
at SciVerse ScienceDirect

Biomaterials 33 (2012) 2546e2569
Contents lists available
Biomaterials

journal homepage: www.elsevier .com/locate/biomateria ls
Review

Supramolecular assemblies in functional siRNA delivery: Where do we stand?

Hamidreza M. Aliabadi a, Breanne Landry a, Chongbo Sun b, Tian Tang b, Hasan Uluda�g a,c,d,*

aDepartment of Chemical & Material Engineering, Faculty of Engineering, University of Alberta, Edmonton, AB, Canada
bDepartment of Mechanical Engineering, Faculty of Engineering, University of Alberta, Edmonton, AB, Canada
c Faculty of Pharmacy and Pharmaceutical Sciences, University of Alberta, Edmonton, AB, Canada
dDepartment of Biomedical Engineering, Faculty of Medicine, University of Alberta, Edmonton, AB, Canada
a r t i c l e i n f o

Article history:
Received 15 November 2011
Accepted 26 November 2011
Available online 30 December 2011

Keywords:
Supramolecules
Short interfering RNA (siRNA)
Non-viral delivery
Intracellular trafficking
Targeting
Clinical trials
Abbreviations: RES, Reticuloendothelial system; I
interfering RNA; RNAi, RNA interference; PEG, Polyet
weight; PEI, Polyethylenimine; CPP, Cell penetrati
dynamics; PAMAM, Poly(amidoamine); t1/2, Half-life.
* Corresponding author. 2-020 RTF, Chemical & M

ment, Faculty of Engineering, University of Alberta, Ed
2E1. Tel.: þ1 780 492 0344; fax: þ1 780 492 2881.

E-mail address: hasan.uludag@ualberta.ca (H. Ulu

0142-9612/$ e see front matter � 2011 Elsevier Ltd.
doi:10.1016/j.biomaterials.2011.11.079
a b s t r a c t

The discovery of RNA interference (RNAi) has excited the scientific field due to its potential for wide
range of therapeutic applications. The pharmacological mediator of RNAi, short interfering RNA (siRNA),
however, has faced significant obstacles in reaching its target site and effectively exerting its silencing
activity. Effective pharmacological use of siRNA requires ‘carriers’ that can deliver the siRNA to its
intended site of action. The carriers assemble the siRNA into supramolecular complexes that display
functional properties during the delivery process. This review will summarize non-viral approaches to
siRNA delivery, emphasizing the current obstacles to delivery and the mechanisms employed to over-
come these obstacles. The carriers successfully pursued in pre-clinical (animal) models will be presented
so as to provide a glimpse of possible candidates for clinical testing. Supramolecular assembly of nucleic
acids with carriers will be probed from thermodynamics and computational perspectives to understand
supramolecular structures and their dynamics. The delivery and trafficking requirements for siRNA are
then dissected and engineering approaches to overcoming these barriers will be articulated. The latter
has been attempted both at the cellular levels, focusing on intracellular barriers, as well as systemic level,
emphasizing macroscopic challenges affecting siRNA delivery. Clinical experience with non-viral siRNA
delivery is summarized, highlighting the nature delivery modes attempted in clinical settings. We
conclude with a perspective on the future of siRNA therapeutics, specifically concentrating on the
possible impact of non-viral carriers in the field.

� 2011 Elsevier Ltd. All rights reserved.
1. Background on siRNA carriers

Despite the promise of RNA interference (RNAi) and reported
success of direct delivery of “naked” siRNA to some tissues [1],
administered siRNA has little chance of in vivo efficacy if it is not
structurally modified or accompanied with an engineered delivery
system. The naked siRNA has a poor pharmacokinetics profile. It is
almost instantly degraded by RNase A type nucleases [2] that leads
to short serum half-life (t1/2) on the order of <30 min [3]. The rapid
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siRNA clearance by the kidneys also contributes to its short t1/2 (the
glomerular molecular weight cut-off of w60 kDa is larger than the
w14 kDa siRNA) [4]. An additional obstacle for naked siRNA is the
negligible cellular internalization; the anionic charge of backbone
phosphates (w40/molecule [3]) makes it impossible for siRNA to
interact with anionic phospholipid cell membranes. Therefore,
many strategies have been evaluated to design siRNA carriers to
protect siRNA from in vivo degradation, to limit its premature
elimination, and to deliver siRNA into target cells for effective
silencing. Some of these strategies relied on viruses since the
natural abilities of viruses to insert their genome into host cells
make them effective delivery agents. Viral delivery is based on
DNA-based expression cassettes designed to express double-
stranded short hairpin RNA (shRNA) or microRNA (miRNA) [5e8].
Non-viral carriers aim to mimic viral-like delivery by relying solely
on biomolecules to package the nucleic acids. Although other
physical strategies, such as electroporation, ultrasonic delivery,
hydrostatic and ‘gene gun’, have been attempted for this purpose,
they will not be reviewed in this manuscript.
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1.1. Viral vectors for RNAi

Genes encoding hairpin structures (shRNA or miRNA) have been
inserted into viral vectors so as to express the RNA molecules
endogenously, which are then processed into siRNA in the cyto-
plasm of host cells [7]. An advantage of this approach is that a long-
term expression of the interfering RNAs could be achieved with
a single administration, which is especially desirable in chronic
diseases such as HIV infection [5]. Viral-mediated RNAi has been
extensively explored in ‘hard-to-transfect’ cells, such as the
nervous system for treatment of several neurodegenerative
diseases, including Huntington’s disease, Alzheimer’s, Amyotropic
Lateral Sclerosis, and prion disease [6].

Adenoviral vectors have been commonly used in RNAi delivery.
These are medium-sized, non-enveloped viruses with nucleocapsid
and a linear double-stranded DNA genome [7]. These viruses are
commercially available for RNAi expression and many studies have
reported their use in vivo [9,10]; however, the risk of a strong
immune response, liver toxicity [11] and diminished genetic vector
stability arising from small shRNA expression cassettes could limit
these vectors [12]. Adeno-associated viruses (AAV) are smaller
viruses with single-stranded DNA, but they are attractive being
non-pathogenic to humans [13]. AAV vectors have been investi-
gated for shRNA delivery in animal models of tumor therapy [14]
and have been even tested in clinical studies [15]. Similar to
adenoviral vectors, however, the genetic information delivered by
the AAV is transiently expressed [7]. Retroviruses, on the other
hand, are single-stranded RNA viruses that have been employed in
clinical gene delivery early on due to their ability to integrate into
the host genome for a long-lasting expression. However, safety
concerns associated with these vectors have motivated alternative
strategies [16]. A recent study has shown successful HIV-1
suppression in a T-cell line using shRNA delivery by retroviral
delivery [17]. Lentiviruses, a subclass of retroviruses, possess two
single-stranded RNA genomes in an enveloped capsid and are able
to transduce both dividing and non-dividing cells. Ability to better
target non-dividing cells, such as neurons [8], is an important
advantage and many studies have shown successful regulation of
specific targets in brain after local injection of shRNA-carrying
lentiviral vectors [18]. Lentiviral delivery of an shRNA into hema-
topoietic stem cells is currently in clinical testing, where the
ex vivo-transduced cells are re-infusion to HIV-positive hosts [19].
Finally, insect baculoviral systems have been employed for RNAi
since they are unable to replicate in mammalian cells and provide
a safer alternative [20]. shRNA expression with baculoviruses has
been reported to target viral infections, such as Influenza A and B
[21], and HCV [22].
1.2. Non-viral carriers for RNAi

Carriers that assemble with siRNA to form supramolecular
complexes have been engineered for siRNA delivery. Despite
significant variations in the design and characteristics of these
carriers, the end goal is to overcome the shortcomings of the naked
siRNA. Once at the target site, efficient intracellular trafficking and
release from the carriers are paramount for effective silencing. In
addition to chemical modification of the siRNA molecule [23,24],
carriers developed for DNA packaging and delivery are being
redesigned for siRNA delivery, while new nanotechnology-based
strategies are adopted for siRNA delivery. Non-viral carriers offer
a more acceptable immunogenicity and safety profiles [25],
although clinical validation of this claim remains to be demon-
strated. Promising non-viral carriers (Fig. 1) have been reviewed in
the next section.
1.2.1. Liposomes
Highly ordered lipid aggregates at the nanoscale, liposomes are

distinguished by an internal aqueous phase and a lipid bilayer
envelope, which is reminiscent of naturally occurring phospholipid
membrane in cells. Liposomes have been particularly successful for
delivery of water-soluble drugs entrapped in the hydrophilic core.
"Stealth" liposomes increase the circulation times (longer t1/2) and
systemic dose (i.e., area under plasma/blood concentration vs. time
curve, AUC) of the encapsulated drug, which is a reflection of
a decrease in the clearance (CL) and/or volume of distribution (Vd)
[26]. Liposomes have been explored extensively for siRNA delivery
due to their suitable size (w100 nm), biocompatibility of their
components, and especially ease of preparation [27]. For example,
neutral 1,2-oleoyl-sn-glycero-3-phosphocholine (DOPC) can
encapsulate w65% of siRNA by simply mixing the solutions of the
two components [28]. Dioleoyl phosphatidylethanolamine (DOPE),
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), and phospha-
tidylcholine (PC) are other neutral lipids employed in preparation
of liposomes [29]. Landen et al. reported EphA2 (a tyrosine kinase
receptor associated with poor clinical outcome in ovarian cancer)
down-regulation in a nude mice model using DOPC liposomes [28].
Liposomes formed with DOPC have been also employed for
Protease-activated receptor (PAR-1) down-regulation to inhibit
melanoma growth and metastasis by decreasing angiogenesis [30]
and for adhesion kinase silencing to eradicate ovarian cancer cells
[31]. DOPE liposomes have been reported in siRNA delivery for
Ubc13 [32] silencing.

1.2.2. Lipoplexes
Cationic lipids complexed with nucleic acids form complexes

known as lipoplexes [27]. The main advantage of cationic lipids is
the spontaneous interaction with anionic siRNA as well as cell
membranes, which lead to higher cell internalization [33].
However, higher toxicity compared to neutral liposomes, shorter
serum t1/2 (partly due to uptake by reticuloendothelial system, RES)
and higher immunogenicity (due to uptake by macrophages) are
among the risks associated with lipoplexes [34]. Use of cationic
liposomes has been accordingly confined to in vitro systems. Poly-
ethylene glycol (PEG) coating in lipoplexes helps to minimize these
risks [34]. 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)
[35] lipoplexes have been successfully used for siRNA delivery
against Tumor Necrosis Factor (TNF) by intravenous (IV) injection
[36], and against Vascular Epithelial Growth Factor (VEGF) by sub-
retinal injection [37] in mouse models. Cardiolipin, a cationic
analog of phospholipids found in the cardiac muscle, has been used
for siRNA-mediated C-raf silencing in different animal models
[38,39]. A more comprehensive review of lipoplexes in siRNA
delivery could be found in [1,27,29].

1.2.3. Stable nucleic acid lipid particles (SNALP)
SNALPs are typically composed of multiple lipids, including

neutral, cationic and PEGylated lipids [1] and present a more
complicated siRNA formulation. This allows better functionaliza-
tion of siRNA particles for a variety of purposes, but it may also
bring additional complications in the development studies. SNAPL
formulations of siRNA has been successfully employed for Apoli-
poprotein B (ApoB) silencing in cynomolgus monkeys [40] and for
polo-like kinase 1 (PLK1) silencing in subcutaneous tumors in mice
(w75% reduction in size) [41]. Recent developments in SNALP-
mediated delivery of siRNA [42,43] indicated excellent potential
for their systemic applications.

1.2.4. Cationic polymers
Supramolecular complexes of siRNA formed with cationic

polymers (polyplexes) have evolved into a dominant strategy for



Fig. 1. Chemical structure of select carriers used for siRNA delivery. The carriers shown in this Figure were discussed in the manuscript and categorized into (A) cationic lipids, (B) polymers, and (C) peptides and polyamines. The
functional carriers constitute a diverse group of molecules that range from cationic lipids to polymeric molecules with repeating cationic and neutral groups. CDP: Cyclodextrin-polycation; DOPC: 1,2-oleoyl-sn-glycero-3-
phosphocholine; DOPE: Dioleoyl phosphatidylethanolamine; DOTAP: 1,2-dioleoyl-3-trimethylammonium-propane; DP: N,N-dimethyldipropylenetriamine; DSPC: 1,2-distearoyl-sn-glycero-3-phosphocholine; DSPE: 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine; GALA: Glutamic acid, Alanine, Leucine, Alanine; PEI-Glu: PEI-gluconolactone; PAMAM: Poly(amidoamine); PBAE: Poly(beta-amino ester)s; PC: Phosphatidylcholine; PEI: Polyethylenimine; PEO-b-
PCL: poly(ethylene oxide)-block-poly( 3-caprolactone); PG-Amine: Polyglycerolamine; PG-PEHA: polyglyceryl pentaethylene hexamine carbamate; PLGA: Poly(lactic-co-glycolic acid); PLL: Poly-L-L-lysine; PPI: Polypropylene imine; TP:
Tetraethylenepentamine.
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siRNA delivery. Self-assembly of complexes results from ionic
interaction between the repetitive cationic moieties on polymers
and anionic phosphates on siRNA. Depending on the extent of
polymer:siRNA ratio, the charges are neutralized to a desirable
extent and siRNA is physically protected in the complex against
RNase degradation. The main advantage of polymers is their
structural flexibility that allows convenient manipulation of the
physicochemical characteristics of the delivery system; polymer
properties such as molecular weight, charge density, solubility, and
hydrophobicity could be engineered at will, as well as addition of
desired chemical groups for further functionalization. Both natural
and synthetic polymers have been explored for this purpose.

1.2.4.1. Chitosan. A naturally occurring polysaccharide containing
repeating glucosamine and N-acetylglucosamine units, chitosan is
derived from deacetylation of chitin [25]. PEGylation of chitosan,
like other polymers, was effective in enhancing the stability of
siRNA complexes and serum t1/2 [44]. Chitosan is biodegradable
(readily digested by lysozymes and chitinases in vivo; [45]) and is
practically non-toxic in mammals (with LD50 of 16 g/kg in rats;
[46]). Chitosan/siRNA complexes are characteristically �200 nm
[47], a proper size for in vivo delivery. Despite the relative safety and
biocompatibility of chitosan, there are only a few in vivo studies
using chitosan/siRNA complexes, possibly due to limited efficiency
of the polymer for delivering siRNA to its target. Effective siRNA
delivery has been reported (against a model target, green fluores-
cent protein, GFP) in lung epithelial cells after intranasal adminis-
tration in mice [47]. Intraperitoneal administration of anti-TNF-
a siRNAwith chitosan showed aw44% silencing in mice, leading to
inhibition of inflammatory response in a collagen-induced arthritis
model [48]. Chitosan has been also used as a ‘coating’ to improve
efficiency of other delivery systems. Chitosan-coated poly-
isohexylcyanoacrylate particles have been reported for in vivo
delivery of anti-RhoA siRNA to breast cancer xenografts in nude
mice, which inhibited tumor growth by >90% [49].

1.2.4.2. Other natural polymers. Cyclodextrin, a funnel (or toroid)
shaped molecule usually investigated in pharmaceutical delivery
formulations, has been used as a component of a cationic polymer
to form complexes with siRNA via ionic interactions. Cyclodextrin
was proposed not only to protect siRNA from degradation, but also
to block immunogenicity of siRNA in vivo, even in presence of
immune stimulatory sequences in siRNA [50]. Transferrin-targeted
cyclodextrin/siRNA complexes were capable of silencing the
oncogene EWS-FLI1 in transferrin receptor-expressing Ewing’s
sarcoma cells [51] and luciferase in Neuro2A-Luc cells [52]. This
delivery system was well tolerated in non-human primates [50].
Atelocollagen (w300 kDa; purified from pepsin-treated Type I
collagen; [53]) is another cationic carrier that has been used for
siRNA silencing against different tumor targets in mice with
considerable success [54].

1.2.4.3. Polyethylenimine (PEI). Considered by many to be the ‘gold
standard’ in non-viral gene delivery, PEI is a potent carrier due to its
exceptional cellular uptake and endosomolytic activity [55]. High
MW (25 kDa) PEI has been extensively investigated for siRNA
delivery [56]. High charge density of the polymer facilitates strong
binding to siRNA and effective protection against enzymatic
degradation. However, the toxicity and limited biodegradability of
this polymer posed obstacles for its clinical use [57]. Low MW
(<2 kDa) PEIs display acceptable toxicity profiles but they do not
display efficacious siRNA delivery into cells. It has been hypothe-
sized that PEI and, other cationic polymers, increase cellular uptake
of genomic material via creation of transient nanoscale holes in cell
membrane, which could enhance material exchange across the cell
membrane [58]. The same destabilizing action on membranes has
been proposed as the mechanism of cytotoxicity [59]. It is, there-
fore, not surprising that the polymers more efficient in delivering
nucleic acids are also more cytotoxic. Another structural factor
affecting the efficiency and toxicity of PEI is the degree of branching
in the polymer structure [60]. The branched PEI contains primary,
secondary and tertiary amines at an approximate ratio of 1:2:1,
whereas the linear polymer is composed of all secondary amines
except for the primary amines at terminals [35]. In general,
branched PEI was found superior to linear structure in nucleic acid
delivery [61]. Despite remarkable potential of this polymer, struc-
tural modifications might be required to optimize the efficiency
and overcome the limitations that prevented its clinical use.

1.2.4.4. Dendrimers. Highly branched polymers developed in
1980s, dendrimeric molecules from poly(amidoamine) (PAMAM),
polypropylenimine (PPI), poly(L-lysine) (PLL), and carbon-silanes
[62] have been explored for siRNA delivery. An appropriate
concentration of PAMAM was shown to provide the necessary
charge density to form stable siRNA complexes [63]. PAMAM
polymers are commercially available (Polyfect� and Superfect�)
for siRNA delivery [64]. A biodegradable arginine ester of PAMAM
was effective for siRNA delivery to neurons in vitro and in vivo
(intracranial injection to rabbits) with minimal toxicity [65]. A
Luteinising Hormone Releasing Hormone (LHRH)-conjugated
PAMAM formulation, capable of restricting its electrostatic charges
inside a core, displayed reduced toxicity and effectiveness in tumor
targeting [64]. A PEI-related polymer, PPI has been specifically
designed for siRNA delivery and functionalized with a PEG and
LHRH; growth of human lung A549 xenografts in mice was
retarded, while minimizing the liver and kidney concentrations of
the carrier/siRNA [66].

1.2.4.5. Other synthetic polymers. The linear PLL has a high density
of cationic charge suitable for siRNA neutralization. Using PLL/
siRNA complexes, a significant silencing of lipoprotein ApoB
expression was observed in C57BL/6 mice, without hepatotoxicity
and reduction in serum low-density lipoprotein in ApoE-deficient
mice (a model of hypercholestromia, [67]). Our lab reported inef-
fective siRNA delivery with the native PLL, suggesting significant
variations in the performance of this polymer depending on the
context of silencing. P-glycoprotein (P-gp) down-regulation in
a drug-resistant breast cancer xenogratfs (MDA435/LCC6 MDR1)
was possible with a PLL-based delivery system, but only after lipid
substitution on the polymer. This led to effective tumor growth
retardation in NOD-SCID mice after systemic administration of the
chemotherapeutic drug DOXIL� [68]. Several lipids (ranging from
C8 to C18) were capable of imparting siRNA delivery capability to
the native PLL, although stearic acid substitution functioned better
than the others [69].

Poly(beta-amino ester)s (PBAE) are degradable cationic poly-
mers that are synthesized from the conjugate addition of amines to
diacrylates [35]. PBAEs have been investigated on their own for
DNA delivery, as polycationic coatings on gold nanoparticles or
multilayer structures formed with oppositely charged poly-
electrolytes. Gold-siRNA nanoparticles coated with PBAEs led to
>95% gene silencing, whereas non-coated particles were unable to
mediate silencing [70].

Micellar structures from poly(ethylene oxide)-block-poly( 3-
caprolactone) (PEO-b-PCL) block copolymers have been explored
for siRNA delivery after adding polyamine side chains on the PCL
block, including spermine (PEO-b-P(CL-g-SP)), tetraethylenepent-
amine (PEO-b-P(CL-g-TP)), or N,N-dimethyldipropylenetriamine
(PEO-b-P(CL-g-DP)). In vitro P-gp silencing in MDA435 breast
cancer cells has been demonstrated with these micelles [71]. The
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efficacy was improved after functionalizing the polymer with an
integrin avb3 targeting peptide (RGD4C) and the cell penetrating
peptide TAT [72]. Poly(lactic-co-glycolic acid) (PLGA)microparticles
have been reported for antigen-coding DNA delivery in Balb/c mice
[73]; siRNA delivery with these particles is in its initial stages [74].

1.2.5. Peptides
Short (<30) amino acid (a.a.) sequences were introduced in

1990s for therapeutic delivery. Peptides are versatile molecules due
to considerable variety in the chemical characteristics of the
building blocks and are efficient delivery systems that can enhance
cellular uptake of siRNA. Basic a.a.s such as arginine and lysine are
needed for complex formation with siRNA. Highly charged
peptides, however, are impeded by RES, and incorporation of
cysteine (and formation of disulphide bonds) in a lysine-rich
peptide was reported to improve intracellular delivery due to
lower opsonisation [75]. A special class of cationic peptides, known
as cell penetrating peptides (CPP; 5-40 a.a. long), have been
extensively explored for transferring their cargo across cell
membranes. Several CPPs were derived from viral proteins known
to be responsible for cell penetrating capability: for example, TAT
from HIV-1 [76] and INF-1 and INF-7 from influenza virus [77].
Many mechanisms have been suggested for this efficiency,
including signal-activated endocytosis, macropinocytosis, and
direct translocation routes (including “inverted micelle” model)
[78]. CPPs were used in two approaches for siRNA delivery, one
based on covalent binding and one based on electrostatic
complexation with the siRNA. The main strategy for covalent
linkage between siRNA and CPP is through a disulphide linker (and
thioether linkers to a lesser degree), which can degrade in cytosol.
Even though this strategy offers a higher siRNA carrier association,
a lower silencing activity may result if the linkage is too stable to
prevent siRNA entry into RNA-induced silencing complex (RISC)
[79]; however, effective silencing with peptide-conjugated siRNA
has been reported [80]. Electrostatically interacting peptides was
employed for siRNA delivery against GAPDH [81]. A CPP peptide
known as MPG was also investigated for silencing cyclin B1 in
athymic nude mice, with effective inhibition of tumor growth [82].

2. Supramolecular assembly of nucleic acids with non-viral
carriers

While diverse carriers are pursued to deliver siRNA effectively, it
is clear that their success will depend on the nature of supramo-
lecular complexes formed with the nucleic acids. The dynamic
physical and chemical properties of the complexes are expected to
dictate the silencing behavior. Experimental investigation of the
thermodynamics of the assembly process is indispensible to gain
insight into the nature of complexes. Computational studies could
provide further details on complexes that are not readily available
via experimental techniques. Below, we summarize the current
literature of these two aspects of siRNA complexes.

2.1. Thermodynamics of siRNA complexation with carriers

Binding and complexation of siRNA into supramolecular
assemblies suitable for cell uptake are driven by thermodynamic
forces between cationic carriers and the siRNA. Thermodynamic
forces will dictate the stability of siRNA complexes, cellular delivery
and possibly the siRNA efficacy in silencing. Investigation of inter-
actions with probes (e.g., nucleic acid binding dyes) and micro-
scopic techniques (e.g., atomic force microscopy) may provide
indirect evidence for binding parameters, but measurement of
fundamental thermodynamics parameters is paramount for better
understanding of siRNA complexes. Differential scanning and
isothermal titration calorimetry are the appropriate technique for
analyzing interactions of biomolecules in solution, since they do
not require a reporter probe and are not susceptible to solution
turbidity. The heat exchange during the interactions could be
measured to obtain the ‘observed’ enthalpy change (DH), along
with the binding stoichiometry (n) and affinity (Ka), in order to
calculate Gibb’s free energy (DG): DG ¼ -RTlnKa ¼ DH-TDS, where R,
T and DS are the Gas Constant (8.314 J mol�1 K�1), temperature (K)
and entropy change, respectively This analysis assumes an equi-
librium process for binding, which could be valid in the initial
stages of binding, but will not be valid for aggregation events when
siRNA is saturated with carrier binding and a defined stoichiometry
is lost.

Despite its promise, relatively little work has been reported on
the interactions of cationic carriers with nucleic acids, and most of
this work has been in the context of DNA interactions [83e89].
Binding constants are elusive at times due to significant aggrega-
tion effects [83] and, when obtained, significant variations in the
measured parameters impede accurate assessment of the param-
eters [84]. Unlike a single mode binding, dual-binding modes may
be more appropriate to analyze the data [90], as was the case with
PEI and salmon DNA [91]. In that case, one binding mode was
attributed to carrier binding to DNA groove, and the other to the
external phosphate backbone, which also incorporated DNA
condensation. In the former case, a positive DH was observed,
indicating the dominance of hydrophobic interactions (i.e., DS)
driven by displacement of tightly bound water in the DNA groove
[92]. The lipophilic carriers are expected to display increased
endothermic DH due to burial of acyl chains in DNA groves [93]. In
the case of carrier binding to phosphate backbone, little or no DH is
expected, which is characteristic of ionic binding and DNA
condensation [91]. The binding stoichiometry and Ka significantly
vary between the two binding modes and carriers could get
protonated or de-protonated during the binding processes.

While the protonation state of the carrier will be dictated by
medium pH, the phosphodiester backbone should be constantly
protonated given its pKa of w3. The nucleic acids will remain
charged at all times under the physiologically relevant pH condi-
tions and, as expected, siRNA was not observed to alter its config-
uration (assessed by CD spectra) during acidification to low pH
values typically seen in endosomes [94]. The carriers such as
branched PEI contains a mixture of protonated and un-protonated
Ns, where the protonation state was observed to change from 47%
to 19% (i.e., percentage of protonated Ns) when the pH was
increased from 6.0 to 9.0 [91]. In a study aimed at probing the
thermodynamics of siRNA complexation with rigid, dendritic
PAMAM carriers, undetectable change in the shape of PAMAM was
seen upon siRNA binding [95] (note that MD simulations suggested
1e2% change in molecular radius of G4-G7 PAMAMs, a value too
small for experimental resolution [96]). An apparent (i.e., buffer-
dependent) DH of �869 � 90 kcal/mol was observed in the initial
binding phase (excluding the effects of condensation and aggre-
gation), which was consistent with computational results [95]. In
contrast, similar PAMAMmolecules displayed endothermic binding
to much longer DNA [97], clearly highlighting the difficulty of
translating results from one type of nucleic acid to another. The
extent of deprotonation/protonation during nucleic acid interac-
tions might be a key in reconciling the differences, but this has not
been probed to-date with siRNA carriers. The rigidity of PAMAM
may also pose a steric impediment for additional (e.g., hydro-
phobic) interactions with the siRNA molecule, since the rigid
PAMAM core might not be accessible for siRNA interactions.

As siRNA complexes are mainly internalized through endocytic
pathway (see next section), the carriers could experience a pH
change from 7.2 to 7.4 on the cell surfaces to 5.5e6.0 in the
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endosomes, to w5.0 in acidic endosomes/lysosomes [98]. If the
carriers undergo protonation during this process (typical of PEI and
histidine moieties), carrier binding to siRNA will be progressively
altered, significantly affecting thermodynamics parameters and
especially binding stoichiometry [99]. The number of carriers
bound per unit nucleic acid, for example, could decrease, resulting
in endosomal release of carriers from the nucleic acid cargo. This
may result in endosomal destabilization with lipid membrane-
destabilizing carriers. Upon endosomal release, cationic carriers
might additionally elevate the cytosolic pH by as much as 0.4 units
[100] and manifest a lower affinity to its cargo, leading to more
effective siRNA dissociation. The pH-dependent binding to siRNA
was observed with a particular peptide carrier, Endo-porterTM;
whereas the peptide did not display any interaction with siRNA at
neutral pH, a weak exothermic interaction was evident at lower pH
(6.0) [94]. This was indicative of an electrostatic interactions and
possibility of protonated form of the carrier binding to siRNA. The
pH-dependent siRNA binding behavior of carriers might be a key
reason for the efficiency of the carriers.

2.2. Computational simulations of siRNA complexation with
carriers

With advances in computational hardware and methodology,
computer simulations are playing an increasing role in nucleic acid
delivery. Studies involving all-atom molecular dynamics (MD)
simulation can illuminate the structures of biological and synthetic
molecules at atomic resolution, as well as predict and interpret the
intra- and inter-molecular interactions that are the basis of func-
tional responses in biological systems. In designing siRNA carriers,
MD simulations can be employed to understand interactions of
siRNA with its carriers and dynamics of their complexes, so as to
evaluate and screen the designed carriers before experimental
evaluation. In one of the first studies of its kind, Yingling and
Shapiro reported on the computational design of all-RNA nanoring
and nanotube structures capable of siRNA delivery [101]. An RNA
nanoring was constructed from six helical building blocks, could be
extended to an RNA nanotube with the appropriate design of
building blocks that are held together by non-covalent interactions.
By incorporating bioactive silencing sequences (siRNA) into the
proposed all-RNA structures, one can theoretically generate
delivery systemswithout the need for additional carriers. This work
mainly served as a demonstration of how the optimal design of
nanoparticles for delivering siRNAs can be realized relatively fast
and inexpensively via simulations.

MD simulations of more practical systems involving siRNA
molecules complexed with polymeric carriers have been recently
reported [95,102e109]. Ouyang et al. performed a series of simu-
lations to investigate complexation of siRNA with carriers derived
from PAMAM dendrimers, and dendritic and linear PLL [102] (all
MW <2000). Two molecular species were studied for each mole-
cule: one carrying 4þ charges and the other carrying 8þ charges.
The carriers with 4þ charges were found to only bind to the major
grooves of siRNA, while the carriers with 8þ charges showed less
binding specificity, in that they bound to both the major and minor
grooves. The energy analysis for siRNA carrier interactions revealed
the electrostatic interaction to be the primary contributor
[102,108], followed by van der Waals interactions [102]. This rela-
tive contribution was found to change with rigid molecules steri-
cally hindered for electrostatic interactions; van der Waals
interactions gained more prominence in that case [102]. Upon
exposure of multiple carriers to a single siRNA [103], all cationic
polymers could bind to the siRNA at low polycation:siRNA charge
ratios of 0.6:1 and 1:1, while only a fraction of polycations could
bind to the siRNA at the high charge ratio of 2:1. The fluctuations in
the siRNA structures were found to be reduced when complexes
with multiple polymers were formed in solution, suggesting more
stable structures in this case. Since carrier charge is intimately
linked to the medium pH, these studies are indicative of dynamic
siRNA/carrier complexes depending on the environmental condi-
tions to which the complexes are exposed. Release of bound water
(or counter ions), resulting in entropic gains in the system, has been
often attributed to be the driving force for complexation, and this
was evident in this simulation work [102,103].

The MD simulations of higher generation PAMAMs were re-
ported by Pavan et al. [104,105]. The flexibility of the dendrimer and
its ability to reorganize its structure for interactions with siRNA
were found to be important for binding affinity [104]. Specifically,
fourth generation (G4) PAMAM displayed adaptability (i.e., under-
went conformational change) for siRNA binding, while G6 PAMAM
behaved like a rigid sphere with a lower binding affinity with
siRNA. G5 PAMAMmolecule showed an intermediate behavior that
strongly depended on the pH: at pH w7.4 it behaved like a G4
dendrimer with good flexibility, but at pH<5 its flexibility was
dramatically reduced and it behaved similar to the G6 PAMAM. This
effect was attributed to varying cationic nature of the G5 PAMAM as
a function of pH, ultimately influencing the rigidity of the carrier.
The siRNA were shown to penetrate into high generation PAMAM
structures [107], although the terminal amines formed the primary
contacts [108]. The authors demonstrated that (i) the calculated
structural parameters of the PAMAMs were in good agreement
with experimental measurements, and (ii) the diffusivity of siRNA/
PAMAM complexes agreed well with experimental data [105].
Other studies also reported good agreement between the calcu-
lated dimensions of PAMAMs and experimental measurements
(e.g., G7 PAMAM analyzed with SAXS) [95]. However, experimental
binding of PAMAM to siRNA (with gel electrophoresis) was indif-
ferent to the generation number [105], somehow contradicting to
previously reported computational differences observed with
different generations of PAMAMs.

The effect of carrier flexibility on siRNA affinity was explored by
using MD simulations of triazine dendrimers [106]. By comparing
rigid vs. flexible dendrimers, rigid structures were shown to display
higher affinity to siRNA as compared to flexible dendrimers. As with
PAMAM, terminal groups of the triazine dendrimers were primarily
responsible for making contact with siRNA and rigid structures
appeared to have more concentrated contacts, making use of their
interacting groups more effectively [106]. Flexible linkers appeared
to ‘retract’ the carrier onto itself, making it unavailable for siRNA
interactions. While flexibility in PAMAM was expected to lead to
better wrapping of the dendrimer around the siRNA molecules
(simulations with G3 vs. G4) [108], the flexibility in triazine den-
drimers seems to be not beneficial for this reason. In the presence of
excess carriers (e.g., multiple PAMAMs per siRNA), the flexibility of
the carrier might not be a significant factor in siRNA binding [108];
crowding of carriers might not allow significant conformational
changes in individual molecules to wrap siRNA, but rather the
terminal amines in crowded PAMAM structures might impede
carrier wrapping around siRNA due to electrostatic repulsions
[108]. Since practical systems often involve multiple carrier mole-
cules per siRNA, simulating single siRNA carrier systems might be
misleading. This was the case especially for G7 PAMAMs [95],
where no changes in the structure were evident upon siRNA
binding. The salt concentration inmediawas critical for the number
of actual contacts formed between a carrier and siRNA [108],
a parameter often ignored in MD simulations. For example, up to
w75% loss of contacts could be obtained as a result of increasing
salt concentration to the physiological levels of 150 mMNaCl in MD
simulations (also linked to the calculated DG in the presence/
absence of NaCl). The implications of this result on cellular uptake
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of siRNA are obvious, and it will be important to correlate these
computational results to experimental uptake values.

The relevant thermodynamics parameters of siRNA carrier
interactions, specifically DG, DH and DS, were computed for several
carrier-siRNA systems [95,102,104e108]. Without experimental
data that closely matches the simulated system (i.e., similarity in
molecular size, buffer composition, siRNA sequence, etc.), it is
difficult to judge the validity of the reported values; however, they
could be used as a ‘qualitative’ guide to understand the influence of
carrier properties (e.g., generation number) or environmental
conditions (e.g., salt concentration) on the thermodynamics of
siRNA interactions. One study [95] reported an experimental value
of apparent molar enthalpy of binding (DHbind) of �869 � 90 kcal/
mol (interaction in HEPES buffer) for G7 PAMAM,whichwas argued
to be in line with DHbind calculated in that study (�850 � 15 kcal/
mol; not taking into account the buffer effects) using the MM-PBSA
method [109]. However, the calculated DHbind is actually not the
binding enthalpy, but the summation of the carrier-siRNA binding
enthalpy in vacuum (DHgas) and the solvation free energy (DGsol)
[110]. Hence, it is incorrect to make such a direct comparison. The
same oversight was also committed in other studies [95,104e108]
in interpreting the free energy results from the MM-PBSA calcula-
tions, leading to apparent “mismatch” with experimental values.
For instance, in independent studies, calculated “DHbind” values
were significantly different and ranged from approximately �480
to �6880 kcal/mol for G3 and G4 PAMAMs (simulated in the
absence and presence of NaCl) [108]. Even the most relevant
theoretical “DHbind” (G4 in 150mMNaCl) was significantly different
from the experimental value, so that computational values of the
thermodynamics parameters should be viewed with caution.

One direct use of calculated DG could be to predict the stability
of siRNA carrier complexes. The DG values could predict the cellular
uptake of complexes since this event is closely tied to ability of
carriers to form stable siRNA complexes for passage through lipid
cell membrane. However, a more important feature of complexes
might be their ability to dissociate. Liao et al. found experimentally
that incorporating the anionic poly(g-glutamic acid) (g-PGA) into
chitosan/siRNA complexes did not alter the complex formation
ability between chitosan and siRNA, but enhanced the cellular
uptake significantly [111]. The inclusion of g-PGA greatly expedited
the onset of gene knockdown, and enhanced the inhibition effi-
ciency. MD simulations suggested that the chitosan/siRNA complex
remained stable in the cytosol environment while the chitosan/
siRNA/g-PGA complex was disintegrated. The less stable chitason/
siRNA/g-PGA complex was proposed to facilitate intracellular
release of siRNA and contribute to higher gene silencing efficiency.
This avenue of research exploring complex stability is a fruitful
avenue of research since dissociation seems to be critical for the
activity of the delivered siRNA.

3. A mechanistic look at cellular delivery of siRNA complexes

Silencing a target mRNA can be achieved only after supramo-
lecular siRNA complexes reach target cells, interact strongly with
cell surfaces, proceed to be internalized and trafficked to appro-
priate cytoplasmic destination(s) for the siRNA to integrate into
RISC complexes without hindrance of the carriers. The ability to
navigate each sub-cellular stage contributes to the resulting
silencing efficiency and it is critical to understand and optimize
each step of this process. Although one is tempted to compare the
efficiencies of various supramolecular complexes reported in the
literature, it is practically impossible to undertake this task due to
extensive variability in experimental parameters, such as the cell
type employed, the intrinsic properties of siRNA and target mRNA
(e.g., turn-over rate) and dose/duration of treatment. Nevertheless,
we attempted to summarize two basic features of supramolecular
complexes, namely size and z-potential, as well as the silencing
potency (at both protein andmRNA levels) for a select set of studies
with different carriers (Fig. 2). The size of complexes did not appear
to drastically vary among carriers, where most complexes were
typically w200 nm or less (Fig. 2A). The z-potentials of complexes
were usually positive (typically 0 toþ40 mV; Fig. 2B), but some did
exhibit negative z-potential. Most studies employed �100 nM
siRNA in order to achieve effective silencing, a concentration range
difficult to translate into pre-clinical and clinical settings
(20e50 nM is preferred), but some carriers were effective at
<100 nM siRNA (Fig. 2C). Not surprisingly, there is no correlation
between the extent of silencing and effective siRNA concentration,
owing to large numbers of uncontrolled variables among these
studies. We recently conducted a similar analysis for silencing
a specific target, P-gp, involved in multidrug resistance in cancer
[112], and a large range of effective siRNA concentrations was also
evident with various non-viral carriers for this specific case. It is not
immediately clear as to why some carriers are functional at the
desirable 20e50 nM range while others require >200 nM siRNA.
Defining aminimal effective concentration for each delivery system
will clearly identify promising carriers, but this has not been
a common practice in the field. In some cases, effective siRNA
concentrations were not clearly reported and, more importantly,
scrambled siRNA/carrier complexes have been missing as treat-
ment controls, a critical issue since any kind of cellular treatment is
bound to give a response. Below, we investigate various steps
involved in intracellular transfection pathway.

3.1. Cell surface binding

Rather than the interactions with individual components, cell
surface interactions of the supramolecular complex as a whole are
critical for effective entry. Sufficient binding strength is necessary
to prevent dissociation of complexes at the cell surface interference
from higher concentrations of competing polyelectrolytes [113],
keeping in mind that the complex has to dissociate once in the
cytoplasm. Charged carriers, such as cationic liposomes, polymers
and CPPs, can interact with extracellular matrix components as
well as proteoglycans and/or phospholipids at the cell surface
(summarized for CPPs in [114]). Rather than the charge of cationic
carriers, z-potential of the assembled siRNA/carrier complexes
dictates themembrane interactions. The nature of chargedmoieties
in a carrier and carrier:siRNA ratio used for supramolecular
assembly are obvious determinants of the z-potential; however,
other factors that promote or hinder the supramolecular assembly
can affect the z-potential. We have seen this when lipid-modified
polymers were employed for siRNA delivery (Fig. 3). The siRNA
complexes with 2 kDa PEI gave little siRNA delivery across cell
membranes and gave an overall charge close to neutrality;
however, upon lipid modification of PEI, z-potential of complexes
became positive and siRNA delivery efficiency was significant [115].
Lipid moieties presumably ensured a robust affinity among the
assembled components under aqueous conditions.

Anionic species are not the obvious siRNA carriers, but they have
been occasionally employed for siRNA delivery (Fig. 2). When
polyglycerol-based dendrimers including a cationic dendrimer
(þ12.4 mV; polyglycerolamine) and anionic dendrimers (�2.2
to �0.614 mV; poly(glyceryl pentaethylenehexamine carbamate),
PEI-PAMAM and PEI-gluconolactone) were utilized, the cationic
dendrimer was more effective, demonstrating 50% silencing at
carrier concentration over 4-fold less than the lowest anionic
dendrimer with mid-range cytotoxicity [116] (note that a thorough
optimization of complex charges and siRNA:carrier ratios was
missing in that study). A targeting ligand (LHRH peptide) was also



Fig. 2. A summary of select studies reporting on the size (A; error bars represent standard deviation or reported range), z-potential (B; error bars indicate standard deviation, if
reported) and silencing efficiency as a function of siRNA concentration (C). The data were chosen from articles reviewed for this manuscript, where siRNA-mediated silencing was
reported. Where appropriate, most potent carrier was selected among several carriers reported and some values were estimated from the provided graphs and/or calculated from
others units and described methods. References: Liposomes (L): L1 [113], L2 [118], L3 [138], L4 [167], L5 [250], L6 [253], L7 [245], L8 [252], L9 [119], L10 [122], L11 [136], L12 [137];
Polymers (P): P1 [120], P2 [131], P3 [133], P4 [166], P5 [237], P6 [242], P7 [164], P8 [115], P9 [116], P10 [121], P11 [149]; Peptides (PT): PT1 [130], PT2 [239], PT3 [171], PT4 [155];
Aptamer (A): A1 [247].
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required for neutral (þ0.11 mV; internally cationic but surface
neutral) PAMAM (85% quarternized-PAMAM-OH) dendrimer for
silencing, but a high siRNA concentration (1000 nM) was needed
even in this case [117]. Whereas cationic complexes do not neces-
sarily require targeting ligands (although they were shown to be
beneficial as articulated below), anionic ones usually do. Such effect
is seen with a liposome-fusion phage protein (DMPGTVLP) system
targeting PRDM14, where the liposomal system did not demon-
strate silencing unless it was combined with the phage protein
(40e50% silencing at bothmRNA and protein levels) [118]. In case of
liposomes formulated with a shortened GALA-peptide (for endo-
somal release), the anionic assembly (�11 mV) was supportive of
silencing, but again at exceedingly high siRNA concentrations
in vitro (480 nM) and at exuberant doses in vivo (4� 4mg siRNA per
kg mouse weight) [119]. A targeting ligand could have been bene-
ficial in this case and made the system effective at more practical
siRNA concentrations. The ubiquitous interactions of cationic
complexes, however, with soluble anionic species and non-target
cells (and resultant uptake) are undesirable. A weak positive
charge (<þ5 mV) has been suggested as ideal to balance the



Table 1
A selection of targeting ligands used with carriers for creating functionalized
supramolecular assemblies. The compiled list was not meant to be exhaustive, but
rather representative of the range of ligands used for facilitating cell surface inter-
actions in siRNA delivery. The nature of specific carriers used for functionalization
was also provided.

Category Ligand Nature of Carrier

Natural proteins
and peptides

RGD Peptide [134], polymer
[135,166,237]

TAT Peptide [169], polymer [166]
Bombesin Polymer [131]
LHRH Polymer [117,238]
Transferrin Polymer [161]
Rabies Virus
Glycoprotein

Peptide [239]

Hexapeptide
(antagonist G)

Liposome [139]

Synthetic proteins
and peptides

Liposome [113,118,138],
polymer [240e242], fusion
protein/peptide [130,243],
aptamer [244]

Endogenous
molecules

Folate/folic acid Liposome [245], polymer
[120,133,246], aptamer [247]

Prostaglandin E2 Polymer [248]
Anisamide Liposome [167,249,250]
Mannose Polymer [164]
Galactose Liposome [251]
Hyaluronic acid Polymer [140]

Antibodies Liposome [252,253],
peptide [254]

Fig. 3. z-potential of polymer/siRNA complexes for native PEI (2 and 25 kDa) and lipid-
substituted 2 kDa PEIs. The complexes were formed at polymer:siRNA weight ratios of
2.5:1, 5:1 and 10:1 for z-potential measurements. Substituting the PEI2 with lipids
increased the z-potential of complexes and brought it closer to the z-potential of the
PEI25 complexes. The substituents on PEI are CA (caprylic acid), PA (palmitic acid), OA
(oleic acid) and LA (linoleic acid), each substituted at three different ratios (indicated as
1, 10 and 20).
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needed cell surface interactions while minimizing non-specific
target carrier binding [120,121], as long as the propensity for
complex aggregation at near neutral charge is addressed.

Hydrophobic moieties in supramolecular complexes should
enhance cell membrane affinity non-specifically. Cholesterol has
been incorporated into siRNA delivery systems by a variety of
means for enhancing interactions with cell membranes. Cholesterol
plays a role in many cellular membrane-related events such as
membrane fusion, macropinocytosis, caveolin-mediated and lipid
raft-mediated endocytosis [122], and cholesterol-containing
carriers are expected to improve DNA/RNA transfection through
an enhanced interaction with cell membrane [123]. Cholesterol
conjugated to siRNA was reported to decrease serum degradation
[124], improve siRNA pharmacokinetics and biodistribution, and
enhance cellular uptake due to cholesterol interaction with lipo-
proteins. Cholesterol has been also shown to stabilize the liposomal
structure [29] and act as a targeting moiety for liver cells [125].
Aliphatic lipids have been also used to functionalize otherwise non-
efficient polymeric carriers (e.g., low MW PEIs) for nucleic acid
delivery [126]. We initially speculated that the substituted lipids
could enhance the interaction supramolecular complexes with lipid
membranes, but subsequently realized the increased z-potential
could be also responsible for increased siRNA delivery (Fig. 3). Our
experiments have shown the functional silencing with select lipid-
modified polymers against P-gp [115], Breast Cancer Resistance
Protein [127], and survivin [128], three molecular targets whose
expressions are changed in an undesirable manner in tumorigenic
cells.

Incorporating cell surface binding ligands into supramolecular
complexes is the preferred approach for generating effective and
cell-specific binding. Ligands targeting endocytosed receptors,
especially in the case of cancers where particular receptors are
overexpressed, are preferred for improved internalization (as dis-
cussed in [129,130]). Ligand-mediated binding provides better
internalization especially for shielded (e.g., PEGylated) complexes;
amphiphilic surfactant and siRNA complexes demonstrated
significant reduction in silencing due to substantial decrease in
siRNA delivery when PEGylated, but the use of a targeting peptide
(bombesin) enabled delivery and silencing at the pre-PEGylation
levels [131]. However, targeting ligands could be prone to immu-
nogenicity. Their targets could be low in abundance and display
variability from patient to patient [132]. Typical ligands include
endogenous molecules (e.g., carbohydrates), synthetic (e.g., phage-
displayed derived) and natural proteins/peptides, and antibodies
(Table 1). Positive bias is naturally expected in the disseminated
studies with ligand-targeted complexes, where negative outcomes
are likely under-reported. Increased cellular delivery by receptor-
mediated binding is evident even for cationic supramolecular
assemblies after incorporation of a ligand, as is the case of cationic
DOTMA/DOPE liposomes modified with the K16GACYGLPHKFCG
peptide [113] and a CPP system (CPP-conjugated PLGA with sper-
midine/siRNA complexes) modified with folate [133]. Multimodal
interactions that involve both receptor-mediated and non-specific
binding to cell surfaces (e.g., by cationic species and CPPs) can
enhance the overall cell association in this way [113,133]. It is
important to note that the beneficial effect of ligands may not be
always observed in certain contexts; (i) an RGD/PEG modified
branched peptide was found effective at silencing in vivo unlike the
in vitro studies [134], and (ii) a PAMAM-RGD carrier, where
improvement in in vitro siRNA delivery and silencing was not
observed with RGD functionalization, gave enhanced delivery
when applied to an in vitro spheroid tumor model [135]. One has to
be aware of this issue since promising systems could be dismissed
under selective testing conditions and their true performance could
only be manifested after testing in pre-clinical (in vivo) models
[134].

3.2. Cellular internalization

Intracellular entry of supramolecular complexes may occur by
direct transfer through cellular membranes or by energy-
dependent membrane buddings known as endocytosis. In the
latter case, the specific pathways include clathrin-mediated and
clathrin-independent pathways such as caveolae-mediated, cla-
thrin-independent, caveolae-independent, and macropinocytosis.
All of these pathways were functional for siRNA internalization
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depending on the specific siRNA carrier [122,136e140] and,
although not completely understood, each pathway has distinct
features and varied intracellular trafficking that then can affect the
fate of complexes. Clathrin-mediated pathway follows the tradi-
tionally assumed pathway, where the complexes are trafficked
from endosomes to lysosomes with a gradual drop in pH and
ultimately exposure to degradative conditions. Complexes in
caveolae-mediated pathway are directed to caveosomes with a less
defined fate, but may escape the drop in pH and degradative
conditions that are destructive to siRNAs. Macropinocytosis, also
a regulated process, takes up a large amount of liquid by plasma
membrane ruffles for intracellular trafficking at a slower speed as
compared to other methods [141]. Determining the native and/or
optimal endocytosis pathway followed by a supramolecular
assembly is a challenging task. A clear consensus on the reliability
of endocytosis inhibitors used in mechanistic studies is absent and
one needs to optimize the inhibitors for each cell line studied (i.e.,
to ensure that the effects are not due to non-specific cytotoxicity on
the cells) and to further validate the outcomes with additional
inhibitors and/or independent methods [142]. Cells might utilize
multiple pathways for internalization of same complexes, display-
ing rapid adaptation (or compensation) to experimental interven-
tions [143,144]. Such an adaptationmight be displayed as a function
of siRNA dose, where low concentrations of complexes undergo
clathrin-/caveolae-mediated endocytosis or macropinocytosis, and
internalization becomes non-endosomal at high concentrations as
commonly observed for CPPs [114]. A large number of physical
characteristics of assembled complexes can affect the internaliza-
tion method, including size, charge, presence of a ligand and
polydispersity [144e147]. As the endocytosis characteristics can
change depending on the payload (drugs, DNA or siRNA), we will
focus our analysis solely on siRNA studies, which are few in number,
but are beginning to provide insight for effective siRNA delivery.

Effective silencing may not result from the major endocytosis
pathway employed, but from secondary pathways that may be
more conducive for siRNA release into cytoplasm. This could be one
reason why intracellular delivery percentages may not correlate
with silencing efficiencies. In one study, siRNA formulated with
cationic lipoplexes (DharmaFECT1) entered the cells mostly by
endocytosis, but silencing was attributed to siRNA fraction that
directly fused with the cell membrane [122]. Liposomal fusion in
the case of DNA delivery was found to be undesirable, unlike the
siRNA delivery in this case, obviating the efforts previously taken to
optimize delivery with plasmid DNAs. Simple alterations in
preparative procedures may greatly affect endocytosis pathways
and resulting silencing efficacy. When siRNA was formulated with
the cationic liposome LipoTrustTM-ST (a mixture of O,O0-dite-
tradecanoyl-N-(a-trimethyl ammonioacetyl) diethanolamine chlo-
ride, DOPE and cholesterol) by vortexing, rather than by
spontaneous assembly, decreased size of complexes (possibly due
to less aggregation) gave better siRNA accumulation in cytoplasm
due to a change in internalization from membrane fusion to
clathrin-mediated endocytosis, along with increased silencing
[136]. A contradiction is evident from the latter 2 studies on the
optimal pathway for siRNA delivery. In another study, several
cholesterol derivatives (amido- and carbamate-linked hydrox-
yethylated cationic cholesterol) were used for siRNA delivery to
human PC-3 prostate tumor cells. Amido-linked complexes
prepared by different methods led to different internalization
pathways; the internalization of complexes prepared in water
involved faster silencing kinetics via clathrin-mediated uptake and
membrane fusion, whereas complexes prepared in 50 mM NaCl
(resulting in larger complexes) gave slower and more effective
silencing, and employed clathrin and caveolae-mediated endocy-
tosis. The carbamate-linked complexes, on the other hand,
displayed similar high silencing efficiencies under both conditions
[137]. These studies highlight the importance of the physical nature
(size, shape or elasticity) of the complexes rather than the chemical
nature of supramolecular assembly. Aside from the usual variability
in the experimental settings (cell type, mRNA target and size/
charge of supramolecular assemblies), a ’universally’ effective
pathway for siRNA entry might be elusive. It is likely that nature of
the supramolecular complex (especially the nature of carrier)
might dictate the appropriate pathway [148]. However, the fact that
one can alter or optimize the uptake pathway by adjusting simple
preparation variables is encouraging in order to quickly identify the
most efficacious pathway for silencing.

The nature of the ligand is expected to affect the endocytosis
pathway. In one study, a novel IRQ-peptide grafted cholesterol/
phosphatidylcholine liposome was compared to an (arginine)8-
grafted liposome (known to undergo macropinocytosis at high
concentrations) for siRNA delivery in NIH3T3 fibroblasts [138]. The
IRQ-peptide changed the internalization to caveolae- and clathrin-
mediated endocytosis where a portion of the peptide was sug-
gested to interact with caveolae and clathrin receptors. In another
study, hexapeptide antagonist G-grafted cationic liposomes were
used for siRNAdelivery to small cell lung carcinoma (SCLCH69) cells
[139]. The hexapeptide directed internalization by clathrin- and
caveolae-independent mechanisms with possible small contribu-
tions from clathrin-mediated and macropinocytosis; however, no
silencing was achieved with either the ligand-modified or unmod-
ified liposomes and lack of caveolae-mediated pathway in the
chosen cell line was suggested as a possible reason for this obser-
vation. With hyaluronic acid grafted onto hydrophobic amines and
spermine (polymer micelle formulation), caveolae-mediated
pathway was the major mode of internalization [140]. Although
silencing was obtained by this delivery approach, the lack of
a control siRNA in silencing studiesdoesnot allowaclear assessment
of its efficacy. This literature indicates that directing endocytosis
along the caveolae-mediated pathway is preferable to avoid late
endosome/lysosome degradation. One can envision designing
carriers whose supramolecular complexes with siRNA employ this
desirable pathway.

3.3. Crossing lipid membranes for cytoplasmic release

The supramolecular complexes have to cross lipid membranes
to gain access to cytoplasm for siRNA release. This can be achieved
by non-contact mechanisms (such as inducing endosomal swelling)
or by direct endosome membrane interactions leading to disrup-
tion or fusion. Carriers that exhibit non-physical contact often
utilize Hþ buffering, a unique mechanism for endosomal escape.
Also termed as ‘proton-sponge effect’, this mechanism has been
initially recognized in the context of PEI [55]; protonation of PEI
amines prevents the endosome from reaching the acidic pH needed
for lysosomal nucleases and causes swelling of PEI/siRNA
complexes. The influxof Cl� to balance the Hþ influx causes osmotic
swelling, eventually bursting the endosome to release the cargo
[55]. Such a mechanism might occur with other carriers with
similar buffering capacities, for example, with PAMAM-PEG-PLL
carrier where PAMAM was intended to increase the buffer
capacity for endosomal release, leading to significantly improved
silencing [149].

Direct interactions causing membrane disruption, destabiliza-
tion or fusion are the more straight-forward approach to penetrate
cellular membranes. Membrane interaction with the lipid compo-
nents of supramolecular complexes are paramount for this purpose
and this can occur via a mechanism termed mesomorphic phase
behavior: the cationic lipids form charge-neutral pairs with anionic
lipids of cellular membranes, causing a localized change from the
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usual lamellar structure to a hexagonal phase. The alteration in
membrane structure along with carriers’ cationic lipid components
can allow for siRNA to pass through the membrane. Although
details of this mechanism have not been completely elucidated,
carriers were designed to promote this phase transition [150,151].
The cationic lipid carrier and anionic cell membrane interaction is
dependent on the strength of the cationic charge of the carrier.
Thus, the ionization constant (Ka) of the lipid headgroups can be
optimized to promote the interaction. For endosomal escape, an
amino lipid pKa within the range of 6e8 should allow for increased
protonation at endosomal pH, thereby increasing membrane
interaction and resulting crossing while minimizing interactions at
physiological pH, that may lead to increased cytotoxicity or serum
protein interactions [152]. Along the same lines, hydrophobicity of
complexes has been found to increase silencing through lytic
disruption of the cellular membrane. A diblock copolymer made up
of butyl methacylate and propylacrylic acid (which gets protonated
at endosomal pH and significantly elevates hydrophobicity of the
carrier) [121] and hydrophobically-modified oligoethylenimine
(with hexyl acrylate) [153] demonstrated increased hemolytic
activity with increasing hydrophobicity content, which correlated
with the siRNA activity. Peptides, such a CPPs and fusogenic
peptides, can also mediate transfer across cellular membranes.
Various membrane disruption mechanisms was attributed as the
mechanism for peptide-mediated delivery, such as pore formation
or rearrangement of the lipid bilayer [154]. Hydrophobic peptides,
such as arginine [155], have been suggested to promote escape by
fusion with endosomal membranes. Peptides are often used in
conjunction with other carriers. Such designs include a liposomal
siRNA delivery system utilizing the fusogenic peptide (GALA). The
fusogenic peptidewas introduced into the supramolecular complex
because the PEG, intended for ’stealth’ properties, also interfered
with endosomal escape, thereby almost completely inhibiting
silencing activity. The GALA undergoes a conformational change
from a random coil structure due to the repulsion of negative
charged-glutamic acid at physiological pH to an a-helix at low
endosomal pH as the glutamic acid is neutralized, inducing
membrane fusion, thereby increasing endosomal escape for
subsequent silencing ability (summarized in [119]). How CPPs are
incorporated into complexes can influence the functionalities of the
CPPs and in some case diminish their effectiveness [156].

3.4. Transport within the cytoplasm

After achieving cytoplasmic entry, the siRNA must be available
(dissociated from carrier) in sufficient quantities in order to silence
the target mRNA. Competitive binding with the components of
supramolecular complex can lead to desirable disassembly of
electrostatically-held complexes. Anionic molecules such as cyto-
plasmic RNA (mRNA, tRNA, etc.) and glycosaminoglycans are
thought to aid siRNA release [113,157], especially after the intra-
complex interactions are weakened during endosomal escape due
to interactions with lipid membranes [151]. A decrease in electro-
static binding among carriers and siRNA molecules can also occur
during supramolecule swelling in endosome and changes in overall
charge [113]. With a lipid-modified 2 kDa PEI library, the highly
bound complexes, although they show efficient uptake, displayed
decreased silencing compared to weakly bound complexes [115].
CPPs covalently bound to siRNA are not intended to dissociate,
instead the linkage must be located appropriately as to not impede
the RNAi mechanism; linkage at the 30 end of the sense strand
(passenger strand) of siRNA has been found to be optimal [156].
Rather than relying on of supramolecular disassembly with
endogenous molecules, it is possible to design biodegradable
carriers so that the complexes are disassembled by taking
advantage of cleaving agents in the cytoplasm. Disulfide linkages
are one such type of labile linkage that are susceptible to reducing
environments for siRNA release. Cross-linking low MW PEI
using agents such as dithiobissuccinimidylpropionate (DSP) and
dimethyl-3,30-dithiobispropionimidate (DTBP) [158], or 1,3- buta-
nediol (or 1,6-hexanediol) diacrylates [159] has been reported as
a strategy to create an efficient carrier with extensive disulphide
(-S-S-) and amide (-C(¼O)-N(H)-) linkages for degradation. The
smaller building blocks will presumably clear in the body on their
own without an adverse effect.

Once the siRNA is delivered to cytoplasm, comparing the
amount of siRNA within the cell for target mRNA suppression (of
similar targets) can provide us with a sense of carrier efficiency.
Only a few studies with supramolecular complexes have provided
clues on this aspect; MPGa-mediated (a CPP) siRNA required
w10,000 copies, the cationic liposomal Lipofectamine� 2000
required w300 copies and physical methods such as electro-
poration and microinjection required, respectively, w400 and
<300 copies of siRNA for 50% silencing; large variations in assessed
silencing efficiency was evident in these studies (reviewed in
[160]). This was indicative that the vast majority of siRNA copies in
supramolecular complexes not being available for silencing. What
happen to excess siRNA (and associated carrier) is an important
issue, as well as elucidating the reasons for sub-optimal release.
Determining the number of siRNA copies delivered per complex
provides another perspective. A transferrin-targeted cyclodextrin
system was suggested to contain w2000 siRNA copies in a 70 nm
nanoparticle [161]. Based on the estimated siRNA copies needed
per cell, w15% release of supramolecular assembled siRNA (300/
2000) will be needed for 50% silencing. Timing from cell exposure
to cytoplasmic detection is expected to depend on carrier features,
among other variables, but delivery typically occurs fairly fast.
Delivery within 0.5e6 h is typical for a range of carriers including
a liposomal-targeting peptide system, cationic liposome (Lip-
ofectamine� 2000), dendrimer (polygycerolamine), linear PEI,
micellar systems (PEO-b-polyester with RGD and/or TAT) and
a peptide (arginine) carrier [113,116,162e166]. Significant silencing
at the mRNA/protein levels occurs in the next 24e96 h, although
the duration of silencing is not always reported. Duration of one
week is an optimistic estimate, for example w5 days for a targeted
liposome system [167] and 6e7 days for the lipid substituted 2 kDa
PEI [127].

Once the siRNA is available in the cytoplasm, RISC (including
argonaute 2 and GW182) association is needed to direct the mRNA
cleavage. The exact details of this process remain to be elucidated. It
is reasonable to assume that intra-cytoplasmic targeting could
improve efficiency, as mRNA [168], and possibly RISC components
are asymmetrically located within the cytoplasm, leading to greater
silencing and/or less siRNA required. However, as it is not known
how RISC forms (i.e., which components initiate assembly and how
do they form) or how it localizes to proximity of the target mRNA,
targeting possibilities in the cytoplasm include components of
RISC, specific cytoplasmic organelles and structures, or the location
of target mRNA itself. Targeting P-bodies is one possibility, as it was
found that when siRNAwas delivered by Lipofectamine� 2000, the
siRNA localized to P-bodies (whose role in RNAi still remains
unclear) prior to binding to RISC [163]. Various carriers including
liposomes, peptide-targeted liposomes, siRNA/peptide complexes
and dendrimers were found to localize to perinuclear region.
Additionally, perinuclear localization has been observed to corre-
late with RNAi activity, suggesting that RISC, at least when acti-
vated, is located in this region [113,155,169]. If this is in fact the case,
targeting microtubules may improve efficiency since they partici-
pate in shuttling of cargo between nucleus and cell periphery. An
arginine and TAT-peptide delivery systems as well as liposomes
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(Lipofectamine� 2000) were found to localize to perinuclear
region both in the absence and presence of an mRNA target (e.g.,
with luciferase, GFP, and endogenous CDK9) [155,169], suggesting
that supramolecular complex targeting to the nuclear periphery is
independent of the presence of mRNA [169]. Active delivery to
mRNA targets or their general location is another approach to
improve silencing; although variability in sub-cellular distribution
of mRNA is noted, the reasons for asymmetrically distribution of
mRNA is not well understood [155,168]. It is not clear how targeting
could be achieved apart from the complementary pairing of the
siRNA and the target mRNA. However, charge and lipophilicity may
play a factor in intracellular localization; in CPPs designed for
mitochondrial-penetration, lipophilicity and overall charge
affected their intracellular localization (mitochondria vs. cyto-
plasmic) and nuclear localization [170]. In rare cases, when the
siRNA target is in the nucleus, nuclear targeting can be utilized. In
one study, siRNA against an essential promoter region of EF1A gene
were trafficked to the nucleus by incorporating the nuclear tar-
geting NLS peptide into CPPs, which achieved highly significant
silencing [171]. Finally, the state of cellular physiology has been
found to contribute to silencing efficiencies. Loss of RNAi function
can occur due to cell stress causing the human argonaute 2 protein
being re-located to stress granules, as was seen with the cationic
liposome Lipofectamine� 2000 [172]. Delivery methods should
therefore minimize cytotoxicity and stress related factors not only
for off-target effects on other cells, but to ensure that the RNAi
system targeted remains functional. Half-life of the target protein
(i.e., its rate of synthesis) is another factor influencing silencing;
efficient silencing will occur with proteins produced in low quan-
tity with short half-lives e i.e., a siRNA residence time 3 fold higher
than the half-life of the protein target is desirable [173].

4. In vivo siRNA delivery

Considering the obstacles for siRNA delivery, it is not surprising
that effective delivery systems require significant structural design
and multiple functional moieties to fulfill different tasks. This is
especially true when siRNA delivery is attempted in animal models
and clinical studies, where additional measures have to be
considered to address organ-wide obstacles. The choice of the
administration route is the foremost consideration. A close match
between the pathophysiology of the disease and the pharmacoki-
netics of siRNA obtained from a given route needs to be considered.
The stability of siRNA in body fluids is the next consideration and
measures to protect siRNA by chemical modification as well as
physical barriers have to be considered. A major concern for any
systemically administered supramolecular complex is uptake and
elimination by the RES, mainly macrophages in blood circulation
and Kupffer cells in liver [174]. When stability of these complexes is
limited and interactions among the complexes lead to aggregation,
large particles will be quickly removed by the RES. A desirable
feature of siRNA delivery is target specificity and active along with
passive targeting have been relied on for siRNA delivery, similar to
other nanoparticulate delivery systems. The intent is to concentrate
the siRNA in target cells for increased potency. Active targeting
takes advantage of a moiety that seeks, recognizes and attaches to
cell-specific surface markers. Attaching the targeting molecule
directly to the siRNA itself is one approach for this end, assuming
that siRNA functionality is not jeopardized. Alternative strategies
have been investigated for attaching targeting ligands onto siRNA
carriers [27,62,175]. The final obstacle is the extracellular matrix,
whose dense and charged structure offers a difficult path of reach
cell surface. The following sections explore these considerations in
more detail to analyze the means for optimum delivery of siRNA
in vivo.
4.1. Administration route

The siRNA delivery has been attempted through topical
(including intratumoral, intravitreal, or intrathecal injection, and
inhalation route for lung delivery) and parenteral routes, as well as
oral administration (Tables 2 and 3). A local route of administration,
if clinically feasible, usually ensures maximum siRNA accumulation
at the site of action and eliminates concerns related to systemic
exposure and non-specific distribution of supramolecular
complexes. Intratumoral injection is one local route that can be
employed for accessible tissues (e.g., melanomas) and it has been
widely used as “proof-of-concept” in pre-clinical studies exploring
the feasibility of siRNA delivery, either as the sole route [176], or
supplementary to IV injection (Table 2). Studies based on intra-
tumoral injection of siRNA typically lack any pharmacokinetic or
biodistribution data (due to limited presence of siRNA in blood
circulation) and were excluded from Table 2. Intravitreal injection
of siRNA has been employed for treatment different types of age-
related macular degeneration (AMD). The efficacy of this strategy
was first evaluated in animal models of ocular neovascularization
and scarring by silencing VEGF [177] or VEGF receptor (VEGFR)
[178]. This strategy entered the clinical trials (Table 4). Intrathecal
injection of siRNA to silence pain-related cation-channel P2X3 for
treatment of chronic neuropathic pain [179] and to silence delta
opioid receptor (DOR) to treat nociception [180], intratesticular
injection of FGF-4 siRNA to inhibit tumor growth [53], subcuta-
neous injection near tumor sites to silence bcl-2 [181], intranasal
administration of siRNA against different targets for treatment of
pulmonary conditions [1] and intravaginal administration of siRNA
targeting HSV-2 to protect against herpes simplex virus (HSV)
infection [182] have been reported with some success.

IV injection seems to be the prominent route of administration,
and most practical for clinical treatments of systemic pathophysi-
ology. Due to immediate exposure to all organs, however, this
delivery route may pose significant toxicities. Several studies have
reported higher siRNA accumulation in liver, kidney or lungs when
associated with clinically feasible carriers (e.g., in treatment of
Hepatitis B virus using a SNALP formulation; [183]). Intraperitoneal
(IP) injection has been performed as an alternative to IV injection
for systemic delivery. The siRNA uptake and efficacy were compa-
rable to IV injection with a liposomal delivery system in this case
[184]. The IP injection could lead to a ‘depot effect’ compared to the
immediate availability associated with bolus IV injection [185]. This
depot effect could minimize the risk of toxicity associated with
some carriers. Although ease of administration, less volume
restrictions, and better reproducibility are advantages of IP route in
pre-clinical testing, the IP route is less practical in a clinical setting.

4.2. Stability in systemic circulation

The two strategies to improve stability in vivo are chemical
modification of siRNA (reducing nuclease specificity) and physical
protection provided by supramolecular complexes (preventing
nuclease access). Attempts on siRNA modification aim to delay its
enzymatic degradation without jeopardizing its silencing effi-
ciency. It has been shown that nuclease stability can be achieved by
introducing a phosphorothioate (PS) backbone linkage at the 30-
end for exonuclease resistance and a 20 modifications (20-O-methyl
and 20-fluoro) for endonuclease resistance [186], without signifi-
cantly affecting the silencing capability [187]. On the other hand,
modification at the 50-end of the antisense strand seems to
decrease the silencing activity more than modification at the 30-
end; the 20-F residue is well tolerated on the antisense strand,
whereas the 20-O-methoxyethyl modification on either strand leads
to loss of activity [175]. PEG grafting to siRNA has been also



Table 2
Select siRNA delivery studies in pre-clinical animal models. Studies that reported pharmacokinetics and organ targeting data were highlighted in this Table. The studies were categorized based on the route of administration and
broken down to indicate the type of carrier used for siRNA delivery.

Route of
administration

Delivery System Protein Target Animal model Therapeutic Target PK/Biodistribution data Effect (side effect) Ref.

IV Injection Peptide (Atelocollagen) EZH2 p110-a Athymic nude mice Bone metastasis [siRNA in tumor, liver, lung,
liver, kidneys

Y metastasis (None) [255]

Peptide (Derived from RVG) JEV NOD/SCID mice Viral encephalitis [siRNA in brain [Survival Rate (NR) [204]
Cationic Liposome
(DOPE, RPR209120)

TNF-a DBA/1 mice Arthritis [siRNA in liver and spleen YCollagen-induced arthritis [36]

PEGylated cationic
Liposome and peptide

MDM2 VEGF C57BL/6 mice Lung cancer [Tumor delivery [Survival Rate (None) [256]

PEGylated cationic
Liposome and peptide

Luciferase (model) C57BL/6 mice Lung cancer [Tumor accumulation
(not spleen or kidney)

NA (None) [167]

Neutral Liposomes and
protamine

Cyclin D1 C57BL/6 mice Colitis [siRNA gut levels in presence of
colitis

Reversal of colitis (None) [257]

Polymer (PEI-PEG-RGD) VEGF R2 Nude mice N2A Tumor [Tumor delivery (compared to PEI) YTumor growth (NR) [237]
Various models NA Balb/c mice NA [blood circulation and lung

accumulation
NA [124]

Liposome (DOPC) EphA2 Athymic nude mice advanced ovarian
tumor

[siRNA in liver, kidney, and lungs YTumor growth (None) [28]

SNALP (containing DSPC) HBV A/J mice HBV infection [blood circulation and liver levels Yserum HBV DNA (None) [183]
Galactosylated liposomes
(DOPE)

Ubc13 ICR mice NA [blood circulation and liver,
kidney, and lungs

NA (IFN Induction) [32]

Cationic liposome (CCLA) c-raf BALB/c mice Human breast cancer [siRNA in lungs YTumor growth (Toxic
with MDz)

[38]

Liposome (DSPE-PEG-
Protamine)

EGFR Athymic nude mice Lung cancer xenograft
tumor

[t1/2, AUC, MRT, tumor siRNA YCL YTumor growth (signs of
toxicity)

[190]

IV & Intratumor
Injection

jet-PEI Cationic Liposome RecQL1 BALB/c nuþ/þ mice Hepatic cancer [in liver (no change in circulation
time)

YTumor growth (None) [258]

Polymer (PEI-PEG) VEGF Nude mice Prostate carcinoma
tumor

[Tumor delivery and circulation
time

YTumor growth (NR) [188]

Peptide (MPG-Cholesterol) Cyclin B1 Athymic nude mice SCK-3-HEK2 Tumor [ blood circulation YTumor growth (None) [82]
IV & SC Injection Cationic liposome (LIC-101) Bcl-2 BALB/c nuþ/þ mice Liver metastasis and

prostate cancer
NR Strong antitumor activity [181]

IP Injection Liposome (Phospholipid
DOPC)

FAK Athymic nude mice Ovarian cancer tumors NR YTumor weight (None) [31]

Liposome (DOPC) IL-8 Athymic nude mice Ovarian cancer tumors NR YTumor weight (None) [259]
Polymer (JetPEI) HER-2 Athymic nude mice Ovarian Carcinoma [siRNA in muscles, liver, kidney,

tumor
YTumor growth (NR) [185]

Oral Polymer (PEI - b 1,
3-D-glucan)

TNF-a & Map4k4 C57BL6/J mice Systemic inflammation [siRNA in MPs, spleen, liver, and
lungs

Yin TNF-a levels (None) [260]

AUC: Area under the serum concentration vs. time curve; CCLA: Cationic cardiolipin analog; CL: Clearance; EGFR: Epidermal growth factor receptor; EZH2: Zeste homolog 2; FAK: Focal adhesion kinase; HBV: Hepatitis B virus;
HER-2: c-erbB2/neu; IP: Intraperitoneal; IV: Intravenous; IL-8: Interleukin-8; IP: Intraperitoneal; JEV: Japanese Encephalitis Virus; MD: Multiple dosing; MRT: Mean residence time; NA: Not Applicable; NR: Not Reported; p110-
a: Phosphoinositide 30-hydroxykinase p110-a-subunit; PEG: Polyethylene Glycol; PEI: Polyethylenimine; PLK-1: Polo-like kinase 1; RVG: Rabies Virus Glycoprotein; SC: Subcutaneous; t1/2: half-life in serum; TNF: Tumor
Necrosis Factor; VEGF: Vascular Endothelial Growth Factor; VEGF R2: Vascular Endothelial Growth Factor Receptor 2.

z 100 mg/kg of CCLA-based liposome for 3 consecutive days caused 33.3% mortality.
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Table 3
Select siRNA delivery studies in pre-clinical animal models where active targeting was attempted. Representative studies that employed different targeting ligands were
highlighted in this Table.

Targeting ligand Delivery system Route of
administration

Targeted tissue Protein for silencing Ref.

Antibody BsAb against EGFR Minicells IV Injection Xenograft Tumor PLK1 or KSP [261]
ScFv against CD7 (arginine)9 peptide IV Injection T cells and HIV Virus CD4 and CCR5 [262]
TfRScFv Liposome IV Injection Xenograft Tumor HER2 [208]
Ab against LFA-1 Protamine IV Injection Activated Leukocytes NA (CY3-siRNA) [254]

Peptide Cyclic RGD PAMAM NA Tumor cells EGFP [135]
RGD PEG-PEI IV Injection Xenograft Tumor VEGF R2 [237]
RGD EHCO-PEG IP Injection Xenograft Tumor HIF-1a [263]
Transferrin Cyclodextrin IV Injection Xenograft Tumor Luciferase [52]

Aptamer Oligonuleic acid
(Binds to PSMA)

None-siRNA
conjugate

Intratumoral
Injection

Xenograft Tumor PLK1 and BCL2 [264]

Oligonuleic acid
(Binds to PSMA)-PEG

None-siRNA
conjugate

IP Injection Xenograft Tumor PLK1 [189]

Oligonuleic acid
(Binds to CD4)

None-siRNA
conjugate

Vaginal CD4þ T cells CCR5 [265]

Ligand HA PEI Intratumoral
Injection

Xenograft Tumor VEGF [266]

Folate PEG-DSPE-F Intratumoral
Injection

Xenograft Tumor HER 2 [210]

Galactose DOPE-DOPC IV Injection Hepatocytes Ubc13 [32]
Anisamide DSPE-PEG IV Injection Xenograft Tumor EGFR [190]

Ab: Antibody; BCL2: B-cell lymphoma 2; BsAb: Bispecific Antibody; CCR5: C-C chemokine receptor type 5; DSPE: distearoylphoshatidylethanolamine; EGFP: Enhanced Green
Fluorescent Protein; EGFR: Epidermal growth factor receptor; EHCO: (1-aminoethyl) iminobis[N-(oleicylcysteinylhistinyl-1-aminoethyl)propionamide]; HA: Hyaluronic acid;
HER2: Human Epidermal growth factor Receptor 2; HIF-1a: Hypoxia inducible factor-1a; IP: Intraperitoneal; IV: Intravenous; KSP: Kinesin spindle protein; LFA-1: Lymphocyte
function-associated antigen-1 PAMAM: Poly(amidoamine); PLK1: Polo-like kinase 1; PSMA: Prostate-specific membrane antigen; TfRScFv: Anti-Transferrin receptor single-
chain antibody fragment; Ubc13: Ubiquitin conjugating 13; VEGF R2: vascular endothelial growth factor receptor-2.
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reported for enhanced stability [188]. PEGylation of a siRNA/
aptamer conjugate increased the serum t1/2 of siRNA from<35 min
to ˃30 h after adding PEG at the 50-end of non-coding siRNA strand
[189]. Steric protection of the siRNA against nucleases as well as
other molecules responsible for siRNA clearance from the circula-
tion presumably led to this observation.

Although physical protection of siRNA in supramolecular
assemblies with oppositely charged carriers is effective, the risk
of dissociation after administration that will leave siRNA suscep-
tible to enzymatic degradation is a concern. Several factors could
affect the propensity of complex dissociation, such as the charge
density and distribution in carriers, the molecular weight of
carriers, and the possibility of ionic interaction with other charged
moieties such as proteoglycans and other polyelectrolytes
including cellular DNA and RNA molecules. Supramolecular pack-
aging of siRNA into complexes is most beneficial in avoiding renal
elimination and hepatic uptake. An increase in the mean residence
time (MRT) or AUC and a decrease the clearance (CL) of siRNA are
expected pharmacokinetics benefits [183]. Li et al. explored siRNA
delivery against epidermal growth factor receptor (EGFR) using
a liposomal system containing distearoyl phosphatidylethanol-
amine (DSPE), PEG, and protamine (as targeting ligand) via IV
injection [190]. The study showed ˃15-fold increase in AUC, ˃100-
fold increase in MRT, ˃7-fold increase in volume of distribution
in steady state (VDSS), and ˃15-fold decrease in CL for the targeted
liposomes compared to free siRNA in mice. A higher tumor accu-
mulation of siRNA was expected with the targeted liposomes, and
the increase in VDSS could be attributed to the additional distri-
bution “sink” provided by tumor for the targeted delivery (same
increase in VDSS was not observed for the targeted delivery system
in tumor-free animals). In fact, the tumor concentration of siRNA
was reported as 70e80% of the dose/g of tissue for liposomal
delivery compared to w10% for the free delivery. The siRNA
concentration in lungs was doubled for liposomal system (indi-
cating retention in pulmonary vascular bed), while kidney, spleen
and liver concentrations did not show a significant difference
when compared to free siRNA.
4.3. Immune recognition

Immunogenicity has been a constant concern for both siRNA
and some carriers. Certain motifs in siRNA are immunogenically
sensitive; however, the risk of immune response by siRNA is
significantly less than plasmid DNA, and could be even further
decreased by incorporation of 20-O-methyl modifications [191].
This off-target effect could be advantageous to exploit immune
stimulation as an adjuvant to RNAi-mediated silencing [192] in
cancer therapy. Even though siRNA complexationwith carriers may
conceal the reactive motifs, immunogenic reactions have been re-
ported for monoclonal antibodies (used as targeting moiety in
siRNA carriers, [29]), CPPs (affecting the innate immune system
through interactions with the Toll-like receptor pathway; [193]),
and anionic lipids integrated in liposomal structure (due to the
negative charge [194]), and cationic lipoplexes [195]. While PEGy-
lation can minimize the RES uptake of siRNA by shielding the
surface charges of particles, and may lower immune reactions, PEG
itself could be immunogenic after repeated administration and it
can promote antibody, especially IgM, responses [196].

4.4. Biodistribution and target delivery

Supramolecular carriers of siRNA are intended to alter bio-
distribution of siRNA by limiting its deposition at non-target organs
and enhancing siRNA concentration at the site of action. This is
normally achieved through active and passive targeting strategies.

4.4.1. Passive targeting
Passive targeting takes advantage of the tendency of particulate

carriers to accumulate in a specific organdue to characteristics of the
particle or the unique physiology of the tissues. The particle size and
particle surface features arekeys for this behavior. Aneffective siRNA
delivery system needs to be large enough to avoid extravasation
fromthe continuous capillaries tominimizedistribution throughout
the body. At >10 nm, particles become large enough to avoid elim-
ination by kidneys but particles>100 nm are easily uptaken by RES,



Table 4
A summary of clinical studies conducted with siRNA therapeutics (last updated in October/2011). The studies were categorized based on the type of delivery system used for clinical application. The target protein chosen was
indicated along with the outcome of the clinical study. Published studies were referenced where appropriate but outcome from private web sites or clinical database was employed.

Carrier Category Product name (Carrier) Administration route Target protein Disease Trial phase Results Ref.

Naked or Modified
siRNA

Bevasiranib Intravitreal Injection VEGF Exudative AMD; Diabetic
macular edema; Wet AMD

III (Terminated) Well tolerated,“Unlikely
to achieve its primary
endpoint”

[267]

AGN211745 or siRNA-027 Intravitreal Injection VEGF Receptor-1 Wet Age-Related Macular
Degeneration

II (Terminated) Well tolerated, Foveal
thickness decreased
within 2 weeks

[175]

RTP801i-14 or PF-655 Intravitreal Injection RTP801 (DDIT4) Diabetic Macular Edema;
Wet AMD

II Well tolerated Higher
doses needed

[24]

QPI-1002 or I5NP IV Injection P53 Acute Kidney Injury
Kidney transplant

II Well tolerated [218]

ALN-RSV01 Intranasal or inhalation RSV
Nucleocapsid

Respiratory syncytial virus
(RSV)

IIb Well tolerated, Significant
antiviral activity

[268]

TD101 Intradermal Injection Keratin 6a Pachyonychia congenita Ib Well tolerated Regression
of callus

[221]

Stable nucleic acid lipid
particles (SNALPs)

Atu027 (Multiple Lipids) IV Infusion Protein kinase N3 Solid Tumors I Well tolerated Inhibition
of metastasis

www.silence-therapeutics.com

PRO-020401 (Multiple
Lipids)

IV Infusion ApoB Hypercholesterolemia I Well tolerated
Improvements
required

[40]

ALN-VSP (Multiple Lipids) IV Injection KSP, VEGF Advanced solid tumors
with liver involvement

I Well tolerated Signs of
VEGF silencing

[224]

ALN-TTR01 (Multiple
Lipids)

IV Injection Transthyretin Transthyretin-mediated
amyloidosis (ATTR)

I Silencing in pre-clinical
studies

[226]

TKM-080301 (Multiple
Lipids)

IV Injection PLK1 Solid Tumors I Significant efficiency in
animal models

tekmirapharm.com

Liposome BCR-ABL siRNA IV Injection bcr-abl Chronic myeloid
leukaemia

I Well tolerated Apoptosis
of CML cells

[228]

Viral SV40/BCR-ABL NA bcr-abl Chronic myeloid
leukaemia

I Data not reported Clinicaltrials. gov

Poly-cationic Polymer CALAA-01 (Cyclodextrin) IV Infusion RRM2 Solid Tumors I Side-effects, but no
dose-limiting toxicities
Significant silencing

[269]

EPa Dendritic cells Intradermal injection
of dendritic cells

IP beta subunits
LMP2, LMP7
and MECL1

Metastatic melanoma I Recruiting for the
Phase I studies

[270]

AMD: Age-Related Macular Degeneration; DDIT: DNA-damage inducible transcript; EP: Electroporation; IP: Immunoproteasome; KSP: Kinesin Spindle Protein; NA: Not Available; RRM2: Ribonucleotide reductase M2
a Cationic polymers used to transfect the cells with tumor antigen RNA.
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resulting in larger concentrations in spleen. On the other hand,
particles in the 10e100 nm range (especially <70 nm) are expected
to easily perfuse through fenestrated capillaries in liver and show
higher accumulation in this organ [26]. Therefore, size of the parti-
cles could be manipulated to modify biodistribution of siRNA.

Surface charge (or z-potential) of the particles is another
important factor for biodistribution. A neutral surface charge could
facilitate aggregation of the particles (due to lack of repulsing
electrostatic forces) and expedite rapid clearance from circulation.
Although cationic siRNA/carrier complexes display significant
repulsion before in vivo administration (and form stable suspen-
sions), they could absorb serum albumin and other anionic proteins
in circulation and form clot-like accumulations in the blood [197]. A
variety of serum proteins, also known as opsonins, can adsorb to
complexes, which triggers recognition bymacrophages and Kupffer
cells, rapid clearance and accumulation in spleen and liver [198].
PEGylation seems to be an efficient strategy to minimize particle
aggregation and opsonisation due to stealth properties of hydro-
philic PEG shells. It has been shown that PEGylation could increase
blood residence time of the particles and minimize RES uptake
[199], increase t1/2 and enhance plasma AUC (i.e., decrease in
clearance and/or the volume of distribution) [87].

Passive targeting in tumors is a natural consequence of pro-
longed circulation time and enhanced permeability and retention
(EPR) effect. The goal in tumor targeting is to minimize extravasa-
tion of particles through continuous capillaries of normal tissues
and fenestrated capillary of liver, and to survive RES uptake and
renal filtration, so that a maximal siRNA is deposited at tumor sites.
The EPR effect is caused by the increased permeability of tumor
vasculature, and lack of lymphatic drainage in solid tumors that
normally remove macromolecules from normal tissue. The
permeability of the vasculature in the tissue, due to inflammation
and cancerous growth, is abnormally high, since rapid and unor-
ganized formation of new blood vessels will allow extravasation of
particles that would not normally pass through established endo-
thelial layers [200]. Angiogenesis is stimulated by hypoxia of tumor
cells, among other factors, that activates many genes, including
VEGF and its receptors [201]. Formation of fenestrated (with trans-
endothelial circular openings of 40e80 nm) and discontinuous
capillaries (with openings of 100e1000 nm) in tumor capillaries is
the main reason for the enhanced permeation of tumor vasculature
[202]. In fact, many in vivo studies on tumor treatment with siRNA
have reported higher tumor concentrations based on passive tar-
geting (Table 2).

4.4.2. Active targeting
This strategy is based on the presence of a moiety that specifi-

cally seeks and binds to particular cells or tissue components. The
key to an efficient delivery is stable association of the targeting
moiety with the carrier, and the presence of a specific and over-
expressed target at the desired site. The targeting moiety on the
carrier could be peptides, antibodies, other endogenous molecules
and synthetic aptamers (nucleic acid or peptides that are selected
from a random library to bind to a specific target molecule) [62]
(Table 3). Targeting moiety could be conjugated to siRNA itself, as
reported for: (1) a luciferase-specific siRNA conjugated to cyclic
RGD [203], (2) antiviral FvEJ siRNA conjugated to rabies virus
glycoprotein [204], (3) IGF-1 conjugated siRNA for increased
cellular uptake in vitro [205], and (4) siRNA conjugated to rabies
virus glycoprotein (RVG), which specifically binds to the nicotinic
acetylcholine receptor expressed by neuronal cells, resulted in
specific gene silencing within the brain [204]. siRNA conjugates of
a prostate-specific membrane antigen as the aptamer [206], TAT
[169], and amonoclonal antibody against transferrin receptor [207]
have been also reported.
Different types of antibodies and antibody fragments have been
used as a targeting moiety with considerable success. Immunoli-
posomes have been reported to target siRNA to xenograft tumors in
animal models [208]. CPPs have been both conjugated directly to
siRNA, or integrated into the delivery system as targeting moieties
[78]. The RGD peptide has been a popular choice, and has been
conjugated to different polymers for siRNA delivery (Table 3).
Aptamers have been conjugated to siRNA to target cellular recep-
tors and PEG addition to aptamer/siRNA conjugates created stealth
supramolecular assemblies and increased the siRNA AUC in blood
[189]. The folic acid receptor has been recognized as a marker for
ovarian carcinomas and frequently overexpressed in a wide range
of tumors [209], making folate a useful ligand for tumor targeting
[210]. Galactose has been evaluated for targeted delivery to hepa-
tocytes, which overexpress galactose-binding asialoglycoprotein
receptors [211]. Other ligands for active targeting of siRNA include
hyaluronic acid and anisamide (Table 3).

Adding ligands to siRNA complexes may lead to enhanced
potency due to increased deposition in tumors as well as increased
cell uptake. Bartlett et al. reported an in vivo study with particles
formed by cyclodextrin and luciferase siRNA in NOD/SCID mice
bearing luciferase-expressing Neuro2A xenografts [52]. Although
similar biodistribution and tumor accumulation was observed for
non-targeted and transferrin-targeted particles, targeted siRNA
reduced the luciferase activity in xenografts tow50% of the activity
obtained by the non-targeted formulation after one day of IV
injection. The authors concluded that the transferrin was beneficial
in cellular uptake and, therefore, in silencing, by improving the
association of the siRNA-containing particles with the target cells.

4.5. Extracellular matrix (ECM)

After extravasation, siRNA complexes need to navigate through
ECM before cellular contact. ECM is a non-cellular tissue compo-
nent that form a scaffold around the cells, and with a composition
that is slightly different for each organ [43]. Two main ingredients
of ECM are proteoglycans (PGs) and fibrous proteins. PGs are
composed of sulphated and non-sulphated glycosaminoglycan
chains and a protein core (except hyaluronic acid) [212]. The main
fibrous proteins are collagens, elastins, fibronectins and laminins
[213]. Some of ECM ingredients such as sulphated glycosamino-
glycans are negatively charged, and could interact and sequester
cationic siRNA complexes, or compete with anionic siRNA for
carrier binding, destabilizing the carrier/siRNA assembly. In both
cases, ECM could decrease the concentration of siRNA available for
cell uptake. This effect has been shown for PEI based carriers even
after PEGylation [214]. Since entrapment of siRNA particles in the
fibres of ECM is size dependant, this might be a more significant
issue for larger particles. CPPs, however, have been shown to be
able to penetrate the ECM before cellular internalization [215].

5. Clinical studies employing siRNA therapies

Despite intense RNAi efforts since its discovery, siRNA has only
recently entered the clinical setting (Table 4). Delivering naked or
modified siRNA without a carrier accounts for most common
approach, while employing SNALPs is a close second. The reason for
omitting carriers, even though they were indispensible in pre-
clinical studies, is presumably the desire to minimize exogenous
agents in the body. Among the studies aimed at delivering siRNA
without carriers, three are focused on AMD, where two of them
target VEGF. Angiogenesis has been implicated in the pathogenesis
of AMD and VEGF seems to be a critical component in this process.
In pre-clinical studies, siRNA delivery significantly lowered VEGF-A
production in response to hypoxia [216]. Bevasiranib is a double-
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stranded RNA formed by the hybridization of two partially
complementary RNAs in which the 30-end are capped with 2-
deoxyribose (dT) units [216]. It was recently evaluated in a Phase
II study and, although no serious adverse effects were observed, the
mean visual acuity of patients receiving all doses of Bevasiranib
declined and the average lesion size increased [216]. The Phase III
clinical trial of Bevasiranib was terminated in 2009 based on the
recommendation that it was unlikely to achieve its primary
endpoint of reducing vision loss. Among the viable ways to improve
the efficacy of Bevasiranib is enhancing delivery with effective
siRNA carriers. Silencing the VEGFR is another approach to inhibit
VEGF action and studies with murine models demonstrated an
effective reduction of VEGFR-1 [178] by using AGN211745, a siRNA
targeted specifically against VEGFR-1 and not VEGFR-2. Intravitreal
injection of a single dose of AGN211745 from 100 to 1600 mg was
well tolerated in AMD patients, with no dose-limiting toxicity.
Adjusted mean foveal thickness decreased within 2 weeks after
study treatment. The decreasewasmost pronounced in the 100 and
200 mg doses, and not the highest doses [217]. However, the
sponsor (Allergan) terminated Phase II trial in 2009 and its devel-
opment after the drug failed to meet a key efficacy endpoint.

The RTP801 was evaluated for its potential role in AMD
progression, since its expression seems to be rapidly up-regulated
in response to ischemia, hypoxia and/or oxidative stress [24]. A
Phase II study, conducted by Quarkpharma Inc., involving siRNA
delivery against RTP801 was terminated 12 months after the study
onset, based upon interim analysis suggesting that higher doses
would be necessary to produce a therapeutic effect sufficiently
superior to current standard of care, given emerging new thera-
peutic modalities. The siRNAwas delivered without a carrier in this
study as well.

One of the siRNAs in clinical trials, QPI-1002 or I5NP, is modified
by 20-O-methylation on alternating positions on both strands of
siRNA, and is intended to block ischemic acute kidney injury by
targeting the pro-apoptotic p53. In pre-clinical studies, naked p53
siRNA injected IV 4 h after ischemic injury maximally protected
proximal tubule cells (site of oligonucleotide reabsorption within
the kidney) and maintained kidney function [218]. Phase I studies
indicated acceptable safety profile in both post-cardiovascular
surgery and deceased donor renal transplantation. Another Phase
I trial with a modified siRNA (ALN-RSV01) was started in 2006
using minimally modified, un-encapsulated siRNAs to treat RSV
(respiratory syncytial virus) infection using intranasal nebulisation
[24]. Interim reports suggest that subjects receiving ALN-RSV01
that targets the RSV nucleocapsid experienced a 38% reduction in
infection rate [219]. Finally, naked siRNA has been delivered in
pachyonychia congenital disorder that primarily affects the skin,
nails and mouth, causing blistering on the hands and feet, mouth
sores and cysts of various types. It is caused by mutations in keratin
(K) genes and a siRNA (TD101) that selectively inhibits a mutant
allele of K6a was described [220]. The results of a single-patient 17-
week dose escalation trial have shown regression of callus on the
siRNA-treated foot [221].

Several clinical studies on siRNA delivery by using SNALPs have
been attempted. The Atu027 siRNA delivery system is derived from
a cationic, a neutral and a PEGylated lipid, where a siRNA against
protein kinase N3 was incorporated onto the liposome shell by
ionic interaction [222]. Protein kinase N3 is involved in tumor
metastasis, interferes with the endothelial lining of tumor blood
vessels, causes cell migration, and reduces the oxygen supply of the
tumor. After IV injection, Atu027 was shown to efficiently inhibit
the growth of PC-3 xenografts in an orthotopic mousemodel and to
decrease the number of lymph node metastases [223]. A Phase I
study evaluated the safety, tolerability and pharmacokinetics of
Atu027 in patients with colorectal cancer metastasizing to the liver
[224]; the industrial sponsor (Silence Therapeutics) reported
“preliminary data show disease stabilization and other indications of
potential efficacy in cancer patients with advanced solid tumors.”

A similar delivery system has been used for silencing of Apoli-
poprotein B (ApoB), an essential protein for assembly and secretion
of Very-low-density lipoprotein (VLDL) and Low-density lipopro-
tein (LDL) [225]. A SNALP formed by cationic, fusogenic, and
PEGylated lipids was designed to target ApoB gene in hypercho-
lesterolemia. Pre-clinical studies in cynomolgus monkeys demon-
strated significant reductions in ApoB protein, serum cholesterol
and LDL levels [40]. Based on the information from www.
clinicaltrials.gov, Phase I studies have shown transient moderate
ApoB down-regulation; however, the studies have been terminated
due to “potential for immune stimulation to interfere with further
dose escalation.” Same SNALPs have been used by Alnylam Phar-
maceuticals to deliver siRNA targeting VEGF-A and kinesin spindle
protein (KSP) in solid tumors with liver involvement, named ALN-
VSP. The preliminary results showed that IV infusion of ALN-VSP
has been well tolerated, with limited liver toxicity and indications
of VEGF silencing [224]. A Phase I study was recently initiated with
similar carriers for a siRNA that targets transthyretin-mediated
amyloidosis (ATTR), based on successful attempts in mice and
Cynomolgus monkeys [226].

Silencing tyrosine kinase Bcr-Abl is a viable approach for CML
therapy, which is caused by a reciprocal translocation t(9; 22)
forming active tyrosine kinase Bcr-Abl [227]. A clinical study on
a single CML patient showed that a significant inhibition of over-
expressed Bcr-Abl resulted in increased apoptosis of CML cells by
siRNA formulated with an anionic liposome containing soya bean
oil, glycerol and egg phospholipids [228]. According to www.
clinicaltirals.gov, the only viral system used for siRNA delivery in
clinics is based on simian virus 40 (SV40), targets Bcr-Abl, but the
results of this study are yet to be published.

The first targeted delivery system for siRNA approved by FDA
was CALAA-01 (Calando Pharmaceuticals), which consists of four
components: a double-stranded siRNA, a cyclodextrin-containing
polycation, a PEG-based stabilizing agent (to reduce steric
hindrance), and transferrin capable of binding to transferrin
receptor of tumor cells [62]. CALAA-01 delivers a siRNA against
ribonucleotide reductase subunit M2 (RRM2), which catalyzes the
formation of deoxyribonucleotides from ribonucleotides and
whose inhibition results in loss of cell proliferation [229]. In a Phase
I trial, CALAA-01 was administered to adults with solid tumors,
refractory to standard-of-care therapies, as a 30-min IV infusion
[230]. It was shown that the supramolecular siRNA complexes
reduced the target gene expression and provided transient inhibi-
tion of tumor growth [51]. Even though moderate increases in
blood urea nitrogen, creatinine, alanine aminotransferase, aspar-
tate transaminase, and IL-6 were observed at the dose of 27 mg
siRNA/kg, the study concluded that no clinical signs of toxicity
could be attributed to the treatment [50]. This delivery systemwas
recently adopted to target hypoxia inducible factor-2a (HIF-2a),
which is overexpressed in many solid tumors [231].

6. Future prospects of siRNA delivery

The design and engineering of siRNA carriers gained significant
momentum in recent years, as a result of accumulation of
predictable and therapeutically promising molecular targets. The
biomaterials and pharmaceutical scientists have taken enormous
strides to create a diverse array of functional carriers that can
assemble siRNA in supramolecular complexes. However, most
practitioners in the field are in desperate need of developing good
comparisons among the available carriers. One needs to under-
stand their relative performance in well-controlled experimental

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltirals.gov
http://www.clinicaltirals.gov
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systems, with the purpose of identifying carriers with the highest
potency. The latter could be defined based on the dose of siRNA
needed for effective silencing or amount of carrier to be employed
for therapeutic efficacy. Dose-response studies clearly revealing the
IC50 of the developed systems will clarify some of the confusion in
the literature on the relative efficacy of promising delivery systems.
This is needed not only in in vitro studies but also in pre-clinical
studies (similar to any pharmacological agent to be developed for
clinical testing). With siRNA, however, non-specific effects of
carriers and/or siRNA exposure need to be further assessed; dose-
response studies ought to be carried out with non-functional
(scrambled) siRNA sequences along with functional siRNAs to
better reveal the magnitude of the observed therapeutic effect. This
is rarely done and it is impeding the progress of the field at this
stage.

Development of functional carriers has been mostly driven by
experimental studies but we believe that computational simula-
tions to characterize the interactions among siRNA and carriers
could make a significant impact. Although the current computa-
tional hardware/software still limits the atomistic simulations to
relatively small size (<1,000,000 atoms) and short time scale
(<1000 ns) compared with practical conditions, the length and
time scales accessible through simulations are rapidly increasing.
We can anticipate atomistic simulations of many practical aspects
of siRNA delivery to be realized: (i) carrier mediated siRNA aggre-
gation and condensation, (ii) dynamics of siRNA/carrier complexes,
(iii) interaction between siRNA/carrier complexes and cell
membranes, (iv) dynamics and interaction of siRNA/carrier
complexes inside cells with endosomal membranes and cell
proteins, and (v) the dynamics of siRNA release from internalized
complexes. Attempts to simulate multimolecular interactions have
been reported [103,108]; however, considering that the practical
sizes of siRNA/carrier complexes are >100 nm [95] and most
extensive simulations to-date attempted structures with few
molecules (e.g., one siRNA and 20 carrier molecules), simulations
on the larger scales will be urgently needed. Simulations with 4
dodecamer DNAs and 28 PEI carriers recently revealed a highly
dynamic exchange between the complex-bound and free carriers
[232], and extension of this approach to endogenousmolecules will
Fig. 4. Molecular dynamics simulations involving siRNA (w14 kDa) and 2 kDa branched PEI.
with 4 siRNA and 18 PEI molecules. The helical siRNA molecule is shown saturated with
molecules interacting with 18 PEI molecules in B forms an aggregate with inter-bridging PEI
display interaction with complexes transiently.
make a significant impact in understanding intracellular behavior
of siRNA complexes (Fig. 4).

The initial paradigm of siRNA therapy inherently assumed
a single target for silencing. However, pathophysiological changes
in tissues often result from changes in multiple targets. For
example, in tumors undergoing chemotherapy, up-regulation of
the drug efflux transporter P-gp is usually accompanied with
changes in anti-apoptotic mediators such as Bcl-xL [233], mcl1
[234], and XIAB [235]. The combined effect is multidrug resistance,
resulting from the efflux activity of the elevated P-gp molecules,
but also from de-sensitization to drug action from the increased
activity of anti-apoptotic mediators. Inhibiting the single target, P-
gp or the associated anti-apoptotic proteins, alone is not likely
going to reverse the evolved cellular phenotypes. Delivering
multiple siRNAs against an integrated set of targets should be
considered in therapy, and optimizing supramolecular complexes
withmultiple siRNAsmight be needed. Littlework has been done in
this aspect, even though recent studies pursued supramolecular
complexes from tailored carriers, siRNA and conventional small
molecular drugs such as doxorubicin [120,166,236]. Packaging
multiple siRNAs in supramolecular complexes should not be
a significant challenge given the similarity in the overall physico-
chemical features of siRNA molecules, but controlling their relative
release profiles, if needed, might be a significant challenge.

Independent studies have overwhelmingly demonstrated the
feasibility of siRNA-mediated down-regulation using both non-
viral and viral vectors, but complete knockdown is rare. What
happens to sub-populations of cells where the molecular target is
not silenced is an open issue in the literature. Will those cells
display selective resistance to therapy and take over the patho-
physiology, ultimately creating a phenotype resistant to the
therapy? Studies focusing on reason(s) for lack of complete down-
regulation will be needed to better understand this issue. If
inherent reasons prevent siRNA action (e.g., overwhelming the RISC
pathway), other silencing agents, such as miRNA or anti-sense
oligonucleotides that employ different mechanisms of actions,
could complement the siRNA action. If delivery issues are limiting
effective silencing, we need to urgently focus on mechanistic
studies revealing critical impediments to the delivery.
(A) Simulations with a single siRNA and multiple (6) PEI molecules and (B) simulations
6 PEI molecules in A that forms a complex with excess cationic charge. The 4 siRNA
molecules linking multiple siRNA molecules as well as loosely bound PEI molecules that
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Understudied areas on this front include: (i) role of ECM in sup-
porting or impeding supramolecular access to cell surface, (ii)
intracellular dissociation of supramolecular complexes, and (iii)
long-term fate of dissociated carriers. Quantitative studies on the
fate of intracellularly delivered siRNA will better reveal how
effective the silencing attempts are. If one can probe whether all
delivered siRNA molecules are used up in silencing (highly
unlikely) and what fraction remains ‘unfunctional’ or sequestered,
one can then assess the need for improved carriers that present
siRNA to the biochemical machinery more effectively. Degradable
and environmentally-sensitive carriers are likely to form the
foundation of such carriers, but one has to assess the desired
functional properties in situ and relying on in vitro characteristics
(or functional responses) are likely to lead to misinterpretation of
the perceived mechanisms of actions.

Despite the wide interest in using carriers to package siRNA in
supramolecular complexes and considerable transfection efficiency
obtained, only a few formulations from each approach were tested
in clinics. While the immunogenicity, pathogenicity, and unsuit-
ability of viral vectors for siRNA expression (compared to DNA)
have limited the clinical progress of this strategy, the lack of
significant testing with synthetic carriers is surprising. Pharma-
ceutical industry seems to prefer to employ siRNA on its own,
rather than presumably risking an unknown/adverse effect to an
additional entity, i.e., carrier. The toxicity of more effective poly-
mers for siRNA delivery seems to be the major hurdle for wider
clinical application. Enhancing the potency of carriers (hence
lowering the administration dose) is most likely approach to
minimizing chances of a clinical adverse reaction against the
administered agents. Several approaches are also available to lower
the toxicity of carriers without affecting efficacy and PEG conju-
gation is the prototypical approach. Carriers or complexes with
minimal cell interactions are also attractive, but their efficacy needs
to be somehow enhanced by functionalization. The latter includes
employing cell-specific ligands or lipophilic moieties on non-cell
interactive carriers. A systematic approach on carrier design and
performance testing, as outlined in this review, is likely to increase
the comfort level with clinical use of non-viral carriers, ultimately
providing more opportunities for successful therapeutic use of the
RNAi.

Acknowledgements

The research at the authors’ laboratories was supported by
Natural Sciences and Engineering Council of Canada (HU and TT),
Canadian Institutes of Health Research (HU), Alberta Innovates
Health Solutions (HU), Canadian Foundation for Innovation (TT and
HU) and AB Advanced Education & Technology (HU). The authors
thank our past students, Dr. Vanessa Incani, Dr. Meysam Abbasi, Dr.
Basak Acan-Clements, and our collaborators, Dr. A. Lavasanifar (U.
of Alberta) and Dr. K. Utsuno (Tomakomai National College of
Technology, Hokkaido, Japan) for contributing to development of
ideas presented at this paper.

References

[1] de Fougerolles A, Vornlocher HP, Maraganore J, Lieberman J. Interfering with
disease: a progress report on siRNA-based therapeutics. Nat Rev Drug Discov
2007;6(6):443e53.

[2] Haupenthal J, Baehr C, Kiermayer S, Zeuzem S, Piiper A. Inhibition of RNAse A
family enzymes prevents degradation and loss of silencing activity of siRNAs
in serum. Biochem Pharmacol 2006;71(5):702e10.

[3] Raemdonck K, Vandenbroucke RE, Demeester J, Sanders NN, De Smedt SC.
Maintaining the silence: reflections on long-term RNAi. Drug Discov Today
2008;13(21e22):917e31.

[4] Dykxhoorn DM, Palliser D, Lieberman J. The silent treatment: siRNAs as small
molecule drugs. Gene Ther 2006;13(6):541e52.
[5] Castanotto D, Rossi JJ. The promises and pitfalls of RNA-interference-based
therapeutics. Nature 2009;457(7228):426e33.

[6] Couto LB, High KA. Viral vector-mediated RNA interference. Curr Opin
Pharmacol 2010;10(5):534e42.

[7] Sliva K, Schnierle BS. Selective gene silencing by viral delivery of short
hairpin RNA. Virol J 2010;7:248.

[8] Dreyer JL. Lentiviral vector-mediated gene transfer and RNA silencing tech-
nology in neuronal dysfunctions. Mol Biotechnol 2011;47(2):169e87.

[9] Xia H, Mao Q, Paulson HL, Davidson BL. siRNA-mediated gene silencing
in vitro and in vivo. Nat Biotechnol 2002;20(10):1006e10.

[10] Yoo JY, Kim JH, Kwon YG, Kim EC, Kim NK, Choi HJ, et al. VEGF-specific short
hairpin RNA-expressing oncolytic adenovirus elicits potent inhibition of
angiogenesis and tumor growth. Mol Ther 2007;15(2):295e302.

[11] Descamps D, Benihoud K. Two key challenges for effective adenovirus-
mediated liver gene therapy: innate immune responses and hepatocyte-
specific transduction. Curr Gene Ther 2009;9(2):115e27.

[12] Huang B, Schiefer J, Sass C, Landwehrmeyer GB, Kosinski CM, Kochanek S.
High-capacity adenoviral vector-mediated reduction of huntingtin aggregate
load in vitro and in vivo. Hum Gene Ther 2007;18(4):303e11.

[13] Grimm D, Kay MA. Therapeutic short hairpin RNA expression in the liver:
viral targets and vectors. Gene Ther 2006;13(6):563e75.

[14] Li L, Yang L, Scudiero DA, Miller SA, Yu ZX, Stukenberg PT, et al. Development
of recombinant adeno-associated virus vectors carrying small interfering
RNA (shHec1)-mediated depletion of kinetochore Hec1 protein in tumor
cells. Gene Ther 2007;14(10):814e27.

[15] Koerber JT, Jang JH, Schaffer DV. DNA shuffling of adeno-associated virus
yields functionally diverse viral progeny. Mol Ther 2008;16(10):1703e9.

[16] Duerner LJ, Schwantes A, Schneider IC, Cichutek K, Buchholz CJ. Cell entry
targeting restricts biodistribution of replication-competent retroviruses to
tumour tissue. Gene Ther 2008;15(22):1500e10.

[17] Yamagishi M, Ishida T, Miyake A, Cooper DA, Kelleher AD, Suzuki K. Retro-
viral delivery of promoter-targeted shRNA induces long-term silencing of
HIV-1 transcription. Microbes Infect 2009;11(4):500e8.

[18] Bahi A, Boyer F, Kolira M, Dreyer JL. In vivo gene silencing of CD81 by len-
tiviral expression of small interference RNAs suppresses cocaine-induced
behaviour. J Neurochem 2005;92(5):1243e55.

[19] Morris KV, Rossi JJ. Lentiviral-mediated delivery of siRNAs for antiviral
therapy. Gene Ther 2006;13(6):553e8.

[20] Ong ST, Li F, Du J, Tan YW, Wang S. Hybrid cytomegalovirus enhancer-h1
promoter-based plasmid and baculovirus vectors mediate effective RNA
interference. Hum Gene Ther 2005;16(12):1404e12.

[21] Suzuki H, Saitoh H, Suzuki T, Takaku H. Inhibition of influenza virus by
baculovirus-mediated shRNA. Nucleic Acid Symp Ser 2009;53:287e8.

[22] Suzuki H, Tamai N, Habu Y, Chang MO, Takaku H. Suppression of hepatitis C
virus replication by baculovirus vector-mediated short-hairpin RNA
expression. FEBS Lett 2008;582(20):3085e9.

[23] Jeong JH, Mok H, Oh YK, Park TG. siRNA conjugate delivery systems. Bio-
conjug Chem 2009;20(1):5e14.

[24] Tiemann K, Rossi JJ. RNAi-based therapeutics-current status, challenges and
prospects. EMBO Mol Med 2009;1(3):142e51.

[25] Rudzinski WE, Aminabhavi TM. Chitosan as a carrier for targeted delivery of
small interfering RNA. Int J Pharm 2010;399(1e2):1e11.

[26] Aliabadi HM, Shahin M, Brocks DR, Lavasanifar A. Disposition of drugs in
block copolymer micelle delivery systems: from discovery to recovery. Clin
Pharmacokinet 2008;47(10):619e34.

[27] Guo P, Coban O, Snead NM, Trebley J, Hoeprich S, Guo S, et al. Engineering
RNA for targeted siRNA delivery and medical application. Adv Drug Deliv Rev
2010;62(6):650e66.

[28] Landen Jr CN, Chavez-Reyes A, Bucana C, Schmandt R, Deavers MT, Lopez-
Berestein G, et al. Therapeutic EphA2 gene targeting in vivo using neutral
liposomal small interfering RNA delivery. Cancer Res 2005;65(15):6910e8.

[29] Tran MA, Watts RJ, Robertson GP. Use of liposomes as drug delivery vehicles
for treatment of melanoma. Pigment Cell Melanoma Res 2009;22(4):388e99.

[30] Villares GJ, Zigler M, Wang H, Melnikova VO, Wu H, Friedman R, et al. Tar-
geting melanoma growth and metastasis with systemic delivery of
liposome-incorporated protease-activated receptor-1 small interfering RNA.
Cancer Res 2008;68(21):9078e86.

[31] Halder J, Kamat AA, Landen Jr CN, Han LY, Lutgendorf SK, Lin YG, et al. Focal
adhesion kinase targeting using in vivo short interfering RNA delivery in
neutral liposomes for ovarian carcinoma therapy. Clin Cancer Res 2006;
12(16):4916e24.

[32] Sato A, Takagi M, Shimamoto A, Kawakami S, Hashida M. Small interfering
RNA delivery to the liver by intravenous administration of galactosylated
cationic liposomes in mice. Biomaterials 2007;28(7):1434e42.

[33] Kane RC, Farrell AT, Saber H, Tang S, Williams G, Jee JM, et al. Sorafenib for
the treatment of advanced renal cell carcinoma. Clin Cancer Res 2006;
12(24):7271e8.

[34] Hashida M, Kawakami S, Yamashita F. Lipid carrier systems for targeted drug
and gene delivery. Chem Pharm Bull 2005;53(8):871e80.

[35] Shmueli RB, Anderson DG, Green JJ. Electrostatic surface modifications to
improve gene delivery. Expert Opin Drug Deliv 2010;7(4):535e50.

[36] Khoury M, Louis-Plence P, Escriou V, Noel D, Largeau C, Cantos C, et al.
Efficient new cationic liposome formulation for systemic delivery of small
interfering RNA silencing tumor necrosis factor alpha in experimental
arthritis. Arthritis Rheum 2006;54(6):1867e77.



H. M. Aliabadi et al. / Biomaterials 33 (2012) 2546e2569 2565
[37] Reich SJ, Fosnot J, Kuroki A, Tang W, Yang X, Maguire AM, et al. Small
interfering RNA (siRNA) targeting VEGF effectively inhibits ocular neo-
vascularization in a mouse model. Mol Vis 2003;9:210e6.

[38] Chien PY, Wang J, Carbonaro D, Lei S, Miller B, Sheikh S, et al. Novel cationic
cardiolipin analogue-based liposome for efficient DNA and small interfering
RNA delivery in vitro and in vivo. Cancer Gene Ther 2005;12(3):321e8.

[39] Pal A, Ahmad A, Khan S, Sakabe I, Zhang C, Kasid UN, et al. Systemic delivery
of RafsiRNA using cationic cardiolipin liposomes silences Raf-1 expression
and inhibits tumor growth in xenograft model of human prostate cancer. Int
J Oncol 2005;26(4):1087e91.

[40] Zimmermann TS, Lee AC, Akinc A, Bramlage B, Bumcrot D, Fedoruk MN, et al.
RNAi-mediated gene silencing in non-human primates. Nature 2006;
441(7089):111e4.

[41] Judge AD, Robbins M, Tavakoli I, Levi J, Hu L, Fronda A, et al. Confirming the
RNAi-mediated mechanism of action of siRNA-based cancer therapeutics in
mice. J Clin Invest 2009;119(3):661e73.

[42] Wu SY, McMillan NA. Lipidic systems for in vivo siRNA delivery. AAPS J 2009;
11(4):639e52.

[43] Li W, Szoka Jr FC. Lipid-based nanoparticles for nucleic acid delivery. Pharm
Res 2007;24(3):438e49.

[44] Mao HQ, Roy K, Troung-Le VL, Janes KA, Lin KY, Wang Y, et al. Chitosan-DNA
nanoparticles as gene carriers: synthesis, characterization and transfection
efficiency. J Control Rel 2001;70(3):399e421.

[45] Escott GM, Adams DJ. Chitinase activity in human serum and leukocytes.
Infect Immun 1995;63(12):4770e3.

[46] Chandy T, Sharma CP. Chitosan-as a biomaterial. Biomaterials Artif Cells Artif
Organs 1990;18(1):1e24.

[47] Howard KA, Rahbek UL, Liu X, Damgaard CK, Glud SZ, Andersen MO, et al.
RNA interference in vitro and in vivo using a novel chitosan/siRNA nano-
particle system. Mol Ther 2006;14(4):476e84.

[48] Howard KA, Paludan SR, Behlke MA, Besenbacher F, Deleuran B, Kjems J.
Chitosan/siRNA nanoparticle-mediated TNF-alpha knockdown in peritoneal
macrophages for anti-inflammatory treatment in a murine arthritis model.
Mol Ther 2009;17(1):162e8.

[49] Pille JY, Li H, Blot E, Bertrand JR, Pritchard LL, Opolon P, et al. Intravenous
delivery of anti-RhoA small interfering RNA loaded in nanoparticles of chi-
tosan in mice: safety and efficacy in xenografted aggressive breast cancer.
Hum Gene Ther 2006;17(10):1019e26.

[50] Heidel JD, Yu Z, Liu JY, Rele SM, Liang Y, Zeidan RK, et al. Administration in
non-human primates of escalating intravenous doses of targeted nano-
particles containing ribonucleotide reductase subunit M2 siRNA. Proc Natl
Acad Sci USA 2007;104(14):5715e21.

[51] Hu-Lieskovan S, Heidel JD, Bartlett DW, Davis ME, Triche TJ. Sequence-
specific knockdown of EWS-FLI1 by targeted, nonviral delivery of small
interfering RNA inhibits tumor growth in a murine model of metastatic
Ewing’s sarcoma. Cancer Res 2005;65(19):8984e92.

[52] Bartlett DW, Su H, Hildebrandt IJ, Weber WA, Davis ME. Impact of tumor-
specific targeting on the biodistribution and efficacy of siRNA nano-
particles measured by multimodality in vivo imaging. Proc Natl Acad Sci USA
2007;104(39):15549e54.

[53] Minakuchi Y, Takeshita F, Kosaka N, Sasaki H, Yamamoto Y, Kouno M, et al.
Atelocollagen-mediated synthetic small interfering RNA delivery for effec-
tive gene silencing in vitro and in vivo. Nucleic Acids Res 2004;32(13):
e109.

[54] Howard KA. Delivery of RNA interference therapeutics using polycation-
based nanoparticles. Adv Drug Deliv Rev 2009;61(9):710e20.

[55] Boussif O, Lezoualc’h F, Zanta MA, Mergny MD, Scherman D, Demeneix B,
et al. A versatile vector for gene and oligonucleotide transfer into cells in
culture and in vivo: polyethylenimine. Proc Natl Acad Sci U S A 1995;92(16):
7297e301.

[56] Jere D, Jiang HL, Arote R, Kim YK, Choi YJ, Cho MH, et al. Degradable poly-
ethylenimines as DNA and small interfering RNA carriers. Expert Opin Drug
Deliv 2009;6(8):827e34.

[57] Wightman L, Kircheis R, Rossler V, Carotta S, Ruzicka R, Kursa M, et al.
Different behavior of branched and linear polyethylenimine for gene
delivery in vitro and in vivo. J Gene Med 2001;3(4):362e72.

[58] Hong S, Leroueil PR, Janus EK, Peters JL, Kober MM, Islam MT, et al. Inter-
action of polycationic polymers with supported lipid bilayers and cells:
nanoscale hole formation and enhanced membrane permeability. Bioconjug
Chem 2006;17(3):728e34.

[59] Lungwitz U, Breunig M, Blunk T, Gopferich A. Polyethylenimine-based non-
viral gene delivery systems. Eur J Pharm Biopharm 2005;60(2):247e66.

[60] Kunath K, von Harpe A, Fischer D, Petersen H, Bickel U, Voigt K, et al. Low-
molecular-weight polyethylenimine as a non-viral vector for DNA delivery:
comparison of physicochemical properties, transfection efficiency and
in vivo distribution with high-molecular-weight polyethylenimine. J Control
Rel 2003;89(1):113e25.

[61] Fischer D, Li Y, Ahlemeyer B, Krieglstein J, Kissel T. In vitro cytotoxicity
testing of polycations: influence of polymer structure on cell viability and
hemolysis. Biomaterials 2003;24(7):1121e31.

[62] Wang Y, Li Z, Han Y, Liang LH, Ji A. Nanoparticle-based delivery system for
application of siRNA in vivo. Curr Drug Metab 2010;11(2):182e96.

[63] Shen XC, Zhou J, Liu X, Wu J, Qu F, Zhang ZL, et al. Importance of size-to-
charge ratio in construction of stable and uniform nanoscale RNA/den-
drimer complexes. Org Biomol Chem 2007;5(22):3674e81.
[64] Minko T, Patil ML, Zhang M, Khandare JJ, Saad M, Chandna P, et al. LHRH-
targeted nanoparticles for cancer therapeutics. Methods Mol Biol 2010;624:
281e94.

[65] Kim ID, Lim CM, Kim JB, Nam HY, Nam K, Kim SW, et al. Neuroprotection by
biodegradable PAMAM ester (e-PAM-R)-mediated HMGB1 siRNA delivery in
primary cortical cultures and in the postischemic brain. J Control Rel 2010;
142(3):422e30.

[66] Taratula O, Garbuzenko OB, Kirkpatrick P, Pandya I, Savla R, Pozharov VP,
et al. Surface-engineered targeted PPI dendrimer for efficient intracellular
and intratumoral siRNA delivery. J Control Rel 2009;140(3):284e93.

[67] Watanabe K, Harada-Shiba M, Suzuki A, Gokuden R, Kurihara R, Sugao Y,
et al. In vivo siRNA delivery with dendritic poly(L-lysine) for the treatment of
hypercholesterolemia. Mol BioSyst 2009;5(11):1306e10.

[68] Abbasi M, Aliabadi HM, Moase EH, Lavasanifar A, Kaur K, Lai R, et al. siRNA-
mediated down-regulation of P-glycoprotein in a xenograft tumor model in
NOD-SCID mice. Pharm Res 2011;28:2516e29.

[69] Abbasi M, Lavasanifar A, Berthiaume LG, Weinfeld M, Uludag H. Cationic
polymer-mediated small interfering RNA delivery for P-glycoprotein down-
regulation in tumor cells. Cancer 2010;116(23):5544e54.

[70] Lee JS, Green JJ, Love KT, Sunshine J, Langer R, Anderson DG. Gold, poly(beta-
amino ester) nanoparticles for small interfering RNA delivery. Nano Lett
2009;9(6):2402e6.

[71] Xiong XB, Uludag H, Lavasanifar A. Biodegradable amphiphilic poly(ethylene
oxide)-block-polyesters with grafted polyamines as supramolecular nano-
carriers for efficient siRNA delivery. Biomaterials 2009;30(2):242e53.

[72] Xiong XB, Uludag H, Lavasanifar A. Virus-mimetic polymeric micelles for
targeted siRNA delivery. Biomaterials 2010;31(22):5886e93.

[73] Singh M, Briones M, Ott G, O’Hagan D. Cationic microparticles: a potent
delivery system for DNA vaccines. Proc Natl Acad Sci USA 2000;97(2):811e6.

[74] Khan A, Benboubetra M, Sayyed PZ, Ng KW, Fox S, Beck G, et al. Sustained
polymeric delivery of gene silencing antisense ODNs, siRNA, DNAzymes and
ribozymes: in vitro and in vivo studies. J Drug Target 2004;12(6):393e404.

[75] Adami RC, Rice KG. Metabolic stability of glutaraldehyde cross-linked
peptide DNA condensates. J Pharm Sci 1999;88(8):739e46.

[76] Li S, Wu SP, Whitmore M, Loeffert EJ, Wang L, Watkins SC, et al. Effect of
immune response on gene transfer to the lung via systemic administration of
cationic lipidic vectors. Am J Physiol 1999;276(5 Pt 1):L796e804.

[77] Krauss U, Muller M, Stahl M, Beck-Sickinger AG. In vitro gene delivery by
a novel human calcitonin (hCT)-derived carrier peptide. Bioorg Med Chem
Lett 2004;14(1):51e4.

[78] Jarver P, Mager I, Langel U. In vivo biodistribution and efficacy of peptide
mediated delivery. Trends Pharmacol Sci 2010;31(11):528e35.

[79] Crombez L, Charnet A, Morris MC, Aldrian-Herrada G, Heitz F, Divita G.
A non-covalent peptide-based strategy for siRNA delivery. Biochem Soc
Trans 2007;35(Pt 1):44e6.

[80] Muratovska A, Eccles MR. Conjugate for efficient delivery of short interfering
RNA (siRNA) into mammalian cells. FEBS Lett 2004;558(1e3):63e8.

[81] Simeoni F, Morris MC, Heitz F, Divita G. Insight into the mechanism of the
peptide-based gene delivery system MPG: implications for delivery of siRNA
into mammalian cells. Nucleic Acid Res 2003;31(11):2717e24.

[82] Crombez L, Morris MC, Dufort S, Aldrian-Herrada G, Nguyen Q, Mc Master G,
et al. Targeting cyclin B1 through peptide-based delivery of siRNA prevents
tumour growth. Nucleic Acid Res 2009;37(14):4559e69.

[83] Choosakoonkriang S, Lobo BA, Koe GS, Koe JG, Middaugh CR. Biophysical
characterization of PEI/DNA complexes. J Pharm Sci 2003;92(8):1710e22.

[84] Ikonen M, Murtomaki L, Kontturi K. Controlled complexation of plasmid DNA
with cationic polymers: effect of surfactant on the complexation and stability
of the complexes. Colloids Surf B Biointerfaces 2008;66(1):77e83.

[85] Matulis D, Rouzina I, Bloomfield VA. Thermodynamics of DNA binding and
condensation: isothermal titration calorimetry and electrostatic mechanism.
J Mol Biol 2000;296(4):1053e63.

[86] Utsuno K. Thermodynamics of DNA condensation caused by mn2þ binding.
Chem Pharm Bull 2008;56(3):247e9.

[87] Prevette LE, Lynch ML, Kizjakina K, Reineke TM. Correlation of amine number
and pDNA binding mechanism for trehalose-based polycations. Langmuir
2008;24(15):8090e101.

[88] Prevette LE, Kodger TE, Reineke TM, Lynch ML. Deciphering the role of
hydrogen bonding in enhancing pDNA-polycation interactions. Langmuir
2007;23(19):9773e84.

[89] Prevette LE, Lynch ML, Reineke TM. Amide spacing influences pDNA binding
of poly(amidoamine)s. Biomacromolecules 2010;11(2):326e32.

[90] Kim W, Yamasaki Y, Kataoka K. Development of a fitting model suitable for
the isothermal titration calorimetric curve of DNA with cationic ligands.
J Phys Chem B 2006;110(22):10919e25.

[91] Utsuno K, Uludag H. Thermodynamics of polyethylenimine-DNA binding and
DNA condensation. Biophys J 2010;99(1):201e7.

[92] Egli M, Tereshko V, Teplova M, Minasov G, Joachimiak A, Sanishvili R, et al. X-
ray crystallographic analysis of the hydration of A- and B-form DNA at
atomic resolution. Biopolymers 1998;48(4):234e52.

[93] Patel MM, Anchordoquy TJ. Contribution of hydrophobicity to thermody-
namics of ligand-DNA binding and DNA collapse. Biophys J 2005;88(3):
2089e103.

[94] Bartz R, Fan H, Zhang J, Innocent N, Cherrin C, Beck SC, et al. Effective siRNA
delivery and target mRNA degradation using an amphipathic peptide to
facilitate pH-dependent endosomal escape. Biochem J 2011;435(2):475e87.



H. M. Aliabadi et al. / Biomaterials 33 (2012) 2546e25692566
[95] Jensen LB, Mortensen K, Pavan GM, Kasimova MR, Jensen DK, Gadzhyeva V,
et al. Molecular characterization of the interaction between siRNA and
PAMAM G7 dendrimers by SAXS, ITC, and molecular dynamics simulations.
Biomacromolecules 2010;11(12):3571e7.

[96] Jensen LB, Pavan GM, Kasimova MR, Rutherford S, Danani A, Nielsen HM,
et al. Elucidating the molecular mechanism of PAMAM-siRNA dendriplex
self-assembly: effect of dendrimer charge density. Int J Pharm 2011;416(2):
410e8.

[97] Braun CS, Vetro JA, Tomalia DA, Koe GS, Koe JG, Middaugh CR. Structure/
function relationships of polyamidoamine/DNA dendrimers as gene delivery
vehicles. J Pharm Sci 2005;94(2):423e36.

[98] Asokan A, Cho MJ. Exploitation of intracellular pH gradients in the cellular
delivery of macromolecules. J Pharm Sci 2002;91(4):903e13.

[99] Prongidi-Fix L, Sugawara M, Bertani P, Raya J, Leborgne C, Kichler A, et al.
Self-promoted cellular uptake of peptide/DNA transfection complexes.
Biochemistry 2007;46(40):11253e62.

[100] Ira YM, Krishnamoorthy G. DNA vector Polyethyleneimine affects cell pH and
membrane potential: a time-resolved fluorescence microscopy study. J Flu-
oresc 2003;13(4):339e47.

[101] Yingling YG, Shapiro BA. Computational design of an RNA hexagonal
nanoring and an RNA nanotube. Nano Lett 2007;7(8):2328e34.

[102] Ouyang D, Zhang H, Herten DP, Parekh HS, Smith SC. Structure, dynamics,
and energetics of siRNA-cationic vector complexation: a molecular dynamics
study. J Phys Chem B 2010;114(28):9220e30.

[103] Ouyang D, Zhang H, Parekh HS, Smith SC. Structure and dynamics of multiple
cationic vectors-siRNA complexation by all-atomic molecular dynamics
simulations. J Phys Chem B 2010;114(28):9231e7.

[104] Pavan GM, Albertazzi L, Danani A. Ability to adapt: different generations of
PAMAM dendrimers show different behaviors in binding siRNA. J Phys Chem
B 2010;114(8):2667e75.

[105] Pavan GM, Posocco P, Tagliabue A, Maly M, Malek A, Danani A, et al. PAMAM
dendrimers for siRNA delivery: computational and experimental insights.
Chemistry 2010;16(26):7781e95.

[106] Pavan GM, Mintzer MA, Simanek EE, Merkel OM, Kissel T, Danani A.
Computational insights into the interactions between DNA and siRNA with
"rigid" and "flexible" triazine dendrimers. Biomacromolecules 2010;11(3):
721e30.

[107] Pavan GM, Kostiainen MA, Danani A. Computational approach for under-
standing the interactions of UV-degradable dendrons with DNA and siRNA.
J Phys Chem B 2010;114(17):5686e93.

[108] Vasumathi V, Maiti PK. Complexation of siRNA with Dendrimer: a molecular
modeling approach. Macromolecules 2010;43(19):8264e74.

[109] Srinivasan J, Miller J, Kollman PA, Case DA. Continuum solvent studies of the
stability of RNA hairpin loops and helices. J Biomol Struct Dyn 1998;16(3):
671e82.

[110] Swanson JM, Henchman RH, McCammon JA. Revisiting free energy calcula-
tions: a theoretical connection to MM/PBSA and direct calculation of the
association free energy. Biophys J 2004;86:67e74.

[111] Liao ZX, Ho YC, Chen HL, Peng SF, Hsiao CW, Sung HW. Enhancement of
efficiencies of the cellular uptake and gene silencing of chitosan/siRNA
complexes via the inclusion of a negatively charged poly(gamma-glutamic
acid). Biomaterials 2010;31(33):8780e8.

[112] Abbasi M, Lavasanifar A, Uludag H. Recent attempts at RNAi-mediated P-
glycoprotein downregulation for reversal of multidrug resistance in cancer.
Med Res Rev; 2011. In press.

[113] Tagalakis AD, He L, Saraiva L, Gustafsson KT, Hart SL. Receptor-targeted
liposome-peptide nanocomplexes for siRNA delivery. Biomaterials 2011;
32(26):6302e15.

[114] Konate K, Crombez L, Deshayes S, Decaffmeyer M, Thomas A, Brasseur R,
et al. Insight into the cellular uptake mechanism of a secondary amphipathic
cell-penetrating peptide for siRNA delivery. Biochemistry 2010;49(16):
3393e402.

[115] Aliabadi HM, Landry B, Bahadur RK, Neamnark A, Suwantong O, Uludag H.
Impact of lipid substitution on assembly and delivery of siRNA by cationic
polymers. Macromol Biosci 2011;11(5):662e72.

[116] Ofek P, Fischer W, Calderon M, Haag R, Satchi-Fainaro R. In vivo delivery of
small interfering RNA to tumors and their vasculature by novel dendritic
nanocarriers. FASEB J 2010;24(9):3122e34.

[117] Patil ML, Zhang M, Taratula O, Garbuzenko OB, He H, Minko T. Internally
cationic polyamidoamine PAMAM-OH dendrimers for siRNA delivery: effect
of the degree of quaternization and cancer targeting. Biomacromolecules
2009;10(2):258e66.

[118] Bedi D, Musacchio T, Fagbohun OA, Gillespie JW, Deinnocentes P, Bird RC,
et al. Delivery of siRNA into breast cancer cells via phage fusion protein-
targeted liposomes. Nanomedicine 2011;7(3):315e23.

[119] Sakurai Y, Hatakeyama H, Sato Y, Akita H, Takayama K, Kobayashi S,
et al. Endosomal escape and the knockdown efficiency of liposomal-
siRNA by the fusogenic peptide shGALA. Biomaterials 2011;32(24):
5733e42.

[120] Cao N, Cheng D, Zou S, Ai H, Gao J, Shuai X. The synergistic effect of hier-
archical assemblies of siRNA and chemotherapeutic drugs co-delivered into
hepatic cancer cells. Biomaterials 2011;32(8):2222e32.

[121] Convertine AJ, Benoit DS, Duvall CL, Hoffman AS, Stayton PS. Development of
a novel endosomolytic diblock copolymer for siRNA delivery. J Control Rel
2009;133(3):221e9.
[122] Lu JJ, Langer R, Chen J. A novel mechanism is involved in cationic lipid-
mediated functional siRNA delivery. Mol Pharm 2009;6(3):763e71.

[123] Kim WJ, Chang CW, Lee M, Kim SW. Efficient siRNA delivery using water
soluble lipopolymer for anti-angiogenic gene therapy. J Control Rel 2007;
118(3):357e63.

[124] Gao S, Dagnaes-Hansen F, Nielsen EJ, Wengel J, Besenbacher F, Howard KA,
et al. The effect of chemical modification and nanoparticle formulation on
stability and biodistribution of siRNA in mice. Mol Ther 2009;17(7):
1225e33.

[125] Lorenz C, Hadwiger P, John M, Vornlocher HP, Unverzagt C. Steroid and lipid
conjugates of siRNAs to enhance cellular uptake and gene silencing in liver
cells. Bioorg Med Chem Lett 2004;14(19):4975e7.

[126] Bahadur KC, Landry B, Aliabadi HM, Lavasanifar A, Uludag H. Lipid substi-
tution on low molecular weight (0.6-2.0 kDa) polyethylenimine leads to
a higher zeta potential of plasmid DNA and enhances transgene expression.
Acta Biomater 2011;7(5):2209e17.

[127] Aliabadi HM, Landry B, Mahdipoor P, Uludag H. Down-regulation of Breast
Cancer Resistance Protein (BCRP) by siRNA delivery using lipid-substituted
aliphatic polymers. Eur J Pharm Biopharm; [Submitted].

[128] Aliabadi HM, Landry B, Mahdipoor P, Uludag H. Induction of apoptosis by
survivin silencing through siRNA delivery in a human breast cancer cell Line.
Mol Pharm 2011;8(5):1821e30.

[129] Midoux P, Breuzard G, Gomez JP, Pichon C. Polymer-based gene delivery:
a current review on the uptake and intracellular trafficking of polyplexes.
Curr Gene Ther 2008;8(5):335e52.

[130] Winkler J, Martin-Killias P, Pluckthun A, Zangemeister-Wittke U.
EpCAM-targeted delivery of nanocomplexed siRNA to tumor cells
with designed ankyrin repeat proteins. Mol Cancer Ther 2009;8(9):
2674e83.

[131] Wang XL, Xu R, Lu ZR. A peptide-targeted delivery system with pH-sensitive
amphiphilic cell membrane disruption for efficient receptor-mediated siRNA
delivery. J Control Rel 2009;134(3):207e13.

[132] Shao K, Hou Q, Go ML, Duan W, Cheung NS, Feng SS, et al. Sulfatide-
tenascin interaction mediates binding to the extracellular matrix and
endocytic uptake of liposomes in glioma cells. Cell Mol Life Sci 2007;64(4):
506e15.

[133] Cheng CJ, Saltzman WM. Enhanced siRNA delivery into cells by exploiting
the synergy between targeting ligands and cell-penetrating peptides.
Biomaterials 2011;32(26):6194e203.

[134] Chou ST, Leng Q, Scaria P, Woodle M, Mixson AJ. Selective modification of HK
peptides enhances siRNA silencing of tumor targets in vivo. Cancer Gene
Ther 2011;18(10):707e16.

[135] Waite CL, Roth CM. PAMAM-RGD conjugates enhance siRNA delivery
through a multicellular spheroid model of malignant glioma. Bioconjug
Chem 2009;20(10):1908e16.

[136] Barichello JM, Kizuki S, Tagami T, Asai T, Ishida T, Kikuchi H, et al. Agitation
during lipoplex formation improves the gene knockdown effect of siRNA. Int
J Pharm 2011;410(1e2):153e60.

[137] Hattori Y, Hagiwara A, Ding W, Maitani Y. NaCl improves siRNA
delivery mediated by nanoparticles of hydroxyethylated cationic cholesterol
with amido-linker. Bioorg Med Chem Lett 2008;18(19):5228e32.

[138] Mudhakir D, Akita H, Tan E, Harashima H. A novel IRQ ligand-modified nano-
carrier targeted to a unique pathway of caveolar endocytic pathway.
J Control Rel 2008;125(2):164e73.

[139] Santos AO, da Silva LC, Bimbo LM, de Lima MC, Simoes S, Moreira JN. Design
of peptide-targeted liposomes containing nucleic acids. Biochim Biophys
Acta 2010;1798(3):433e41.

[140] Shen Y, Wang B, Lu Y, Ouahab A, Li Q, Tu J. A novel tumor-targeted delivery
system with hydrophobized hyaluronic acid-spermine conjugates (HHSCs)
for efficient receptor-mediated siRNA delivery. Int J Pharm 2011;414(1e2):
233e43.

[141] Kumari S, Mg S. MayorS. Endocytosis unplugged: multiple ways to enter the
cell. Cell Res 2010;20(3):256e75.

[142] Vercauteren D, Vandenbroucke RE, Jones AT, Rejman J, Demeester J, De
Smedt SC, et al. The use of inhibitors to study endocytic pathways of gene
carriers: optimization and pitfalls. Mol Ther 2010;18(3):561e9.

[143] Rehman Z, Hoekstra D, Zuhorn IS. Protein kinase A inhibition modulates the
intracellular routing of gene delivery vehicles in HeLa cells, leading to
productive transfection. J Control Rel 2011;156:76e84.

[144] Sahay G, Alakhova DY, Kabanov AV. Endocytosis of nanomedicines. J Control
Rel 2010;145(3):182e95.

[145] Gabrielson NP, Pack DW. Efficient polyethylenimine-mediated gene delivery
proceeds via a caveolar pathway in HeLa cells. J Control Rel 2009;136(1):
54e61.

[146] Hobel S, Loos A, Appelhans D, Schwarz S, Seidel J, Voit B, et al. Maltose- and
maltotriose-modified, hyperbranched poly(ethylene imine)s (OM-PEIs):
physicochemical and biological properties of DNA and siRNA complexes.
J Control Rel 2011;149(2):146e58.

[147] Rejman J, Oberle V, Zuhorn IS, Hoekstra D. Size-dependent internalization of
particles via the pathways of clathrin- and caveolae-mediated endocytosis.
Biochem J 2004;377(Pt 1):159e69.

[148] Hsu CYM, Uludag H. Nucleic-acid based gene therapeutics: delivery chal-
lenges and modular design of gene carriers and expression cassettes to
overcome intracellular barriers to sustained targeted expression. J Drug
Target 2012, in press.



H. M. Aliabadi et al. / Biomaterials 33 (2012) 2546e2569 2567
[149] Patil ML, Zhang M, Minko T. Multifunctional triblock Nanocarrier (PAMAM-
PEG-PLL) for the efficient intracellular siRNA delivery and gene silencing.
ACS Nano 2011;5(3):1877e87.

[150] Stanton MG, Colletti SL. Medicinal chemistry of siRNA delivery. J Med Chem
2010;53(22):7887e901.

[151] Zhang J, Fan H, Levorse DA, Crocker LS. Interaction of cholesterol-conjugated
ionizable amino lipids with biomembranes: lipid polymorphism, structure-
activity relationship, and implications for siRNA delivery. Langmuir 2011;
27(15):9473e83.

[152] Zhang J, Fan H, Levorse DA, Crocker LS. Ionization behavior of amino lipids
for siRNA delivery: determination of ionization constants, SAR, and the
impact of lipid pKa on cationic lipid-biomembrane interactions. Langmuir
2011;27(5):1907e14.

[153] Philipp A, Zhao X, Tarcha P, Wagner E, Zintchenko A. Hydrophobically
modified oligoethylenimines as highly efficient transfection agents for siRNA
delivery. Bioconjug Chem 2009;20(11):2055e61.

[154] Plank C, Zauner W, Wagner E. Application of membrane-active peptides for
drug and gene delivery across cellular membranes. Adv Drug Deliv Rev 1998;
34(1):21e35.

[155] Kim SW, Kim NY, Choi YB, Park SH, Yang JM, Shin S. RNA interference in vitro
and in vivo using an arginine peptide/siRNA complex system. J Control Rel
2010;143(3):335e43.

[156] Endoh T, Ohtsuki T. Cellular siRNA delivery using cell-penetrating peptides
modified for endosomal escape. Adv Drug Deliv Rev 2009;61(9):704e9.

[157] Huth S, Hoffmann F, von Gersdorff K, Laner A, Reinhardt D, Rosenecker J,
et al. Interaction of polyamine gene vectors with RNA leads to the dissoci-
ation of plasmid DNA-carrier complexes. J Gene Med 2006;8(12):1416e24.

[158] Gosselin MA, Guo W, Lee RJ. Efficient gene transfer using reversibly cross-
linked low molecular weight polyethylenimine. Bioconjug Chem 2001;
12(6):989e94.

[159] Forrest ML, Koerber JT, Pack DW. A degradable polyethylenimine derivative
with low toxicity for highly efficient gene delivery. Bioconjug Chem 2003;
14(5):934e40.

[160] Mescalchin A, Detzer A, Wecke M, Overhoff M, Wunsche W, Sczakiel G.
Cellular uptake and intracellular release are major obstacles to the thera-
peutic application of siRNA: novel options by phosphorothioate-stimulated
delivery. Expert Opin Biol Ther 2007;7(10):1531e8.

[161] Bartlett DW, Davis ME. Physicochemical and biological characterization of
targeted, nucleic acid-containing nanoparticles. Bioconjug Chem 2007;18(2):
456e68.

[162] Griesenbach U, Kitson C, Escudero Garcia S, Farley R, Singh C, Somerton L,
et al. Inefficient cationic lipid-mediated siRNA and antisense oligonucleotide
transfer to airway epithelial cells in vivo. Respir Res 2006;7:26.

[163] Jagannath A, Wood MJ. Localization of double-stranded small interfering
RNA to cytoplasmic processing bodies is Ago2 dependent and results in up-
regulation of GW182 and Argonaute-2. Mol Biol Cell 2009;20(1):521e9.

[164] Kim N, Jiang D, Jacobi AM, Lennox KA, Rose SD, Behlke MA, et al. Synthesis
and characterization of mannted pegylated polyethylenimine as a carrier for
siRNA. Int J Pharm ; in press, corrected proof.

[165] Portis AM, Carballo G, Baker GL, Chan C, Walton SP. Confocal microscopy for
the analysis of siRNA delivery by polymeric nanoparticles. Micros Res Tech
2010;73(9):878e85.

[166] Xiong XB, Lavasanifar A. Traceable multifunctional micellar nanocarriers for
cancer-targeted co-delivery of MDR-1 siRNA and doxorubicin. ACS Nano
2011;5(6):5202e13.

[167] Li SD, Chono S, Huang L. Efficient gene silencing in metastatic tumor by
siRNA formulated in surface-modified nanoparticles. J Control Rel 2008;
126(1):77e84.

[168] Holt CE, Bullock SL. Subcellular mRNA localization in animal cells and why it
matters. Science 2009;326(5957):1212e6.

[169] Chiu YL, Ali A, Chu CY, Cao H, Rana TM. Visualizing a correlation between
siRNA localization, cellular uptake, and RNAi in living cells. Chem Biol 2004;
11(8):1165e75.

[170] Yousif LF, Stewart KM, Horton KL, Kelley SO. Mitochondria-penetrating
peptides: sequence effects and model cargo transport. Chembiochem 2009;
10(12):2081e8.

[171] Rahbek UL, Howard KA, Oupicky D, Manickam DS, Dong M, Nielsen AF, et al.
Intracellular siRNA and precursor miRNA trafficking using bioresponsive
copolypeptides. J Gene Med 2008;10(1):81e93.

[172] Detzer A, Engel C, Wunsche W, Sczakiel G. Cell stress is related to re-
localization of Argonaute 2 and to decreased RNA interference in human
cells. Nucleic Acid Res 2011;39(7):2727e41.

[173] Akhtar S, Benter IF. Nonviral delivery of synthetic siRNAs in vivo. J Clin Invest
2007;117(12):3623e32.

[174] Harris JM, Martin NE, Modi M. Pegylation: a novel process for modifying
pharmacokinetics. Clin Pharmacokinet 2001;40(7):539e51.

[175] Guo J, Fisher KA, Darcy R, Cryan JF, O’Driscoll C. Therapeutic targeting in the
silent era: advances in non-viral siRNA delivery. Mol Biosyst 2010;6(7):
1143e61.

[176] Aigner A. Cellular delivery in vivo of siRNA-based therapeutics. Curr Pharm
Des 2008;14(34):3603e19.

[177] Tolentino MJ, Brucker AJ, Fosnot J, Ying GS, Wu IH, Malik G, et al. Intravitreal
injection of vascular endothelial growth factor small interfering RNA inhibits
growth and leakage in a nonhuman primate, laser-induced model of
choroidal neovascularization. Retina 2004;24(4):660.
[178] Shen J, Samul R, Silva RL, Akiyama H, Liu H, Saishin Y, et al. Suppression of
ocular neovascularization with siRNA targeting VEGF receptor 1. Gene Ther
2006;13(3):225e34.

[179] Dorn G, Patel S, Wotherspoon G, Hemmings-Mieszczak M, Barclay J, Natt FJ,
et al. siRNA relieves chronic neuropathic pain. Nucleic Acid Res 2004;32(5):
e49.

[180] Luo MC, Zhang DQ, Ma SW, Huang YY, Shuster SJ, Porreca F, et al. An efficient
intrathecal delivery of small interfering RNA to the spinal cord and periph-
eral neurons. Mol Pain 2005;1:29.

[181] Yano J, Hirabayashi K, Nakagawa S, Yamaguchi T, Nogawa M, Kashimori I,
et al. Antitumor activity of small interfering RNA/cationic liposome complex
in mouse models of cancer. Clin Cancer Res 2004;10(22):7721e6.

[182] Palliser D, Chowdhury D, Wang QY, Lee SJ, Bronson RT, Knipe DM, et al. An
siRNA-based microbicide protects mice from lethal herpes simplex virus 2
infection. Nature 2006;439(7072):89e94.

[183] Morrissey DV, Lockridge JA, Shaw L, Blanchard K, Jensen K, Breen W, et al.
Potent and persistent in vivo anti-HBV activity of chemically modified siR-
NAs. Nat Biotechnol 2005;23(8):1002e7.

[184] Landen CN, Merritt WM, Mangala LS, Sanguino AM, Bucana C, Lu C, et al.
Intraperitoneal delivery of liposomal siRNA for therapy of advanced ovarian
cancer. Cancer Biol Ther 2006;5(12):1708e13.

[185] Urban-Klein B, Werth S, Abuharbeid S, Czubayko F, Aigner A. RNAi-mediated
gene-targeting through systemic application of polyethylenimine (PEI)-
complexed siRNA in vivo. Gene Ther 2005;12(5):461e6.

[186] Soutschek J, Akinc A, Bramlage B, Charisse K, Constien R, Donoghue M, et al.
Therapeutic silencing of an endogenous gene by systemic administration of
modified siRNAs. Nature 2004;432(7014):173e8.

[187] Harborth J, Elbashir SM, Vandenburgh K, Manninga H, Scaringe SA, Weber K,
et al. Sequence, chemical, and structural variation of small interfering RNAs
and short hairpin RNAs and the effect on mammalian gene silencing. Anti-
sense Nucleic Acid Drug Dev 2003;13(2):83e105.

[188] Kim SH, Jeong JH, Lee SH, Kim SW, Park TG. Local and systemic delivery of
VEGF siRNA using polyelectrolyte complex micelles for effective treatment of
cancer. J Control Rel 2008;129(2):107e16.

[189] Dassie JP, Liu XY, Thomas GS, Whitaker RM, Thiel KW, Stockdale KR, et al.
Systemic administration of optimized aptamer-siRNA chimeras promotes
regression of PSMA-expressing tumors. Nat Biotechnol 2009;27(9):839e49.

[190] Li SD, Chen YC, Hackett MJ, Huang L. Tumor-targeted delivery of siRNA by
self-assembled nanoparticles. Mol Ther 2008;16(1):163e9.

[191] Judge AD, Bola G, Lee AC, MacLachlan I. Design of noninflammatory synthetic
siRNAmediating potent gene silencing in vivo.Mol Ther 2006;13(3):494e505.

[192] Guo D, Wang B, Han F, Lei T. RNA interference therapy for glioblastoma.
Expert Opin Biol Ther 2010;10(6):927e36.

[193] LowW, Mortlock A, Petrovska L, Dottorini T, Dougan G, Crisanti A. Functional
cell permeable motifs within medically relevant proteins. J Biotechnol 2007;
129(3):555e64.

[194] Schroeder A, Levins CG, Cortez R, Langer R, Anderson DG. Lipid-based
nanotherapeutics for siRNA delivery. J Intern Med 2009;267:9e21.

[195] Xu L, Anchordoquy T. Drug delivery trends in clinical trials and translational
medicine: challenges and opportunities in the delivery of nucleic acid-based
therapeutics. J Pharm Sci 2011;100(1):38e52.

[196] Ishida T, Kiwada H. Accelerated blood clearance (ABC) phenomenon upon
repeated injection of PEGylated liposomes. Int J Pharm 2008;354(1e2):
56e62.

[197] Dash PR, Read ML, Barrett LB, Wolfert MA, Seymour LW. Factors affecting
blood clearance and in vivo distribution of polyelectrolyte complexes for
gene delivery. Gene Ther 1999;6(4):643e50.

[198] Owens DE, Peppas NA. Opsonization, biodistribution, and pharmacokinetics
of polymeric nanoparticles. Int J Pharm 2006;307(1):93e102.

[199] Alexis F, Pridgen E, Molnar LK, Farokhzad OC. Factors affecting the clearance
and biodistribution of polymeric nanoparticles. Mol Pharm 2008;5(4):
505e15.

[200] Hashizume H, Baluk P, Morikawa S, McLean JW, Thurston G, Roberge S, et al.
Openings between defective endothelial cells explain tumor vessel leakiness.
Am J Pathol 2000;156(4):1363e80.

[201] Wang GL, Jiang BH, Rue EA, Semenza GL. Hypoxia-inducible factor 1 is
a basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension.
Proc Natl Acad Sci USA 1995;92(12):5510e4.

[202] Jain RK. Transport of molecules across tumor vasculature. Cancer Metastasis
Rev 1987;6(4):559e93.

[203] Alam MR, Ming X, Fisher M, Lackey JG, Rajeev KG, Manoharan M, et al.
Multivalent cyclic RGD conjugates for targeted delivery of small interfering
RNA. Bioconjug Chem 2011;22(8):1673e81.

[204] Kumar P, Wu H, McBride JL, Jung KE, Kim MH, Davidson BL, et al. Trans-
vascular delivery of small interfering RNA to the central nervous system.
Nature 2007;448(7149):39e43.

[205] Cesarone G, Edupuganti OP, Chen CP, Wickstrom E. Insulin receptor
substrate 1 knockdown in human MCF7 ERþ breast cancer cells by nuclease-
resistant IRS1 siRNA conjugated to a disulfide-bridged D-peptide analogue of
insulin-like growth factor 1. Bioconjug Chem 2007;18(6):1831e40.

[206] Chu TC, Twu KY, Ellington AD, Levy M. Aptamer mediated siRNA delivery.
Nucleic Acid Res 2006;34(10):e73.

[207] Xia CF, Zhang Y, Boado RJ, Pardridge WM. Intravenous siRNA of brain cancer
with receptor targeting and avidin-biotin technology. Pharm Res 2007;
24(12):2309e16.



H. M. Aliabadi et al. / Biomaterials 33 (2012) 2546e25692568
[208] Pirollo KF, Rait A, Zhou Q, Hwang SH, Dagata JA, Zon G, et al. Materializing
the potential of small interfering RNA via a tumor-targeting nanodelivery
system. Cancer Res 2007;67(7):2938e43.

[209] Ross JF, Chaudhuri PK, Ratnam M. Differential regulation of folate
receptor isoforms in normal and malignant tissues in vivo and in estab-
lished cell lines. Physiologic and clinical implications. Cancer 1994;73(9):
2432e43.

[210] Yoshizawa T, Hattori Y, Hakoshima M, Koga K, Maitani Y. Folate-linked lipid-
based nanoparticles for synthetic siRNA delivery in KB tumor xenografts. Eur
J Pharm Biopharm 2008;70(3):718e25.

[211] Kawakami S, Yamashita F, Nishida K, Nakamura J, Hashida M. Glycosylated
cationic liposomes for cell-selective gene delivery. Crit Rev Ther Drug Carrier
Syst 2002;19(2):171e90.

[212] Schaefer L, Schaefer RM. Proteoglycans: from structural compounds to
signaling molecules. CellTissue Res 2010;339(1):237e46.

[213] Frantz C, Stewart KM, Weaver VM. The extracellular matrix at a glance. J Cell
Sci 2010;123:4195e200.

[214] Burke RS, Pun SH. Extracellular barriers to in vivo PEI and PEGylated PEI
polyplex-mediated gene delivery to the liver. Bioconjug Chem 2008;19(3):
693e704.

[215] Pujals S, Fernandez-Carneado J, Lopez-Iglesias C, Kogan MJ, Giralt E. Mech-
anistic aspects of CPP-mediated intracellular drug delivery: relevance of CPP
self-assembly. Biochim Biophys Acta 2006;1758(3):264e79.

[216] Barakat MR, Kaiser PK. VEGF inhibitors for the treatment of neovascular age-
related macular degeneration. Expert Opin Investig Drugs 2009;18(5):
637e46.

[217] Kaiser PK, Symons RC, Shah SM, Quinlan EJ, Tabandeh H, Do DV, et al. RNAi-
based treatment for neovascular age-related macular degeneration by Sirna-
027. Am J Ophthalmol 2010;150(1):33e9.

[218] Molitoris BA, Dagher PC, Sandoval RM, Campos SB, Ashush H, Fridman E,
et al. siRNA targeted to p53 attenuates ischemic and cisplatin-induced acute
kidney injury. J Am Soc Nephrol 2009;20(8):1754e64.

[219] Zamora MR, Budev M, Rolfe M, Gottlieb J, Humar A, Devincenzo J, et al. RNA
interference therapy in lung transplant patients infected with respiratory
syncytial virus. Am J Respir Crit Care Med 2011;183(4):531e8.

[220] Leachman SA, Hickerson RP, Hull PR, Smith FJ, Milstone LM, Lane EB, et al.
Therapeutic siRNAs for dominant genetic skin disorders including pachyo-
nychia congenita. J Dermatol Sci 2008;51(3):151e7.

[221] Leachman SA, Hickerson RP, Schwartz ME, Bullough EE, Hutcherson SL,
Boucher KM, et al. First-in-human mutation-targeted siRNA phase Ib trial of
an inherited skin disorder. Mol Ther 2010;18(2):442e6.

[222] Santel A, Aleku M, Keil O, Endruschat J, Esche V, Fisch G, et al. A novel siRNA-
lipoplex technology for RNA interference in the mouse vascular endothe-
lium. Gene Ther 2006;13(16):1222e34.

[223] Aleku M, Schulz P, Keil O, Santel A, Schaeper U, Dieckhoff B, et al.
Atu027, a liposomal small interfering RNA formulation targeting
protein kinase N3, inhibits cancer progression. Cancer Res 2008;68(23):
9788e98.

[224] Brower V. RNA interference advances to early-stage clinical trials. J Natl
Cancer Inst 2010;102(19):1459e61.

[225] Brown MS, Goldstein JL. A receptor-mediated pathway for cholesterol
homeostasis. Science 1986;232(4746):34e47.

[226] Love KT, Mahon KP, Levins CG, Whitehead KA, Querbes W, Dorkin JR, et al.
Lipid-like materials for low-dose, in vivo gene silencing. Proc Natl Acad Sci
USA 2010;107(5):1864e9.

[227] Wohlbold L, van der Kuip H, Miething C, Vornlocher HP, Knabbe C, Duyster J,
et al. Inhibition of bcr-abl gene expression by small interfering RNA sensi-
tizes for imatinib mesylate (STI571). Blood 2003;102(6):2236e9.

[228] Koldehoff M, Steckel NK, Beelen DW, Elmaagacli AH. Therapeutic application
of small interfering RNA directed against bcr-abl transcripts to a patient with
imatinib-resistant chronic myeloid leukaemia. Clin Exp Med 2007;7(2):
47e55.

[229] Heidel JD, Liu JY, Yen Y, Zhou B, Heale BS, Rossi JJ, et al. Potent siRNA
inhibitors of ribonucleotide reductase subunit RRM2 reduce cell proliferation
in vitro and in vivo. Clin Cancer Res 2007;13(7):2207e15.

[230] Higuchi Y, Kawakami S, Hashida M. Strategies for in vivo delivery of siRNAs:
recent progress. BioDrugs 2010;24(3):195e205.

[231] Talks KL, Turley H, Gatter KC, Maxwell PH, Pugh CW, Ratcliffe PJ, et al. The
expression and distribution of the hypoxia-inducible factors HIF-1alpha and
HIF-2alpha in normal human tissues, cancers, and tumor-associated
macrophages. Am J Pathol 2000;157(2):411e21.

[232] Sun C, Tang T, Uludag H. Molecular dynamics simulations of PEI mediated
DNA aggregation. Biomacromolecules 2011;12(10):3698e707.

[233] Kojima H, Endo K, Moriyama H, Tanaka Y, Alnemri ES, Slapak CA, et al.
Abrogation of mitochondrial cytochrome c release and caspase-3 activation
in acquired multidrug resistance. J Biol Chem 1998;273(27):16647e50.

[234] Ji M, Li J, Yu H, Ma D, Ye J, Sun X, et al. Simultaneous targeting of MCL1 and
ABCB1 as a novel strategy to overcome drug resistance in human leukaemia.
Br J Haematol 2009;145(5):648e56.

[235] Kim DW, Kim KO, Shin MJ, Ha JH, Seo SW, Yang J, et al. siRNA-based targeting
of antiapoptotic genes can reverse chemoresistance in P-glycoprotein
expressing chondrosarcoma cells. Mol Cancer 2009;8:28.

[236] Saad M, Garbuzenko OB, Minko T. Co-delivery of siRNA and an anticancer
drug for treatment of multidrug-resistant cancer. Nanomedicine 2008;3(6):
761e76.
[237] Schiffelers RM, Ansari A, Xu J, Zhou Q, Tang Q, Storm G, et al. Cancer siRNA
therapy by tumor selective delivery with ligand-targeted sterically stabilized
nanoparticle. Nucleic Acid Res 2004;32(19):e149.

[238] Kim SH, Jeong JH, Lee SH, Kim SW, Park TG. LHRH receptor-mediated
delivery of siRNA using polyelectrolyte complex micelles self-assembled
from siRNA-PEG-LHRH conjugate and PEI. Bioconjug Chem 2008;19(11):
2156e62.

[239] Kim SS, Ye C, Kumar P, Chiu I, Subramanya S, Wu H, et al. Targeted delivery
of siRNA to macrophages for anti-inflammatory treatment. Mol Ther 2010;
18(5):993e1001.

[240] Kim SH, Lee SH, Tian H, Chen X, Park TG. Prostate cancer cell-specific VEGF
siRNA delivery system using cell targeting peptide conjugated polyplexes.
J Drug Target 2009;17(4):311e7.

[241] Lu ZX, Liu LT, Qi XR. Development of small interfering RNA delivery system
using PEI-PEG-APRPG polymer for antiangiogenic vascular endothelial
growth factor tumor-targeted therapy. Int J Nanomedicine 2011;6:1661e73.

[242] Nam HY, McGinn A, Kim PH, Kim SW, Bull DA. Primary cardiomyocyte-
targeted bioreducible polymer for efficient gene delivery to the myocar-
dium. Biomaterials 2010;31(31):8081e7.

[243] Subramanya S, Kim SS, Abraham S, Yao J, Kumar M, Kumar P, et al. Targeted
delivery of small interfering RNA to human dendritic cells to suppress
dengue virus infection and associated proinflammatory cytokine production.
J Virol 2010;84(5):2490e501.

[244] Zhou J, Swiderski P, Li H, Zhang J, Neff CP, Akkina R, et al. Selection, char-
acterization and application of new RNA HIV gp 120 aptamers for facile
delivery of Dicer substrate siRNAs into HIV infected cells. Nucleic Acid Res
2009;37(9):3094e109.

[245] Feng C, Wang T, Tang R, Wang J, Long H, Gao X, et al. Silencing of the MYCN
gene by siRNA delivered by folate receptor-targeted liposomes in LA-N-5
cells. Pediatr Surg Int 2010;26(12):1185e91.

[246] Benoit DS, Srinivasan S, Shubin AD, Stayton PS. Synthesis of folate-
functionalized RAFT polymers for targeted siRNA delivery. Bio-
macromolecules 2011;12(7):2708e14.

[247] Zhang K, Wang Q, Xie Y, Mor G, Sega E, Low PS, et al. Receptor-mediated
delivery of siRNAs by tethered nucleic acid base-paired interactions. RNA
2008;14(3):577e83.

[248] Kim SH, Jeong JH, Ou M, Yockman JW, Kim SW, Bull DA. Cardiomyocyte-
targeted siRNA delivery by prostaglandin E(2)-Fas siRNA polyplexes
formulated with reducible poly(amido amine) for preventing cardiomyocyte
apoptosis. Biomaterials 2008;29(33):4439e46.

[249] Chono S, Li SD, Conwell CC, Huang L. An efficient and low immunostimula-
tory nanoparticle formulation for systemic siRNA delivery to the tumor.
J Control Rel 2008;131(1):64e9.

[250] Li SD, Huang L. Targeted delivery of antisense oligodeoxynucleotide and
small interference RNA into lung cancer cells. Mol Pharm 2006;3(5):579e88.

[251] Sonoke S, Ueda T, Fujiwara K, Kuwabara K, Yano J. Galactose-modified
cationic liposomes as a liver-targeting delivery system for small interfering
RNA. Biol Pharm Bull 2011;34(8):1338e42.

[252] Asgeirsdottir SA, Talman EG, de Graaf IA, Kamps JA, Satchell SC,
Mathieson PW, et al. Targeted transfection increases siRNA uptake and gene
silencing of primary endothelial cells in vitroea quantitative study. J Control
Rel 2010;141(2):241e51.

[253] Gao J, Liu W, Xia Y, Li W, Sun J, Chen H, et al. The promotion of siRNA delivery
to breast cancer overexpressing epidermal growth factor receptor through
anti-EGFR antibody conjugation by immunoliposomes. Biomaterials 2011;
32(13):3459e70.

[254] Peer D, Zhu P, Carman CV, Lieberman J, Shimaoka M. Selective gene silencing
in activated leukocytes by targeting siRNAs to the integrin lymphocyte
function-associated antigen-1. Proc Natl Acad Sci USA 2007;104(10):
4095e100.

[255] Takeshita F, Minakuchi Y, Nagahara S, Honma K, Sasaki H, Hirai K, et al.
Efficient delivery of small interfering RNA to bone-metastatic tumors by
using atelocollagen in vivo. Proc Natl Acad Sci USA 2005;102(34):12177e82.

[256] Li SD, Chono S, Huang L. Efficient oncogene silencing and metastasis inhi-
bition via systemic delivery of siRNA. Mol Ther 2008;16(5):942e6.

[257] Peer D, Park EJ, Morishita Y, Carman CV, Shimaoka M. Systemic leukocyte-
directed siRNA delivery revealing cyclin D1 as an anti-inflammatory target.
Science 2008;319(5863):627e30.

[258] Futami K, Kumagai E, Makino H, Sato A, Takagi M, Shimamoto A, et al.
Anticancer activity of RecQL1 helicase siRNA in mouse xenograft models.
Cancer Sci 2008;99(6):1227e36.

[259] Merritt WM, Lin YG, Spannuth WA, Fletcher MS, Kamat AA, Han LY, et al.
Effect of interleukin-8 gene silencing with liposome-encapsulated small
interfering RNA on ovarian cancer cell growth. J Natl Cancer Inst 2008;
100(5):359e72.

[260] Aouadi M, Tesz GJ, Nicoloro SM, Wang M, Chouinard M, Soto E, et al. Orally
delivered siRNA targeting macrophage Map4k4 suppresses systemic
inflammation. Nature 2009;458(7242):1180e4.

[261] MacDiarmid JA, Amaro-Mugridge NB, Madrid-Weiss J, Sedliarou I, Wetzel S,
Kochar K, et al. Sequential treatment of drug-resistant tumors with targeted
minicells containing siRNA or a cytotoxic drug. Nat Biotechnol 2009;27(7):
643e51.

[262] Kumar P, Ban HS, Kim SS, Wu H, Pearson T, Greiner DL, et al. T cell-specific
siRNA delivery suppresses HIV-1 infection in humanized mice. Cell 2008;
134(4):577e86.



H. M. Aliabadi et al. / Biomaterials 33 (2012) 2546e2569 2569
[263] Wang XL, Xu R, Wu X, Gillespie D, Jensen R, Lu ZR. Targeted systemic
delivery of a therapeutic siRNA with a multifunctional carrier controls tumor
proliferation in mice. Mol Pharm 2009;6(3):738e46.

[264] McNamara 2nd JO, Andrechek ER, Wang Y, Viles KD, Rempel RE, Gilboa E,
et al. Cell type-specific delivery of siRNAs with aptamer-siRNA chimeras. Nat
Biotechnol 2006;24(8):1005e15.

[265] Wheeler LA, Trifonova R, Vrbanac V, Basar E,McKernan S, Xu Z, et al. Inhibition
of HIV transmission in human cervicovaginal explants and humanized mice
using CD4 aptamer-siRNA chimeras. J Clin Invest 2011;121(6):2401e12.

[266] Jiang G, Park K, Kim J, Kim KS, Hahn SK. Target specific intracellular delivery
of siRNA/PEI-HA complex by receptor mediated endocytosis. Mol Pharm
2009;6(3):727e37.
[267] Singerman L. Combination therapy using the small interfering RNA bev-
asiranib. Retina 2009;29(6 Suppl):S49e50.

[268] DeVincenzo J, Lambkin-Williams R, Wilkinson T, Cehelsky J, Nochur S,
Walsh E, et al. A randomized, double-blind, placebo-controlled study of an
RNAi-based therapy directed against respiratory syncytial virus. Proc Natl
Acad Sci USA 2010;107(19):8800e5.

[269] Davis ME, Zuckerman JE, Choi CH, Seligson D, Tolcher A, Alabi CA, et al.
Evidence of RNAi in humans from systemically administered siRNA via tar-
geted nanoparticles. Nature 2010;464(7291):1067e70.

[270] Dannull J, Lesher DT, Holzknecht R, Qi W, Hanna G, Seigler H, et al. Immu-
noproteasome down-modulation enhances the ability of dendritic cells to
stimulate antitumor immunity. Blood 2007;110(13):4341e50.


	Supramolecular assemblies in functional siRNA delivery: Where do we stand?
	1. Background on siRNA carriers
	1.1. Viral vectors for RNAi
	1.2. Non-viral carriers for RNAi
	1.2.1. Liposomes
	1.2.2. Lipoplexes
	1.2.3. Stable nucleic acid lipid particles (SNALP)
	1.2.4. Cationic polymers
	1.2.4.1. Chitosan
	1.2.4.2. Other natural polymers
	1.2.4.3. Polyethylenimine (PEI)
	1.2.4.4. Dendrimers
	1.2.4.5. Other synthetic polymers

	1.2.5. Peptides


	2. Supramolecular assembly of nucleic acids with non-viral carriers
	2.1. Thermodynamics of siRNA complexation with carriers
	2.2. Computational simulations of siRNA complexation with carriers

	3. A mechanistic look at cellular delivery of siRNA complexes
	3.1. Cell surface binding
	3.2. Cellular internalization
	3.3. Crossing lipid membranes for cytoplasmic release
	3.4. Transport within the cytoplasm

	4. In vivo siRNA delivery
	4.1. Administration route
	4.2. Stability in systemic circulation
	4.3. Immune recognition
	4.4. Biodistribution and target delivery
	4.4.1. Passive targeting
	4.4.2. Active targeting

	4.5. Extracellular matrix (ECM)

	5. Clinical studies employing siRNA therapies
	6. Future prospects of siRNA delivery
	Acknowledgements
	References


