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ABSTRACT A wide range of organic and inorganic materials
have been used in the development of nano-scale self-
assembling gene delivery systems to improve the therapeutic
efficacy of nucleic acid drugs. Small interfering RNA (siRNA) has
recently been recognized as a promising and potent nucleic
acid medicine for the treatment of incurable genetic disorders
including cancer; however, siRNA-based therapeutics suffer
from the same delivery problems as conventional nucleic acid
drugs such as plasmid DNA and antisense oligonucleotides.
Many of the delivery strategies developed for nucleic acid drugs
have been applied to siRNA therapeutics, but they have not
produced satisfactory in vivo gene silencing efficiencies to
warrant clinical trials. This review discusses recent progress in
the development of self-assembled and nanostructured deliv-
ery systems for efficient siRNA-induced gene silencing and their
potential application in clinical settings.
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INTRODUCTION

RNA interference (RNAI), a specific suppression of gene
expression via breakdown of a target mRNA, has recently
been recognized as a promising approach to treat a number
of human genetic disorders and infectious diseases (1).
Small interfering RNA (siRNA), 21~23 double-stranded
nucleotides containing 2-nucleotide 3'-overhangs with 5'-
phosphate and 3'-hydroxyl termini, is a key mediator of
RNAi (2).

advantages over conventional pharmaceuticals, including

As a therapeutic agent, siRNA has several

small molecules and other nucleic acid drugs, by providing
efficient gene silencing at extremely low intracellular
concentrations in a highly sequence-specific manner with
few toxic effects (3). Despite the enormous therapeutic
potential of siRNA drugs, their use in clinical settings is
limited by the lack of an efficient delivery method (4,5).
For the development of optimal siRNA delivery methods,
understanding the extracellular and intracellular barriers
associated with siRNA delivery is an essential prerequisite.
In general, stRNAs share most of the delivery hurdles that
must be overcome for desirable delivery of other nucleic acid
drugs such as plasmid DNA and antisense oligodeoxynucleo-
tides (ODNs) (Fig. 1): (a) formation of compact nano-scale
complexes between nucleic acid drug and carrier com-
pounds, (b) choice of a route of administration, (c) systemic
circulation, (d) target tissue localization, (e) intracellular
transport, (f) escape from endocytic compartments such as
endosomes and lysosomes, (g) nuclear transport, and (h) gene
expression (6). Unlike plasmid DNA for gene expression,
siRNA needs to rapidly escape from the intracellular
organelles into the cytoplasm without being localized to the
nucleus, where siRNA induces RNAi (7). Although a
number of previously developed gene carriers have been
used for siRNA, RNAi-based approaches for clinical therapy
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Fig. | Extracellular and intracellular barriers to non-viral gene delivery using various cationic carriers: (@) formation of condensed nanoparticles, (b)
prolonged systemic circulation, (c) tissue- and cell-specific localizations, (d) intracellular uptake via endocytosis (or cell membrane penetration), (e)

endosome escape, and (f) nuclear localization.

require more carefully designed delivery systems to achieve
the maximum gene silencing effect.

This review focuses on current advances in self-
assembled and nanostructured siRNA delivery systems
using various organic and inorganic materials with a
particular emphasis on various poly(ethylene glycol) (PEG)
conjugates for systemic siRNA delivery.

SIZE AND STABILITY ISSUES OF CATIONIC
POLYMER-BASED NUCLEIC ACID CARRIERS

Since nucleic acid drugs have relatively high molecular
weights (mostly greater than 13 kDa) and intrinsic sensitivities
to nuclease-mediated degradation, the physicochemical char-
acteristics, including size and stability, of polyplexes formed
from the interaction between nucleic acid and polymeric
carrier are the key determinants for @ wviwo gene delivery
(Fig. 2) (8). During the last few decades, a wide variety of
cationic polymers with the ability to form self-assembled
nanostructures with genetic materials have been extensively
studied to achieve high transfection efficiency, biocompati-
bility, and low cytotoxicity (9). The polyplexes have a
charge-neutralized and condensed structure with a diameter
of less than 300 nm, which is required to protect their
nucleic acid cargo from enzymatic degradation (6). The
nucleic acid condensation and transfection efficiency of a
carrier can be fine-tuned by controlling or modifying the
composition and structure of a polycation. For instance, poly

(L-lysine) (PLL) with a higher molecular weight tends to
show more efficient nucleic acid condensation ability than
PLL with a lower molecular weight, which often leads to the
formation of more stable polyplexes (10). Low molecular
weight PLLs (<3 kDa) produce less compact polyplexes with
nucleic acid at the same polymer/DNA ratio. Depending on
its backbone structure, polyethylenimine (PEI) shows differ-
ent behaviors with regard to DNA condensation and
polyplex formation. While polyplexes formed from branched
PEI exist as highly condensed nanoparticles even after
cellular uptake, linear PEI tends to form less condensed
polyplexes, which dissociate more readily after cellular
uptake than branched PEI (11). It should be noted that the
less condensed nucleic acid fragments surrounding the
central charge-neutralized core could be sites vulnerable to
nuclease-mediated digestion, resulting in reduction of trans-
fection efficiency. Although these polycation/nucleic acid
polyplexes with positive surface charge are useful for m vitro
gene transfer, when intravenously injected, they readily
aggregate into larger structures via non-specific association
with charged serum proteins, which leads to rapid clearance
from the plasma through the reticuloendothelial system
(RES) (12). To minimize inter-particular aggregation and
non-specific absorption of serum-derived components, poly-
plex structures have been further tuned by conjugating
blood-compatible functional polymers such as hydrophilic
polyethylene glycol and dextran or by forming different
nanostructures such as polymeric micelles, nanocapsules, and
multi-shell nanoparticles.
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Fig. 2 Schematic illustration to explain the tendency for self-assembled nanoparticle formation. In an aqueous phase, micron-scale nucleic acids can self-
assemble into nanosized polyplexes with various cationic materials. PEGylation can reduce particle size, neutralize surface charge, and sterically stabilize the

nanoparticles.

In particular, the particle size of siRNA and antisense
ODN complexed with polycations is generally larger than
300 nm in diameter, whereas their intact lengths under
physiological conditions are typically less than 10 nm (13—
15). In contrast to long plasmid DNA, double-stranded
siRNA with short chain length and rigid structure is
particularly difficult to form stable and highly condensed
nanoparticles via an electrostatic interaction alone. Thus,
there have been many approaches aimed to produce more
stable and compact siRNA polyplexes through the modifi-
cation of carrier systems themselves such as PEGylation of
cationic condensing species. Interestingly, polymerization of
siRNA monomers was recently conducted to form compact
nanostructure via complex formation between polycations
and the polymerized siRNA, which is mainly attributed to
an increase in chain length and charge density leading to
high chain flexibility and electrostatic affinity (16,17).

SELF-ASSEMBLING NANO-SIZED POLYPLEX
MICELLES WITH PEGYLATED CONSTRUCTS

PEGylation, a process of covalent attachment of PEG
chains to other molecules, has been commonly used to
enhance the stabilities of pharmaceutical products. Since
the first description of PEGylation in the 1970s by Davies
and Abuchowski (18,19), PEGylation technology has been
popularly used for the modification of numerous bioactive
drugs such as proteins, peptides, antibody fragments,
oligonucleotides, and other small molecules. In addition to
acting as a physical stabilizer, PEGylation can also impart
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significant and distinct pharmacological advantages such as
reduced toxicity, attenuated immunogenicity, improved
bioavailability, and diminished aggregation (20,21).
Generally, physico-chemical properties of PEGylated
products are mainly affected by the molecular weight and
degree of PEG substitution. According to previous studies, a
minimum PEG size of 2 kDa is required for stabilization and
stealth effects, and the systemic circulation time increases with
the degree of substitution of PEG molecules on the surface
(22). In particular, PEGylated polyplexes (denoted as
polyplex micelles) consist of two compartments: a charge-
neutralized inner core containing anionic macromolecules
such as nucleic acid drugs and a hydrophilic PEG corona
layer serving as a sterically stabilizing barrier (23,24). Due to
the unique core-shell structure, polyplex micelles can
maintain colloidal stability under physiological conditions
through the reduction of inter-particular aggregation. Thus,
the polyplex micelles could reduce reticular-endothelial
system (RES) clearance, extend systemic circulation time,
and increase the chances to reach target sites (25).
Compared to polyplexes without PEG, polyplex micelles
produce smaller and more stable nanocomplexes having a
diameter of less than 100 nm with a narrow size distribution
(Fig. 2). For mstance, PEI-PEG/DNA polyplex micelles have
diameters as small as 60 nm, whereas PEI/DNA polyplexes
have diameters of about 150 nm (26). It was also reported
that the particle sizes of polyplex micelles decreased with
increasing molecular weight of the conjugated PEG segment
to a certain extent (27). The diameters of polyplex micelles
vary from ca. 130 nm for 0.5 kDa PEG to ca. 50 nm for
20 kDa PEG. In addition, surface charges of polyplex
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micelles are reduced with increasing grafting degree of the
PEG chain, possibly due to the charge-shielding effect of
PEG, which can only be observed with PEG greater than
5 kDa. The PEGylation strategies for cationic condensing
materials have also been applied to construction of the
polyplex micelles particularly useful for siRNA delivery (28—
32). Several formulations of polyplex micelles containing
various genetic drugs are listed in Table I.

SELF-ASSEMBLING NANOCARRIERS
WITH NUCLEIC ACID-PEG CONJUGATES

Recently, an alternative method was introduced to obtain
polyplex micelles by direct PEGylation of nucleic acids

Table | Various PEGylated Polyplex-Based Nucleic Acid Delivery Systems

instead of using PEGylated polycation copolymers (56).
The nucleic acid-PEG conjugate forms polyplex micelles by
interacting with conventional cationic carriers, including
polymers, peptides, liposomes, and nanoparticles. The
resulting polyplex micelles have a characteristic core-shell
structure consisting of charge-neutralized core surrounded
by a hydrophilic PEG corona. Antisense ODN-PEG hybrid
conjugates were synthesized and used as an alternative
carrier forming polyplex micelles (23,57). Similar hybrid
conjugates containing siRNA were also synthesized. The
PEGylation of nucleic acid-based gene-silencing molecules
such as antisense ODNs and siRNAs can also confer
enhanced physical stability and biological activity. Although
both antisense ODN and siRNA can specifically inhibit the
expressions of complementary genes, they exhibit distinct

PEGylation Type of Cationic carrier PEG molecular  Particle size” (nm)  Targeting moiety ~ Target gene Ref.
nucleic acid weight
Carrier Plasmid DNA PEI 3,400 100~200 RGD sFitO | (33)
modification 2,000 <200 - Luciferase (34
2,000 <100 Anti-GAD mAb Luciferase (35)
PLL/KALA 5,000 <200 - Luciferase (36)
Gelatin 5,000 100~500 - [3-galactosidase 37
PEl-streptavidin 3,400 100~200 EGF Luciferase (38)
Antisense ODN  PEl 3,400 94 Folate GFP (29)
DOPE/DDAB/ - 100~ 130 (TEM) - Bcl-2 (39)
DOTAP
PLL 5,000 ca. 50 - c-Ha-ras (40)
DSPE 2,000 100~200 (TEM) - CRF-R (41)
SiRNA Poly-| -glutamic 2,000~ 5,000 174 - EFGP (30)
acid/dextran
PEI 3,400 120 Folate GFP (29)
PEAMA 8,400 [10~120 - Human survivin/ (3 1)
luciferase
Chitosan-PLR 8,200 ca. 300 - Murine survivin/  (32)
luciferase
Nucleic acid Antisense ODN  PLL 4,400 - Lactose Luciferase (42)
modification PEI 3,400 92 Folate c-raf 43)
4,900 120 - Dopamine D2 (44)
receptor
2,000 70 - c-raf (45)
Lipofectamine 3,400 70~90 Folate GFP (46)
siRNA PLL 4,400 I'10 (TEM) Lactose RacQLI (47)
Hydroxyapatite 5,000 90~ 120 - Luciferase (48)
PEI 3,400 142 LHRH VEGF (49)
3,400 50~80 (AFM) - VEGF (50,51)
KALA 5,000 <200 - VEGF (52)
Crosslinked KALA 3,400 100~200 - GFP (53)
Amine-Au 5,000 <100 (TEM) - GFP (54)
Solid lipid 3,400 <100 - VEGF/GFP (55)
nanoparticle

“ Particle sizes were measured by dynamic light scattering method unless mentioned
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functional properties as a result of different silencing
mechanisms (Fig. 3) (58,59). Antisense ODN  hybridizes
directly to target mRNA to form DNA-RNA double-strand
that can be recognized and degraded by an endogenous
enzyme called ribonuclease H (RNase H). Apparently, it is
not necessary to remove the PEG chains covalently linked
to antisense ODN after intracellular delivery. In the case of
siRNA, intracellularly delivered siRNA is recognized and
incorporated into the RNA-induced silencing complex
(RISC), in which a guide strand is separated from the
double-stranded siRNA and hybridized with a complemen-
tary sequence in a target mRINA. The siRNA-incorporated
RISC eventually binds to and degrades target mRNA via
an enzymatic process. RISC-mediated cleavage is con-
strained by the rate of conformational changes required for
the formation of the active RISC containing the guide
siRNA strand (60). Unlike antisense ODNSs, the steric
hindrance caused by the attached PEG block may restrict
the siRNA from accessing the binding site in the RISC.
However, there is still controversy over whether the linkage
between the nucleic acid and PEG segments has to be
cleaved after cellular uptake. Our recent study showed that
both cleavable and non-cleavable linkages between siRNA
and PEG exhibited similar RNAi activity when the
molecular weight of the conjugated PEG is less than
10 kDa (61). Although there were no differences in gene-
silencing activity between cleavable and non-cleavable
siRNA-PEG conjugates, interestingly, only cleavable
PEGylation of siRNA induced sequence-specific degrada-
tion of a target mRNA.

As shown 1n Tig. 4, four different PEGylation strategies
to generate antisense ODN- or siRNA-PEG conjugates
have been introduced: non-cleavable (amide) linkage, acid-

Fig. 3 Different post-transcriptional
gene silencing mechanisms of (a)

antisense ODN and (b) siRNA. (a)
ODN

Antisense ODN

cleavable (phosphoramidate) linkage, acid-cleavable (f-
thiopropionate) linkage, and reductively cleavable (disul-
fide) linkage.

Nucleic Acid-PEG Conjugates with a Non-cleavable
Linkage

Antisense ¢-raf ODN, having a primary amine group at the
5"-end, was directly conjugated to NHS-derivatized PEG
via a non-cleavable amide bond (Fig. 4a) (23,45). The
ODN-PEG conjugates formed polyplex micelles (ca.
70 nm) by condensing with branched PEI (25 kDa) at
the N/P ratio of 1:2.5. The polyplex micellar formula-
tion of antisense ¢-raf ODN exhibited up to 70% growth
reduction in human ovarian cancer cells (A2780) com-
pared with that of antisense ODN only (45). When folate
was introduced to the distal position of the PEG segment
and used as a cancer cell-targeting moiety, the polyplex
micelles showed a two- to three-fold higher deposition in
tumor xenografts from folate receptor over-expressing KB
cells than in those from folate receptor-deficient A549 cells
after systemic administration (43).

Nucleic Acid-PEG Conjugates with an Acid-Cleavable
Linkage

To achieve endosomal release of ODN, acid-cleavable
linkages such as phosphoramidate and f-thiopropionate
were introduced between ODN and PEG for the synthesis
of ODN-PEG conjugates (Fig. 4b). To synthesize PEGy-
lated antisense ¢-myb ODN conjugates with an acid-
cleavable phosphoramidate bond, the 5'-phosphate group
of ODN was activated to generate active ODN-

siRNA

(b)),
1
siRNA

!

Degradation by nucleases
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Fig. 4 Synthetic strategies to prepare nucleic acid-PEG conjugates with different linkages: (a) non-cleavable stable amide bond, (b) acidic-cleavable (i)

phosphoramidate bond and (i) B-thiopropionate bond, and (€) reducible disulfide bond. NHS: succinimidyl carboxymethyl ester; EDC:
ethyldimethylaminopropylcarbodiimide; SPDP: N-succinimidyl-3-(2-pyridyldithio) propionate.

@ Springer



2078

Jeong, Park and Kim

phosphoimidazolide intermediate (57). The active interme-
diate was reacted with ethylenediamine to generate a
primary amine group via a phosphoramidate linkage,
which was then conjugated to an NHS-modified PEG
derivative. The resulting ODN-PEG conjugate bearing a
phosphoramidate linker was further formulated with a
cationic fusogenic peptide, KALA. While KALA/ODN
polyplexes exhibited hydrodynamic diameters of approxi-
mately 200 nm, the KALA/ODN-PEG polyplex micelles
were found to be around 70 nm in diameter. The
PEGylated antisense ¢-mpb ODN self-assembled with the
KALA peptide was 1.6-fold more effective in suppressing
murine smooth muscle cell proliferation than was
unmodified-ODN condensed with KALA.

Another acid-cleavable linkage, a pB-thiopropionate link-
age, was also employed for the synthesis of ODN-PEG
conjugate by using bifunctional PEG derivatives (acetal-
PEG-acrylate, 5 kDa) combined with 3'-thiol-modified
antisense ODN (42). The resulting ODN-PEG conjugates
formed polyplex micelles with linear PEI that significantly
increased the stability of ODN with respect to nuclease
degradation and absorption of serum proteins. These acid-
labile linkages between PEG and ODN segments can be
cleaved corresponding to a pH decrease in the endosome
after cellular uptake. After endosomal escape, the ODN
released into the cytoplasm can hybridize to its comple-
mentary mRINA sequence to block the translation.

siRNA-PEG Conjugates with Cleavable Linkages

Recently, siRNA-based drugs have attracted much atten-
tion in the field of gene therapy. Therefore, PEG was also
conjugated to siRNA for polyplex micelle-based delivery.
Since the adjacent PEG chain may hinder the incorpora-
tion of siRNA into RISC, it would be important for the
siRNA to be released from the siRNA-PEG conjugate for
incorporation into RISC to activate the RNA1 mechanism.
Thus, siRNA-PEG conjugate may require a cleavable
linkage between siRNA and PEG, which can be readily
cleaved under intracellular conditions in order to facilitate
the release of intact siRINA into the cytoplasm. To promote
the physiological stability of siRNA without losing its RISC-
incorporation property, siRNA-PEG conjugates were syn-
thesized by employing pH-responsive (ester) and redox-
responsive (disulfide) linkages that are expected to be
cleaved 1n the acidic endosomal and reductive cytosolic
environments, respectively (Fig. 4b,c) (46,49,62). It is
noteworthy that the terminal structures of these modified
siRNAs predominantly determine their selectivity and
activity (63,64). Therefore, prior to siRNA-PEG synthesis,
the conjugation site of siRNA should be carefully consid-
ered in order to minimize the reduction of RNAi activity. It
has been suggested that the status of the 5'-terminus of the
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antisense strand of the siRNNA duplex plays a crucial role in
the induction of the RNAi mechanism, because the 5'-
phosphate group of the antisense strand is required for the
msertion of siRNA into the binding site of RISC (65).
Among the four termini of the siRNA duplex (3'- and 5'-
ends of both sense and antisense strands), the 3'- and 5'-
termini of the sense and 3'-terminus of the antisense have
generally been used for siRNNA modification to minimize
reduction in RNA! efficiency (66).

Recently, reducible disulfide linkages have been broadly
applied to the chemical modification of siRNAs with
various functional molecules such as cholesterol, peptides,
and inorganic nanoparticles (67-70). To introduce disulfide
linkages between PEG chains and siRNA molecules, a
terminal primary amine group was derivatized at the 3'-end
of the sense strand of siRNA duplex. The terminal amine
was further modified with a pyridyl disulfide using hetero-
functional coupling reagent SPDP. Thiol-modified PEG
was then bound to the end-modified siRNA, resulting in
siRNA-PEG conjugate containing a disulfide linkage
between siRNA and PEG (Fig. 4c) (49,50). It has been
generally accepted that the core-shell structures of self-
assembling polyplex micelles mainly protect stRNA mole-
cules from nuclease degradation. According to a previous
study, siRNA-PEG itself also exhibited enhanced resistance
to nuclease degradation even without complexation with
cationic molecules, compared to unmodified siRNA (49).
Similar to many other PEGylated therapeutic proteins that
exhibit protease resistance in human plasma, siRNA-PEG
conjugate alone helped to maintain the structural integrity
of siRNA to some extent in the presence of serum.

CORE-FORMING MATERIALS FOR siRNA-PEG
CONJUGATES

In aqueous medium, siRNA-PEG conjugates can be self-
assembled to form polyplex micelles with various cationic
core-forming agents, such as cationic polymers, peptides,
and particles, as a result of complementary charge anneal-
ing. Like other PEGylated polyplexes, anionic siRNA
segments and cationic counterparts form an inner core
due to charge neutralization, while PEG chains surround
the core to generate hydrophilic corona. This section
describes organic and inorganic materials used as core-
forming agents to form self-assembling micellar structures
with the siRNA-PEG conjugates (Fig. 5).

Cationic Polymers and Peptides
PEI is one of the most widely used cationic polymer-based

gene carriers due to its high transfection efficiency and
consistent transfection in various cells (6). PEI and PEI-
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Fig. 5 (a) Schematic representation of polyplex micelle formation of sIRNA-PEG conjugates with various types of cationic condensing reagents: (b)
polymers, (c) peptides, (d) nanogels, (e) gold nanoparticles, and (f) solid lipid nanoparticles.

based vectors have frequently been used for siRINA delivery
(71,72). Branched PEI (25 kDa) was used to formulate self-
assembling polyplex micelles with siRNA-PEG conjugates
(Fig. 5a,b) (49). The PEI/siRNA-PEG micelles showed 3.5
times higher gene-silencing activity than PEI/siRNA poly-
plexes in medium containing 10% serum. Despite the high
transfection efficiency, the major drawbacks of PEI as a
gene carrier are high cytotoxicity and non-degradability.
Although acute cell cytotoxicity of PEI caused by direct
interactions with the plasma membrane may be reduced to
some extent by the charge-shielding effect of the PEG layer,
high molecular weight PEI (25 kDa) still has the potential to
elicit long-term toxicity since it is hardly degradable in a
physiological environment (6,73). PLL, which has been
used for transfection due to its excellent DNA compaction
ability, was utilized as a condensing agent for the formation
of polyplex micelles with siRNA-PEG conjugates (47).
Targeting hepatoma cells was also achieved by introducing
a lactose moiety at the distal terminus of PEG in the
siRNA-PEG conjugate. The lactosylated polyplex micelles
with PLL suppressed hepatic tumor growth (62). Although
PLLs are less cytotoxic than PEIs, they also have inherent
cytotoxicity that may limit their use in clinical settings.
Moreover, transfection efficiency of PLL-based carriers is
usually lower than that of PEI, probably due to the lack of

function for the endosomal escape, which is an essential
step prior to the incorporation of siRNA into RISC.

A cationic fusogenic peptide, KALA, has an endosome-
disrupting property mediated by pH-dependent conforma-
tional change (74). The cationic peptide has been employed
in designing non-viral gene delivery systems. KALA peptide
can condense nucleic acid drugs to form polyplexes via
electrostatic interactions and generally exhibits a much
lower toxicity than conventional cationic polymers such as
PEI and PLL (75). KALA peptide was used as a core-
forming agent for the formation of polyplex micelles with
siRNA-PEG conjugate (Fig. 5a,c) (52). The KALA/siRNA-
PEG polyplex micelles reduced VEGT gene expression by
up to 90%. However, significant reduction in their gene
silencing efficiency was observed in the presence of serum,
which may be attributed to the low charge density of the
KALA peptide. Since double-stranded siRNA has a rigid
structure due to its short chain length, it may form loosely
condensed complexes with KALA peptide, which may
allow the interaction of the core complex with serum
proteins. To increase the charge density of the KALA
peptide, Mock e al. suggested crosslinking of KALA
peptides through reducible disulfide linkages (53). The
reducible crosslinked KALA/siRNA-PEG polyplex micelles
showed particle sizes of less than 200 nm. The siRNA-PEG
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formulated with the crosslinked KALA as a core-forming
agent induced significant silencing of a target gene, green
fluorescent protein (GFP), in a GFP-expressing established
cell line (MDA-MB-435). In addition, the transfection
efficiency was not influenced by the presence of serum.

Pluronic/PElI Nanocapsules

A variety of Pluronic-based nanocarriers have been
proposed as drug and gene delivery systems (76,77). In
particular, Pluronic-PEI (2 kDa) nanogel, which exhibits a
sharp volume transition behavior in response to thermal
stimuli, is an interesting candidate for delivery of siRNA-
PEG conjugates (Fig. 5a,d) (78). The Pluronic-PEI nanogel
was 1n a collapsed state with ca. 100 nm in diameter at 37°C,
but became highly swollen (ca. 400 nm) following
temperature transition to 15°C, leading to an over 40-fold
increase in the volume of the nanogel particles. The
temperature-induced volume transition property can be
used for the disruption of the endosome by physical
expansion of the endosomal membrane. The nanogel also
exhibited significantly lower cytotoxicity than PEI 25 kDa.
In addition, the Pluronic-PEI nanogel provides sufficient
condensing ability to form tight polyplexes with nucleic
acids. Since the site of action for siRNA molecules is the
cytoplasm, the volume-phase transition property of the
Pluronic-PEI nanogel allows it to be used as an effective
endosome-disrupting reagent. This may facilitate further
induction of RNA1 in the cytoplasm. A brief cold shock after
transfection resulted in significantly enhanced RINAi
efficiency.

Gold Nanoparticles

Recently, gold nanoparticles (AulNPs) have been extensively
investigated for their potential biomedical applications,
such as drug delivery, diagnostics and image contrast
enhancement (79,80). In particular, AuNPs with diameters
of 5-20 nm are readily taken up by cells without exhibiting
significant cytotoxicity and used as a carrier for drug and
gene delivery (81). The surface of AuNPs can be conve-
niently functionalized with thiolated molecules; for exam-
ple, Rosi ¢t al. reported antisense ODN-loaded AuNPs
using thiol-modified ODN (82). The AuNPs modified with
amine groups exhibit strong tendencies to ionically interact
with  DNA with relatively high transfection efficiency
(83,84). Primary amine-modified AuNPs have been used
as another core-forming agent for siRNA-PEG conjugates
(Fig. 5a,e) (67). The polyplex micelles formed from the
siRNA-PEG conjugate and the positively charged AuNPs
have an average diameter of ca. 100 nm. The core of the
polyplex micelle contains approximately ten AuNPs. In
contrast, complexes prepared with unmodified siRNA
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formed micron-sized aggregates. Since the AulNPs stabi-
lized by negative charges are sensitive to alterations in ionic
strength or pH that induce charge neutralization and then
aggregation (83), the neutral PEG shell surrounding the
AuNPs 1s especially crucial for steric stabilization after
complexation with siRNA. The AuNPs/siRNA-PEG
micelles reduced GIFP gene expression by over 80%, with
no detectable cytotoxicity.

Cationic Lipids

There are many commercially available cationic lipid
formulations used as transfection reagents for i vitro gene
delivery, including Lipofectamine (Invitrogen), Oligofect-
amine (Invitrogen) and Lipofectin (Qiagen). However, only
a limited number of cationic lipids have been successfully
used as carriers for i vivo siRNA delivery due to their poor
colloidal stability and toxicological concerns (85). Recently,
low density lipoprotein (LDL)-mimicking nanoparticles
termed solid lipid nanoparticles (SLN), the surface of which
was modified with PEG (Fig. 5a.f), significantly improved
the pharmacokinetic behaviors of siRNA and targeted apoB
gene silencing in mice and nonhuman primates (86,87).
Since PEGylated liposomes are clinically approved for
doxorubicin, they represent a feasible option for siRNA
delivery in humans (88). The adsorption of siRNA-PEG
conjugates onto the SLN surface resulted in SLN/siRNA-
PEG polyplex micelles with high stability, compared to that
of bare SLN or SLN/siRNA complexes (55). The presence
of a PEG layer on the SLN surface could provide
stabilization by preventing nonspecific adsorption of plasma
proteins and by reducing inter-particle aggregation. In the
presence of serum, the sterically stabilized SLN/siRNA-
PEG polyplex micelles reduced GFP and VEGF expres-
sions in cancer cells by 59% and 54%, respectively.

IN VIVO APPLICATION OF PEG-siRNA POLYPLEX
MICELLES

Cancer has been one of the most popular targets for
nanoparticle-based drug delivery systems, since it is one of
the most frequent and hard-to-cure diseases and it has
unique physiological characteristics. Much research on the
development of siRNA delivery systems has also been
conducted for cancer treatments (89-93). Cancer develop-
ment commonly involves the abnormal over-expression of
defined genes, making a gene silencing approach feasible in
cancer treatment strategies. In addition, since tumors
generally have highly proliferative characteristics, newly
formed vasculature inside the tumor usually has a leaky
structure that allows penetration of small nanoparticles into
the tumor tissue, where the nanoparticles may accumulate
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due to the lack of lymphatic drainage in highly proliferative
tumor tissue. Nanoparticles with a diameter of less than
500 nm can achieve the passive tumor targeting via the
hypothetical enhanced permeability and retention (EPR)
effect (90). Recently, Kim ¢t al. used siRNA-PEG polyplex
micelles for both local and systemic cancer treatments in an
animal model (51). The self-assembling nano-sized polyplex
micelles were combined with a therapeutic siRNA targeting
VEGF, which is known to play a crucial role in tumor
angiogenesis (91). The intravenous administration of the
polyplex micelles resulted in significant tumor growth
retardation. The treatment suppressed intratumoral VEGF
expression by about 40% in human prostate cancer (PC-3)
xenograft. In particular, i vivo fluorescence imaging showed
enhanced tumor accumulation of the polyplex micelles after
systemic administration. This may be attributed to the
prolonged circulation of the polyplex micelles in blood,
which likely provide them with increased opportunity to
reach and accumulate in the tumor via EPR effect.
Recently, it was reported that PEI/siRNA-PEG polyplex
micelles achieved efficient penetration through a three-
dimensional solid tumor model  witro. This may be
attributed to the flexible and hydrophilic PEG layer
localized outside the micelles with a high density, which
allows smooth penetration of the nanoparticles into the
artificial extracellular matrix, eventually facilitating their
cellular uptake (92). The polyplex micelles containing
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VEGF siRNA showed at least 1.5-fold greater gene-
silencing throughout the cell layers of the 3-D solid tumor
model compared to VEGF siRNA alone.

TARGETED DELIVERY OF PEG-siRNA POLYPLEX
MICELLES

The use of a targeted drug delivery system is a desirable
strategy to reduce adverse events in organs or tissues other
than the disease site, primarily by decreasing the effective
dose. Thus, a large number of targeting moieties, such as
growth factors, antibodies, sugar molecules and peptides,
have been widely investigated to develop tissue- or cell-specific
delivery systems for drugs, genes, and diagnostic imaging
agents (73,93). Although PEGylation is considered an
attractive strategy for the stabilization and prolonged
circulation of nanoparticles, PEGylation frequently reduces
the cellular uptake of PEGylated nanoparticles by the steric
hindrance effect, which is the same phenomenon observed in
the decreased adsorption of blood components (94). Intro-
duction of a targeting moiety on the surface of siRNA-PEG
polyplex micelles improved cellular uptake via receptor-
mediated endocytosis and increased target specificity.
Lactosylated-PEG-siRNA (RecQLI targeted) self-assembled
with PLL exhibited eight times higher suppression of tumor
growth in hepatic multi-cellular tumor spheroids, compared

Anti-EGFR-targeted
SLN/siRNA-PEG

w/ EGFR antibody

Fig. 6 (a) Schematic illustration of the preparation of anti-EGFR-targeted solid lipid nanoparticles (SLN) for cancer-targeted delivery of siRNA-PEG
conjugates. (b) Representative bioluminescent images of luciferase-expressing human lung adenocarcinoma PC9 xenografts in nude mice. On day 14 after
implantation, mice were injected intravenously with anti-EGFR-targeted SLN/luciferase siRNA-PEG. Inset panels show pseudo-color fluorescent images of

tumor xenografts.
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with siRNA formulated with Oligofectamine (47). When a
luteinizing hormone-releasing hormone (LHRH) peptide
was conjugated to the distal terminus of the PEG segment
of siRNA-PEG (siRNA-PEG-LHRH), polyplex micelles
generated from PEI and siRNA-PEG-LHRH exhibited
enhanced delivery to cancer cells due to LHRH receptor-
mediated endocytosis (49). As an alternative strategy for
polyplex micelle-based siRNA delivery, PEGylated SLN
with endothelial growth factor receptor (EGFR) antibody
was used as a core-forming agent for siRNA-PEG (Fig. 6).
The resulting polyplex micelles decorated with EGFR
antibody exhibited remarkable gene silencing of a target
gene after systemic administration in a mouse tumor
xenograft model. The results suggest that targeted polyplex
micelle-based siRINA delivery systems may be considered as
candidates for cancer gene therapy.

CONCLUSIONS

There have been remarkable advances in RNA1 techniques
since the initial demonstration that siRNAs silence gene
expression in mammalian cells (1). Now, siRNA has become
a promusing research tool for use in functional genomics and
studying disease models & viwo without knockout animals,
which are expensive and time-consuming. In addition, RNAi
can be used for drug target validation in which siRNNA may
drastically accelerate the process of drug development. Thus,
it was initially anticipated that stRNAs used for the target
validation would be applicable in clinical settings with only
minor modification. Although it only took three years to start
the first clinical trials using siRNA-based therapeutics after
the Elbashir et al. publication, these two major clinical trials
of siRNAs for age-related macular degeneration have
recently finished in failure. Despite the enthusiasm about a
new class of therapeutics, many questions remain concerning
the efficacy and duration of effect of siRNA drugs in the
target disease. More recently, many studies on the develop-
ment of stIRNA delivery systems have provided theoretically
important and commercially useful results. The current
successes in siRINA delivery have certainly benefited from the
scientific experiences acquired from existing gene delivery
technologies for plasmid DNA and antisense ODNs. Al-
though considerable progress has been made on developing
and optimizing siRNA delivery, the major problems, such as
off-target effects and immune stimulation, still remain
unsolved. Moreover, pharmacokinetic and pharmacodynam-
ic relationships of siRNA therapeutics have to be fully
discussed and defined. In addition, there are typical character-
istics of sIRNA that are not observed with plasmid DNA or
antisense ODN. For instance, short double-stranded siRINA
provide a rigid structure that affects the integrity and stability
of complexes formed by electrostatic interactions with cationic
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polymers (16). Therefore, for successful application of siRNA
therapeutics in clinical settings, delivery systems should be
carefully designed after considering the unique properties of
siRNA in conjunction with essential requirements including
high transfection efficiency, biocompatibility, and tissue- or
cell-selective delivery.
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