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Sequence-specific	gene	silencing	using	small	interfering	RNA	(siRNA)	is	a	Nobel	prize–winning	technology	that	is	
now	being	evaluated	in	clinical	trials	as	a	potentially	novel	therapeutic	strategy.	This	article	provides	an	overview	
of	the	major	pharmaceutical	challenges	facing	siRNA	therapeutics,	focusing	on	the	delivery	strategies	for	synthetic	
siRNA	duplexes	in	vivo,	as	this	remains	one	of	the	most	important	issues	to	be	resolved.	This	article	also	highlights	
the	importance	of	understanding	the	genocompatibility/toxicogenomics	of	siRNA	delivery	reagents	in	terms	of	
their	impact	on	gene-silencing	activity	and	specificity.	Collectively,	this	information	is	essential	for	the	selection	of	
optimally	acting	siRNA	delivery	system	combinations	for	the	many	proposed	applications	of	RNA	interference.

Introduction
Targeted posttranscriptional gene silencing by RNA interference 
(RNAi) represents a promising new approach for the inhibition 
of gene expression in cell culture and in vivo. Since its discovery 
by Fire et al. in 1998 (1), this Nobel prize–winning technology has 
rapidly emerged as a promising new strategy for drug target vali-
dation and the study of functional genomics, and it is currently 
being evaluated in clinical trials as a potential therapy for diseases 
of a genetic etiology (2–11). Similar to antisense nucleic acid–based 
strategies for gene silencing (12, 13), RNAi is a process by which a 
specific mRNA is targeted for degradation as a means of inhibiting 
the synthesis of the encoded protein.

The RNAi response is triggered by the presence of double-stranded 
RNA (dsRNA; over 100 nt) in cells. The dsRNA is degraded into short 
double-stranded fragments (approximately 21–23 nt long) known as 
small interfering RNA (siRNA) by an RNAse III–type enzyme, Dicer. 
The siRNA generated enters the RNA-induced silencing complex 
(RISC), which becomes activated upon guide (antisense) strand selec-
tion (14).	Guide strand selection is based on the relative thermody-
namic stabilities of the two duplex ends and it is the least stable 5′ 
end of the duplex that is recognized and asymmetrically unwound 
by the Piwi-Argonaute-Zwille (PAZ) domain of argonaute 2, a multi-
functional protein within the RISC. The incorporated strand acts as a 
guide for the activated RISC complex to selectively degrade the com-
plementary mRNA. The argonaute 2 protein this time is responsible 
for mRNA cleavage via its PIWI domain, which adopts an RNase H–
like structure (10, 15). Unfortunately, introduction of long (>30 nts)  
dsRNA into mammalian cells leads to the initiation of the antiviral 
IFN response and global protein expression shutdown (4–10). Thus 
for therapeutic applications RNAi can be effected through delivery of 
shorter siRNAs that are produced synthetically ex vivo and can lead 
to highly specific and potent gene silencing in vivo.

Due to its large molecular weight (~13 kDa) and polyanionic nature 
(~40 negative phosphate charges), naked siRNA does not freely cross 
the cell membrane, and thus delivery systems are required to facilitate 
its access to its intracellular sites of action. It is now widely recognized 
that efficient intracellular siRNA delivery to target sites in the body 

following systemic administration is the most important hurdle for 
widespread use of RNAi in the clinic (4–7, 16–19). Thus the main 
focus of this Review is to summarize the current understanding of 
the cellular uptake and delivery of exogenous, chemically synthesized 
siRNA for in vivo applications (for a review of the related intracellular 
gene-silencing effectors such as microRNAs and siRNA precursors 
that are introduced into cells as plasmids or expressed via viral deliv-
ery vectors, the reader is referred to other texts [refs. 20–23]).

Pharmaceutical challenges to effective  
gene silencing in vivo
There are several challenges that need to be overcome if exogenous 
siRNA is to be widely used as a therapeutic agent (Figure 1).

Effective design. The siRNA has to be effectively designed so as to 
target hybridization-accessible sites within the target mRNA and 
to avoid unintended (off-target) effects (18, 24–33). Not all com-
plementary sequences to a targeted mRNA are effective, and thus 
a combination of computer algorithms and empirical testing have 
been employed to define potent siRNAs (16). Off-target effects can 
arise if partial sequence homology, especially within the 3′UTR, 
exists with mRNAs other than the intended target mRNA and/
or through stimulation of the innate immune response. siRNA 
duplexes housing certain GU-rich sequences (e.g. UGUGU) can 
induce IFN-α, IL-6, and TNF-α via interaction with TLRs (33). Any 
effective siRNA design strategy must account for such off-target 
effects, but since not all immune stimulatory RNA motifs have 
been identified as yet, empirical testing in the target system is still 
necessary for identifying specific and potent siRNAs.

Biological stability. Unmodified, naked siRNAs are relatively unsta-
ble in blood and serum, as they are rapidly degraded by endo- and 
exonucleases, meaning that they have short half-lives in vivo. Typi-
cally, chemical modifications can be introduced into the RNA duplex 
structure so as to enhance biological stability without adversely 
affecting gene-silencing activity. Alternatively, they can be formu-
lated with a delivery system that not only enhances cell uptake but 
also affords biological stability (see Formulation with a delivery system). 
Several chemical modifications to the backbone, base, or sugar of 
the RNA have been employed to enhance siRNA stability and activ-
ity (2). In this manner, siRNA degradation in serum and/or cells can 
be delayed from minutes to hours, and together with an appropriate 
delivery system, gene-silencing activity in vivo can be sustained for 
several days (2). Judicious and selective chemical modifications in the 
guide strand have added benefits, in that they can also reduce most 
off-target effects (34) and alter thermal stability within the various 
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critical sequence regions of the siRNA duplex for improved potency 
of siRNA (35–37). However, due to the structurally sensitive nature 
of siRNA duplexes, chemical modifications have to be screened for 
any loss of potency and enhanced toxicity — e.g., extensive phospho-
rothioate modifications are known to be toxic (12, 13).

Formulation with a delivery system. Considered by many as the most 
important remaining hurdle to the widespread therapeutic use of 
RNAi, selection and formulation of siRNA with an appropriate 
biocompatible and possibly “genocompatible” delivery system is 
necessary for improving biological stability, targeted cell uptake, 
and the pharmacokinetics of siRNA (see below for details). Cat-
ionic delivery systems can enhance immune stimulation of siRNA 
(33), and more recently, gene expression array analyses have high-
lighted the ability of delivery systems to induce a “gene signature” 
of their own that could increase the off-target effects of siRNA 
(18, 24, 38, 39). Inappropriate selection of a delivery vector can 
thereby reduce gene-silencing activity and even enhance off-target 
effects (18). Delivery systems can also alter the pharmacokinet-
ics of siRNA by altering their molecular and physical size so as 

to reduce excretion via the kidneys and thereby prolong in vivo 
half-life. Cell targeting systems are available whereby targeting to 
specific cell surface receptors in specialized tissues is a realistic 
possibility. Once inside the cell, siRNA has to escape compartmen-
talization into cell organelles such as endosomes and lysosomes, be 
intracellularly bioavailable, and interact with its intended mRNA 
targets in the cytosol to effect highly potent and sequence-specific 
gene-silencing activity (Figure 1).

Cellular uptake and delivery of siRNA: lessons from in 
vitro studies
It is widely thought that cellular uptake of siRNA occurs via non-
receptor-mediated endocytosis, most likely in a manner similar 
to that observed for other gene-silencing molecules such as oli-
gonucleotides and ribozymes (12, 13, 40, 41). Thus delivery sys-
tems are typically used to increase cellular accumulation of siRNA 
molecules and to facilitate release from endosomes to the cyto-
sol. It should be emphasized that much of the mechanistic and 
delivery system development studies have been performed in vitro. 
Although not the focus of this Review (see instead refs. 16–18), 
important lessons can be learned from these studies that might be 
useful when progressing to in vivo siRNA delivery. For instance, in 
vitro studies showed that transfection conditions have to be opti-
mized for each cell model and that efficiency of uptake or gene-
silencing activity is dependent on variables such as those relating 
to the duplex siRNA (e.g., chemistry, length, and charge), to the 
delivery system (e.g., molecular weight, physical size, chemistry, 
charge, architecture, and shape), to the specific cell culture system 
(e.g., cell type and growth conditions, including the presence of 
serum), and to the nature of the target gene/gene product (e.g., 
its relative abundance and half-life — low abundant targets with 
short half-lives are thought to be more amenable to silencing). It 
is worth noting that to achieve greater than 90% inhibition of the 
target gene product, the siRNA has to remain effective inside the 
cell for more than 3 times the half-life of the protein being tar-
geted for silencing. This can require multiple dosing, especially in 
rapidly dividing cells (42). It is becoming evident that similar opti-
mizations of siRNA delivery for in vivo targets and experimental 
models need to be performed (16–19).

For in vivo siRNA applications, it was initially thought that 
naked siRNA was biologically stable enough to be effective with-
out requiring a delivery system (Table 1), but more recent stud-
ies have highlighted both the need for chemical modification to 
enhance siRNA stability in the biological milieu and for specific 
delivery systems that can contribute to improved biological stabil-
ity but that mainly enhance delivery to target cells and/or organs 
(2–8, 16–19).

Figure 1
The pharmaceutical challenges to effective siRNA delivery and activity 
in vivo. The challenges for effective siRNA delivery and activity in vivo 
range from the effective empirical or in silico design and selection of an 
effective siRNA sequence to its chemical modification or formulation 
with delivery vectors to improve biological stability and pharmacoki-
netics (steps i–iv). Optimally designed and formulated siRNA should 
then efficiently enter target cells and escape endosomal and other 
intracellular compartments to become highly bioavailable inside the 
cells so as to exert sequence-specific gene-silencing activity with no or 
minimal effects on nontargeted genes or inadvertent stimulation of the 
immune system (steps v–x) (see text for detailed explanation).
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Nonviral delivery strategies for siRNA in vivo
Viral vectors are highly efficient delivery systems for nucleic acids, 
but their clinical application is hindered by their induction of 
toxic immune responses and inadvertent gene expression changes 
following random integration into the host genome, and as such, 
they are not covered further here (see instead ref. 10).

A number of nonviral  siRNA delivery approaches  that have 
now been reported  in vivo,  including  in nonhuman primates 
and humans (see Clinical trials with siRNA therapeutics), support the 
therapeutic development of siRNA for a number of different dis-
ease states (2–11). Of primary consideration in deciding on a drug 
delivery system for siRNA is whether the intended disease target 
lends itself to systemic or local administration, such as for super-
ficial tumors, skin lesions, and mucosal tissue. Advantages of local 
administration include that the siRNA might only require simple 
formulation and thereby be easier to produce and administer, that 
it might facilitate site-specific delivery for localized effects, and 
that it is likely to require lower doses for efficacy that exert minimal 

systemic effects with a reduced risk of off-target effects, and thus it 
is likely to be the most cost-efficient strategy for siRNA delivery in 
vivo. A particular advantage of systemic delivery is that it is more 
widely applicable to the clinic, where more diseases require i.v. or 
i.p. injection treatment regimens. Of course, the holy grail of deliv-
ery strategies is finding a way of delivering siRNA orally, but this 
has not been investigated in much detail as yet, probably due to 
the major hurdle of siRNA degradation and likely poor bioavail-
ability from the gastrointestinal tract.

In vivo biodistribution of siRNAs administered 
systemically
It is important that exogenously administered siRNAs accumu-
late at their target tissues and organs so as to exert their biological 
action at these sites with minimal effects on nontarget tissues. 
Although route of administration is an important variable, sys-
temically administered naked nucleic acids generally accumulate 
in the organs of the reticuloendothelial system (RES) such as the 

Table 1
Selected examples of delivery systems used for delivering siRNA in vivo

Delivery system Route of administration Target gene In vivo model or target tissue Reference
Naked siRNA i.v., i.p., i.t., s.c. VEGF s.c. fibrosarcoma in mice 119
Naked siRNA Intrathecal P2X3 Rat brain 109
Naked siRNA icv Dopamine transporter Hyperlocomotor response in mouse brain 113
Naked siRNA Intranasal HMOX1 Acute lung injury in mice 114
Naked siRNA Intravitreal VEGF Laser-induced choroidal  99 
   neovascularization in monkeys
Naked siRNA Hydrodynamic injections HBsAg HBV infection in liver of mice 53, 54
Cholesterol conjugate i.v. ApoB Dyslipidemia in mice 57
Aptamer-targeted  
 siRNA conjugate i.t. PLK1, BCL-2 Prostate cancer xenograft 93

Cationic lipoplexes and/or liposomes
DOTAP i.v. β1-adrenoreceptor Spontaneously hypertensive rats 64
Oligofectamine Intravaginal HSV-2 (UL27, UL29) proteins HSV-2 infection in mice 120
JetSI (+ DOPE) icv Luciferase Mouse brain 121
Cardiolipin i.v. Raf-1 Prostate cancer xenograft in mice 70
Cardiolipin analog i.v. c-Raf s.c. breast cancer xenografts in mice 69
PEG liposomes i.v. ApoB Dyslipidemia in monkeys 47
Transferrin antibody–targeted  
 liposomes with pH-sensitive peptide i.v. HER-2 s.c. pancreatic tumor xenografts in mice 68

Cationic polymers
PEI Intrathecal NMDA Nociception in rat brain 110
PEI i.p. Ebola-L Ebola virus infection in guinea pigs 67
RGD-targeted PEG-PEI i.v. VEGF Neuroblastoma in mice 78
Atelocollagen i.v. EZH2, P110α Prostate cancer/bone metastasis 50
Chitosan i.v. RhoA Murine tumor xenograft 103
CPP (oligoarginine) cholesterol i.t. VEGF Colon or prostate adenocarcinoma  104, 122 
   xenografts in mice 
Ach receptor–targeted  
 CPP (nono-arginine) i.v. Sod-1/Antiviral FvEj Viral encephalitis in mouse brain 91
HIV-targeted antibody- 
 protamine conjugate i.v. c-Myc, MDM2, VEGF s.c. melanoma xenografts in mice 85
Leukocyte-targeted antibody- 
 protamine conjugate i.v. LFA-1 Lung leukocytes in mice 123
Transferrin receptor–targeted  
 cyclodextrin nanoparticles i.v. EWS-FLI1 Ewing Sarcoma in mice 88

Ach, acetylcholine; BCL-2, B cell lymphoma 2; DOPE, l-α dioleoyl phosphatidyl ethanolamine; DOTAP (N-[1-(2,3-dioleoyloxy)]-N-N-N trimethyl ammo-
nium propane); i.t., intratumoral; LFA-1, lymphocyte function–associated antigen 1; NMDA, N-methyl d-aspartate; PLK1, polo-like kinase 1; RGD, argine-
glycine-aspartic acid.
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liver, lung, spleen, and kidneys (43), and recent reports suggest 
that siRNAs also behave similarly (44–46). Braasch et al. (44) first 
showed that siRNAs in mice accumulate in the liver and kidneys 
following systemic administration. Additional studies (45, 46) 
also showed that naked siRNAs accumulate in the kidneys of 
mice and are detectable in the urine as early as 5 minutes after 
i.v. injection. Taken together, these studies suggest that siRNAs 
behave as typical macromolecules of less than 50 kDa and 6 nm, 
in that they are susceptible to glomerular filtration in the kidney 
and excretion in the urine.

The use of siRNA delivery strategies such as conjugation to poly-
ethylene glycol (PEGylation) or formation of complexes with lipids 
or polymers (Table 1) prevents excretion in the urine, as these for-
mulation constructs exceed the molecular weight and size range 
for glomerular filtration. Thus the type of siRNA delivery system 
used seems to be important for defining pharmacokinetics and 
biodistribution as well as the maximum tolerated doses. For exam-
ple, Zimmermann et al. (47) reported that a nontargeted lipid-
formulated siRNA exhibited no toxicities at a dose of 1 mg/kg,  
whereas a dose of 2 mg/kg resulted in substantial hepatotoxicity, 
suggesting that for this formulation, a 2-mg/kg dose of siRNA 
was near or above the maximum tolerated in cynomolgus mon-
keys. In contrast, doses of up to 9 mg/kg of siRNA formulated as a 
transferrin receptor–targeted cyclodextrin nanoparticle were well 
tolerated in cynomolgus monkeys (48). Hepatotoxicity and renal 
toxicity, as well as a mild immune response, were noted at a dose of 
27 mg/kg with this formulation, but it was difficult to assess the 
precise maximal tolerated dose of siRNA, as there were no data for 
doses between 9 mg/kg and 27 mg/kg. Thus delivery systems can 
be used to favorably alter the pharmacokinetics of naked siRNA 
and reduce the dosing requirements so as to minimize toxicity and 
possibly off-target effects and immune stimulation, both of which 
are often dose dependent.

Many of the early in vivo studies relied on the passive accumula-
tion of siRNA following systemic administration to target gene 
silencing to the liver, kidney, lung, and heart — another organ ben-
efitting from passive siRNA accumulation (17, 18). Furthermore, 
several in vivo studies have shown that siRNAs can also accumu-
late to some extent within s.c. tumors in nude mice (refs. 49, 50, 
and see below). This passive biodistribution might be due, in part, 
to the leaky vasculature of the tumors (51).

Systemic delivery strategies in vivo
Various strategies for delivering siRNA to specific tissue and organ 
systems in vivo following systemic administration are summarized 
in Table 1 and discussed here.

Hydrodynamic i.v. injection. Hydrodynamic i.v. injection involves the 
rapid i.v. injection of siRNA in large volumes of physiological buffer 
to achieve effective localization of duplex siRNA mainly in the liver, 
although distribution to the kidney, lung, and pancreas has been 
reported (52). Effective gene silencing in the liver of mice has been 
demonstrated using this delivery strategy with both unmodified and 
chemically modified siRNAs (53–55). Although the precise mecha-
nisms of how siRNA is delivered to cells by hydrodynamic injection 
are unclear (56), it is probable that the high pressure causes mem-
brane perturbations that facilitate siRNA uptake in vivo by some, but 
not all, cell types, even though they all might show membrane disrup-
tion (52). However, this delivery method cannot be directly translated 
to clinical use due to both the large injection volumes needed and the 
cellular toxicities caused by the high pressure of the injection.

Cholesterol conjugates of siRNA. Conjugation to lipophilic groups 
can enhance cell uptake and favorably improve pharmacokinetics 
and tissue biodistribution of oligonucleotides, and this strategy 
has now been applied to siRNA delivery. In mice, administration 
of an ApoB-specific siRNA with a chemically modified backbone 
conjugated to a lipophilic cholesterol moiety at the 3′ end of the 
sense strand resulted in knockdown of apoB mRNA by approxi-
mately 60% in the liver and approximately 75% in the jejunum (57). 
Surprisingly, no off-target effects or immune stimulation were 
reported despite the high 50-mg/kg dose needed for efficacy (57). 
However, extensive cell surface binding of lipophilic oligonucle-
otide conjugates has been reported to interfere nonspecifically 
with normal cellular processes such as dipeptide transport (58), 
necessitating detailed safety evaluation of this potential approach 
to clinical siRNA delivery.

Cationic delivery systems. Several types of synthetic vectors have 
been investigated for gene-silencing applications, including the 
development of cationic lipids and/or liposomes, cationic poly-
mers, cationic dendrimers (branch-like polymer structures), and 
cationic cell-penetrating peptides (CPPs) (2–8, 16–19). A common 
theme amongst these vectors is their net positive (cationic) charge, 
which facilitates both complex formation with the polyanionic 
nucleic acid and interaction with the negatively charged cell mem-
brane. The siRNA delivery (or transfection) reagent complexes are 
often specifically referred to as lipoplexes, dendriplexes, and poly-
plexes, depending on whether the vector used is a cationic lipid, 
dendrimer, or polymer, respectively. Alternatively, these cationic 
lipids and polymers can form nanoparticles, in which the nucleic 
acid is entrapped within the body of the particle and not sim-
ply adsorbed onto the surface, usually via ionic interactions, as 
is the case with complexes. However, in the literature, the term 
nanoparticle is often interchangeably used for complexes, possibly 
to better reflect the nomenclature being used within the ongo-
ing nanotechnology/nanomedicine revolution (59). Although the 
exact mechanism of delivery varies, these complexes and nanopar-
ticles can, to varying degrees, provide siRNA stability within blood 
serum, avoid sequestration within the RES, and eventually reach 
target cells. They are taken into the cell by some form of vesicu-
lar transport (endocytosis and/or macropinocytosis). Complexes 
and nanoparticles generally have to be less than 100 nm to avoid 
renal excretion and be taken up by cells (60). Once inside cells, 
the inclusion of fusogenic lipids such as l-α dioleoyl phospha-
tidyl ethanolamine (DOPE) and/or pH-sensitive peptides such 
as poly-histidine-lysine in siRNA delivery systems are thought to 
help destabilize endosomal membranes to aid their release into 
the cytosol (60). Further surface modification of complexes or 
nanoparticles with PEG can stabilize nanoparticles and prolong 
circulation times, and attachment of a targeting ligand or anti-
body for a cell-specific receptor or antigen can enable tissue or cell 
type targeting of siRNA (Figure 2 and see below).

Cationic liposomal delivery systems. Although neutral liposomes 
have been successfully used to deliver siRNA in vivo (61), cationic 
liposomes are more commonly used for siRNA delivery. Com-
mercially available cationic lipid formulations such as lipofectin, 
RNAifect (Qiagen), Oligofectamine, Lipofectamine (Invitrogen), 
and TransIT TKO (Mirus) have all been investigated as potential 
enhancers of siRNA delivery in vitro (16–18).

DOTAP (N-[1-(2,3-dioleoyloxy)]-N-N-N trimethyl ammonium 
propane) and Oligofectamine were some of the first lipid for-
mulations to be examined for the in vivo delivery of siRNA and 
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caused marked knockdown of TNF-α and β-catenin in mice (62, 
63). Recently, Arnold et al. (64) showed that a single 1-mg/kg i.v. 
dose of siRNA–DOTAP lipoplexes selectively inhibited β1-adreno-
receptor expression and markedly reduced blood pressure for up 
to 12 days. Interestingly, this sustained effect was greater than that 
obtained by just blocking the β1-adrenoreceptor using β-blockers. 
It is not clear how long the siRNA complexes remained in vivo, 
as this was not reported in the study, but fluorescent microsco-
py revealed good biodistribution in the heart, lung, kidney, and 
spleen 3 hours after administration (64).

Cationic liposomes termed “solid nucleic acid lipid particles” 
(SNALPs) that have been stabilized by PEGylation for improved 
pharmacokinetics have also successfully been used to deliver siRNA 
systemically to silence the apoB gene in mice and nonhuman pri-
mates (47). A single dose of 2.5 mg/kg of siRNA encapsulated 
within the SNALP formulation reduced apoB gene expression in 
the livers of cynomolgus monkeys by more than 90%. This led to 
substantial reductions in serum cholesterol and LDL that were sus-
tained for more than 11 days after dosing, implying that this deliv-
ery system provides sustained delivery of siRNA to the liver (47), 
although alternative sustained release formulations such as poly 
(d,l-lactide-co-glycolide) (PLGA) copolymer microspheres have also 
been investigated for siRNA delivery (65). The passive accumula-
tion of SNALPs in the liver has also been taken advantage of for the 
potential treatment of experimental hepatitis B (66) and infection 
with Ebola virus (67). Targeting of other organs with SNALPs is 
likely to require the attachment of a targeting ligand or antibody.

Pirollo et al. (68) demonstrated that cationic liposomes bearing a 
transferrin receptor–specific single-chain antibody fragment effec-
tively delivered a HER2-specific siRNA to tumor xenografts in nude 
mice. In vitro antitumor effects, as evidenced by a 3-fold greater sen-
sitivity to chemotherapeutic agents, were further enhanced by the 
inclusion of a pH-sensitive histidine-lysine peptide into the nanopar-
ticle complexes (68). Presumably, the peptide facilitated endosomal 
release of naked and chemically modified siRNA, although this was 
not obvious from the similar intracellular biodistributions report-
ed for the complexes with and without the peptide (68). It was also 
unclear whether the pH-sensitive peptide truly enhanced endosomal 

efflux and activity of siRNA in vivo, as a direct comparison of the two 
delivery platforms was not reported in the same in vivo study (68).

There is no denying that cationic lipid nanoparticles and com-
plexes with siRNA are effective when delivered systemically. How-
ever, experience with antisense oligonucleotides and ribozymes 
(12, 13) suggests their widespread use clinically might be tempered 
somewhat by toxicological concerns. Cationic lipid–mediated cel-
lular toxicity has been observed in vitro and in vivo (16–18), and 
more recently it has been shown in vitro that some cationic lipid 
formulations elicit inadvertent gene expression (38) and enhance 
the immune response to siRNA (33). Development of novel serum 
stable, non-toxic lipids is needed for clinical delivery of siRNA, and 
recent attempts at using natural lipid analogs of cardiolipin have 
been successful in delivering siRNA systemically to cancer xeno-
grafts (69, 70). It should be noted that PEGylated liposomes are a 
clinically approved delivery system for doxorubicin and therefore 
represent a viable option for delivering siRNA in humans. How-
ever, care has to be taken with repeated dosing regimens because 
acute hypersensitivity due to the generation of antibodies specific 
for PEGylated particles has been reported (71, 72), but this might 
be circumvented by pretreatment with conventional drugs.

Cationic polymer and peptide delivery systems for siRNA. Linear or 
branched cationic polymers including peptides readily bind and 
condense DNA and have thus been widely used as transfection 
reagents for genes, oligonucleotides, and now duplex siRNA (12, 
13, 16–19). The high charge density of cationic polymers allows 
them to escape from endosomes and deliver their nucleic acid 
cargo into the cytosol through the so-called “proton-sponge” 
effect. The polycationic nature of the polymer is thought to buffer 
low endosomal pH through enhanced influx of protons and water, 
culminating in endosome rupture (16–18). Of the many cationic 
polymers, polyethyleneimine (PEI) has been widely studied for 
DNA, oligonucleotide, and siRNA delivery (6). PEI is available in 
either linear or branched form and in many molecular weights, 
ranging from 1 kDa to more than 1,000 kDa. Generally,  low-
molecular-weight PEIs (<25 kDa) with a branched rather than lin-
ear architecture are thought to be superior transfection reagents, 
as higher molecular weights tend to be toxic (6, 73, 74).

Figure 2
A schematic depiction of the structural components required of a 
targeted cationic complex or nanoparticle for siRNA delivery in vivo. 
Ordered assembly of the complex or nanoparticle (~100 nm in size) 
typically involves the use of a biocompatible/genocompatible lipid or 
polymer core that enters tissues and cells readily. The siRNA can be 
either entrapped within the core, adsorbed onto the surface via ionic 
interactions, or covalently attached through the sense strand to one 
of the surface components. The particle can then be modified to bear 
PEG polymer chains that improve the pharmacokinetic and biodistribu-
tion behavior by prolonging half-lives in vivo. PEGylation also serves 
to improve the biocompatibility of the particles and, because of shield-
ing of the negative charges, to decrease nonspecific interactions with 
extracellular matrix components. Targeting to a specific tissue or cell 
type can be facilitated by addition of a receptor ligand or antibody that 
may be attached to the surface or conjugated to the PEG. Following 
uptake by endocytosis, intracellular bioavailability can be enhanced 
through endosomal escape of siRNA by including a fusogenic lipid 
or pH-sensitive peptide in the complex or nanoparticle (see text for 
specific examples).
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siRNAs delivered by PEI have been effective antiviral agents in a 
murine model of influenza infection (75) and a guinea pig model 
of Ebola virus infection (67). PEI also effectively delivered siRNA 
targeting HER2 in mouse models of ovarian carcinomas (76). 
Thus PEI seems to be a promising siRNA delivery system for sys-
temic use, provided the correct architecture and molecular weight 
polymer are selected so as to avoid toxicities. Microarray analysis 
of tumors treated by linear and branched PEI revealed that both 
polymer architectures induced multiple gene changes in vivo that 
might contribute to off-target effects of siRNA and also have an 
impact on gene-silencing activity (18).

Arg-Gly-Asp (RGD) peptides have been used to target drugs and 
imaging agents to tumor vasculature expressing αvβ3 integrin, 
and an RGD-targeted radiotracer has successfully been tested in 
humans for the visualization of αvβ3 integrin, which demonstrates 
the feasibility of this approach (77). Now, a novel delivery strategy 
using PEGylated PEI with an RGD peptide to deliver siRNA tar-
geting VEGF has been shown to inhibit tumor growth and reduce 
angiogenesis after i.v. administration (78).

Another class of polymers widely used for nucleic acid transfec-
tion are the polyamidoamines (79, 80). Although the commercially 
available polyamidoamine polymers Polyfect and Superfect (both 
from Qiagen) are dendrimers that were initially designed for the 
delivery of plasmids, they have also now been used for siRNA deliv-
ery in vitro (24, 81–83) and might be used in vivo. Advantages of 
dendrimer delivery systems are that they can be engineered to have 
precise molecular weights and defined molecular sizes and shapes 
for avoiding biological barriers in vivo. However, nonspecific tox-
icities, including induction of pleiotropic gene expression, might 
hinder their progress in vivo (24).

The cationic polyamine, protamine, can complex with and con-
dense nucleic acids and therefore has long been used for intracellular 
delivery of plasmid DNA and other oligonucleotides (84). Recently 
it has been incorporated into antibody conjugates for delivering 
siRNA to tumors in vivo. Song et al. (85) used a conjugate of a frag-
ment antibody (Fab) specific for the HIV-1 envelope protein gp160 
and protamine, to which the siRNA could complex. siRNAs selec-
tively delivered by Fab-protamine conjugates to tumor cells engi-
neered to express gp160 had a marked antitumor effect in vivo.

Atelocollagen is a very large protein (300 kDa) derived from pepsin-
treated type I collagen from calf dermis that has been used to admin-
ister siRNA systemically and locally in tumor models (49, 50, 86, 87). 
When complexed with siRNA, this cationic polyamine improved 
the half-life of naked siRNA by 3-fold and increased cell uptake and 
activity comparable to the cationic liposome JetSI (87). Atelocolla-
gen also seemed to function as a sustained release delivery vehicle 
in vitro and in vivo (49, 50, 87). In vivo, this polymer was also able to 
effectively deliver siRNA targeting VEGF to tumor vasculature in a 
xenograft model of prostate cancer (49), to bone metastases (50), and 
to an orthotopic model of human testicular cancer (87).

A cyclodextrin polycation delivery system that seems to mask 
immune stimulation effects of siRNA, even siRNAs with known 
immunostimulatory sequences, has been described (48, 88). It con-
sists of a cyclodextrin core to which is attached PEG and transferrin 
— a tumor-targeting ligand. Using this delivery system, effective gene 
silencing of the oncogene EWS-FLI1 was reported in a metastatic 
model of Ewing sarcoma (88). More recently, a multidosing study of 
this delivery system in cynomolgus monkeys has suggested that the 
delivery system is well tolerated and that even repeat doses failed to 
elicit a significant delivery system–specific antibody response (48).

CPPs, also known as protein transduction domains and mem-
brane transduction sequences, are short cationic peptide chains 
with a maximum of 30 amino acids that have been used for siRNA 
delivery in vitro (89). Although not as potent as cationic lipid 
delivery agents in vitro, CPP-oligonucleotide conjugates offer the 
advantage of being molecules rather than particles and might 
have substantial advantages over particle-based delivery in vivo 
(90). This was highlighted in a recent study that reported for the 
first time that systemically delivered siRNA-peptide conjugates 
can cross the blood-brain barrier (BBB) (91). Other approaches 
being considered for systemic delivery to the brain include the use 
of transferrin receptor antibody–targeted PEGylated liposomes 
that might selectively bind to the	vasculature of the BBB, which 
expresses high levels of the transferrin receptor (92).

Other delivery systems. Other in vivo delivery approaches for siRNAs  
include aptamer-siRNA conjugates that specifically inhibit tumor 
growth  and  mediate  tumor  regression  in  a  xenograft  model 
of prostate cancer (93) and the use of a chitosan-based siRNA 
nanoparticle delivery system to knockdown EGFP both in vivo 
and in vitro (94). Furthermore, siRNA delivery to the alveoli of 
mice could be achieved by using lung surfactant, a lipoprotein that 
normally lines the lung wall (95).

Studying uptake and delivery mechanisms with novel nanoparticle 
approaches. It is important to understand the detailed mechanism and 
biodistribution of siRNA and its delivery vectors to further optimize 
and develop new formulations for use in the clinic. In this regard, 
Medarova et al. (96) have reported a new dual-purpose nanopar-
ticle probe for the simultaneous delivery and imaging of siRNA in 
tumors following systemic administration. The produced supra-
magnetic nanoparticles were coated with aminated dextrans labeled 
with a fluorescent dye and, via two different linkers, attached to an 
active siRNA and a CPP to facilitate cell uptake. Localization of the 
nanoparticles to experimental tumors in mice was observed using 
both MRI and optical imaging techniques. Effective delivery and 
gene silencing was also demonstrated with a survivin-specific siRNA 
in nude mice bearing s.c. colorectal carcinoma xenografts (96). Inter-
estingly, even in the absence of specific targeting, the probe accumu-
lated in tumors following i.v. injection (96). This was explained by 
the possible leakiness of the tumor vasculature, which could facili-
tate enhanced permeability and retention of macromolecules and 
nanoparticles (51). The study also highlighted that covalent attach-
ment of siRNA to particles does not impair gene-silencing activity, 
something that bodes well for further developments in this field.

Toxicogenomics and genocompatibility of in vivo delivery systems. Opti-
mal systemic delivery should be achieved without compromising 
siRNA gene-silencing activity and specificity. It has traditionally 
been thought that drug delivery systems used in siRNA experi-
ments are biologically and “genomically” inert (18, 97, 98). How-
ever, recent microarray-based gene expression studies have shown 
that this is not the case and that transfection reagents such as cat-
ionic lipids and cationic polymers can directly induce gene expres-
sion changes in biological systems that might have an impact on 
siRNA activity and specificity (18, 24, 38, 39). This phenomenon 
occurred both in addition to and separately from the ability of 
some delivery systems to enhance the immune response of siRNA 
(33). Direct intratumoral administration of PEI to epithelial tumor 
xenografts in nude mice revealed that branched PEI had a greater 
propensity than the linear form to induce gene changes in vivo and 
this correlated well with the reported greater toxicity of branched 
PEI (18). Interestingly, two polyamidoamine dendrimers, differing 
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only in their structural architecture, elicited many different gene 
expression changes in human cells, including opposing effects on 
the level of EGFR expression despite equivalent levels of siRNA 
uptake (24). This led to either a marked enhancement or attenua-
tion of the gene-silencing effect with EGFR-specific siRNA, thereby 
suggesting that gene changes induced by delivery reagents, sepa-
rate from the effects on cellular uptake, are important in determin-
ing the level of gene silencing achieved by siRNAs.

Delivery system–induced effects on gene expression might be 
exploited to enhance siRNA gene-silencing activity by selecting 
delivery systems that also inhibit target gene(s). Conversely, deliv-
ery systems that enhance target gene expression should be avoid-
ed, as they can compromise gene-silencing activity of siRNA. Any 
beneficial effects on siRNA potency, however, need to be balanced 
against any increase in off-target effects due to the delivery system. 
For this reason, it has been advocated that delivery systems should 
be screened for “genocompatibilty” so that they do not markedly 
increase off-target effects and/or adversely increase expression of 
the target gene(s) in siRNA gene-silencing studies (18, 24).

A natural extrapolation of these studies is that a delivery system 
might be engineered to have any desirable property to act in con-
cert with siRNA therapy for many different pathologies. Therefore 
it opens the door for synthetic chemists to engineer new vectors 
with desirable intrinsic biological activity (e.g., to have antitumor 
activity) or genomic activity (e.g., to downregulate the same tar-
get gene as the siRNA). If successful, such targeted delivery system 
designs might have a significant impact on broadening RNAi-
mediated gene-silencing applications in the clinic.

Local delivery strategies in vivo
A number of studies have been published recently that make use of 
local delivery of siRNA to a number of diverse organs, and several 
have served as proof-of-concept for the current clinical trials with 
siRNA (see Clinical trials with siRNA therapeutics).

Intraocular delivery. Delivery of siRNA to the eye has been success-
ful in the form of intravitreal injections in cynomolgus monkeys 
(99) and subretinal injections in mice (100). In both studies, siRNA 
targeting VEGF was used to prevent laser-induced choroidal neo-
vascularization in an experimental model of age-related macular 
degeneration (AMD). In the nonhuman primates, the effect of 
a single injection of siRNA persisted for at least 36 days (99). In 
mice, subretinal injection of siRNA 36 hours after laser treatment 
resulted in a 75% reduction in neovascularization when compared 
with control (100). The delivery of siRNA using subconjunctival 
injections has also been successful (101) — 200-nM siRNA tar-
geting TGF-β complexed with TransIT TKO lipid formulation 
(Mirus) led to an approximately 50% decrease in inflammatory cell 
infiltration 2 days after injection. Herard et al. (102) showed that 
24 hours after intraocular injection, siRNA targeting amyloid pre-
cursor protein (APP) accumulated in retinal cells, and substantial 
knockdown of APP in retinal terminals was observed. Therefore 
local delivery to the eye of naked and lipid-complexed siRNA is 
possible, and such studies have paved the way for human clinical 
trials (see Clinical trials with siRNA therapeutics).

Intratumoral delivery. The direct local injection of siRNAs, with or 
without a delivery system, into tumors has been an effective anti-
cancer strategy in vivo (96, 103, 104). For example, tumor volume 
was reduced by 85% and 53% when siRNA targeting RasA and RasC, 
respectively, was repeatedly administered to mice in a xenograft 
breast cancer model (103). Recently, a cholesterol-modified low-

molecular-weight PEI has been used to locally deliver siRNA target-
ing VEGF to tumor xenografts in vivo (104), and intratumoral deliv-
ery of PEI-complexed plasmids targeting FAK markedly suppressed 
primary tumor growth and metastasis of B16F10 cells into lung 
and lymph nodes (105). Both approaches prolonged the survival of 
the tumor-bearing mice. However, clinically, only a few tumors are 
amenable to local delivery, and systemic approaches such as those 
described above are necessary for most solid tumors in vivo.

Local in vivo electroporation to muscle. Electroporation, a technique 
whereby electrical currents are used to gently make cell membranes 
permeable to macromolecules, has been used to deliver siRNA to 
mouse muscle tissue (106, 107). For example, Golzio et al. (107) 
targeted GFP expressed exogenously from a plasmid in mouse 
muscles. When siRNA was cotransfected with the plasmid encod-
ing GFP, a substantial silencing effect was noted for up to 23 days. 
However, the approach has obvious safety concerns relating to the 
application of electrical charge to sensitive tissues, although its 
safe use in the CNS of rats has been reported (108).

Local delivery to the CNS. The CNS is a region that is difficult to 
deliver drugs to due to the BBB. The treatment of diseases affect-
ing the CNS is therefore often inadequate, for example in the case 
of brain tumors. Thus siRNA is of potential benefit in diseases for 
which there are limited treatment options. As naked siRNA duplex-
es are unable to cross the BBB, local delivery methods have been 
employed for gene silencing in the CNS (92). For example, naked 
siRNA has been reported to effect gene silencing when delivered 
locally to the CNS of either rats or mice following intrathecal infu-
sions (109, 110), bilateral intra-arcuate injections to the hypothala-
mus (111), injections to the brain stem (112), and intracerebroven-
tricular infusion to the dorsal third ventricle	(113). For example, 
PEI-siRNA polyplexes targeting the NR2B subtype of the NMDA 
receptor that were administered via intrathecal injection reduced 
protein levels by 83% after 7 days in the rat brain (110). This led to a 
reduced response to the continual pain induced by formalin (110).

Local delivery of siRNA to the visual cortex and hippocampal 
regions of rat brains using an electroporation technique has also 
been reported (108), implying that the technique is well tolerated 
on the delicate tissues of the brain. Infusion to the third dorsal 
ventricle resulted in knockdown of the targeted dopamine trans-
porter in areas of the brain distant from the site of injection (113). 
A significant reduction of dopamine transporter was reported in 
all the brain sections tested, and an increase in expected behavioral 
changes was observed in siRNA-treated animals (113).

Taken together,  these studies suggest  that  local delivery of 
siRNA to the CNS is a feasible option for targeting CNS-based 
diseases, though systemic delivery strategies may be clinically 
more attractive (91, 92).

Intranasal delivery to the lung. Intranasal delivery is a technique that 
is widely used to deliver drugs to the lungs. Delivering siRNA to the 
lung could be a potential treatment for a number of diseases includ-
ing asthma, cystic fibrosis, ischemic reperfusion injury, and infection 
with respiratory viruses. Delivery of siRNA has been achieved in vivo 
by using intranasal techniques (94, 114, 115). The role of heme oxy-
genase-1 (HO-1) in lung reperfusion injury was examined by anes-
thetizing mice and administering siRNA intranasally (116). After 
initiation of ischemic reperfusion injury, levels of HO-1 in animals 
treated with siRNA did not rise (unlike in control animals), and this 
was associated with apoptosis. siRNA delivered by this method had 
no effect in other organs that were tested. In contrast, knockdown 
of GAPDH by siRNA was observed in organs other than the lung 
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following intranasal delivery (94). Several other studies also show 
that intranasal delivery to the lung leads to effective gene silencing 
in acute models of lung injury (117) and in the treatment of experi-
mental infection with SARS virus in nonhuman primates (118).

Bitko et al. (115) delivered siRNA targeting respiratory syncytial 
virus (RSV) and parainfluenza virus intranasally to anesthetized 
mice with and without the lipid delivery system TransIT TKO 
(Mirus). This resulted in almost complete elimination of the virus 
when siRNA was delivered using TransIT TKO, although siRNA 
alone also produced a marked decrease in pulmonary viral titer. 
The administration of siRNA did not produce an IFN response, 
and no adverse effects of the delivery system were noted. A marked 
difference in body weight gain and in viral titer was noted when 
administration of siRNA was delayed after infection by differing 
times; the length of delay was inversely proportional to the efficacy 
of the siRNA (115). Therefore, it seems that siRNA has benefits for 
acute treatment of pulmonary disease and that lipid carriers are 
well tolerated when used intranasally.

Clinical trials with siRNA therapeutics
There are several clinical trials ongoing or planned for taking siRNA 
into the clinic in the treatment of important diseases such as macu-
lar degeneration, cancer, and respiratory diseases (Table 2).

The first ever human clinical trial with siRNA was conducted 
by Acuity Pharmaceuticals in late 2004 in patients suffering from 
AMD. Local intravitreal delivery of siRNA (Cand5) targeting VEGF 
was designed to prevent the overgrowth of new blood vessels in 
the “wet” form of AMD. This molecule has now reached phase II 
clinical evaluation, with preliminary results indicating that there 
are dose-related benefits with respect to several clinical endpoints 
such as near vision and lesion size . Cand5, as of early 2006, is also 
being evaluated in a separate phase II trial for efficacy in diabetic 
macular edema. Sirna Therapeutics, now owned by Merck, entered 
their first siRNA (Sirna-027) targeting VEGFR for the treatment 
of AMD. Preliminary data from the trial suggested that Sirna-027 
administered as a single intravitreal injection at doses up to 800 μg 
was well tolerated by patients and improvements in the visual acu-
ity of a subset of subjects has also been observed. Silence Therapeu-
tics (formerly Atugen) also has entered RTP-801i siRNA into phase 
I trials for AMD and is planning trials with another siRNA for the 
treatment of acute renal injury (Table 2).

Alnylam Pharmaceuticals recently completed two phase I clinical 
trials with their siRNA targeting RSV, ALN-RSV01, to evaluate its 

safety, tolerability, and pharmacokinet-
ics in healthy adult volunteers. A total of 
100 human subjects received ALN-RSV01 
either as a single dose or as multiple daily 
doses in the form of a nasal spray. ALN-
RSV01 was found to be safe when admin-
istered  in  relevant  doses,  with  a  mild 
adverse  event  profile  comparable  with 
placebo. There was no evidence of electro-
cardiographic abnormalities in subjects 
exposed to the drug and no significant 
systemic  exposure  to  the  ALN-RSV01 
that was administered intranasally. Based 
on  these  results,  and  as  of  June  2007, 
Alnylam has initiated a phase II trial with 
ALN-RSV01 that is designed to evaluate 
the safety, tolerability, and antiviral activ-

ity of ALN-RSV01 in about 90 adult subjects experimentally infect-
ed with RSV. These favorable early reports and rapid development 
auger well for further clinical trials with siRNA.

Concluding remarks
In conclusion, siRNA has quickly been established as a robust and 
effective gene-silencing strategy in animal models, and more recent-
ly in human clinical trials, as a potential therapeutic approach. Its 
current success and future development will clearly benefit from 
the scientific experiences acquired from related gene-silencing 
technologies such as antisense oligonucleotides, ribozymes, and 
DNAzymes. However, future research needs to address the impor-
tant challenges relating to more effective design, enhanced bio-
logical stability, and efficient targeted delivery in vivo.

A number of important lessons can be learned from the seeming-
ly disparate in vivo studies with siRNA. Delivery systems designed 
to favorably alter the pharmacokinetics and biodistribution of  
siRNAs are essential for systemic use, as they prolong siRNA half-
lives in serum and blood and reduce the effective dose of naked 
siRNA. At present, passive targeting of siRNA is limited to the RES 
and the leaky vasculature of some tumors, and therefore robust 
targeting strategies are needed for targeting deeper tissues and 
organs for clinical purposes.	As we learn more about the in vivo 
actions of siRNA delivery systems, including their toxicogenom-
ics and biodistribution, it will be possible to refine our delivery 
strategies for improved targeting and specificity of these molecules 
for any given clinical condition. It is envisaged that ultimately the 
development of safer siRNA targeted delivery systems that are 
biocompatible and genocompatible, in that they avoid immune 
stimulation and off-target gene effects, will lead to an expansion in 
the clinical roles of this Nobel prize–winning technology.
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Table 2
Examples of ongoing or planned clinical trials for siRNA-mediated RNAi

Company siRNA product Disease Status
Acuity Pharmaceuticals Cand5 AMD phase II
 Cand5 Diabetic macular edema Phase II
Alnylam ALN-RSV01 RSV lung infection Phase II
 Unknown Pandemic flu Preclinical
 ALN-VSP01 Liver cancer Preclinical
Silence Therapeutics RTP-801i AMD Phase I
 AKIi-5 Acute renal injury Preclinical
 Atu027 Gastrointestinal cancers Preclinical
 Atu093 Non–small cell lung cancer Preclinical
Sirna Therapeutics/Merck Sirna-027 AMD Phase I
 Sirna-034 HCV Preclinical
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