described that unmodified-R9 was capa-

ble of delivering siRNA in mammalian cells (Wang et al.,

2007). Synthetic-R9 could condense siRNA at the optimized

N/P ratio, and RNA interference was confirmed by silencing

of EGFP expression in the EGFP stable cells. In similar study,

the anti-cancer effects of HER2 siRNA was evaluated using

R15 peptide (Kim et al., 2010). Recent attention has strived for

the physicochemical characterization of R9/siRNA polyplex in

order to control the properties of the polyplexes (Law et al.,

2008). Various methods were suggested to characterize the

polyplexes. UV and circular dichroism (CD) spectra provide

the optimal binding ratio of R9 to siRNA by determination of

hypochromicity that represents structural changes in siRNA.

Dynamic light scattering (DLS) and Zeta potential measure-

ments are the powerful tool to demonstrate aggregation, hydro-

dynamic diameter and surface charge of the polyplexes, and

salt dissociation can be used to confirm the non-covalent inter-

action between R9 and siRNA. These techniques can be

applied to the development of effective siRNA carrier based on

the peptide by controlling the physicochemical properties. 

Octaarginine was attached on the surface of liposome (R8-

liposomes) in order to deliver HDM2-siRNA (Zhang et al.,

2006). The encapsulated siRNA was highly stable and pro-

tected from the enzymatic degradation, thereby high trans-

fection efficiencies with low cytotoxicity were observed in

three types of lung tumor cells. R8-liposome has advantages

over the lipid-based siRNA carriers, such as reduced systemic

toxicity, enhanced stability and circulation time, and increased

permeability of siRNA into cells. Similar to R8-liposome,

Nakamura et al., developed a octaarginine-modified multi-

functional envelope-type nano device (R8-MEND) (Nakamura

et al., 2007). Although a series of MEND has been developed

as a delivery system for pDNA or antisense ODN, it is

unknown whether MEND is an appropriate carrier for siRNA.

The condensation ability, physicochemical properties, and

silencing effect of R8-MEND was examined and compared

with the conventional polycations and commercially available

transfection agent. In order to prepare R8-MEND, stearyl

octaarginine (STR-R8) and siRNA was complexed, thereby

the polyplex was added to the lipid film, followed by incu-

bation, sonication and coating. The resulting STR-R8 solution

(5 mol% of lipids) was mixed with R8 peptide for the for-

mation of R8-MEND. The rapid release of siRNA from R8-

MEND in cytosol and immediate degradation of R8 might lead

to high silencing ability and low cytotoxicity, respectively, in

comparison with the transfection agent. MEND was further

modified with a pH-sensitive fusogenic GALA peptide for the

improved siRNA activity in the cells (Hatakeyama et al.,

2009). The fusogenic peptide facilitated the endosomal escape

of nanoparticles, leading to the enhanced siRNA bioactivity

resulting in increased gene silencing.

Recent study demonstrated an application of R7-based

siRNA carrier modified with a 14-carbon myristic acid moiety

(MPAP) labeled with Cy5.5 fluorescent dye for dual effect of

imaging and therapy (Ifediba et al., 2010). Myristoylation pro-

vides an increase in the binding affinity of peptide to the lipid

bilayers, enhancing cellular uptake of peptide, and BBB per-

meability in vivo. This system was evaluated in the primary

astrocytes, neurons, or bEND.3 brain endothelial cells by



Non-viral siRNA Delivery Systems 125

J. Pharm. Invest., Vol. 40, Special issue (2010)

determining cytotoxicity, probe internalization using FACS

and confocal microscope and silencing of the target mRNA, c-

Src. The cellular uptake and distribution in the cells were

clearly visualized, while c-Src siRNA silenced c-Src mRNA in

all three cell types, and the cells were rescued under ischemic

condition by treating c-Src siRNA. Despite the preliminary in

vitro results of the dual effects, it may be useful in the neu-

rological applications due to the tracking ability and thera-

peutic efficacy.

Cell-penetrating peptides for siRNA delivery

Attempts to deliver siRNA into cells have discovered var-

ious CPPs, among which, bPrPp (1-30), MPG∆NLS, penetratin,

TP10 were evaluated to design a endosomolytic peptide, EB1

(Lundberg et al., 2007). EB1 theoretically become an alpha

helix upon protonation in acidic environments because of a

substitution of histidine for the certain amino acids in the pen-

etratin. Endocytic pathway is mostly accepted as the main

mechanism of internalization for CPPs, excepting MPG and

PEP-1. Despite the similar abilities of peptides for condensing

siRNA, MPG∆NLS showed high biological activity of siRNA,

while the poor bioactivity was observed from the penetratin

and TP10. Interestingly, EB1 exhibited the same silencing abil-

ity as MPG∆NLS, suggesting the notably enhanced bioactivity

of siRNA in cytosol, at least in part, resulted from the ease of

endosomal escape. 

Divita group has designed a new secondary amphipathic

CPP (CADY) composed of 20 amino acids (Crombez et al.,

2008). CADY originated in PPTG1 peptide, which is suitable

for DNA delivery but not for siRNA, was modified by replac-

ing seven residues in PPTG1 peptide with tryptophan and argi-

nine. The high binding affinity (Kd=15.2 nmol/l) of CADY for

siRNA was mostly obtained from the arginine residues,

whereas tryptophan is involved in the cellular uptake and sta-

bilization of siRNA/peptide polyplex. The modification makes

CADY possible to bind, stabilize, and deliver siRNA, resulting

in enhanced RNA interference in a broad spectrum of cell

types, including primary, suspension, and adherent cell lines.

In the more recent study, the cellular uptake mechanism of

CADY was investigated (Konate et al., 2010). Upon elec-

trostatic binding, the polyplex initiates conformational changes

of unfolded CADY to a helical formation; thereby it interacts

with the cell surface molecules, proteoglycans and/or phos-

pholipids. Finally, endosomal pathway-independent membrane

disorganization occurs after the interaction of siRNA/CADY

with phospholipid phase in the cell membrane.

Cell penetrating peptide derived from low molecular weight

protamine (LMWP) was developed for the systemic delivery

of siRNA (Choi et al., 2010). LMWP, arginine-rich peptide

composed of 14 amino acids (10 arginines), was able to con-

dense and stabilize siRNA. It showed almost similar silencing

of the target mRNA and non-toxicity in comparison with Tat

peptide in in vitro tests. For the treatment of cancer, siRNA-tar-

geted VEGF was administered through the systemic injection

after forming the siVEGF/LMWP polyplexes. The systemic

administration of polyplexes led to the tumor regression

resulted from the reduced VEGF expression in tumor region

with negligible systemic side effects. 

Reducible peptides for siRNA delivery

Reducible peptides with internal disulfide linkages have

been considered as a promising non-viral carrier for siRNA

due to the cytoplasm-sensitive reducibility and high stability in

the extracellular spaces. Histidine-based reducible peptide

composed of repeating units of CH6K2H6C monomer (His6

RPC) was prepared for siRNA delivery as well as pDNA

delivery (Stevenson et al., 2008). In similar study, the histidine-

rich peptide (HRP) was copolymerized with nuclear local-

ization sequence (NLS) into five different compositions of

HRP-NLS copolypeptide (Rahbek et al., 2008). In order to

prepare reducible copolypeptides, CKH3KH3KC for HRP and

CGAGPK3RKVC for NLS were synthesized, and the reduc-

ible copolypeptides with various molecular weights were pre-

pared by oxidative polymerization of the cysteine sulfhydryl

groups. The resulting copolypeptides have the potential to the

siRNA and pri-miRNA delivery in terms of the ability to

silence the nuclear compartment necessary for transcription

and utilize endogenous miRNA biogenesis pathway. For the

enhanced charge density, endosomal escape and rapid dis-

sociation in cytoplasm, fusogenic KALA peptide was reduc-

ibly copolymerized into cross-linked KALA (cl-KALA) via

DMSO-mediated oxidative polymerization of cysteine sulf-

hydryl groups at the both ends of KALA peptide (C-KALA-C)

(Mok and Park, 2008b). cl-KALA showed no superior gene

silencing to its counterpart, KALA, whereas it exhibited less

cytotoxicity and more stable polyplexes with siRNA. Tanaka

et al., developed a disulfide cross-linked stearoyl peptide con-

sisted of arginine and histidine (STR-CH2R4H2C) (Tanaka et

al.). The condensation ability for siRNA, cellular uptake and

transfection efficiency of the peptide were compared with its

non-reducible counter peptide (STR-GH2R4H2G) and com-

mercially available transfection agent, LipoTrust. STR-

CH2R4H2C exhibited a comparable and improved silencing

with LipoTrust and STR-GH2R4H2G, respectively, and slightly

better tumor suppressive effects than LipoTrust in tumor

model. 
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Other peptides for siRNA delivery

MPG, a peptide-based gene carrier derived from the HIV-1

gp41 protein and NLS from the SV40 T antigen, has been

explored to prove the effectiveness for siRNA delivery. Two

types of MPG, MPG and MPG∆NLS, were prepared to inves-

tigate the mechanism of internalization and evaluate the

siRNA delivery in the cells (Simeoni et al., 2003). The slightly

higher silencing of the MPG∆NLS than that of MPG peptide

might be likely due to the NLS, and the internalization mech-

anism was determined to be independent from the endosomal

pathway. Veldhoen et al., prepared a modified MPG peptide

(MPGα) by substituting six amino acids in the hydrophobic

part of the MPG peptide (Veldhoen et al., 2006). High ten-

dency toward the helical conformation is a main difference of

MPGα from the parent peptide, while the physicochemical

properties required for the complexation were maintained.

However, the vesicular escape remains the main obstacle for

the MPGα-mediated siRNA delivery because the high vesic-

ular accumulation of the polyplex was observed upon cellular

uptake. MPG peptide was shortened into MPG-8 composed of

21 amino acids by removing 6 amino acids (G1, L3, S13, A17,

G20 and V27), substitution of tryptophan (W) for 2 amino acids

(F7 and A11) and maintaining the cysteamide group at the C-

terminus of MPG (Crombez et al., 2009).

Dendritic poly(L-lysine) with 6th generation (KG6) was

developed as a peptide-based gene carrier for DNA and siRNA

delivery (Inoue et al., 2008). Similar to PAMAM dendrimer,

KG6 has advantages including controllable molecular weight,

shape, ease of surface modification, and a lot of amine groups

on its surface (128 amine groups on KG6). Despite the high

transfection efficiency for DNA and cellular uptake, KG6

exhibited poor silencing of the target mRNA. A combination

of KG6 with Endo-Porter (EP), a weak-base amphiphilic pep-

tide, was suggested to improve the activity of siRNA in the

cells. The combined peptide enabled the effective silencing of

the target mRNA with low cytotoxicity. Recently, KG6 was

applied to the treatment of hypercholesterolemia by delivering

siRNA-targeted ApoB (Watanabe et al., 2009). Leng et al.,

developed a series of branched peptide carrier consisted of his-

tidine and lysine (HK) for DNA and siRNA delivery (Leng et

al., 2005). Four and eight terminal branches (H3K4b, H2K4b,

HK4b, and H3K8b) were evaluated for the siRNA delivery.

H3K4b exhibited slightly better reduction in β-galactosidase

activity among the four terminal branches, whereas H3K8b

showed significantly reduced target activity in comparison

with lipofectamine, suggesting the high potency of H3K8b

peptide as a siRNA carrier.
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