Theranostics 2014, Vol. 4, Issue 12 1211
gL “B [VYSPRING
V§ INTERNATIONAL PUBLISHER 7I,evu“ostics

Review

2014; 4(12): 1211-1232. doi: 10.7150/ thno.8491

Functional Nanostructures for Effective Delivery of
Small Interfering RNA Therapeutics

Cheol Am Hong! and Yoon Sung Nam?.23*

1. Department of Biological Sciences, Korea Advanced Institute of Science and Technology (KAIST), 291 Daehak-ro, Yuseong-gu, Daejeon,

305-701, Republic of Korea;

2. Department of Materials Science and Engineering, Korea Advanced Institute of Science and Technology (KAIST), 291 Daehak-ro,

Yuseong-gu, Daejeon, 305-701, Republic of Korea;

3. KAIST Institute for NanoCentury and BioCentury, Korea Advanced Institute of Science and Technology (KAIST), 291 Daehak-ro,

Yuseong-gu, Daejeon, 305-701, Republic of Korea.

P4 Corresponding author: Yoon Sung Nam, E-mail: yoonsung@kaist.ac.kr; Tel.: +82-42-350-3311; Fax: +82-42-350-3310.

© Ivyspring International Publisher. This is an open-access article distributed under the terms of the Creative Commons License (http://creativecommons.org/
licenses/by-nc-nd/3.0/). Reproduction is permitted for personal, noncommercial use, provided that the article is in whole, unmodified, and properly cited.

Received: 2014.01.04; Accepted: 2014.02.23; Published: 2014.09.19

Abstract

Small interfering RNA (siRNA) has proved to be a powerful tool for target-specific gene silencing
via RNA interference (RNAI). Its ability to control targeted gene expression gives new hope to
gene therapy as a treatment for cancers and genetic diseases. However, siRNA shows poor
pharmacological properties, such as low serum stability, off-targeting, and innate immune re-
sponses, which present a significant challenge for clinical applications. In addition, siRNA cannot
cross the cell membrane for RNAI activity because of its anionic property and stiff structure.
Therefore, the development of a safe, stable, and efficient system for the delivery of siRNA
therapeutics into the cytoplasm of targeted cells is crucial. Several nanoparticle platforms for
siRNA delivery have been developed to overcome the major hurdles facing the therapeutic uses of
siRNA. This review covers a broad spectrum of non-viral siRNA delivery systems developed for
enhanced cellular uptake and targeted gene silencing in vitro and in vivo and discusses their char-
acteristics and opportunities for clinical applications of therapeutic siRNA.
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1. Introduction

Gene silencing by RNA interference (RNAi) was
first identified in a worm (C. elegans) in 1998 as a re-
sponse to long double-stranded RNA (dsRNA).! This
finding has been extended to plants, Drosophila, and
fungi.>* However, in mammalian cells, the introduc-
tion of long dsRNA activates anti-viral defense re-
sponses and nonspecific gene silencing though
RNAi5 The RNAi was considered as a highly con-
served natural mechanism that controls the gene ex-
pression triggered by a long dsRNA in the cyto-
plasm.¢ It was revealed that long dsRNA is processed
into short, uniform RNA fragments with 21 ~ 25 base
pairs (bp) by an RNase type-III enzyme, Dicer.”® The

RNA fragments are incorporated into the
RNA-induced silencing complex (RISC) and selec-
tively retrain one strand of the siRNA duplex. The
RISC scans and degrades a messenger RNA (mRNA)
complementary to the RNA loaded within the RISC,
resulting in sequence-specific gene silencing, after
which it is recycled for several rounds.” In 2001,
RNAi-mediated gene silencing in mammalian cells
was observed by short and synthetic dsRNA, known
as small interfering RNA (siRNA), which initiated a
new promising approach for therapeutic applications
of RNAi.1011 Unlike long dsRNA with over 100 bp,
synthetic siRNA has 21 ~ 23 bp with a 2-nucleotide

http://lwww.thno.org



Theranostics 2014, Vol. 4, Issue 12

1212

overhang at both of the 3' ends. In addition, siRNA is
incorporated into RISC without a Dicer processing
step.12 Synthetic siRNA has attracted much attention
because it can easily be designed and customized for
any gene.

Despite the increasing interest in siR-
NA-mediated gene silencing as a therapeutic strategy,
there remain many critical hurdles for practical ap-
plications, including rapid enzymatic degradation
and poor cellular uptake of siRNA.1314 The develop-
ment of effective siRNA delivery systems that can
safely escort siRNA into the cytoplasm of targeted
cells for successful siRNA therapy is crucial. To this
end, viruses (e.g., adenovirus, retrovirus, and lenti-
virus) have been studied as potential vectors for
siRNA delivery owing to their ability specifically to
attach and transport their own genomic materials into
cells.’>17 Although such viral vectors have relatively
high transfection efficiency, their clinical application
has been restricted by the potential risks of mutation,
inflammation, and immune responses.’® These in-
creasing concerns have led to the development of
synthetic non-viral vectors.

A variety of synthetic vectors based on cationic
polymers, peptides, and lipids have been suggested to
form compact nano-sized complexes with a hydro-
dynamic diameter of about 200 nm upon contact with
polyanionic nucleic acids.>? These polyelectrolyte
complexes have a net positive charge, which can in-
crease the chance of interaction with negatively
charged cell membranes and facilitate cellular uptake
via endocytosis. The structural stability of the com-
plexes depends upon the electrostatic interaction be-
tween the nucleic acids and cationic carriers in an
aqueous solution. In general, plasmid DNA can be
effectively condensed with cationic carriers to pro-
duce stable nanoscale complexes.?2 This approach is
applied to the siRNA delivery through originally de-
veloped for plasmid DNA delivery. Unlike plasmid
DNA, siRNA has a stiff structure and relatively low
spatial charge density, making it difficult to formulate
compact and condensed siRNA complexes.?* Un-

stable, loose siRNA complexes can be readily attacked
by enzymes in biological fluids, resulting in the rapid
degradation of siRNA before its arrival at a target
site.? To achieve enhanced structural stability of the
siRNA complexes, the use of an excess amount of
cationic carriers has been attempted. However, this
can increase the degree of nonspecific cytotoxicity.?6?
Therefore, the effective delivery of siRNA into the
cytoplasm of targeted cells is essential for successful
siRNA-based therapeutic applications. The current
preclinical trials of RNAi therapeutics are summa-
rized in Table 3.

In this review article, we detail the recent pro-
gress in the development of synthetic non-viral siR-
NA delivery systems, including siRNA-polymer
conjugates, siRNA-encapsulated liposomes, inorganic
nanoparticles, and engineered siRNA-based struc-
tures with RNAi activity.

2. siRNA-Polymer Conjugates

One of the attractive strategies for the effective
intracellular delivery of siRNA is the chemical conju-
gation of siRNA to synthetic polymers. The terminal
nucleotide modification of siRNA provides a con-
venient means of coupling siRNA with a variety of
polymers. In general, the modification of sense-strand
siRNA ends is preferred for siRNA-polymer conju-
gates because an antisense strand plays a critical role
in guiding the cleavage of a target mRNA for RNAi
activity.?82° The siRNA-polymer conjugates linked via
biodegradable bonds (e.g., reducible and ac-
id-sensitive bonds) can be readily dissociated, releas-
ing intact siRNA molecules into the cytoplasm fol-
lowing the cellular uptake step. In contrast,
non-degradable siRNA conjugates are processed by
endonuclease Dicer to regenerate biologically active
siRNA species in the cell (Figure 1). Depending on the
physicochemical properties of the polymer, siR-
NA-polymer conjugates show unique and outstand-
ing delivery characteristics in vitro and in vivo (Table
1).

Table I. Summary of siRNA-polymer conjugates used in siRNA delivery systems.

siRNA conjugates Carriers Diameter (nm) Zeta potential (mV)  Target genes  Target cells Ref.
PEG KALA peptides, bPEI (25 kDa)  98.7+5.1 Not shown VEGF DLD-1, PC-3 30~32
6-arm PEG KALA peptides 178 £ 32 +215+1.0 GFP MDA-MB-435 33
oligospermine Not used Luciferase A549 37
Lipids- oligospermine Not used 15 ~50 Not shown Luciferase A549 38
PBAVE-g-PEG, NAG, Not used 10+2 Not shown ApoB, PPARa  Hepatocytes 39
PLL-g-PEG, DMMAn-Mel ~ Not used 80 ~ 300 Not shown Luciferase Neuro-2A 40
PLGA LPEI (2.5 and 25 kDa) 308+7.7 +202+79 GFP MDA-MB-435 45
Hyaluronic acid LPEI (25 kDa) 250 ~ 300 -25~-20 Luciferase MDA-MB-231, MCF7 46
Dextran LPEI (25 kDa) 122.8 £0.42 +15.07 £0.38 GFP A549, HeLa 47
Dextran Not used 350.7 +44.4 Not shown Luciferase PC-3, LnCap 48
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Figure 1. Comparison of the intracellular processing of cleavable and non-cleavable siRNA-polymer conjugates for RNAi activity.

2.1. PEG conjugated siRNA delivery systems

Polyethyleneglycol (PEG) has been widely used
in gene delivery due to its steric stabilization effects,
biocompatibility, and anti-fouling properties. The
siRNA-PEG conjugate linked with disulfide bonds
was developed for systemic siRNA delivery (Figure
2a).3032 The siRNA-PEG conjugate was electrostati-
cally complexed with cationic carriers (e.g., branched
polyethylenimine (bPEI 25 kDa) and KALA peptides)
to form stable polyelectrolyte complex (PEC) micelles.
These micelles have a core/shell structure composed
of a siRNA/polycation complex in the core and a PEG
corona in the shell. The PEG corona chain prevents
the access of nucleases to the siRNA loaded within the
core, thus improving the blood circulation of siRNA.
The stability of the siRNA encapsulated into the PEC
micelles was maintained for more than 48 h in a 50 %
serum-containing medium, while the siRNA of the
siRNA/bPEI complexes without the PEG shell com-
pletely degraded after 8 h under the same condition.
In addition, the siRNA-PEG conjugate showed a sig-
nificant inhibition of vascular endothelial growth
factor (VEGF) expression in tumors and suppressed
the tumor growth following intratumoral and sys-
temic injections. Recently, it was also reported that a
six-armed PEG derivative was co-decorated with
siRNA and a cell-penetrating peptide, Hphl, via a
disulfide bond for enhanced cellular uptake and gene
silencing.®® The resultant six-armed PEG-siRNA-
Hphl conjugate was composed of siRNA and Hphl at
a ratio of approximately 3:1. This conjugate interacted
with KALA peptides to form stable complexes with a
diameter of 178 £ 32 nm and a zeta potential of 21.5 +
1.0 mV. It was conceivable that the conjugated siRNA
segments were incorporated into the core of the PEC
micelles and that multiple PEG chains and Hphl were
exposed to their surface. The level of green fluorescent
protein (GFP) fluorescence in the cells treated with the
six-armed PEG-siRNA-Hphl/KALA micelles de-
creased by 69 %, which indicates significantly more

efficient gene silencing as compared to that of siR-
NA/KALA complexes and six-armed
PEG-siRNA/KALA micelles. The same research
groups also explored the effects of the conjugation
position in non-cleavable siRNA-PEG conjugates on
the efficiency of gene silencing.3* They prepared
siRNA-PEG conjugates with different conjugation
sites at the 3' end and 5' end of the sense and antisense
strands of siRNA. It was found that the PEGylation
sites of siRNA were not critical factors and did not
significantly affect the RNAIi activity. However, the
conjugation of siRNA to PEG at the 3' end of the an-
tisense strand elicited an immune response compared
to cleavable siRNA-PEG conjugates. In another study,
siRNA-PEG conjugates were functionalized with lac-
tose® and folic acid’ as targeting ligands at the distal
end of PEG for targeted siRNA delivery. The
cell-targetable PEC micelles strongly interacted with
the receptors on the surface of the targeted cells, re-
sulting in enhanced cellular uptake and gene silencing
at low doses of siRNA.

2.2. Self-delivering siRNA conjugates without
the help of cationic carriers

Cationic polymers have also been linked to the
end of siRNA for use as a self-delivering siRNA con-
jugates (Figure 2b). The cationic siRNA conjugates do
not require complexation with polymeric carriers for
efficient siRNA delivery into cells and more than 10
times smaller than a typical polyelectrolyte complex
(~ 200 nm). For instance, Nothisen et al. developed
cationic oligospermine-siRNA conjugates by grafting
the appropriate number of cationic spermine units to
the end of siRNA for carrier-free siRNA delivery.?”
They were composed of 30 spermine molecules at the
5' end of sense strands, which made the net charge of
siRNA positive. Confocal microscopy analysis indi-
cated that a fluorescently labeled cationic siRNA
conjugates showed a robust and diffuse staining pat-
tern in the cytoplasm. A dose-dependent knockdown
of luciferase expression was observed without the
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help of a cationic carrier. In addition, lipids (e.g., C12,
C14, and cholesterol) were also conjugated to the end
of oligospermine in cationic siRNA conjugates.3
Transmission electron microscopy (TEM) image of the
lipid-cationic siRNA conjugates showed mostly round
shaped micellar structures (< about 50 nm) compared
to cationic siRNA conjugates with 4 ~ 6 nm spots.
However, there was no significant difference in gene
silencing efficiency between them. Multiple different
elements such as targeted ligands, endosomal escape
moieties, and anti-fouling agents have also been
grafted to the end of siRNA for in vivo self-delivery of
siRNA. Rozema et al. developed a multifunctional
self-delivering siRNA conjugates called dynamic
siRNA polyconjugates.?® The chemical crosslinkers
were used to reversibly graft PEG as an anti-fouling
agent and N-acetylgalactosamine (NAG) as a hepatic
targeting ligand onto an endosomolytic polymer,
poly(vinyl ether) (PBAVE), after which an siRNA was
conjugated to the end of modified PBAVE via a disul-
fide bond. The resultant siRNA polyconjugates had a
negatively charged surface, high solubility, excellent
dispersion stability under physiological conditions,
and a hydrodynamic diameter of 10 + 2 nm. They
were engaged with galactose-specific receptors on
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hepatocytes and taken into the cells via recep-
tor-mediated endocytosis. In the endosome, the de-
creased pH induced the dissociation of PEG and NAG
from siRNA polyconjugates, activating the endosmo-
lytic capability of PBAVE and release of the siR-
NA-PBAVE conjugates into the cytoplasm. The re-
leased siRNA conjugates were degraded to generate
free siRNA via the cleavage of their disulfide bonds.
This exhibited the effective knockdown (about 80 ~ 90
%) of two endogenous genes, ApoB and PPARg, in a
mouse liver after an i.v. injection. Interestingly, the
gene-silencing effect lasted up to 10 days and re-
turned to near the control level by day 15 without
cytotoxicity or adverse inflammatory responses.
Meyer et al. also demonstrated bioresponsive and
endosomolytic siRNA polyconjugates based on a
PEG-modified poly-L-lysine (PLL) backbone coupled
with siRNA and dimethylmaleic anhydride masked
melittin (DMMAn-Mel) for endosomal release.*0 The
siRNA polyconjugates showed excellent structural
stability against anionic heparins but were readily
disassembled into monomeric siRNA under reducing
conditions, enabling siRNA-mediated gene silencing.
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Figure 2. Schematic illustration of the preparation and delivery strategies of different siRNA-polymer conjugates.

2.3. Hydrophobic polymers conjugated siRNA
delivery systems

Biodegradable solid polymers have also been
used in a siRNA-polymer conjugation approach.
Poly(lactic-co-glycolic acid) (PLGA) is a biodegrada-

ble and biocompatible polymer which has been uti-
lized for conjugation to various molecules, such as
small molecular drugs, proteins, antisense oligonu-
cleotides, and siRNA .44 An amphiphatic structure of
an A-B type block copolymer was fabricated using
siRNA-PLGA conjugates linked with disulfide bonds
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(Figure 2c).#> In an aqueous solution, the hydrophobic
PLGA block was self-aggregated into an inner core,
while the hydrophilic siRNA block formed an outer
shell, generating spherical core/shell type micelles.
The prepared siRNA-PLGA micelles had a diameter
of about 20 nm and a zeta potential of - 16.6 £ 2.6 mV.
In particular, the clustered siRNA shell layer had a
high spatial charge density, which enabled efficient
interactions with cationic polyelectrolytes (e.g., linear
polyethylenimine (LPEI) with a molecular weight
(MW) of 2.5 and 25 kDa) to form cationic micelle
structures. The LPEl-coated siRNA-PLGA micelles
exhibited a greater extent of cellular uptake and gene
silencing compared to the siRNA /LPEI complexes.

2.4. siRNA-grafted polymer delivery system

Recently, siRNA-grafted polymers have been
proposed as a promising strategy for siRNA delivery.
Hyaluronic acid (HA) is an anionic and natural pol-
ymer, which showed a strong affinity to CD 44 re-
ceptors on the cell membrane. Park et al. developed
reducible siRNA-grafted HA conjugates for a target
specific systemic delivery of siRNA to the liver (Fig-
ure 2d).* The conjugation of anionic HA (100 kDa) to
siRNA enhanced a spatial charge density of siRNA,
making it possible to form a tight complex with a
weak polycation of LPEI with a molecular weight of
25 kDa. In vivo gene silencing efficiency of the
MDA-MB-231 cells treated by the siRNA-HA/LPEI
complexes was about 60 %, while naked siRNA/LPEI
complexes showed no significant gene silencing.

siRNA-grafted dextran conjugates linked with
disulfide bonds was also developed to fabricate dex-
tran-coated siRNA complexes with LPEI (25 kDa) for
systemic siRNA delivery.#” Non-ionic, biocompatible,
and anti-fouling dextran shells improved the struc-
tural stability of siRNA complexes in the presence of
serum and showed tumor-targeting effects by the
conjugation of folic acids to the dextran. In vivo study
showed that folic acid-decorated dextran-grafted
siRNA/LPEI complexes were efficiently transfected
to target cells and induced sequence-specific gene
silencing via a tail-vein injection to mice. In another
study, two complementary single-stranded sense/
antisense siRNA-grafted dextran conjugates were
molecularly hybridized to form siRNA-cross-linked
nanoconstructs (NCs) (Figure 2e).#8 TEM analysis re-
vealed that the NCs had an average diameter of 100 ~
300 nm and a porous spherical structure. Notably, the
NCs did not require cationic reagents for siRNA
condensation, which reduced cytotoxicity and
non-specific binding. The surface of NCs were cou-
pled with the prostate-carcinoma-binding peptide

aptamer, DUP-1, which showed target-specific siRNA
delivery and gene silencing as compared to the NCs
without the aptamer. More recently, we reported a
new strategy for stable, compact nanogels incorpo-
rating siRNA via electrostatic interaction and chemi-
cal cross-linking between siRNA and LPEI (2.5 kDa)
(Figure 3).#° Thiol-terminated siRNA at both 3” ends
were cross-linked with thiol-grafted LPEI via disul-
fide bonds, which allowed siRNA/LPEI complexes to
be effectively condensed via inter- and in-
tra-molecular networks. However, these mutually
cross-linked siRNA/LPEI nanogels were readily dis-
sociated in the cytoplasm, releasing free monomeric
siRNA that can effectively trigger RNAIi effects. In
particular, the cross-linked LPEI also degraded into
oligomeric LPEI, which was known to be less toxic
than high-molecular-weight polyelectrolytes. The
siRNA /LPEI nanogels showed a much higher level of
cellular uptake in human epithelial carcinoma cells
(HeLa cells) and suppressed about 80 % of VEGF ex-
pression without cytotoxicity as compared to un-
treated cells. On the other hand, the siRNA/LPEI
complexes with only LPEl-mediated cross-links
showed no enhanced gene silencing and cellular up-
take.

3. siRNA-Loaded Encapsulated Lipo-
somes

Lipids can be spontaneously assembled to form
liposomes with spherical lipid bilayers in an aqueous
environment.’* A great variety of hydrophilic mole-
cules, such as small drugs, proteins, and nucleic acids,
can be entrapped within the hollow aqueous core
during the formation of liposomes.>2 The encapsu-
lation of siRNA into liposomes can avoid nonspecific
binding and degradation by proteins and enzymes in
the bloodstream, increasing the circulation time of
siRNA. In addition, the outer surface of liposomes can
be modified with various moieties through a
post-insertion method and by means of directed con-
jugation to the lipids. In particular, the lipid bilayers
of liposomes can be fused with other lipid bilayers,
facilitating the internalization of liposomes into the
cell membrane. These types of siRNA-encapsulated
liposomes have been proposed as a promising vehicle
for stable, efficient systemic delivery. A typical
structure of liposomes encapsulating siRNA is shown
in Figure 4. The representative examples of siR-
NA-loaded encapsulated liposomes for siRNA deliv-
ery are listed in Table 2 with the diameter and zeta
potential of nanoparticles, target genes, and target
cells.
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Table 2. Summary of siRNA-loaded encapsulated liposomes used in siRNA delivery.

Liposome components Diameter (nm) Zeta potential (mV) Target genes Target cells Ref.
Egg PC, Ch, PEG-PE, DOTAP, Arginine octamer (R8) 150 +55+17 HDM2 SK-MES-1 53
DOTAP, Ch, PEG-lipids 189.5+3.7 +498+4.0 GFP HeLa 54
DOPC Not shown Not shown EphA2 HeyA8, SKOV3ipl 55
DOTAP, DOPE, PEG-PE, Ch, Anti-EGFR/ Arginine 12 (R12) 200 Not shown Luciferase NCI-H322 56
DOTAP, Ch, Anisamide-DSPE-PEG, DSPE-PEG, 120 +45 Luciferase B16F10 57
DLinDMA, DSPC, Ch, PEG-C-DMA 141 +14 +202+79 HBV263, HBV1583  Hep2 60,61
Lipidoid, Ch, PEG-lipids 50 ~ 80 +2~34 Factor VII, ApoB Hepatocytes 62~ 64

PC, phosphatidylcholine; Ch, cholesterol; DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane; DPPE, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine; DOPC,
1,2-dioleoyl-sn-glycero-3-phosphatidylcholine; DSPE-PEG, distearoyl-sn-glycero-3-phosphoethanolamine-n-[methoxy (polyethyleneglycol)]; DOPE,
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; PEG-PE, polyethylene glycol-1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine; PEG-C-DMA, 3-N-[o-Methoxy
poly(ethylene glycol)carbamoyll]-1,2-dimyristyloxypropylamine; DSPC, 1,2-Distearoyl-sn-glycero-3-phosphocholine; DLinDMA,
1,2-dilinoleyloxy-N,N-dimethyl-3-aminopropane. HDM2, mouse double minute 2 homolog; EphA2, ephrin type-A receptor 2; HBV, hepatitis B virus; ApoB, apolipoprotein
B.
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3.1. Encapsulation of siRNA in liposomes via
the rehydration of dried lipid films

The simplest method to encapsulate siRNA into
the core of liposomes is to mix a dry, thin lipid film
with an aqueous siRNA solution. For example, a dry
lipid film composed of phosphatidylcholine, choles-
terols, cationic lipids, and PEG-lipids was hydrated
with a siRNA solution to form siRNA-encapsulated
cationic liposomes.®®> The cationic lipids (e.g.,
1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP)) were electrostatically complexed with
siRNA, allowing the efficient encapsulation of siRNA
into liposomes. The outer surfaces of the cationic lip-
osomes were conjugated with arginine octamers (R8)
as cell-penetrating peptides for enhanced cellular
uptake and gene silencing. The resultant
R8-liposomes encapsulating siRNA effectively inhib-
ited the targeted gene and significantly reduced the
proliferation of cancer cells.

3.2. Encapsulation of siRNA in liposomes via
the dehydration-rehydration process

Several studies have described the application of
lyophilization for the formulation of siRNA-loaded
liposomes. This process maintains the biological ac-
tivity of siRNA and the structural stability of the lipid
bilayers. The addition of lyoprotectants such as glu-
cose, sucrose, trehalose and lactose can also contribute
to the stabilization of liposomes during the drying
process, producing stable and dispersed liposomes.
PEGylated cationic liposomes were employed to en-
capsulate siRNA via hydration with a freeze-dried
matrix (HFDM) method.> Briefly, siRNA in a sucrose
solution was mixed with a mixture of lipids of
DOTAP, cholesterol, and PEG-lipids, in butanol. The
mixture was freeze-dried and rehydrated to form
siRNA-loaded liposomes. The prepared PEGylated
liposomes had diameters of 189.5 + 3.7 nm and a zeta
potential of 49.8 + 4.0 mV. There was no significant
change in these values for 1 month at 4 °C and at room
temperature. The level of GFP expression was de-
creased by 80 % in HeLa cells by transfection with
PEGylated cationic liposomes.

Despite the enhanced cellular uptake and en-
capsulation of siRNA, cationic liposomes can activate
an immune response in vivo. To solve this problem,
neutral liposomes were employed to incorporate
siRNA.>> Neutral 1,2-oleoyl-sn-glycero-3-phospho-
choline (DOPC) was mixed with siRNA in the pres-
ence of excess butanol and then lyophilized. This
process exhibited siRNA encapsulation efficiency of
about 65 % in the core of the liposomes, which was
relatively low compared to that by cationic liposomes
(about 90 %). These neutral liposomes encapsulating

siRNA showed a significant decrease of EphA2 ex-
pression in vitro and in vivo. In addition, liposomes
co-encapsulating siRNA and paclitaxel also dramati-
cally suppressed tumor growth via an i.v. injection.
The surface charge of the liposomes has been shown
to affect the in vivo distribution and location of lipo-
somes. Very interestingly, neutral liposomes showed
more enhanced accumulation in tumor tissues com-
pared with cationic DOTAP-based liposomes. This
result indicated that the surface charge of liposomes is
an important factor in determining the cellular uptake
and gene silencing efficiency.

Recent research has shown that two types of li-
pid-inverted micelles can be mixed and evaporated to
form asymmetric liposome particles (ALPs) with dif-
ferent components in their inner and outer layers,
The inner layer encapsulating siRNA was composed
of cationic lipids, and the outer layer was composed
of anionic lipids, PEG, and cholesterols. The ALPs
achieved more than 95 % siRNA encapsulation while
also protecting the siRNA from ribonuclease A and
other serum proteins. However, the ALPs were not
efficiently internalized into cells without surface
modification with a polyarginine peptide (R12) or
anti-human epidermal growth factor receptor anti-
body (anti-EGFR) due to their negative surface
charge. The surface-modified ALPs showed enhanced
cellular uptake and dose-dependent gene silencing. In
particular, the anti-EGFR-ALPs induced the
cell-specific delivery of siRNA via receptor-mediated
endocytosis.

3.3. Liposomes encapsulating with siRNA
complexes

To obtain a high loading efficiency, siRNA was
pre-condensed with cationic polymers, peptides, and
calcium phosphate and then incorporated into the
core of liposomes. It was demonstrated that cationic
polypeptide, protamine, and a mixture of siRNA and
HA were mixed to form negatively charged com-
plexes with about 150 nm in diameter.>” Cationic li-
pids were added to coat the siRNA/HA/protamine
complexes via electrostatic interaction, thereby form-
ing liposome-protamine-HA nanoparticles
(LPH-NPs). The LPH-NPs were further modified with
anisamide-PEG-lipids as a targeting ligand on their
surface via a post-insertion method. The targeted
LPH-NPs had a diameter of about 115 nm, a zeta po-
tential of 25 mV, and a loading efficiency of 90 %. An
in vivo study showed that the LPH-NPs silenced 80 %
of luciferase activity in a metastatic B16F10 tumor in
the lung after an 7.v. injection (0.15 mg siRNA/kg). In
a follow-up study, protamine was replaced with a
histone-based recombinant protein, tetra-H2A (TH).58
The incorporated TH with cathepsin D cleavage sites
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was readily degraded to dissociate siRNAs from
siRNA/HA/TH complexes due to the endoso-
mal/lysosomal proteases, enhancing the cytoplasmic
release of siRNA. The liposomes encapsulating the
siRNA/HA/TH complexes exhibited a higher si-
lencing efficiency of target genes in vitro and in vivo
than the LPH-NPs. In a similar approach, siRNA was
entrapped by rehydrating lyophilized neutral lipo-
somes with water containing siRNA/protamine
complexes, allowing about 80 % entrapment efficacy
of siRNA.>* HA was covalently attached to the surface
of the liposomes, stabilizing the liposomes in vivo as
well as serving as a point of attachment for a targeting
ligand, the 7 integrin monoclonal antibody.

The unstable complexes of siRNA with cationic
polymers are easily dissociated in the bloodstream
due to anionic biomolecules. The application of a lip-
osomal coating around the siRNA complexes is a
useful strategy to increase siRNA protections as well
as drug loading efficiency of liposomes.

3.4. Clinical trials of liposomes for RNAIi
therapeutics.

Stable nucleic acid lipid particles (SNALPs) have
been considered as one of the most promising li-
pid-based vehicles for siRNA therapeutics.6061
SNALPs have a hydrodynamic diameter of 140 nm
and an encapsulation efficiency of about 94 % for
siRNA. They are made of a mixture of lipids, includ-
ing cholesterols and cationic and neutral lipids, which
facilitate the cellular uptake and endosomal release of
siRNA via lipid bilayer fusion. The outer surface of
the SNALPs is also coated with PEG-lipid conjugates,

a b

/" Chemical crosslinker

Inorganic
nanoparticle

ol

Adsorption

siRNA conjugate

¢ d —

NI |
A

Nanoparticle cluster

)
% )%( g\Cationic shell

Electrostaticinteraction

‘ — Cationic layer

Anionic layer

which provide anti-fouling effects and structural sta-
bility. SNALPs exhibit efficient delivery to the liver
and the knockdown of therapeutically relevant target
genes, the hepatitis B virus in the mouse and the lip-
oprotein ApoB in nonhuman primates, without cyto-
toxicity and an immunoresponse. Recently, the phase
1 clinical trial was completed for SNALPs encapsu-
lating ApoB-specific siRNA. In another groups, the
synthesis, characterization, and identification of the
optimal siRNA carriers with lipid-like molecules
termed as ‘lipidoids” were investigated.®>¢* The lipid-
oids were composed of the amine-rich central part
attached to long oxoalkyl chains. The lipidoids nano-
particles encapsulated with siRNAs showed a diam-
eter of 50 ~ 80 nm, a zeta potential of + 2 ~34 mV, and
siRNA encapsulation efficiency of 90 ~ 95 %. Among
the huge of lipidoids, 98N12-5 lipidoid-based siRNA
nanoparticles inhibited 75 ~ 90 % of Factor VII or
ApoB expression in hepatocytes in mice or nonhuman
primates at 5 mg/kg doses. Especially, C12-200 lipid-
oids showed the best-performing gene silencing, in-
hibiting > 80 % of Factor VII expression at 0.03 mg/kg
of siRNA into mice. Notably, five different hepatic
genes (0.1 mg/kg total siRNA dose) were simultane-
ously silenced by a single i.v. injection of C12-200
lipidoids encapsulating pooled siRNAs.

4. Inorganic Nanoparticle-based siRNA
Delivery Systems

Recent advances in the synthesis process and
surface modification of inorganic nanoparticles have
led to the development of siRNA delivery and mo-
lecular imaging techniques. The functionalized sur-
faces of inorganic nanoparticles can
easily be immobilized with various
moieties, such as therapeutic drugs,
targeting ligands, fluorescent dyes, nu-
cleic acids and polymers. In addition,
the unique optical and electronic prop-
erties of inorganic nanoparticles make it
useful as a nanoprobe for biomedical
diagnosis and analysis. Several strate-
gies to immobilize siRNA onto the
surface of inorganic nanoparticles are
highlighted in Figure 5. Here, we de-
scribe representative inorganic nano-
particles, such as gold nanoparticles
(AuNPs), magnetic nanoparticles, and
quantum dots (QDs), for siRNA deliv-

Layer-by-layer assembly ery.

Figure 5. Strategy to load siRNA on inorganic nanoparticles: (a) Chemical conjugation and adsorption of
siRNA on a single nanoparticle surface; (b) electrostatic interaction of siRNA and cationic shell on (b) a single
nanoparticle and (c) cationic polymer-coated nanoparticle clusters; (d) layer-by-layer assembly of siRNA and

cationic polymers on a single nanoparticle surface.
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4.1. Gold Nanoparticles

AuNPs have been widely utilized as a gene de-
livery vehicle due to their biocompatibility, efficient
translocation, size diversity, and surface functionali-
zation.®® Their unique surfaces have provided the ef-
ficient attachment of siRNA onto AuNPs via chemi-
sorption and electrostatic interaction. However, there
are critical issues such as immune responses and
long-term cytotoxicity for AuNP-based applications.
Further studies seem to be necessary to clarify how
physical and chemical characteristics of AuNPs affect
their biological responses.

4.1.1. Adsorption and chemical conjugation of siRNA
on the AuNP surfaces

The first application of AuNPs to siRNA deliv-
ery was reported in 2006.% An siRNA bearing a thiol
group at the 5 end of the sense strand and
PEG-poly[2-(N, N-dimethylamino)ethyl methacry-
late] copolymer (PEG-PAMA) were co-decorated on
the surfaces of AuNPs with diameters of 15 nm via
Au-S interactions. Approximately 45 siRNA mole-
cules were attached onto each AuNP. It was interest-
ing to note that the AuNPs co-loaded with siRNA and
PEG could penetrate the cell membrane without
transfection agents, showing significant inhibition of
luciferase expression in HuH-7 cells. In another study,
the surface of AuNPs was modified with PEG, after
which siRNA was conjugated to the terminal end of
the PEG chain via a disulfide cross-linker.®” The
loading efficiency of siRNA per AuNP increased with
an increase in the salt concentration due to the reduc-
tion of electrostatic repulsion, resulting in that about
30 siRNA molecules were loaded onto each AuNP
with a diameter of 15 nm. The multiple siRNAs on the
AuNP surface allowed an effective coating with a
biodegradable cationic polymer, poly(B-amino ester)s
(PBAEs) via electrostatic interactions. The
PBAE-coated AuNPs reduced luciferase expression in
HelLa cells up to 90 %, while no silencing effect was
observed without the polymer coating. Giljohann et
al. reported highly dense RNA monolayer-coated
AuNPs termed as a polyvalent siRNA-AuNP conju-
gate.®® The sense siRNA-PEG-thiol conjugates were
absorbed onto the AuNPs and hybridized with anti-
sense siRNA, after which added with PEG-thiol for
enhanced structural stability. This approach enabled
33 + 4 molecules of siRNA to be loaded onto each
AuNP with a diameter of 13 nm. These nanoparticles
were efficiently transported into the cell without the
use of a transfection agent, showing prolonged RNAi
activity in vitro.

4.1.2. Electrostatic interaction of siRNA on the cati-
onic AuNP surfaces

The ionic interactions between siRNA and
AuNPs can also be used to pack siRNA onto AuNPs.
For instance, amine-functionalized AulNPs were em-
ployed as a vehicle for siRNA delivery.®® To prevent
uncontrollable ionic aggregation, a PEG chain was
linked to the end of siRNA via disulfide bonds. The
resultant siRNA-PEG conjugates electrostatically in-
teracted with AuNP to form well-dispersed
AuNP/siRNA-PEG complexes, resulting in a
core-shell structure composed of a siRNA core and a
PEG shell. Confocal laser scanning microscopy re-
vealed that the AuNP/siRNA-PEG complexes were
efficiently transported into the cell, resulting in en-
hanced gene silencing. In another study, triethylene-
tetramine (TETA)-terminated dendron was conju-
gated to the AuNP surface, forming dendronized
AuNPs for siRNA delivery.”? AuNPs capped with G2
dendrons resulted in the most effective complexation
with siRNA, leading to the suppression of the p-gal
expression by about 50 %.

Recently, the surface modification of AuNPs can
be easily prepared using cationic polymers as reduc-
ing and stabilizing agents. Song et al. reported that
bPEI (25 kDa) and HAuCly were mixed together in
aqueous solution to produce bPEI-coated AuNPs for
siRNA delivery.”? The resultant AuNP-PEI had a di-
ameter of 18.2 nm and a zeta potential of 17.1 + 1.0
mV. Importantly, the charge density and steric effect
of the coated bPEI maintained the original dispersion
stability level and allowed the efficient deposition of
siRNA through ionic interaction. The
AuNP-bPEI/siRNA complexes induced the efficient
gene silencing of exogenous GFP and endogenous
polo-like kinase 1 (PLk 1) in MDA-MB-435-GFP cells.
In a similar approach, catechol-grafted-bPEI (C-bPEI,
25 kDa) was used as a reducing agent as well as a
cross-linker between the AuNPs, forming spherical
bPEI-coated AuNP clusters.” Their size and surface
charge were controlled readily by adjusting the de-
gree of catechol substitution in C-bPEI. The siR-
NA /bPEI-C-AuNPs were further modified with PEG
to improve the dispersion stability in the presence of
serum. The gene-silencing efficiency of the PEGylated
siRNA/bPEI-C-AuNPs increased with an increase in
the number of the catechol groups per bPEL

4.1.3. A layer-by-layer approach of siRNA and poly-
mers on the AuNP surfaces

To achieve a high loading efficiency of siRNA, a
layer-by-layer (LBL) strategy was employed to form
multiple shells on AuNPs by repeating oppositely
charged polyelectrolytes.” In addition, LBL has been
used to tune the overall surface charge and to protect
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siRNA within the shielding layer from an enzymatic
attack. Anionic AuNPs were electrostatically com-
plexed with bPEI (25 kDa) and then sequentially de-
posited siRNA and bPEI to form
AuNP/bPEI/siRNA /bPEI complexes, which showed
an increased hydrodynamic diameter of 22 ~ 25 nm
compared to unmodified AuNPs with a diameter of
16 nm. On average, about 780 siRNA molecules were
complexed with each AuNP. The gene silencing effect
was observed in CHO-K1 cells treated with
AuNP/bPEI/siRNA/bPEI complexes compared to
that of AuNP/bPEI/siRNA complexes. Some func-
tional polyelectrolytes were also incorporated into the
LBL for enhanced gene silencing. Charge-shifting
AuNPs under an acidic environment were developed
as a carrier for siRNA delivery.” The surface of
AuNPs were initially modified with negatively
charged 11-mercaptoundecanoic acid (MUA) via Au-S
bonding, after which bPEI (25 kDa) was deposited
onto AuNP-MUA, forming cationic
AuNP-MUA/DPEI as a core for LBL assembly. The
cis-aconitic anhydride-functionalized poly(allyla-
mine) (PAH-Cit) and bPEI (25 kDa) were sequentially
deposited onto the AuNP-MUA /bPEI core via elec-
trostatic interaction. The incorporated PAH-Cit pol-
yanions underwent a charge-reversal reaction, im-
proving the endosomal escape of the nanoparticles
due to an increased proton sponge effect. Confocal
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laser scanning microscopic images indicated that the
charge-shifting AuNPs were widely distributed in the
cytoplasm compared to nanoparticles formulated
without PAH-Cit. The charge-shifting AuNPs (80 %)
showed more efficient gene silencing for lamin A/C
protein expression than non-charge shifting AuNPs
(20 %) and Lipofectamine 2000 (66 %). Recently, the
same group reported that AuNPs were directly re-
duced and stabilized by biocompatible chitosan (CS)
rather than by the conjugation of MUA to AuNPs,
resulting in the substitution AuNP-CS for AuNP-
MUA/bPEI as a core for LBL assembly (Figure 6).7
The AuNP-CS/PAH-Cit/bPEI nanoparticles had a
narrower size distribution with no reduction of the
intracellular delivery efficiency of siRNA. They also
induced significant suppression of MDR1 genes en-
coding P glycoprotein, a drug exporter membrane
protein, allowing increased cellular uptake of doxo-
rubicin in drug-resistant MCF-7 cells. Lee et al. also
incorporated protease-degradable peptides, PLL, and
siRNA on the surface of AuNPs to fabricate siR-
NA/PLL multilayer-coated AuNPs.”6 The PLL multi-
layer was degraded by a cathepsin B enzyme in the
cell to release the incorporated siRNA gradually, in-
ducing a prolonged gene-silencing effect. Important-
ly, the relative level of luciferase suppression in-
creasingly enhanced with the increased number of the
siRNA layers.

2
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Figure 6. (a) Schematic illustrations of the construction of a siRNA/PEI/PAH-Cit/CS-AuNP nanoparticle and the pH-responsive release of siRNA, (b) quantitative analysis of a
released siRNA from siRNA/PEI/PAH-Cit/CS-AuNP nanoparticle in a pH environment ranging from 7.4 to 5.5. (c) MDRI mRNA levels in cells treated with bPEI (25 kDa)/siRNA
complexes and siRNA/PEI/PAH-Cit/CS-AuNP nanoparticles. X is scrambled siRNA and GAPDH mRNA was used as a control. Copyright 2012 American Chemical Society.

4.1.4. AuNP clusters for siRNA delivery systems

Recently, HA was introduced to the outer layer
of AuNP/siRNA/DbPEI clusters for target-specific
systemic delivery.”7 Briefly, amine-functionalized
AuNPs with a diameter of 13 nm were electrostati-

cally complexed with siRNA to produce
AuNP/siRNA clusters, after which they were se-
quentially coated with bPEI (25 kDa) and HA via LBL.
The resultant clusters had a hydrodynamic diameter
of 165.5 £ 9.9 nm with a low polydispersity index and
a zeta potential of - 12 mV. The anionic HA layer acted
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as a protein-resistant anti-fouling layer that prevents
nonspecific interaction with serum proteins as well as
target-specific delivery via HA receptor-mediated
endocytosis. The AuNP/siRNA/bPEI/HA nanopar-
ticles showed an  excellent target-specific
gene-silencing efficiency of 70 % for B16F1 cells with
HA receptors in the presence of 50 % serum. Fur-
thermore, they significantly reduced the mRNA level
of apolipoprotein B to 20 % in the liver following
tail-vein injections to mice.

4.1.5. AuNP-based photo-inducible RNAi therapeutics

The surface plasmon resonance (SPR) absorption
of AuNPs at near-infrared (NIR) laser has drawn in-
creasing attention for applications to photo-inducible
RNAIi. The absorbed NIR light was inverted to heat
energy, which increased the surface temperature of
AuNP, resulting in the disintegration of Au-S bonds.
In addition, NIR light (700 ~ 900 nm) can penetrate
deep into the tissue without causing severe damage.
The laser-dependent desorption of siRNA was re-
ported for temporally and spatially controlled gene
silencing.” Thiolated siRNA bearing PEG at the 3' end
of the sense strand and Cy3 at the 5’ end of the anti-
sense strand were immobilized on the AuNP surfaces.
The prepared AuNP-siRNA-Cy3 was capped with
cationic trans-activator of transcription (Tat) peptide
lipids via electrostatic interaction for improved cellu-
lar uptake and siRNA protection, forming a
3-nm-thick lipid bilayer on the AuNP having a diam-
eter of about 40 nm. Confocal microscopy analysis
showed that multiple bright Cy3 fluorescent dots
were present in the cytoplasm following the exposure
of the transfected cells to a NIR laser. The GFP ex-
pression of C166-GFP cells treated with AuNP-siRNA
was reduced to 80 % by laser induction. Tar-
get-cell-specific gene silencing in vitro and in vivo via
NIR-induced release of siRNA from AuNPs was also
reported.” Folic acid (FA) was introduced as a tu-
mor-targeting moiety onto the AuNP attached with
siRNA via Au-S bonds. The fabricated
FA-PEG-AuNP-siRNA nanoparticles were internal-
ized into HelLa cells via receptor-mediated endocyto-
sis, inducing a gene inhibition rate of 92 % for NF-«B
p65 after NIR irradiation compared to scrambled
siRNA incorporated FA-PEG-AuNP-siRNA. In ex-
perimental tumor models, the effective
down-regulation of the NF-xB p65 was achieved only
in tumors stimulated with NIR irradiation following
an i.v. injection of FA-PEG-AuNP-siRNA. However,
organs without NIR exposure did not show any gene
silencing activity despite intracellular translocation.
Notably, NIR light exhibited the disruption of endo-
cytic vesicular membrane due to the heating of the
surrounding the AulNPs, facilitating endosomal re-

lease and RNAIi activity. Recently, an AuNP shell
functionalized with PLL was used to capture and re-
lease siRNA molecules in response to NIR light.8 The
light-triggered gene silencing was demonstrated to
decrease the expression of GFP to 49% in targeted
cells, while treatment without laser had only 80 %.

4.2. Magnetic Nanoparticles

Magnetic nanoparticles have been widely used
as a magnetic resonance imaging (MRI) contrast
agents for medical diagnoses of the liver, spleen, and
bone marrow.8! Moreover, recent studies have at-
tempted to apply magnetic nanoparticle-based gene
delivery systems for simultaneous diagnostic and
therapeutic functions in viv0.8283 For effective gene
delivery, it is necessary to modify the surface of
magnetic nanoparticles for the stable attachment of
therapeutic molecules. This surface functionalization
process can allow the effective loading of siRNA onto
magnetic nanoparticles.

4.2.1. Chemical conjugation of siRNA on magnetic
nanoparticles

Efficient siRNA delivery was reported using
two-layered iron oxide nanoparticles (IONPs, 8 nm in
diameter) stabilized with two different polymers.5
The polymer-stabilized IONPs were structured by an
inner layer of poly(oligoethylene glycol) methyl ether
acrylate, poly(OEG-A), which can be complexed with
siRNA, and an outer layer of poly(dimethylami-
noethyl acrylate), poly(DMAEA), which has an-
ti-fouling effects. Gene silencing in
GFP-overexpressing cells after the incubation of the
two-layered IONP/siRNA nanoparticles showed 50
% and 80 % levels in the presence and absence of a
magnetic field, respectively, compared to untreated
cells.

4.2.2. Magnetic nanoparticles for simultaneous siRNA
delivery and molecular imaging

Simultaneous imaging and delivery of siRNA
into target cells has also been attempted using a
magnetic nanoparticle. For example, the aminated
dextran-coated magnetic nanoparticles were cova-
lently linked with siRNA, Cy5.5 dyes, and mem-
brane-translocating peptides, allowing for real-time
monitoring of the treatment.®> A remarked drop in T>
relaxation times and high fluorescence were found in
the target tumors following systemic administration.
In addition, their presence in tumor cells reduced the
mRNA level of targeted genes down to 85 + 2 %, re-
sulting in the optical imaging to corroborate the RNAi
activity. Notably, these probes did not carry a tu-
mor-targeting moiety; however, they were accumu-
lated in tumor cells presumably due to enhanced

http://lwww.thno.org



Theranostics 2014, Vol. 4, Issue 12

1222

permeability and retention induced by leaky vascu-
lature in the tumor tissue compared to the tight en-
dothelial junctions of normal blood vessels.8¢ In an-
other  study, dendrimer-conjugated  magne-
to-fluorescent nanoworms, dendriworms, composed
of a series of about 7 iron oxide nanoparticles were
also suggested as carriers and imaging agents for in
vivo siRNA delivery.” To prepare dendriworms,
amine-modified nanoworms were labeled with NIR
dyes, and subsequently conjugated with cysteamine
core poly(amino amine) (PAMAM) G4 dendrimers via
a reducible cross-linker. The resultant dendriworms
showed a zeta potential of 16 ~ 24 mV and a diameter
of 80 ~ 100 nm. Dendriworms carrying siRNA re-
markably suppressed GFP expression in human glio-
blastoma cells in vitro, which was 2.5-fold more effi-
cient than commercial cationic lipids. In addition, they
led to significant inhibition of GFP expression in a
GFP-driven transgenic model of glioblastoma and
simultaneously enabled fluorescent tracking of siRNA
delivery following a direct i.v. injection into a mouse
brain. More recently, a cell-specific hollow manganese
oxide nanoparticle (HMON) probe, which generated a
bright signal density on Ti;-weighted imaging, was
proposed.88 The surface of the probe was coated with
3,4-dihydroxy-L-phenylalanine (DOPA)-conjugated
bPEI (25 kDa) through catechol-metal coordination
and then functionalized with a therapeutic monoclo-
nal antibody, Herceptin, which specially binds to the
human epidermal growth factor receptor 2 (HER2).
Confocal microscopy and MRI imaging studies re-
vealed that HMON-bPEI-Herceptin/siRNA nanopar-
ticles specifically detected HER2-overexpressing can-
cer cells due to ligand-receptor interaction while also
efficiently inhibiting VEGF expression.

4.2.3. Target-cell-specific magnetic nanoparticles.

To  enhance intracellular  translocation,
cell-targeting RGD peptides were introduced onto the
surfaces of magnetic nanoparticles functionalized
with siRNA and Cy5 dyes.®? The surface-bound siR-
NA numbered about 40 £ 1 per nanoparticle, and the
siRNA efficiently inhibited GFP expression. These
probes showed a strong T>-weighted contrast and
bright red fluorescence in MDA-MB-435 cells due to
RGD-mediated endocytosis. In another group, the
targeting peptide chlorotoxin (CTX) and siRNA were
covalently attached onto the surface of magnetic na-
noparticles surrounded with PEG-grafted chitosan
and bPEI (2 kDa).?® The resultant nanoparticles had a
hydrodynamic size of 111.9 £ 52.4 nm, a zeta potential
of 19.6 £ 9.7 mV, and a magnetic relaxation (R2) value
of 214.07 S mM-1. Gel retardation assays indicated
that about 3.8 siRNAs and 5 CTXs were immobilized
onto each nanoparticle. GFP-overexpressing C6 cells

treated with CTX-functionalized nanoparticles
showed a strong R; signal (4.2 fold) and significantly
inhibited GFP expression (62 %) compared to un-
treated cells. In a follow-up study, three types of cat-
ionic polymers (polyarginine, PLL, and PEI) were
used as a coating layer of magnetic nanoparticles and
were evaluated in terms of their gene-silencing effi-
ciency and intracellular pathway characteristics.”!
Gene-silencing activity and cell viability assessments
demonstrated that polyarginine-coated nanoparticles
were most effective while also showing the lowest
level of toxicity. Furthermore, TEM analysis revealed
that polyarginine-coated nanoparticles entered cells
through cell transcytosis, while PLL and PEl-coated
nanoparticles were translocated into cells via endo-
cytosis. These results indicated that the gene silencing
and intracellular pathway characteristics depended
on the coating materials on the surfaces of the nano-
particles. Recently, the same groups also developed
pH-sensitive magnetic nanoparticles.”> These nano-
particles were coated with primary amine
group-blocked bPEI (25 kDa), CTX, and siRNA. The
blocked bPEI was readily recovered to primary amine
groups under an acidic environment, which facilitated
cellular uptake. The resulting nanoparticles exhibited
a significantly increased gene-silencing effect at pH
6.2 compared to that at pH 7.4 as well as a strong
T>-weighted signal in cells.

4.2.4. Magnetofection-based siRNA delivery systems

Magnetic nanoparticles have been introduced to
concentrate the nanoparticles at a specific target cells
through the application of an external magnetic field.
This magnetic-guided drug delivery, termed as mag-
netofection, showed high transfection efficiency in
hard-to-transfect cells such as primary cells and neu-
ronal cells. It is conceivable that effective transfection
can be achieved to increase the magnetic responsive-
ness. One approach is to assemble individual nano-
particles to a cluster. Namiki et al. developed a mag-
netic crystal-lipid nanostructure, called LipoMag,
comprising an oleic acid-coated magnetic nanocrystal
cluster in the core and a cationic lipid in the shell.
Compared to PolyMag, a commercial magnetic vehi-
cle, LipoMag carrying siRNA exhibited more efficient
gene transfection and gene silencing in a tumor tissue
under a magnetic field. A tumor volume reduction of
nearly 50 % was noted in mice treated with Li-
poMag/siRNA nanoparticles upon a 28-day post i.v.
injection, while no significant anti-tumor effect was
observed in PolyMag/si siRNA-treated mice. It was
also reported that oleic acid-coated magnetic nano-
crystals were encapsulated in the core of polymeric
nanocapsules via an oil-in-water emulsion method.?
An amphiphilic tri-block copolymer, Pluronic® F127,
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was dissolved in an organic solvent containing oleic
acid-coated magnetic nanocrystals and the mixtures
were then emulsified ultrasonically in an aqueous
bPEI (2 kDa) solution. The emulsion interface was
stabilized by a cross-linking network between Plu-
ronic® F127 and bPEI, encapsulating the magnetic
nanocrystal clusters within the internal region. The
fabricated nanocapsules were complexed with siR-
NA-PEG conjugates, which contributed to the steric
stabilization of the polymeric nanocapsules. In the
presence of an external magnetic field, the cellular
uptake of the nanocapsules and subsequent gene si-
lencing were effectively increased.

4.2.5. Magnetic clusters for siRNA delivery systems

DOPA-conjugated bPEI (25 kDa) can be em-
ployed as a cross-linker between 10 nm magnetic
nanocrystals to form a spherical magnetic cluster with
a diameter of 156.2 + 3.1 nm via oil-in-water emulsi-
fication.®> The surfaces of bPEI-coated magnetic clus-
ters were further modified with PEG for steric stabi-
lization and anti-fouling effects. The number of mag-
netic clusters taken by the cells was 6.6 times higher
when they were exposed to an external magnetic field
compared to that by unexposed cells. Alkylated bPEI
(2 kDa) (alkyl-bPEI) was also employed to form a
cluster structure of multiple magnetic nanocrystals.*
The alkyl-bPEI coated magnetic clusters had diame-
ters of about 100 nm and a zeta potential of 40.8 mV.
The siRNA-loaded alkyl-bPEI coated magnetic clus-
ters enhanced the downregulation of luciferase in
luciferase-overexpressing 4T1 cells (fLuc-4T1) and
fLuc-4T1 tumors stably in a xenograft model after an
intratumoral injection. In additional, the cells trans-
fected by alkyl-bPEI-coated magnetic clusters dis-
played strong signal contrast compared to untreated
cells according to T>-weighted imaging due to a
higher spin-spin relaxation time.

4.3. Quantum Dots

Quantum dots (QDs) are semiconductor nano-
crystals that are generally composed of a semicon-
ductor core (e.g., CdSe, InP and PbSe) enclosed in a
shell layer of ZnS.%” Compared to organic dyes and
fluorescent proteins, QDs exhibit outstanding optical
properties such as size-tunable light emission, signal
brightness, superior photostability, and broad ad-
sorption. QD diameter sizes range from 2 to 10 nm,
allowing them to be excreted rapidly from the body
via renal clearance. However, the surface oxidation
and release of the toxic metal ions from QDs remain a
significant challenge to those seeking to apply them
biologically.”® One possible approach for solving this
problem is a passivation shell with polymers, thus
increasing the structural stability and biocompatibil-

ity of QDs. In addition, the PEGylation of the QD
surface has also offered the enhanced dispersion and
immobilization of diverse biomolecules such as fluo-
rescent dyes, targeting ligands, and therapeutic drugs.

4.3.1. Chemical conjugation of siRNA on the QD
surfaces

An siRNA and tumor-homing peptides (F3 pep-
tides) targeting cell surface were conjugated to the
end of PEG on PEGylated QDs via chemical
cross-linkers.”” The addition of endosome-disrupting
agents facilitated the escape of the PEGylated
QD-siRNA/F3 peptides nanocarriers from endo-
somes, resulting in an enhanced gene-silencing effi-
ciency. In addition, it was found that the conjugation
chemistry pertaining to the surfaces of QDs was a key
factor affecting the gene-silencing efficiency. The re-
ducible linkages between siRNA and QDs showed a
greater gene-silencing effect than non-cleavable link-
ages. In another study, cell-penetrating HIV-Tat pep-
tides were attached to the PEGylated QDs modified
with therapeutic siRNA and cell-targeting RGD pep-
tides for enhanced endosomal escape.’® They showed
significant decreases in an epidermal growth factor
receptor variant III (EGFRVIII) expression in target
human U87 glioblastoma cells, triggering cell apopto-
sis. In addition, TEM images of the cells treated with
the nanoparticles showed the presence of QDs in the
cytoplasm. Yezehlyev et al. also reported the pro-
ton-sponge polymer coated QDs as a carrier and
probes for siRNA delivery.’® These functions were
achieved by converting carboxylic acid groups to ter-
tiary amine groups on the QD surface. The resultant
QDs not only allowed siRNA binding on the surface
via electrostatic interaction but also facilitated the
dissociation and release of siRNA into the cytoplasm.
Two copies of siRNA were adsorbed onto the surface
of a single QD with a diameter of 17 nm. The
QD/siRNA complexes exhibited a 10 ~ 20-fold im-
provement in their gene-silencing efficiency and a 5 ~
6-fold reduction in the level of cytotoxicity in
MDA-MB-231 cells compared to the commercial
transfection agents Lipofectamine 2000, JetPEI, and
TransIT.

4.3.2. Cationic polymers-coated QDs for siRNA de-
livery systems

The surfaces of QDs modified with carboxylic
acid groups were also employed to be cross-linked
with the primary amine groups of chitosan via a
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) reaction, forming spherical and monodispersed
chitosan-coated QD clusters with a diameter of about
60 nm.192 The resultant chitosan nanoparticles encap-
sulating QDs were conjugated with siRNA and HER2
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ligand. This negative charge helped to facilitate the
receptor-mediated endocytosis, resulting in efficient
cell-specific delivery and gene silencing in SKBR3
breast cancer cells. In a similar approach, bPEI (25
kDa) was used as a cross-linker between QDs to
produce bPEl-coated QD clusters to monitor cellular
processing and gene silencing of siRNA via fluores-
cence resonance energy transfer (FRET) signals.1% The
FRET  intensity in  cells  treated  with
QD-bPEI/Cy5-siRNA complexes dramatically de-
creased at 2 h after transfection, releasing Cy5-siRNA
from the QD-bPEI/siRNA complexes. In addition, a
protein transduction domain from human transcrip-
tional factor Hph-1 conjugated QD-bPEI/Cy5-siRNA
complexes facilitates cellular uptake and the unpack-
ing kinetics of Cy5-siRNA in the cell
QD-bPEl/siRNA/HpH-1 showed much higher gene
silencing efficiency than siRNA /bPEI complexes.

Maleic anhydride-alt-1-tetradecene was also
used as an amphiphilic copolymer to link bPEI (25
kDa) to the surface of QDs via EDC chemistry, form-
ing bPEI-coated QDs with a diameter of 32.2 nm.1% To
obtain cell-specific gene silencing, siRNA was conju-
gated to aptamers targeting a prostate-specific mem-
brane antigen via a disulfide bond. Gel electrophore-
sis analysis indicated that about 20 copies of siRNA
molecules were attached to each QD-bPEL. The
QD-bPEl/siRNA-aptamer complexes showed a hy-
drodynamic diameter of 66.3 + 2.2 nm and a zeta po-
tential of - 1.8 £ 0.6 mV. FACS results showed that the
GFP fluorescence intensity of C4-2B cells treated with
the QD-bPEl/siRNA-aptamer complexes was signif-
icantly suppressed to 29.7 % of the original value.
However, the QD-bPEI/siRNA complexes without a
targeting moiety did not significantly reduce the level
of GFP expression.

4.3.3. Functional molecules-coated QDs

Amphipols are linear polymers with alternating
hydrophilic and hydrophobic side chains. They are
broadly used to solubilize hydrophobic membrane
proteins into lipid bilayers. Interestingly, amphip-
ol-coated QDs showed efficient cytosolic delivery,
endosome escape capabilities, and siRNA protection
during an enzymatic attack.'® Approximately 10
siRNA molecules were loaded per amphipol-QD.
Compared to Lipofectamine 2000 and PEI (25 kDa),
the QD-amphipol /siRNA complexes showed rela-
tively high gene-silencing efficiency in the presence of
serum without significant cytotoxicity. Time-lapse
fluorescence  imaging  indicated  that  the
QD-amphipol/FITC-labeled siRNA complexes pene-
trated the cell in 1 h. The green fluorescence from
FITC-siRNA started to appear in the cell in 1.5 h
post-incubation and was homogeneously distributed

in the cytoplasm at 5 h, indicating efficient endosomal
escape.

Cyclodextrin (CD) is a cup-shaped cyclic oligo-
mer of glucose, which has an amphiphilic structure
comprising a hydrophobic cavity and a hydrophilic
exterior.1% Depending on the number of glucose units,
they are classified as a, B, and y-CD for 6, 7, and 8
glucose units in a cyclic oligomer structure.’?” CD has
been widely used as a drug delivery carrier due to its
improved solubility in water, its high biocompatibil-
ity, and its low cytotoxicity. [-CD-grafted
L-arginine-immobilized QD (QD-p-CD-L-Arg) was
developed as a siRNA carrier and imaging probe.108
The guanidinium group of L-Arg shows a positive
charge in a neutral environment, enabling the binding
of siRNA to the surface of QD-p-CD-L-Arg.
QD-p-CD-L-Arg/siRNA complexes exhibit higher
gene-silencing efficiency than QD-L-Arg /siRNA
complexes in terms of both mRNA and protein levels;
in addition, both are better than commercial transfec-
tion agents. Notably, p-CD-coated QD-L-Arg carriers
more efficiently protected siRNA from enzymatic
degradation than QD-L-Arg carriers. B-CD molecules
on the QD surface utilize steric hindrance to avoid
siRNA degradation by ribonucleases. Recently, the

same groups reported a co-delivery system composed
of siRNA and a chemotherapeutic agent, doxorubicin
(Dox), using QD-B-CD-L-Arg (or His).’® The Dox was
initially loaded in the hydrophobic cavity of p-CD,
and siRNA was then attached onto the
QD-Dox-B-CD-L-Arg (or His). The QD-siRNA/Dox
complex showed significant synergistic effects in a
Dox-resistant cervical carcinoma cell line compared to
QD-Dox complexes without siRNA.

Bacteriophage MS2 virus-like particles (MS2
VLP) based on QDs were developed to deliver thera-
peutic molecules such as chemotherapeutic drugs,
siRNA, and protein toxins into human hepatocellular
carcinomas for therapeutic and imaging agents.!0
Briefly, MS2 coat proteins were self-assembled onto
the pac site-modified QD surfaces to form 27.5
nm-thick capsid layers. The layer can bind various
cargos containing siRNA, pac site-conjugated doxo-
rubicin, and the ricin toxin A-chain through a
self-assembly process. The cargo-loaded MS2 VLP
vehicles were further coupled with a targeting pep-
tide, SP94, to improve cell-specific delivery, as well as
a fusogenic peptide, HSWYG, to promote endosomal
escape. The MS2 VLP carriers showed efficient and
highly specific delivery of various drugs into target
cells.

Recently, QD-incorporating solid lipid nanopar-
ticles (SLNs) was developed for siRNA/drug combi-
nation therapy for cancers.!’ The natural components
of a low-density lipoprotein (LDL) were employed to
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form a stable core/shell nanostructure, LDL-mimetic
SLNs, wherein cholesteryl oleate and triglyceride
were embedded in an amphiphilic shell of phospho-
lipids and cholesterols. The anticancer drugs,
paclitaxel, and QDs (~ 5 nm in diameter) were
co-encapsulated within the core of LDL-mimetic
SLNs, while siRNA targeting against Bcl-2 were im-
mobilized on their outer surface via electrostatic in-
teractions. The nanoparticles showed the effective
co-delivery of paclitaxel and siRNA into human lung
carcinoma cells, leading to a significant synergistic
effect in cancer therapy. In addition, strong fluores-
cence of the QDs enabled efficient monitoring of the
intracellular translocation of SLNs into cancer cells.

5. Engineered siRNA-based Structures
with RNAi Activity

Recently, uniquely designed siRNA motifs have
been exploited as a building block to fabricate a vari-
ety of two- and three-dimensional architectures with
RNAI activity via chemical/physical processes (Table
4). Compared to naked siRNA, engineered siRk-
NA-based structures show spatially increased charge
density, which dramatically facilitates the condensa-
tion of siRNA with low molecular cationic polymers
to produce stable nanoparticles due to strong electro-
static interaction.’? In addition, the nanoparticles can
readily degrade into free siRNA species loaded on
RISC following cellular uptake. Such an approach has
been recognized as a new strategy for highly efficient
intracellular delivery of siRNA based on polymeric
condensation. The first attempt of engineered siR-
NA-based gene silencing was reported by Bol-
cato-Bellemin et al."’® This groups developed sticky
siRNA (ssiRNA) composed of short overhangs con-
taining Ass/Tss at both 3' ends. The overhangs of
ssiRNA have a low melting point of about 10 °C. In-
terestingly, however, these overhangs enabled
monomeric siRNA to be elongated to form siRNA
oligomers upon complexation with JetPEI due to the
reduced repulsive force, leading to the stable and
compact nanoparticles. When compared to naked
siRNA/Jet PEI complexes, these ssiRNA/Jet PEI
complex exhibited increased RNase protection,
structural stability in the presence of competing ani-
onic polymers, and in vitro gene silencing up to
10-fold. Recently, Liu et al. also investigated the
gene-silencing efficiency of ssiRNA while increasing
the generation of triethanolamine (TEA)-core
PAMAM dendrimers.1* The ssiRNA/dendrimers
complexes showed significant gene silencing in vitro
and in vivo with a fifth-generation dendrimer. How-
ever, naked siRNA required dendrimers of higher
generations (> 7) for an RNAi effect.

In another study, chemical linkages were intro-

duced to elongate monomeric siRNA to improve the
structural stability of siRNA oligomers. Multimeric
siRNA (Multi-siRNA)"5 and polymerized siRNA
(Poly-siRNA)16, both of which were linked with di-
sulfide bonds, were proposed by different groups.
Multi-siRNA was prepared through the self-assembly
of two complementary single-stranded siRNA dimers
linked with flexible cross-linkers containing disulfide
bonds at the 3' ends. Gel electrophoresis showed a
ladder-like migration pattern for multi-siRNA while
naked siRNA had a single band, indicating that the
assembled multi-siRNA consisted of stable siRNA
oligomeric structures with a range of molecular
weights in an aqueous solution. The multi-siRNA
readily degrades in reductive environments and re-
generates biologically active siRNA monomers. The
multi-siRNA was formulated by LPEI (25 kDa) to
produce robust complexes having a relatively small
size (a diameter of approximately 100 nm) due to the
increased charge density and flexible chains. In par-
ticular, the the AFM cantilever deflection of the mul-
timeric siRNA/LPEI complexes in an aqueous solu-
tion was as strong as that of plasmid DNA/LPEI
complexes, indicating the formation of compact com-
plexes. GFP-expressing PC-3 tumors transfected by
the multi-siRNA/LPEI complexes showed signifi-
cantly inhibited in vivo GFP expression as compared
to the level of inhibition by monomeric siRNA/LPEI
complexes after an i.v. injection into mice. In a fol-
low-up study, multi-siRNA structures were designed
to incorporate two different siRNA sequences onto
the same backbone for dual gene silencing.’” Two
siRNA sequences containing thiol groups at both 3'
ends were randomly linked with reducible
cross-linkers to form dual gene-silencing multi-siRNA
(DGT multi-siRNA). DGT multi-siRNA containing
apoptosis-related genes, Bcl-2 and survivin siRNA,
demonstrated a much higher level of apoptotic cell
death for MCF cells compared to multi-siRNA tar-
geting an individual gene with an equal amount of
siRNA. Interestingly, dimeric siRNA conjugates in the
form of only two siRNA molecules linked together via
a cross-linker exhibited a gene silencing extent as ef-
ficient as that of multi-siRNA."8 The dimeric siRNA
can also be constructed to enable combined gene
therapy using a hetero-bifuncational cross-linker. The
hetero-dimeric siRNA/LPEI (25 kDa) complexes
showed the simultaneous inhibition of both GFP (41
%) and VEGF (53 %) expression in cells. In addition, it
was also shown that the length of the internal linkers
in the dimeric siRNA greatly affected the stabilization
of siRNA/LPEI complexes.’® The increased length of
hydrophobic linkers increased the cellular uptake and
gene silencing.

Recently, the same groups also demonstrated
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that AuNPs can be employed as a cross-linker to form
multi-siRNA species for simultaneous molecular im-
aging and siRNA delivery.’? AuNP-mediated mul-
ti-siRNA was constructed by complementary hybrid-
ization between a single-stranded antisense and
sense-siRNA immobilized AuNPs via Au-S chemi-
sorption, which were readily reduced to produce free
siRNA and AuNPs within the cell. By adjusting the
feed molar ratio of siRNA to AuNP to about 1:3, the
average number of siRNA per AuNP was modulated
to about 2. The AuNP-mediated multi-siRNA /LPEI
(25 kDa) nanoparticles significantly improved the
enzymatic stability of siRNA, cellular uptake, and
gene-silencing efficiency compared to monomeric
siRNA/LPEI nanoparticles. In particular, the com-
puted tomography (CT) value of MDA-MB-435 cells
transfected by the  AuNP-mediated mul-
ti-siRNA/LPEI nanoparticles (129.6 HU) was more
than 8-fold greater than that of monomeric siR-
NA/LPEI nanoparticles (15.8 HU). In a similar ap-
proach, poly-siRNA was synthesized from the
polymerization of thiol-modified siRNA at both 5'
ends under mild oxidation conditions in HEPES
buffer at pH 8.1 The resultant poly-siRNA was
composed of different siRNA conjugates ranging from
50 to more than 300 bp in length. The intensity of each
gel band for poly-siRNA indicated that about 70 % of
poly-siRNA had more than 300 bp, indicating that
poly-siRNA can have at least a 12-fold higher anionic
charge compared to siRNA monomers. However,
poly-siRNA was degraded and separated into siRNA
monomers with RNAIi activity after an addition of 8
mM DTT for 5 h. The poly-siRNA/bPEI (1.8 kDa)
complexes reduced about 80 % of red fluorescence
protein (RFP) expression in B16F10-RFP cells. Re-
cently, the same group investigated the efficiency of
poly-siRNA with biocompatible cationic polymers for
in vivo clinical applications.’?! Poly-siRNA was for-
mulated with thiol-grafted glycol chitosan (GC)
through electrostatic interaction and chemical
cross-linking, producing biocompatible nanoparticles
encapsulating siRNA. It was conceivable that the
electrostatic interaction of poly-siRNA with thiolated
GC decreased the distance between thiol groups, al-
lowing the thiolated GC to undergo intra- and in-
ter-molecular cross-linking to form reducible and
condensed nanoparticles. This reduced the amount of
in vivo VEGF mRNA to 40 % and suppressed tumor
growth to 80 % of the original value following n i.v.
injection into PC-3 tumor xenograft mice. Further-
more, mice injected with  FPR-675-labeled
poly-siRNA/GC complexes through the tail vein
showed that the FPR signals in a tumor tissue were
stronger than they were in any other organic tissues,
including the liver, lung, spleen, kidney, and heart.

To obtain the simultaneous silencing of multiple
genes, several recent studies have reported rationally
designed RNA structures containing different target
sequences. A variety of long single-stranded RNAs
were hybridized to form a branched form of RNA
having three- and four arms, called trimer RNA'?2 and
tetramer RN A%, respectively, through complemen-
tary base paring. Each arm of the branched RNA
contained different siRNA sequences, which can be
readily cleaved by Dicer to produce free siRNA for
RNAi-mediated gene silencing. Unlike naked siRNA
with linear structures, the branched RNA possessed
three- or four-way junctions to achieve a relatively
high spatial charge density. Branched RNA incorpo-
rating different siRNAs for single/multiple target
mRNA showed the simultaneous inhibition of target
genes without the induction of an interferon response.
These results indicated that multi-targeting RNA
nanostructures can have a strong synergistic effect on
enhancing the therapeutic potential to treat various
diseases.

On the basis of the understanding that nucleases
typically start by degrading at the loose ends of RNA,
dumbbell-shaped nanocircular RNA was proposed
for enhanced siRNA stability and prolonged RNAi
activity.’?#12 The RNA dumbbells consisted of a stem
region encoding a siRNA sequence for target mRNA
and two loops at both ends of the stem sequences. The
loop positions were used to introduce various mole-
cules such as nucleotides and polymers, which pro-
tected siRNA from enzymatic activity due to the ter-
minal capping of the siRNA. In addition, termini-free
RNA dumbbells were slowly digested by Dicer to
form dsRNA species for the RNAi pathway as com-
pared to unmodified linear dsRNA. This slow process
provided RNA dumbbells with gene-silencing effects
that were 1.5-fold more potent than those of unmodi-
fied siRNA after 5 days of transfection for NIH/3T3
cells.

The charge density and flexibility of siRNA have
been shown to determine the structural stability of
siRNA complexes upon interaction with cationic car-
riers. It is conceivable that the network structure of
siRNA chains have favorable properties such as a
high molecular weight, a high melting point, and
good spatial charge density to form more stable,
compact siRNA complexes with
low-molecular-weight carriers. This attempt was ini-
tially reported as siRNA-based microhydrogel struc-
tures through the self-assembly of two complemen-
tary single-stranded Y-shaped siRNA molecules as
building blocks (Figure 7).12¢ The network structure of
microhydrogels showed a great number of nanoscale
pores due to multiple Y-shaped junctions. In particu-
lar, the pore diameter and size of siRNA microhy-
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drogels were readily controlled by adjusting the con-
centrations of Y-shaped ss-siRNA. In addition, they
were recognized and degraded by Dicer to generate
biologically active siRNA species. Upon interaction
with a low molecular cationic carrier (LPEL 2.5 kDa),
siRNA microhydrogels dramatically collapse to form
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siRNA/LPEI complexes in GFP-overexpressed MDA-MB-435 cells. Copyright 201 | American Chemical Society.

Recently, oligonucleotide nanoparticles (ONPs)
were prepared through the programmable
self-assembly of DNA fragments and therapeutic
siRNA for cell-specific siRNA delivery in vitro and in
viv0.1%7 Six single-stranded DNA strands were assem-
bled into a tetrahedron nanostructure containing 186
bp and 20-nucleotide overhangs in the middle of each
edge. The overhang strands were complementary to
the overhang of the siRNA molecules, enabling six
siRNAs to attach to one tetrahedral ONP. Dynamic
light scattering found a hydrodynamic diameter of

about 28 nm with a narrow size distribution. The
ONPs showed a much longer half-life time (about 24
min) in blood circulation than naked siRNA (about 6
min). To achieve tumor-specific targeting effects, folic
acids (FA) were introduced to ONPs. The
FA-conjugated ONPs induced GFP suppression in
excess of 60 % in human nasopharyngeal cells (KB)
cells expressing a high number of folate receptors.
Interestingly, gene silencing efficiency depended
upon the spatial orientation and the density of the
targeted ligands on the ONP surface. FA-ONPs with
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anti-luciferase siRNA induced up to a 60 % decrease
in the bioluminescent intensity at the tumor site of
luciferase-expressing KB xenografts via both tail-vein
and intratumoral injections.

More recently, a unique class of a highly con-
densed siRNA structure with RNAi activity was
suggested via an enzymatic RNA polymerization
process known as rolling circle transcription (RCT).128
Using the RCT reaction of a DNA template, extremely
long polymers of RNA hairpins containing siRNA
sequences were synthesized. The RNA polymers
served as building blocks and were spontaneously
assembled to generate a crystal-like ordered RNA
sheet. In addition, some of the RNA sheets continu-
ously collapsed to form densely packed sponge-like
spherical microparticles with a diameter of about 2
pm. The conformation of RNAi-microsponges re-
mained stable at temperatures as high as 150 °C due
to their crystalline structures. The
RNAi-microsponges were composed of siRNA pre-
cursors, which were degraded by Dicer processing to
regenerate free siRNA molecules for RNAi effects.
The LPEl-coated (25 kDa) microsponges efficiently
inhibited the firefly luciferase expression in T22 cells
in vitro and mouse tumors in vivo after an intratumoral
injection, whereas no significant change was observed
for a control RNAi-microsponge/LPEI complex.

6. Conclusions and Outlook

The discovery of RNAi has been considered one
of the most exciting and significant medical break-
throughs, as RNAi activity selectively silences any
genes in the genome. In particular, siRNA-mediated
gene silencing has great potential in the treatment of
cancers and gene-related diseases in mammalian cells.
However, a safe and efficient delivery system of
siRNA into the cytoplasm of targeted cells remains as
a bottleneck for clinical applications. A key challenge
in siRNA therapy is the issue of delivery. The rapid

Table 3. The current progress on RNAi therapeutics in clinical trials.

degradation and renal clearance of siRNA in the
blood stream make it difficult to remain stable until
arrival at a target site. Due to the low pharmaceutical
property of siRNA, the current RNAi therapeutics in
clinical trials has been focused on the direct admin-
istration of siRNA into the target tissues such as eyes,
lung, and brain. This local delivery has demonstrated
the successful gene silencing in animal models.
However, it is highly demanded to develop new
siRNA delivery systems for in vivo targeting of spe-
cific cells and tissues. To address this challenge, a
wide variety of siRNA delivery systems have been
suggested, and some of them have showed promising
preclinical results. End-modified siRNA provided
efficient conjugation with various biomolecules, such
as functional polymers, targeted ligands, and imaging
probes. The conjugation sites and types of siRNA play
important roles in gene silencing and immune re-
sponses. Liposomal encapsulation technology has
improved the half-life of siRNA in the bloodstream. In
addition, multifunctional and biocompatible lipo-
somes encapsulating siRNA were extensively studied
for clinical applications over the last few years. Sig-
nificant advances in the surface modification, func-
tionalization, and conjugation of metallic core nano-
particles have been made with multifunctional nano-
particles for siRNA delivery and imaging in vivo and
in vitro. Recently, siRNA-based nanostructures have
provided a new opportunity for the fabrication of
stable complexes with low-molecular-weight cationic
carriers due to the increased spatial charge density
and structural flexibility. This approach shows a syn-
ergetic effect, demonstrating a high loading efficiency
of siRNA per nanoparticle, low cytotoxicity, and
prolonged RNAI activity. Although a variety of siR-
NA carriers have been suggested, the stability and
efficiency of siRNA delivery systems must be im-
proved for practical applications.

Drug Sponsor Target gene Diseases Status
PF-655 Quark Pharm., Inc. RTP801 Age-related macular degeneration Phase II
QPI-1007 Quark Pharm., Inc. Caspase 2 Non-arteritic anterior ischemic optic neuropathy Phase II
QPI-1002/I5NP Quark Pharm., Inc. P53 Acute kidney injury Phase I /11
ALN-RSV01 Alnylam Pharm. RSV nucleocapsid Bronchiolitis obliterans syndrome Completed,

Phase II
AGN211745 Sirna Therapeutics, Inc. VEGFR1 Age-related macular degeneration Terminated, Phase II
SYL040012 Sylentis (2 adrenergic receptor Ocular hypertension Completed, Phase II
Bevasiranib Opko Health, Inc. VEGF Age-related macular degeneration Terminated, Phase III

pHIV7-shI-TAR-CCR5RZ City of Hope Medical Center HIV Tat protein, HIV TAR Human immunodeficiency virus (HIV)

RNA, human CCR5

Atu027-1-02 Silence Therapeutics Protein kinase N3
NCT00672542 Scott Pruitt
SPC2996 Santaris Pharm. Bcl-2

LMP2, LMP7, and MECL1 Metastatic melanoma

Terminated, Phase 0

Ancreatic cancer Phase I/11
Completed, Phase I

Chronic lymphocytic leukemia Completed, Phase I, II

RTP801, known as DNA damage-inducible transcript 4 protein; RSV, respiratory syncytial virus; VEGFR1, vascular endothelial growth factor receptor 1, HIV TAR RNA,
HIV trans-activation response RNA; CCR5, C-C chemokine receptor type 5; LMP2, known as proteasome subunit beta type 9; LMP7, known as proteasome subunit beta type

8; MECL1, known as proteasome subunit beta type 10.
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Table 4. Engineered

siRNA-based

structures

with  RNAi

activity. DTME (Dithiobismaleimidoethane), BMPEG:

(1,8-Bismaleimido-diethyleneglycol), and TMEA (Tris(2-maleimidoethyl)amine). Copyright 2012 Nature Publishing Group.
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