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B ecause of RNA's ability to encode structure and functional information, researchers have fabricated diverse geometric
structures from this polymer at the micro- and nanoscale. With their tunable structures, rigidity, and biocompatibility, novel
two-dimensional and three-dimensional RNA structures can serve as a fundamental platform for biomedical applications,
induding engineered tissues, biosensors, and drug delivery vehicles. The discovery of the potential of small-interfering RNA
(siRNA) has underscored the applications of RNA-based micro- and nanostructures in medicine.

Small-interfering RNA (siRNA), synthetic double-stranded RNA consisting of approximately 21 base pairs, suppresses problematic
target genes in a sequence-spedificmanner via inherent RNA interference (RNAi) processing, As a result, sSiRNA offers a potential strategy for
treatment of many human diseases. However, due to ineffident delivery to cells and off-target effects, the dinical application of therapeutic
SiRNA has been very challenging. To address these issues, researchers have studied a variety of nanocarrier systems for SiRNA delivery.

In this Account, we describe several strategies for efficient SiRNA delivery and selective gene silencing. We took advantage of facile
chemical conjugation and complementary hybridization to design novel siRNA-based micro- and nanostructures. Using chemical
crosslinkers and hydrophobic/hydrophilic polymers at the end of siRNA, we produced various RNA-based structures, induding siRNA
block copolymers, micelles, linear siRNA homopolymers, and microhydrogels. Because of their increased charge density and flexibility
compared with conventional siRNA, these micro- and nanostructures can form polyelectrolyte complexes with poorly charged and
biocompatible cationic carriers that are both more condensed and more homogenous than the complexes formed in other carrier
systems. In addition, the fabricated SiRNA-based structures are linked by cleavable disulfide bonds for facile generation of original
siRNA in the cytosol and for target-spedific gene silencing. These newly developed siRNA-based structures greatly enhance
intracellular uptake and gene silencing both in vitro and in vivo, making them promising biomaterials for SiRNA therapeutics.
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1. Introduction

RNA has been used as an informative building block to
create diverse geometric structures of micro- and nanosize
through complementary hybridization, ligation, chemical
conjugation, and loop—loop interactions.’? Despite its che-
mical vulnerability, the RNA double helix is physically more
stable than the DNA double helix and the DNA/RNA hybrid
duplex,? making double-stranded RNA very attractive as a
rigid structural building block. Rationally designed self-
assembly can generate finely tuned RNA-based 2D and 3D
structures with diverse morphologies and sizes including the
tecto-square nanopattern,' microfilaments, and nanorings.*
Nature-inspired RNA constructs, originating from bacterioph-
age phi29 and human immunodeficiency virus (HIV), have
also been applied for the design of dimeric, trimeric, and
hexameric RNA nanostructures.>~” Recently, these types of
research in the field of RNA-based micro- and nanostructures
have been greatly boosted for biomedical application with
therapeutic siRNA.

RNAI involves post-transcriptional gene suppression in a
target-specific manner following cleavage of long double-
stranded RNA (dsRNA) of several hundred base pairs into
pieces of approximately 21 base pairs.? Not only biologically
transcribed long dsRNA but also chemically synthesized
dsRNA with 21 base pairs, also known as siRNA, can elicit
RNAi in mammalian cells.® Based on its high specificity and
potent silencing effect, SiRNA has been viewed as the newest
medical breakthrough following antibody/protein drugs to
overcome life-threatening diseases.'® Currently, around a
dozen RNA-based drugs are under clinical evaluation."" For
RNAI processing, siRNA should be taken up into cells and
escape from endosomes to cytoplasm where it encounters
intracellular RNAi machinery such as endoribonuclease
Dicer and RNA induced silencing complex (RISC). However,
SiRNA cannot be delivered alone due to its negative charge.
To overcome these delivery hurdles, properly designed car-
riers, such as cationic polymers, lipids, and nanoparticles,
have been used for enhanced intracellular uptake of siRNA
and subsequent escape from the endosome. One of the
conventional siRNA delivery systems involves formation of
polyelectrolyte complexes via ionic interactions between
anionic phosphate groups in the siRNA backbone and cat-
ionic molecules in carriers. To form compact and homoge-
neous siRNA polyelectrolyte complexes, the use of highly
positively charged carriers is inevitable despite their severe
side effects, which include cytotoxicity and immune activa-
tion via nonspecific interactions with the cell membrane and
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intracellular organelles.'> More potent carriers could elicit an
even higher cytotoxicity, which could offset the advantage of
newly designed carriers. Therefore, safe and potent delivery
systems are still elusive for the clinical application of SiRNA
drugs.

This Account introduces recent interesting work regard-
ing the design of novel siRNA-based structures via facile
chemical conjugation and molecular hybridization, which
could make siRNA more suitable to be successfully incorpo-
rated into less toxic and safer cationic carriers by increasing
charge densities and molecular flexibilities. First, the physi-
cochemical properties of siRNA to be considered for the
design of siRNA-based structures are described. Then, syn-
thetic schemes of diverse siRNA-based structures, including
SiRNA block copolymers, micelles, siRNA homopolymetrs,
and microhydrogels, are introduced. The focus is on the
rational design of novel siRNA-based structures to increase
charge density and intermolecular flexibility as well as the
consequential biological benefits such as improved effi-
ciency and specificity of gene silencing. Lastly, some per-
spectives regarding the challenges of siRNA-based micro-
and nanostructures for clinical application are provided.

2. Physicochemical Characteristics of siRNA

The symmetric dsSRNA with a 19 + 2 structure (19 nucleotides
comprising complementary RNA sequences to target mRNA
composed of adenine (A), guanine (G), cytosine (0), and uradil (U);
2 nucleotides comprising a 3’ overhang usually composed
of thymine (T)) is a conventional siRNA (Figure 1A).° Con-
sidering that the length of a single base pair and the
persistence length of dsRNA are approximately 2.7 A and
70 nm (approximately 260 base pairs), respectively, conven-
tional siRNA with 21 base pairs is an innately rigid and rod-
like structure with a size of around 5.67 nm and a molecular
weight of approximately 13 400 g/mol.'>'* The pK; value of
the phosphate groups in phosphodiester bonds is around
zero, which makes siRNA negatively charged under physio-
logical conditions. Accordingly, this negatively charged siRNA
may not be taken up into cells without assistance, unlike
chemical drugs.

To increase the delivery efficiency of siRNA, RNA-based
nanostructures have been investigated using natural RNA
structures, such as packaging RNA (pRNA) originating from
bacteriophage phi29.> Synthetic cationic carriers can also be
used to employ siRNA by forming siRNA polyelectrolyte
complexes. However, compared with plasmid DNA, siRNAs
are not easily condensed and attach to carriers such as
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FIGURE 1. (A) Diverse monomeric siRNA structures and siRNA-based micro- and nanostructures to improve delivery efficiency and reduce off-target
effects. (B) Intracellular fate of siRNA-based micro- and nanostructures following their complexation with cationic carriers.

cationic polymers, lipids, and inorganic nanoparticles with
poor binding affinity due to their stiff structure and low
spatial charge density. Stability of sSIRNA—carrier complexes
has been increased by the design of sticky siRNA with 5—8
extra single strand nucleotides of A and T at both 3’ ends
(Figure 1A), which increased the target gene suppression by
10-fold in vitro when compared with conventional siRNA
due to stabilization of the nanosized polyelectrolyte com-
plexes via external A-T hybridization."'®

After intracellular uptake, siRNA should be incorporated
into RISCs in the cytosol for RNAi processing, where the
thermodynamic characters of the siRNA duplex are crucial
for efficient gene inhibition.'®'” The first nucleotide of the
antisense strand at the 5 end for complementary base-
pairing (e.g., A-U, C-G, and G-U) significantly affects the inter-
nal strand stability of siRNA. Gibbs free energy (AG, kcal/mol)
of helix formation for the first base pair at the 5’ end of the
antisense strand in potent siRNAs is higher than that of
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nonfunctional siRNAs, suggesting that an unstable 5’ end
of an antisense strand is preferred for unwinding and RISCin-
corporation over a stable one. Thus, chemical or genetic
modification at the 5’ end of antisense siRNA, which might
alter the intrinsic strand stability, can significantly manipulate
gene knock-down efficiency and off-target effects by the
undesired incorporation of the sense strand into the RISC.
The adoption of the sense strand into the RISC can tremen-
dously decrease the intended sequence specific gene silen-
cing due to the limited RNAi machinery in cells. To avoid that,
asymmetric siRNA structures with a short sense strand and an
internally segmented sense strand have been reported
(Figure 1A). An asymmetric dsRNA with 21 nucleotides of
antisense strand and a shorter sense strand showed reduced
nonspecific gene silencing without loss of biological activity
compared with conventional siRNA.'®'? Internally segmen-
ted siRNA composed of two segmented sense strands with
10—12 nucleotides and a complementary intact antisense
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FIGURE 2. Synthetic strategy for the preparation of sSiRNA—PEG block copolymers via complementary base pairing and their enhanced serum
stability. (a) Monomeric siRNA, diblock sSiRNA—PEG linked at the 3’ end of (b) sense strand or (¢) antisense strand, and (d) triblock siRNA—PEG linked at
3’ end of both sense and antisense strands. Adapted with permission from ref 23. Copyright 2011 Wiley-VCH.

strand with 21 nucleotides also exhibited target-sequence
specific gene suppression.?° Only the antisense strand with
21 nudeotides efficiently participated in silencing of the tar-
get gene while gene inhibition by the short sense strands was
negligible, probably due to the minimum length of nucleo-
tides required for successful incorporation into the RISC.

Hydroxyl groups at the 2’-, 3’-, and 5'-positions of the
pentose sugar of siRNA could be modified with versatile
functional groups, such as amine and thiol groups, which
could be exploited for chemical conjugation to construct
diverse siRNA-based structures as shown in Figure 1A. Em-
ployment of functional polymers and chemical linkers with
different sizes and shapes at the end of siRNA terminals
could enable fabrication of new siRNA-based structures in-
cluding micelles, block copolymers, and hydrogels. The
resulting siRNA-based micro- and nanostructures are ex-
pected to complement the inherent weaknesses of conven-
tional siRNA, such as stiffness and low charge density, for
efficient intracellular delivery (Figure 1B).

3. siRNA Block Copolymers

3.1. siRNA—PEG Block Copolymer. RNA is vulnerable to
enzymatic attack, which can significantly reduce the ther-
apeutic potential of siRNAs in vivo. To address this issue,
diverse chemical modifications in sSiRNA backbones, such as
phosphorothioate linkage and modification of the 2’-hydro-
xyl group of the pentose sugar, have been investigated.' As
an alternative strategy to protect siRNAs from surrounding
proteins, poly(ethylene glycol) (PEG) can be conjugated at
both terminal ends to produce siRNA—PEG block copoly-
mers. PEG is well-known to improve serum stability and
blood circulation time of various therapeutic biomolecules
including interferon-o, interleukin-6, and tumor necrosis
factor.??

In this study, amine-functionalized PEG (methoxy PEG-
NH,, molecular weight, M,, = 5000) was coupled with the
thiol group at the 3’ end of each sense and antisense siRNA

using a heterofunctional cross-linker, SPDP (N-succinimidyl
3-(2-pyridyldithio)-propionate).?®> Using siRNA as a building
block, two types of block copolymer, siRNA—PEG diblock
copolymer (A—B type (A = PEG; B = siRNA)) and PEG—
siRNA—PEG triblock copolymer (A—B—A type), were prepared
by a different combinatorial hybridization step (Figure 2).
These block copolymers were linked via reducible disulfide
bonds, which could be easily cleaved to regenerate inherent
SiRNA for RNAI processing in a reductive environment, cyto-
plasm containing around 5—10 mM of glutathione.?* In our
previous study, PEG was completely dissociated from siRNA
block copolymers within 15 min under reductive con-
ditions.®® Interestingly, the siRNA block copolymers made
via cleavable linkage showed sequence-specific inhibition of
the target gene, while those made via noncleavable covalent
linkage were demonstrated to elicit nonspecific gene suppres-
sion as well as elevated immune response, suggesting that
cleavability of siRNA block copolymers was crucial for biolo-
gical function.?® After serum incubation, most of conventional
siRNA was completely degraded within 24 h while approxi-
mately half of the initial sSiRNA in siRNA—PEG triblock copo-
lymers still remained intact (Figure 2, right panel). Considering
that the radius of gyration of PEG (M,, = 5000) is about
3.08 nm, triblock copolymers with two PEG blocks at the
ends of single siRNA might shield siRNA more safely from
enzymatic attacks than diblock copolymers.>” However, exces-
sive PEG molecules on siRNA can also disturb the interaction of
siRNA—PEG block copolymers with the target cell membrane,
resulting in diminished uptake into the cells.*® Hydrodynamic
radius and proportion of PEG molecules in total sSiRNA—PEG
block copolymer can affect the surface coverage by PEG. Thus,
it is necessary to determine the optimal PEG amount and mol-
ecular weight that will not inhibit cellular uptake while protect-
ing the siRNA from serum proteins before in vivo application of
SiRNA—PEG block copolymers is considered.

Recently, siRNA-grafted block copolymer made via che-
mical conjugation has also been studied to increase spatial
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FIGURE 3. (A) Schematic diagram for the preparation of siRNA—PLGA micelles and their AFM images of before/after surface-cross-linking with LPEI.
(B) Gene silencing efficiencies of siRNA—PLGA micelles against GFP. LPEI (25000 and 2500)-coated sSiRNA—PLGA micelles were applied to GFP-
expressing MDA-MB-435 cells. Adapted with permission from ref 30. Copyright 2011 Elsevier.

charge density.?° Multiple siRNAs grafted on poly(aspartic
acid) (approximately four siRNAs per single polymer) exhibited
much enhanced binding affinity with a cationic carrier, poly-
{N-IN-(2-aminoethyl)-2-aminoethyllaspartamide} (PAsp(DET)),
which resulted in improved stability of polyelectrolyte com-
plexes and delivery efficiency compared with conventional
SiRNAs.

3.2. siRNA—PLGA Block Copolymer for Micelle Forma-
tion. By adopting a hydrophobic moiety at the end of SiRNA,
a self-assembled nanostructure with siRNA was fabricated as
shown in Figure 3. Poly(p,.-lactic-co-glycolic acid) (PLGA) was
selected as the hydrophobic moiety due to its superior bio-
compatibility and biodegradability in vivo.3° After activation
of the carboxyl group of PLGA with 3-(2-pyridyldithio) pro-
pionyl hydrazide (PDPH), thiol-modified siRNAs were re-
acted with the pyridyl disulfide-functionalized PLGA in a
DMSO (dimethyl sulfoxide)/PBS (phosphate-buffered saline)
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siRNAs and folate as a targeting ligand and (B) siRNA, fluorescein
isothiocyanate (FITC), and aptamer using pRNA as a vector. Chimeric
RNA molecules were biologically constructed by incorporating various
functional moieties at distal ends of phi29 pRNA vector. Adapted with
permission from ref 5. Copyright 2005 American Chemical Society.

cosolvent (DMSO/PBS (volume ratio) = 10:1) to produce
SiRNA—PLGA block copolymers. Amphipathic SIRNA—PLGA
block copolymers formed a micellar structure, where hydro-
phobic PLGA moieties were located in the core and
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hydrophilic siRNAs were exposed on the shell via a hydro-
phobic interaction between PLGA blocks. In the siRNA—
PLGA micelle, siRNA molecules could be closely located to
each other on the shell surface due to strong hydrophobic
interactions despite intermolecular charge repulsion be-
tween the negatively charged siRNAs. The critical micelle
concentration (CMC) of spherical siRNA—PLGA micelles
with a size of 40.5 + 5.8 nm was around 5 mg/L, which
also supported that the siRNA—PLGA conjugates were
indeed self-assembled as micelles. Polymeric micellar struc-
tures via noncovalent interactions remain transient only
above their CMC. To stabilize micelle structure even below
the CMC, as well as alter surface charge from negative to
positive, linear polyethylenimine (LPEI) was physically
coated onto the shells of the micelles, which could also
contribute to the enhanced cellular uptake of siRNAs. The
micellization of siRNA—hydrophobic polymers augments
spatial charge density of siRNA, which allows far more
facile ionic interactions with weakly charged cationic car-
riers like low molecular weight LPEI (M,, 25000 and 2500)
than conventional siRNA. Accordingly, sSiRNA—PLGA mi-
celles were successfully delivered into cells and inhibited
target green fluorescence protein (GFP) expression, while
conventional siRNA did not suppress (Figure 3B). After
intracellular uptake, sSiRNA—PLGA micelles would be im-
mediately disintegrated by cleavage of disulfide bonds
between siRNA and PLGA, as well as by hydrolytic degra-
dation of PLGA blocks in the acidic endosome, which
release innate siRNAs for RNAi processing. This siRNA-
based micellar structure could be further exploited for simu-
Itaneous multiple drug delivery by employing hydrophobic
chemical drugs in the micelle core as well as therapeutic
SiRNAs on the shell.

4. siRNA Homopolymers

4.1. Dimeric siRNA. Previously, two distinct siRNAs were
incorporated into a phi29-originated pRNA structure through
complementary hybridization between left- and right-hand
loops, genetically engineered to contain a specific SIRNA
sequence by a computer-based sequence design (Figure 4).
These RNA based chimeric nanostructures employing ther-
apeutic siRNAs exhibited biological activity, probably due to
fragmentation of long dsRNA into small RNAs via Dicer-
mediated processing. Long dsRNAs should be cleaved into
19—25 base pair sequences by Dicer, an RNaselll-class endo-
nudlease, in the cytoplasm for RNAi processing, which may
elicit expression of cytokines related to the innate immune
response.®' Chimeric nanostructures could also employ tar-
geting ligands such as RNA-based aptamer and folate for
efficient and selective intracellular delivery.

Diverse siRNAs can be incorporated not only using bio-
logically derived RNA structures but also using facile chemi-
cal conjugations of the ends of siRNAs via a cross-linker
(Figure 5).32 Dimeric sense strand siRNAs were prepared by
direct coupling of two thiol groups at the 3’ ends of each
sense strand using a cross-linker, dithio-bismaleimido-
ethane (DTME), which were sequentially hybridized with a
complementary antisense single-strand siRNA for the pre-
paration of a dimeric siRNA structure. Unlike biologically
prepared chimeric siRNA structures,® chemically linked di-
meric siRNA via disulfide linkage could easily regenerate
monomeric siRNA in reductive cytosol without any enzy-
matic reaction. Accordingly, the chemically fabricated di-
meric structure might avoid Dicer-mediated immune re-
sponse after intracellular uptake.

The dimeric siRNA has a 2-fold higher molecular weight
than monomeric siRNA as well as an additional flexible
spacer between the siRNAs, which was greatly favorable
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for ionic complexation with LPEI and cellular uptake com-
pared with conventional siRNAs. The dimeric siRNA formed
homogeneous and compact nanocomplexes with a size of
approximately 100 nm and exhibited higher gene silencing,
while conventional siRNA showed negligible gene inhibi-
tion. Furthermore, by this synthetic strategy, diverse moi-
eties including PEG, polymer, dyes, and lipids could be
adopted at both ends of the dimeric siRNAs as shown in
Figure 5.

4.2. Multimeric siRNA. Using siRNA as a building block,
linear siRNA homopolymers, multimeric siRNAs (multi-
siRNA), were prepared by complementary hybridization be-
tween a sense strand dimeric siRNA (sense dimer) and an
antisense strand dimeric siRNA (antisense dimer) (Figure 5).33
Around 40% of the overall multi-siRNAs formed linear siRNA
homopolymers with more than five siRNAs despite their
heterogeneous population with different lengths. In multi-
SiRNA, the hybridization between the complementary 19
nudleotides of the siRNA monomer was strong enough to
tolerate the charge repulsion between siRNA blocks, main-
taining a multimeric structure under physiological con-
ditions.

It was thought that siRNAs with higher molecular weight
can bind to cationic carriers much more efficiently due to
their increased charge density and flexibility of the intermo-
lecular spacer. As expected, multi-siRNAs interacted much
more efficiently with the cationic carrier, LPEI (M,, 25000),
than conventional siRNAs, and formed a stable and compact
polyelectrolyte complex. In addition, each terminal end of
multi-siRNA, which remained as an unannealed form, was
likely to elicit the inter- and intramolecular annealing/un-
annealing for the stabilization of polyelectrolyte complexes.
Compared with loose and heterogeneous complex struc-
tures of conventional siRNA/LPEI, multi-siRNA/LPEI was

1020 = ACCOUNTS OF CHEMICAL RESEARCH = 1014-1025 = 2012 = Vol. 45, No. 7

observed as homogeneous and spherical nanoparticles
about 100 nm in size (Figure 6). It is well-known that the
size and morphology of nanoparticles determines the route
and efficiency of intracellular uptake. Accordingly, the intra-
cellular uptake by multi-siRNA/LPEI was much higher than
that of conventional siRNA/LPEI, which consequently al-
lowed efficient gene suppression in vitro and in vivo via
release of siRNA from polyelectrolyte complexes after the
cleavage of multi-siRNAs in cytoplasm.3® With increasing
siRNA length, the efficiency of target gene silencing was
significantly enhanced, which might be attributed to the fact
that increased charge density might elicit far more enhanced
binding efficiencies with cationic carriers.

Fabrication of linear sSiRNA homopolymer via chemical
conjugation allows multi-siRNA to employ diverse chemical
linkage with different flexibility, length, and cleavability
within polymers, which is a big advantage over biologically
derived methods, such as complementary hybridization and
enzyme-catalyzed ligation. Cleavable multi-siRNAs might be
favorable for subsequent RNAi after intracellular uptake
because of facile and prompt regeneration of homogeneous
monomeric siRNAs compared with noncleavable multi-
siRNAs (Figure 7A). For example, cleavable multi-siRNA
linked by a disulfide linkage could easily produce monomer-
ic and biologically active siRNAs through the degradation of
disulfide bonds in a reductive cytoplasmic environment with-
out any loss of siRNA units. However, noncleavable multi-
siRNA is likely to be a substrate for Dicer, which could produce
diverse siRNA fragments of different lengths through enzy-
matic digestion. We prepared both cleavable and noncleavable
multi-siRNA using two types of cross-linkers, a cleavable
cross-linker, DTME, and a noncleavable cross-linker, 1,8-
bis(maleimido)di(ethylene glycol) (BM(PEG),). Two different
multi-siRNAs exhibited similar physicochemical characteristics
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and gene knock-down against endogenous vascular en-
dothelial growth factor (VEGF) at the protein and mRNA
level after complexation with LPEI (Figure 7B,C). However,
RACE has demonstrated that cleavable multi-siRNAs could
indeed bind and degrade their target mRNA at the specific
site via RNAi only (Figure 7C). In the case of noncleavable
multi-siRNAs, the Dicer-mediated random fragments might
elicit target protein silencing via microRNA-related transla-
tional repression although a portion of them could partici-
pate in RNAI processing.3* This silencing mechanism could
potentially induce nonspecific gene silencing by randomly
fragmented oligomers containing off-target sequences. In
addition, it is well-known that long dsRNAs could be recog-
nized by intracellular inflamasomes, which subsequently
induce nonspecificimmune responses.> Exogenous dsRNA
could induce the activation of endosomal toll-like receptors
(TLR), especially TLR-7, and cytoplasmic inflamasomes, in-
cluding RIG-I, TLR-3, MDA5, and PKR, by recognition of spe-
cific sequence and chain length, respectively. Even though
the length-extended multi-siRNAs could potentially act as
immune stimulants, cleavable multi-siRNAs could escape
from the PKR-mediated immune response because their
intrinsic structure could be restored immediately in the re-
ductive cytoplasm. Noncleavable multi-siRNA, however, re-
mains as long dsRNA before Dicer-mediated degradation,
which might augment an intracellular immune response.®
In our study, noncleavable multi-siRNA elicited a 2.5-fold
higher release of interferon-a, a cytokine related to the

immune response for human peripheral blood monocyte
cells, than cleavable multi-siRNA and conventional siRNA.
Using chemical fabrication, diverse siRNAs against differ-
ent target genes could be easily incorporated into a single
multi-siRNA for combinatorial RNAi (co-RNAi) therapy.3®
Biological systems are homeostatically regulated by multi-
ple feedback mechanisms. For example, functional loss by
suppression of one disease-related gene could be compen-
satorily replaced by other genes, which might significantly
lessen the therapeutic effect of siRNA. Indeed, death of
cancer cells was not significantly induced by suppression of
a single anti-apoptotic gene.?” Co-RNAi is a new therapeutic
strategy that inhibits multiple problematic genes simulta-
neously by treating with siRNA mixtures against different
genes. In recent studies, simultaneous treatment with
multiple siRNA cocktails in the nanocomplexes has greatly
increased therapeutic effect without repeated injections.>®
To harbor two different kinds of siRNAs into one multi-
SiRNA, two different types of double-stranded siRNAs with
terminal thiol groups at both 3’ ends were concatenated
using chemical cross-linkers (Figure 8A). Dual gene tar-
geted multi-siRNAs (DGT multi-siRNAs) are composed of
two types of siRNAs against anti-apoptotic genes, survivin
and bcl-2, which are usually overexpressed in cancer cells
making them resistant to intra/extracellular death signals
via dysregulation of the apoptotic signal cascade. Inter-
estingly, DGT multi-siRNA complexes with LPEI were de-
livered into the cells more efficiently than single gene
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targeted multi-siRNA (SGT multi-siRNAs) complexes with
LPEI, which was demonstrated by a direct measurement
of intracellular siRNA amounts. It is conceivable that
the heterogeneous sequence composition in DGT multi-
siRNAs assigns higher structural flexibility for compact ionic
complexation than homogeneous sequence composition in
SGT multi-siRNAs because the sequence heterogeneity could
affect thermodynamic parameters of nucleotide structures,
such as persistent length, free energy for condensation, and
contour length (Figure 8B).2%4° The DGT multi-siRNA against
survivin/bc-2 genes complexed with LPEI suppressed
much more efficiently target genes at the mRNA and protein
level than the mixture of SGT multi-siRNAs/LPEI and the
physical mixture of conventional siRNAs/LPEI complexes.
More importantly, only DGT multi-siRNA/LPEI complexes
induced significant apoptotic cell death of cancer cells
(Figure 8Q). This co-RNAi system using DGT multi-siRNAs
could be exploited as a novel approach for the treatment of
multigene related diseases.

4.3.siRNA Microhydrogels. It is conceivable that branched
SiRNA polymer can have favorable properties for ionic
complexation with cationic carriers over linear siRNA poly-
mer, considering branched polymer has superior binding
capacity with counterionic molecules compared with linear
polymer.*! To prepare branched siRNA polymer, Y-shaped
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single strand siRNAs were prepared by reacting thiol-termi-
nated sense or antisense single strand siRNAs with tris-2-
maleimidoethyl-amide (TMEA), a trifunctional cross-linker
containing three reactive maleimide groups (Figure 9). Di-
meric linear single-strand siRNAs were also synthesized
using BM(PEG),. Using the resulting trimeric branched units,
dimeric linear units, and monomeric unit, SiRNA microhy-
drogels were fabricated via spontaneous complementary
hybridization.** By mixing different combinatorial siRNA
units, two types of micrometer-sized siRNA hydrogels were
produced: moderately branched siRNA hydrogels (DY-siRNA)
by mixing dimeric sense and Y-shaped antisense strand
siRNAs and highly branched siRNA hydrogels (YY-siRNA)
by mixing Y-shaped sense and Y-shaped antisense strand
siRNAs with a size of around 5—15 um. In this study, the size
and cross-linking density in hydrogels were mainly con-
trolled by the molecular ratio of trimeric single strands in
the total population, considering the functionality of dimeric
and trimeric single strand siRNAs as a chain extension and
three-way cross-linker, respectively. As expected, DY-SiRNA
hydrogel exhibited a significantly larger overall size and
higher porosity than YY-siRNA hydrogel, which was attribu-
tedto the preferential length extension in DY-siRNA hydrogel
due to the higher extent of dimeric units. The pore size in
DY-siRNA hydrogel was approximately 8-fold larger than
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that of the YY-siRNA hydrogel. Due to dramatically expanded
structures and flexibility, DY- and YY-siRNA hydrogels ex-
hibited highly improved binding affinities with low molecular
weight LPEI (M,, 2500) compared with conventional siRNAs,
which resulted in formation of compact and stable nano-
complexes with a size below 120 nm. Both DY- and YY-
SiRNA hydrogel/LPEI complexes were even smaller, by
approximately 2-fold, than multi-siRNA/LPEI complexes
probably due to the much higher charge density, flexibility,
and complexity derived from preformed 3D geometric
structure of siRNA hydrogels than those of multi-siRNAs.
Likewise, DY- and YY-siRNA hydrogels were more effi-
ciently taken up into the cells and sequentially silenced
the target gene expression than multi-siRNA in vitro.
Interestingly, DY-and YY-siRNA hydrogels showed highly
efficient gene silencing despite noncleavable intermolecular
thioether bonds, suggesting that the hydrogels might be
dissociated via Dicer processing into biologically active
siRNAs in the cytoplasm. In this study, as a proof-of-concept,
dimeric and trimeric building units for micrometer-sized
hydrogels were synthesized via noncleavable thioether
bonds, which can be replaced with cleavable linker to avoid
undesirable immune response and nonspecific gene silen-
cing as well as increase sequence specific gene suppression.

5. Conclusion and Perspectives

Despite the great potential of siRNA drugs, initial vigorous
developments by pharmaceutical industries and academia
have been slowing down due to several challenges such as
delivery hurdles and off-target effects. To address these
critical issues, not only a specialized carrier system but also
optimized siRNA structures should be developed. Early stud-
ies focused on chemical and physical modifications based
on monomeric siRNA structures. Currently, as an alternative
novel strategy, siRNA based micro- and nanostructures have
been fabricated by facile chemical conjugation and comple-
mentary base pairing to complement the physicochemical
weakness of monomeric siRNAs, resulting in formation of
stable complexes with carriers and enhanced intracellular
delivery. The new siRNA structures should be designed to
endow favorable characteristics for siRNA delivery over con-
ventional siRNA while maintaining intrinsic biological activ-
ity and evading undesired effects, such as elevated immune
response and off-target effects. Newly designed siRNA struc-
tures, including block copolymers, micelles, linear siRNA
homopolymers, and hydrogels, endow increased spatial
charge density and flexibility for facile complexation with
low-charged and biocompatible cationic carriers. Addition-
ally, by introducing a flexible and cleavable spacer between
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SiRNAs and polymer blocks, the siRNA micro- and nano-
structures could be easily dissociated and generate innate
SiRNAs in a reductive environment such as the cytoplasm.
Chemically fabricated siRNA structures have several
advantages over biologically derived siRNA structures in-
cluding facile synthesis using only siRNAs without any
unessential RNA strands and employment of diverse inter-
molecular spacers with unique characters including long
spacing, cleavability, and stimuli-sensitivity, which might
enable avoidance of off-target effects and nonspecific im-
mune responses. However, it is still challenging to produce
finely tuned structures only using limited synthetic strategy
with siRNA sequences and chemical cross-linkers. In addition,
fabricated siRNA based structures should be complexed with
cationic carriers for facile intracellular delivery. Thus, devel-
opment of chemically prepared siRNA-based structures that
elicit comparably efficient intracellular delivery to cationic
carriers might be needed. Future studies should be focused on
rational design from a new viewpoint to make up for the
weaknesses of current siRNA-based structures by combining
a chemically fabricable structure with biologically derived
structures and adopting new devices/materials. Finally, a
rigorous biological characterization of newly fabricated
siRNA-based structures in vivo is needed to elucidate any
physiological side effects for their clinical translation.
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